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1. INTRODUCTION 

Under a certain pressure, the hot bitumen is injected into a 

chamber with a certain volume and simultaneously meets the 

vaporized foaming water, both of which interact and conduct 

heat directly. The foaming water has a phase transition, 

producing much vapor and making the inner pressure rise 

greatly in the chamber. Under the chamber pressure, the gas 
has a continuous phase with the injected bitumen, forming the 

superfine bitumen foam, which is forced out of the chamber 

by the chamber pressure. Due to the pressure difference 

between inside and outside the bitumen film, the gas volume 

surrounding the bitumen film expands continuously before 

the film tension is deteriorated, forming the foamed bitumen. 

With the bitumen film tension being deteriorated, the gas in 

the bitumen film is released, while the foamed bitumen 

reduces its volume gradually returning to its original bitumen 

volume. 

Keys in studying the bitumen foaming mechanism are 
determining the coupling of the influencing factors in the 

bitumen foaming, and finding a suitable condition to foam 

bitumen. Since 1982, such scholars as M. Brennen, K. J. 

Jenkins, and Yongjoo Kim have conducted research on 

foaming bitumen [1-29]. With different temperatures and 

water consumption, the foaming experiments were done on 

three kinds of bitumen by M. Brennen, et al, using the 

expansion ratio and half-life as the evaluation standard. The 

indicators were affected by the foaming temperature and 

water consumption, with the better foaming effect being at 

163˚C the the water consumption at 2.0% [3]. It was in 2001 

that Nataatmadja indicated that it would be better for the 

bitumen to foam at the foaming water consumption of 2.0%- 

2.5% [9-11]. In 2003, the experiments done by Mohammad 

indicated that the bitumen miht foam best with the foaming 

water consumption of 2.75% and at the bitumen temperate of 

160℃  [9-11]. In 2004, Shi Fangzhi and Lyu Weimin of 

Tongji University made a foaming experiment on six kinds of 

AH-90 bitumen and concluded their best foaming conditions 
[12]. In 2006, Yongjoo Kim determined that the bitumen 

might foam best when being heated to 170℃, with the water 

consumption at 1.3%, the air pressure at 400KPa and the 

hydraulic pressure at 500KPa [10,11]. In 2007, Sunarjono S. 

proposed that the characteristic indexes of foamed bitumen, 

expansion ratio and half-life, were mainly affected by the 

foaming water consumption [13]. In 2008, Su Guanyi, of 

Tongji University wrote in the Master’s thesis [18]: “the 

foaming effect is greatly influenced by bitumen type, foaming 

water consumption and foaming water temperature, while the 

bitumen temperature does not affect the foaming effect 

much.” In 2014, Wang Haifeng of Huaqiao University 

asserted that the bitumen temperature and foaming water 
consumption influenced the bitumen foaming while the air 

pressure did not have much influence [22]. All of these 

findings show that many factors influence the bitumen 

foaming, being nonlinear. As far as the researches mentioned 

above, most researchers believe that the bitumen foaming is 

mainly influenced by bitumen temperature, foaming water 

consumption, and foaming water temperature, but there are 

many differences when no unified standard is set in the 

experiment conditions. To get the engineering optimization, 
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this paper studies the three main factors out of many 

interacting factors, seeking the best method with many factors 

interacting.  

In recent years, many researchers have used Fluent 

Software to simulate the numerical value of bitumen foaming 

and made certain achievements. Using the multiple flow field 

dynamic theory, references [20-25] comparatively analyzed 

the distribution of its internal coupling field in the bitumen 

foaming cavity and the data from the foaming experiments, 

finding a certain correlation between the coupling field 

distribution and the data. Reference [20] set up a Fluent 
Software numerical value evaluation indicator for the 

bitumen foaming in the cavity, using the average velocity and 

average density at the cavity outlet to indirectly evaluate the 

foamed bitumen expansion ratio. When its average velocity 

was faster and its average density smaller, the foamed 

bitumen had a larger expansion ratio.  Conversely, when its 

average velocity was slower and its average density larger, 

the foamed bitumen had a smaller expansion ratio. Based on 

this, Fluent Software is used to simulate a numerical value in 

the flow field of the bitumen foaming cavity, determine the 

average velocity and average density at the outlet of its inner 
flow field under different parameters and then judge the 

expansion ratio of foamed bitumen. 

