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Abstract

:

To overcome the problem of abnormally large bubbles and the large reduction of heat flux under low gravity, the computational model of magnetic nanofluid (MNF) boiling flow was used to systematically study the thermodynamic characteristics of an MNF-saturated film boiling with and without the magnetic field. This study found that in the absence of a magnetic field, the decrease of the gravity level makes the bubble size increase and the bubble departure time increase, and the lower the gravity level, the worse the boiling heat transfer. However, after applying the magnetic field, bubble size decreases significantly and the bubble departure time is shortened. As the magnetic field intensity increases, the difference in bubble size and heat transfer characteristics between different gravity levels becomes smaller and smaller, which shows that for the boiling flow of MNF under low gravity levels, applying a magnetic field can effectively avoid the appearance of abnormally large bubbles, enhance heat transfer, and improve the safety of related heat transfer equipment.






Keywords:


magnetic nanofluid (MNF); reduced gravity; film boiling; enhanced heat transfer












1. Introduction


Boiling and condensation are considered to be the most effective means of heat transfer in many types of technical equipment. Because of the large density differences between gases and liquids, buoyancy is of vital importance in controlling the physical process of two-phase flow, and most of the relations of boiling heat transfer include the influence of gravity and buoyancy force. A change in gravity will strongly affect the momentum and energy transfer, and it causes the phase separation phenomenon to be more difficult. Therefore, under different gravity conditions, especially under low gravity levels, research on boiling performance will show different characteristics.



In comparison with conventional gravity conditions on Earth, the problem of boiling heat transfer under reduced gravity is more complicated. The abnormally large bubbles and the significant reduction of heat flux under reduced gravity may cause unsafe operation of heat dissipation equipment, and may even deteriorate heat transfer, resulting in damage to the equipment, which makes it difficult for boiling to achieve its advantages in future space systems. Therefore, how to reduce or even eliminate the effect of gravity on two-phase boiling, how to suppress the occurrence of abnormally large bubbles, and how to prevent the heat flux from drastically reducing will be the key to enhancing boiling heat transfer under reduced gravity.



Experimental and numerical methods have been used to study boiling heat transfer under reduced gravity levels. Experiments have been conducted on reduced gravity through the Drop Tower [1], Drop Shaft [2], Parabolic Flight [3], Sounding Rocket [4], and NASA’s Space Shuttle [5] and Space Station (International Space Station (ISS)) [6]. Boiling experiments under reduced gravity are characterized by high costs, complex hardware, short durations, and great difficulties in control, making the existing data on boiling heat transfer under reduced gravity scarce [7]. Because of the difficulty of implementing reduced-gravity boiling experimental studies, researchers are limited in studying the reduced-gravity boiling phenomenon with experimental method. With the development of computational methods and computer performance, numerical study has become a very effective method for reduced-gravity boiling research. Numerical simulations are easier to implement and make it easier to obtain more details than experimental methods, and thus help to better understand the heat transfer mechanism under reduced gravity. In the last few decades, great efforts have been made to improve the numerical simulation methods for two-phase flow and phase change, and many scholars [8,9,10] have used these methods to study boiling performance under reduced gravity.



As we all know, various working fluids have various heat transfer performances. The choice of an appropriate heat transfer working fluid has a crucial effect on boiling heat transfer characteristics under reduced gravity. As a recent type of heat transfer working fluid, a magnetic nanofluid (MNF) can effectively improve heat transfer performance. Many scholars [11,12,13,14,15] have conducted experiments to study MNFs’ boiling heat transfer performance, and have made important progress. However, most of the research on the boiling heat transfer of MNFs is carried out on Earth, and the relevant research under reduced gravity is rarely published. In our previous study [16,17], a numerical simulation for MNF film boiling was developed to investigate the heat transfer performance and dynamic characteristics by applying a uniform and non-uniform magnetic field. The results showed that the magnetic field could greatly strengthen an MNF’s boiling heat transfer. In view of this, we believe that an external magnetic field can effectively weaken or even eliminate the effect of reduced gravity and further enhance the boiling heat transfer under reduced gravity. In this paper, the heat transfer characteristics and thermodynamic characteristics of the phase interface of an MNF-saturated film boiling under different levels of reduced gravity will be further studied in detail by exploring the multiple physical-field couplings between different gravity fields and the velocity field, pressure field, temperature field, phase field, and magnetic field, further revealing the enhancement mechanism of the MNF’s boiling heat transfer by applying the magnetic field under the influence of different gravitational fields.




2. Numerical Modeling


Aiming at a problem that is rarely reported in the study of the phase-interface evolution of MNF boiling heat transfer, the basic computational model of two-phase boiling flow should be solved, and then the coupled magnetic field computational model and magnetic field force model should be developed on the basis of this basic computational model. The details will be described below.