    In order to analyze the interaction of the many factors 

influencing the bitumen foaming and optimize the experiment 

condition of foaming bitumen, an experiment method is 

designed to predict how to best foam bitumen. Based on the 

result of bitumen foaming dynamic simulation, a two-stage 

response surface function is used to express the response 

surface model between the bitumen foaming dynamic effect 

and the bitumen foaming experiment conditions, making a 

deeper analysis of bitumen foaming experiment conditions 

and interactions between influencing factors, and providing a 
redesign basis for bitumen foaming experiments. 

2. THE COMPUTATIONAL FLUID DYNAMICS 

MODEL 

    In the course of bitumen foaming, CFD Software Fluent is 

used to simulate the numerical value of a three-dimensional 

flow field in the cavity, analyzing its inner flow field and 

adopting Reynolds Equation Methods, in which it is assumed 

to be a turbulent flow, three dimensional transient, 

incompressible, and viscous. Its mass conservation equation, 

momentum conservation equation and energy conservation 

equation are as follows: 
 

Mass Conservation Equation: 
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Momentum Conservation Equation: 
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Energy Conservation Equation: 
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Standard k-ε Model Equation: 

Turbulence Energy K Equation: 
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Dissipation Rate    Equation: 
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Turbulence Viscosity Coefficient: 
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    In the formulas:  represents the density; 
xu ,

yu , and
zu are 

the velocity components of x, y, and z axes respectively;  is 

the time and 
bF  the mass force per unit;  p is the stress, e the 

internal fluid energy per unit, q the energy produced by the 

heat exchange,
kG the turbulence energy made by the average 

velocity gradient and
bG the turbulence energy made by 

buoyancy;
MY is the influence made by compressible flow 

turbulence expansion on the total dissipation;  k
the 

turbulence Prandtal constant; 
 the dissipation ration Prandtl 

constant; k the turbulence energy;    the dissipation ratio. 

Based on the control formula, Simple Algorithm is used to 

disperse the control formula and the iteration solution to get 

the numerical analysis result of the total flow field. 

3. MAKING THE DYNAMIC SIMULATION OF 

FOAMING BITUMEN AND ITS EXPERIMENTAL 

PROGRAM 

3.1 To design a bitumen foaming experiment 

Bitumen foaming is a complex physical change, where 

there are different bitumen foaming effects under different 

bitumen foaming experiment conditions. Under suitable 
experiment conditions the foamed bitumen can be made with 

a relatively high expansion ratio. In the bitumen foaming 

experiments, such parameters as the bitumen temperature, oil-

water ratio (the proportion of foaming water consumption in 

the bitumen consumption, being equal to the foaming water 

consumption) and water temperature influence the foamed 

bitumen quality greatly. They are therefore studied when the 

average velocity and average density at the foaming cavity 

outlet are the response variables, processing the data and 

making their regression analysis after the numerical value of 

bitumen foaming is determined. The response surface models 

of the average velocity and average density at the chamber 
outlet are set up separately. Each research factor is assigned 

three levels, X1, X2 and X3, individually representing the 

numerical value of bitumen temperature, oil-water ratio and 

water temperature. In the bitumen foaming experiment 

conditions, the bitumen temperature ranges between 150 and 

170°C, the water temperature between 20 and 60°C, and the 

oil-water ratio indicating the foaming water consumption 

between 1.5 and 2.5%. The Box-Behnken Design, a typical 
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three-factor and three-level response surface design [26-28], 

is the test method. The codes and settings for each level of the 

Box-Behnken Design are shown as Table 1: 

 

Table 1. The coding and levels of the Box-Behnken design 

 

Parameter Code Level 

Bitumen Temperature / °C X1 150 160 170 

Oil-water Ratio / % X2 1.5 2.0 2.5 

Water Temperature / °C X3 20 40 60 

    

    In Design-Expert Software, the Box-Behnken Design 

forms 17 sets of test points, among which there are 12 
factorial points and 5 zero points; the zero point is used to 

evaluate the experiment error. The numerical value of these 

17 sets of test points is calculated by Fluent Software. 

3.2 The chamber model and meshing 

                
 

Figure 1. Geometric model         Figure 2. Meshing of the 

of the foaming chamber                  foaming chamber 

 

    The three-dimension solid model of the chamber is 

depicted in Figure 1, with its bitumen spout, water spout, air 
spout and foamed bitumen outlet. The meshing quality 

determines the calculation accuracy and calculated amount of 

Fluent. In order to guarantee the calculation accuracy, a 

partial refinement is adopted with an interval size of the grids 

being 0.2mm at the water spout, 1mm at the bitumen spout, 

1.2mm at the air spout, 1.5mm at the foamed bitumen outlet, 

and 3mm in the chamber. When the mesh quality is checked, 

aspect ratio ≤5 and equiangle skew ≤0.1 may guarantee the 

numerical accuracy, and Figure 2 is the meshing division 

results. 

    The boundary conditions are set as follows: the chamber 

spout is referred to as “velocity inlet”, the foamed bitumen 

outlet is “outflow” and the chamber wall surface is “wall”. 

The flow media inside the chamber consists of bitumen, 
water and air, among which the fluid is incompressible with 

the bitumen dynamic viscosity being 0.1085pa.s, the specific 

heating capacity 1628j/kg-k, the thermal conductivity 

0.628w/m-k, and the density 1011kg/m3. It is resolved in an 

unstable and implicit way. The test plan and response values 

of the Box-Behnken Design are shown in Table 2. 

3.3 The response surface model and its accuracy 

   In designing the experiment, an approximate modeling 

technique is introduced and a two-stage response surface 

function is used to show a response model of the foamed 

bitumen expansion ratio. The model’s accuracy is verified by 
the multiple correlation coefficient and adjusted multiple 

correlation coefficient. The two-stage response surface 

function is: 
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    Design-Expert is used to make a regression fitting of the 

response surface, while in the response surface regression 

model, the variance analysis of the average velocity and 

average density at the cavity outlet are shown as Tables 3 and 

4 respectively, and the significance test for the regression 

coefficient is shown in Tables 5 and 6. 

 

Table 2. The test plan and response values of the Box-Behnken design 

No. 
Bitumen Temperature 

/ °C 
Oil-water Ratio 

/ % 
Water Temperature 

/ °C 
Average Velocity at the 

Outlet / m/s 
Average Density at the 

Outlet /kg/m3 

1 150 1.5 40 16.09 674.57 

2 150 2.0 20 16.43 658.04 

3 150 2.0 60 16.43 661.46 

4 150 2.5 40 16.72 646.82 

5 160 1.5 60 15.84 668.69 

6 160 1.5 20 16.10 669.21 

7 160 2.0 40 16.42 641.33 

8 160 2.0 40 16.43 639.85 

9 160 2.0 40 16.43 642.21 

10 160 2.0 40 16.43 646.11 

11 160 2.0 40 16.44 646.53 

12 160 2.5 20 16.89 632.28 

13 160 2.5 60 17.37 628.37 

14 170 1.5 40 16.10 663.98 

15 170 2.0 20 16.48 651.77 

16 170 2.0 60 16.42 649.07 

17 170 2.5 40 17.36 629.16 
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In the analysis from Table 3, the model P<0.0001 shows 

that the regression variance of the average velocity of the 

foaming cavity is statistically significant, which also shows 

the significance of the model. The lack of fit P=0.2090 is 

not significant, showing that the residual error made by 

random errors is about 20.90%. When the correlation 

coefficient is at R2=0.9767 and the adjusted multiple 

correlation coefficient is at 2

adjR =0.9467, it shows that the 

model is appropriate for the data when the model is used to 

analyze and predict the changes in average velocity at the 

foaming cavity outlet. 

In the analysis from Table 4, the model P<0.0001 shows 

that the regression variance of the average density of the 

foaming cavity is statistically significant, which also shows 

significance of the model. The lack of fit P=0.3266 shows 

that the residual error is made by random errors. When the 

correlation coefficient is at R2=0.9760 and the adjusted 

multiple correlation coefficient is at 2

adjR  =0.9452, it shows 

that the model is appropriate for the data, when the model is 

used to analyze and predict the changes in average density at 

the foaming cavity outlet. 

 

Table 3. The regression variance of the average velocity of foaming cavity 

 

Variance Origin Quadratic Sum  Degree of Freedom Mean Square Error F Value P Value 

Model 0.44 9 0.049 32.56 <0.0001 

Residual Error 0.011 7 1.518×10-3 — — 

Lack of Fit 0.15 3 2.275×10-3 2.39 0.2090 

Pure Error 0.0002 4 9.500×10-3 — — 

Model Fits 
multiple correlation coefficient R2=0.9767;  

adjusted multiple correlation coefficient
2

adjR =0.9467 

 

 

Table 4. The regression variance of the average density of foaming cavity 
 

Variance Origin Quadratic Sum Degree of Freedom Mean Square Error F Value P Value 