2.1. Interface Tracking


The dynamic characteristics of bubbles have a very important influence on the boiling heat transfer. Great efforts have been made to improve the numerical simulation performance for two-phase flow [18,19,20]. In this study, the coupled volume-of-fluid (VOF) and level-set (LS) (VOSET) method [21] was adopted to achieve the capture of the phase interface. Please refer to Refs. [21,22] to obtain the specific implementation methods for the VOSET method.



On the basis of the LS function ϕ calculated by the VOSET method, the interface curvature is calculated, and the physical properties near the phase interface are smoothed. Then, the surface tension applied to the phase interface is calculated. In a two-dimensional rectangular coordinate system, the curvature κ(ϕ) is calculated as follows:


  κ  ϕ     =    ∇ ⋅     ∇ ϕ     ∇ ϕ          =       ϕ  x x    ϕ y 2  − 2  ϕ  x y    ϕ x   ϕ y  +  ϕ  y y    ϕ x 2         ϕ x 2  +  ϕ y 2      3 / 2      



(1)







The density, viscosity, thermal conductivity, specific heat, and magnetic permeability can be calculated as:


  ρ  ϕ  =  ρ g  H  ϕ  +  ρ l    1 − H  ϕ     



(2)






  η  ϕ  =  η g  H  ϕ  +  η l    1 − H  ϕ     



(3)






  λ  ϕ  =  λ g  H  ϕ  +  λ l    1 − H  ϕ     



(4)






   c p   ϕ  =  c  p , g   H  ϕ  +  c  p , l     1 − H  ϕ     



(5)






  μ  ϕ  =  μ g  H  ϕ  +  μ l    1 − H  ϕ     



(6)




where the subscripts g and l represent the continuous phase and the discrete phase, respectively. H(ϕ) is the smooth Heaviside function, which can better smooth the physical properties, and its expression is:


  H  ϕ  =     0   when   ϕ < − s      1 2    1 +  ϕ s  +  1 π  sin     π ϕ  s        when    ϕ  < s     1   when   ϕ > s      



(7)




where s is the width of the transition region for smoothing and is equal to 1.5 h, and h represents the grid size.



According to the continuous surface force (CSF) model [23], the surface tension Fσ can be computed in the form of the level-set function:


    F  σ  = − σ κ  ϕ  δ  ϕ  ∇ ϕ  



(8)




where σ and δ(ϕ) represent the surface tension coefficient and Dirac delta function, respectively. δ(ϕ) can be expressed as


  δ  ϕ  =   ∂ H  ϕ    ∂ ϕ   =     0   when    ϕ  > s      1  2 s     1 + cos     π ϕ  s        when    ϕ  ≤ s      



(9)








2.2. Governing Equations


As the boiling problem of MNF is relatively complex, the following assumptions will be made to solve the MNF boiling problem:




	
We assume that magnetic nanoparticles are uniformly dispersed in the base fluid and there is no interaction between the particles, that is, no agglomeration and deposition phenomena occur. Therefore, the MNF can be considered as a homogeneous fluid with the same properties;



	
The volume concentration of the MNF does not change during the boiling process;



	
We do not consider the changes of the magnetic field in the MNF’s physical properties and volume concentration;



	
The MNF is non-conductive.








Regarding the boiling problem of the viscous incompressible two-phase flow of the MNF under the action of the magnetic field, the conservation equations contain the momentum equation, which includes the magnetic force, the Maxwell equation of static magnetic field, etc. The involved models also include the magnetic field force model.



Assuming that the MNF is non-conductive and no displacement current appears, Maxwell’s equations could be expressed as:


  ∇ ×  H  = 0  



(10)






  ∇ ⋅  B  = 0  



(11)




where B represents the magnetic induction intensity and H represents the magnetic field intensity. According to magnetization equilibrium theory, the magnetization M = χH; χ is the magnetic susceptibility, χ = μ/μ0−1, μ is the relative permeability, and μ0 is the vacuum permeability; the relationship among B, H, and M could be expressed as:


   B  =  μ 0    1 + χ    H  = μ  H   



(12)






   B  =  μ 0    1 + χ    H  =  μ 0     H  +  M     



(13)







We introduce the scalar magnetic potential ψ, define H = −∇ψ, and further simplify the Maxwell Equations (10) and (11) into the Laplace form about the magnetic potential ψ:


  ∇ ⋅   μ ∇ ψ   = 0  



(14)