Model 3132.74 9 348.08 31.64 <0.0001 

Residual Error 77.01 7 11.00 — — 

Lack of Fit 41.75 3 13.92 1.58 0.3266 

Pure Error 35.26 4 8.81 — — 

Model Fits 
multiple correlation coefficient R2=0.9760; 

adjusted multiple correlation coefficient
2

adjR =0.9452 
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Table 5. The significance test for regression coefficient of average velocity 

 

Coefficient  Estimated Coefficient  Standard Error Degree of Freedom F Value P Value 

Intercept 16.83 0.017 1 — — 

X1 0.063 0.014 1 20.59 0.0027 

X2 0.21 0.014 1 235.21 <0.0001 

X3 -6.25×10-3 0.014 1 0.21 0.6637 

X1 X2 -2.50×10-3 0.019 1 0.016 0.9015 

X1 X3 0.052 0.019 1 7.26 0.0309 

X2 X3 0.01 0.019 1 0.26 0.6235 

X1
2 -0.063 0.019 1 10.84 0.0133 

X2
2 -0.060 0.019 1 9.99 0.0159 

X3
2 -0.045 0.019 1 5.62 0.0496 

 

Table 6. The significance test for regression coefficient of average density 

 

Coefficient  Estimated Coefficient Standard Error Degree of Freedom F Value P Value 

Intercept 643.21 1.48 1 — — 

X1 -5.86 1.17 1 25.00 0.0016 

X2 -17.48 1.17 1 222.14 <0.0001 

X3 -0.46 1.17 1 0.16 0.7043 

X1 X2 -1.77 1.66 1 1.14 0.3219 

X1 X3 -1.53 1.66 1 0.85 0.3869 

X2 X3 -0.85 1.66 1 0.26 0.6250 

X1
2 7.94 1.62 1 24.11 0.0017 

X2
2 2.49 1.62 1 2.37 0.1674 

X3
2 3.94 1.62 1 5.95 0.0448 

     

Integrating the experiment design and digital simulation 

technology, the response surface function of the average 

velocity Y1 at the foaming cavity outlet can be calculated as: 

 
3

1 1 2 316.83 0.063 0.21 6.25 10Y X X X       
3

1 2 1 3 2 3 2.50 10 0.052 0.01X X X X X X      
2 3 2

1 2 30.063 0.060 0.045X X X                                     (8)  

 

The response surface function of its average density Y2 at 

the foaming cavity outlet is: 

 

2 1 2 3643.21 5.86 17.48 0.46Y X X X     

1 2 1 3 2 31.77 1.53 0.85X X X X X X    
2 3 2

1 2 37.94 2.49 3.94X X X                                        (9)       

 

From Table 5, P=0.0027<0.05 of X1 (the bitumen 

temperature) can be determined, showing that the bitumen 
temperature greatly influences the average velocity of the 

foaming cavity outlet; P<0.0001 of X2 (the oil-water ratio) 

shows that the oil-water ratio significantly affects the average  

 

velocity of the foaming cavity outlet; when P value of X3 (the 

water temperature) is over 0.1, the water temperature has not 

much influence on the average velocity of the foaming cavity 

outlet. When every quadratic term is less than 0.05, the three 

factors notably influence the average velocity of the foaming 

cavity outlet. When P value of interaction terms X1 and X3 is 
0.0309<0.05, the interaction effect of bitumen temperature 

and water temperature greatly influences the average velocity 

of the foaming cavity outlet. When the other quadratic terms 

are over 0.1, they have not much effect.  

From the analysis above, it it has been determined that the 

bitumen temperature and oil-water ratio are the main 

influencing factors, significantly affecting the average 

velocity of the foaming cavity outlet, while the water 

temperature is the secondary influencing factor, not much 

affecting the average velocity of the foaming cavity outlet. 

However, compared with the other two terms, the interaction 
effect of bitumen temperature and water temperature is more 

significant. 

From Table 6, P=0.0016<0.05 of X1 (the bitumen 

temperature) shows that the bitumen temperature greatly 

influences the average density of the foaming cavity outlet; 
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P<0.0001 of X2 (the oil-water ratio) shows that the oil-water 

ratio very significantly affects the average density of the 

foaming cavity outlet; when P value of X3 (the water 

temperature) is over 0.1, the water temperature has not much 

influence on the average density of the foaming cavity outlet; 

P value of the two quadratic terms, X1 (the bitumen 

temperature) and X3, (water temperature) is less than 0.05, 

showing that both of them significantly affect the average 

density of the foaming cavity outlet, while when P value of 

the quadratic term, X2 (the oil-water ratio) is more than 0.1, its 

effect is not significant. When P value of every interaction 
term is over 0.1, all of their effects are not significant. Based 

on the analysis above, among all the influencing factors on the 

average density, the oil-water ratio and bitumen temperature 

are the main factors, while the water temperature has not 

much influence.   

Therefore, among the bitumen foaming test parameters, 

what most influences the foamed bitumen expansion ratio is 

the oil-water ratio, and second is the bitumen temperature, but 

the water temperature has not much effect on the foamed 

bitumen expansion ratio. 

4. THE PARAMETER OPTIMIZATION ANALYSIS OF 

BITUMEN FOAMING TEST CONDITIONS 

    In order to get the best controlled parameter combination in 

the course of bitumen foaming, the Numerical Optimization 

Model of Design-Expert Software is used to optimize and 

resolve. Based on the two-stage response surface function 

established, a constraint condition of appropriate bitumen 

foaming is selected, aiming for the largest expansion ratio (the 

average velocity being the fastest at the foaming cavity outlet 

and its average density the smallest in the foaming cavity), 

and the nonlinear mathematical model is established as 

follows: 

max Y1 and min Y2 
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    By analyzing and calculating, the controlled parameters’ 

optimization results may be obtained in the course of bitumen 

foaming. Under a certain condition, the foamed bitumen 

reaches its largest expansion ratio when the bitumen 

temperature is 165.5°C, the oil-water ratio is 2.5% and the 

water temperature is 46.4°C with an average velocity of 

17.00m/s and an average density of 626.14kg/m3 at the 

foaming cavity outlet. 

    To test and verify the optimization results and accuracy, the 

controlled parameters are the original conditions when the 

course of bitumen foaming is optimized while the other 

boundary conditions and physical parameters are not changed; 

the internal flow field of the bitumen cavity is calculated by 

Fluent to get the velocity field and density field of the 

foaming cavity shown in Figure 8, whose optimization results 
and simulation results may be compared with Table 7. 

 

 
 

 
 

Figure 3. The Simulation Diagram of the Average Velocity 

and Density of Foaming Cavity 

 

    According to the data in Table 7, when the bitumen 

temperature is 165.5°C, the oil-water ratio is 2.5% and the 

water temperature is 46.4°C, the average velocity and average 

density at the foaming cavity outlet are calculated as 17.14m/s 
and 624.81kg/m3 in Fluent, both of which are close to the 

response surface optimization results of 17.00m/s and 

626.14kg/m3. Their relative errors are 0.82% and 0.21% 

separately, which shows that the response surface method may 

be used to obtain the largest foamed bitumen expansion ratio.

 

Table 7. The comparison between optimization results and simulation results 

 

Bitumen 

Temperature/°C 

Oil-
water 

Ratio /% 

Water 

Temperature/°C 

Average Velocity at the Foaming 

Cavity Outlet /m/s 

Average Density at the Foaming 

Cavity Outlet / (kg/m3) 

Optimal 

Value 

Calculate

d Value 

Relative 

Error 

Optimal 

Value 

Calculate

d Value 

Relative 

Error 

165.5 2.5 46.4 17.00 17.14 0.82% 626.14 624.81 0.21% 
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5. CONCLUSION 

 (l) The bitumen temperature, oil-water ratio and water 

temperature are the main influencing factors in the research of 

the bitumen foaming course, while the average velocity and 

average density at the cavity outlet are the response variables. 

Based on the Box-Behnken design method, a two-stage 

response surface model is set up for the foamed bitumen 

expansion ratio, demonstrating the effectiveness of the model. 

The model is used to optimize the controlled parameters in 

the course of bitumen foaming and the results show that the 

foamed bitumen may achieve its best effect when heated to 
165.5°C with the oil-water ratio being 2.5% and the water 

temperature 46.4°C. 

 (2) By setting up the two-stage response surface model, the 

three key parameters, bitumen temperature, oil-water ratio 

and water temperature, are analyzed for their influence on the 

average velocity and average density at the foaming cavity 

outlet. At the same time, the interaction among the main 

parameters are described under the bitumen foaming test 

conditions.  

 (3) What most affects the expansion ratio of foamed 

bitumen is the oil-water ratio and second is the bitumen 
temperature, while the water temperature has little effect on 

the expansion ratio of foamed bitumen. 

 (4) Even with many different factors interacting, an 

effective method has been found to make an engineering 

optimization under such conditions.  
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