At the phase interface of the MNF, the magnetic field satisfies certain boundary conditions: The normal direction of the B field is continuous, and the tangential direction of the H field is continuous, that is, B1, H1, B2, and H2 on both sides of the interface meet the following conditions:


   n  ⋅     B  1  −   B  2    = 0  



(15)






   n  ×     H  1  −   H  2    = 0  



(16)







For incompressible two-phase boiling problems with phase changes, the conservation equations can be expressed as:


  ∇ ⋅  u  =  m ˙     1   ρ g    −  1   ρ l       



(17)






  ρ     ∂  u    ∂ t   +  u  ⋅ ∇  u    = − ∇ p + ∇ ⋅   η     ∇  u    +     ∇  u     T      + ρ  g    1 −  β T    T −  T  s a t       +   F  σ  +   F  m   



(18)






    ∂ T   ∂ t   +  u  ⋅ ∇ T =  λ     ρ c   p     ∇ 2  T  



(19)






    ∂ c   ∂ t   +  u  ⋅ ∇ c =   m ˙    ρ g     



(20)




where   m ˙   is the mass transfer rate. Fm represents the magnetic force.



In a cell with a phase interface, assuming that Ω represents the control volume unit and Γ is the phase interface in Figure 1, the following relationship is satisfied:


     ∫ Ω    m ˙  d V    =  1   h  l g        ∫ Γ    q ˙  d A     



(21)




where hlg represents the latent heat of vaporization;   q ˙   is the heat flux that causes the phase change at the phase interface, and its expression is


   q ˙  =  λ g        ∂ T   ∂ n      g  −  λ l        ∂ T   ∂ n      l   



(22)







Equation (22) establishes the relationship between the temperature field and the mass transfer rate   m ˙   of the phase change, which is also called the Stefan condition on the phase interface. In this way, the solution of the mass transfer rate   m ˙   is transformed into the solution of the temperature gradient on both sides of the phase interface. Because the phase interface temperature is assumed to be the saturation temperature, the temperature field near the phase interface and the cell center temperature are needed to obtain the temperature gradient.



In this paper, the processing method of Ling et al. [24] was adopted to calculate the cell temperature with the phase interface. Figure 2 is an example to introduce this computing method for a cell with a phase interface, and the linear interpolation method is used to calculate the temperature. If the cell center is in the vapor phase, we look for the interpolation point A′ along the normal direction of the phase interface. The distance from point A′ to the center point A of the cell with a phase interface is d. Then, the temperature TA of the point A is estimated according to the distance      ϕ A      between the center point A and phase interface. If the cell center with the phase interface is located in the liquid phase, the temperature TB of the cell center B is calculated in the above way. The temperature of the phase interface grids could be expressed by the formula:


     T A  −  T  s a t      T   A ′    −  T  s a t     =      ϕ A         ϕ A    + d    



(23)






     T B  −  T  s a t      T   B ′    −  T  s a t     =      ϕ B         ϕ B    + d    



(24)




where the temperatures TA′ and TB′ of the interpolation points A′ and B′ can be obtained by interpolating the temperatures of the surrounding grids around the interpolation points.



As for the temperature gradient on both sides of the phase interface, the normal probe technique proposed by Udaykumar [25] and the bilinear interpolation method [24] were used for the calculations in this paper. Figure 3 displays a schematic of the calculating method. When this phase interface is reconstructed with the Piecewise Linear Interface Calculation (PLIC) method, the linear segment is used to reconstruct the phase interface. For the phase interface grids, the center point coordinate (point A in Figure 3) can be obtained by taking the average value of the coordinates of the two vertices of the corresponding straight line segment. The temperature gradients in the liquid phase and vapor phase at the phase interface in this grid cell are expressed by the temperature gradient at point A in the normal direction. At each phase, along the positive and negative normal direction, there are two points (A1 and A2 or A3 and A4), whose distances from the center point A are d and 2d, respectively, as shown in Figure 3. Finally, the quadratic approximation method was used to estimate the normal temperature gradient of the phase interface, expressed as:


        ∂ T   ∂ n      g  ≈   −  T   A 2    + 4  T   A 1    − 3  T  s a t     2 d    



(25)






        ∂ T   ∂ n      l  ≈   −  T   A 4    + 4  T   A 3    − 3  T  s a t     2 d    



(26)




where the temperatures of A1 and A2 as well as A3 and A4 can be obtained by interpolating the temperatures of the surrounding grids around them. Finally, the temperature gradient on both sides can be obtained, so that phase change rate   m ˙   is calculated through Equations (21) and (22). The final expression of the phase change rate   m ˙   is:


     ∫ Ω    m ˙  d V =     1   h  l g        λ g        ∂ T   ∂ n      g  −  λ l        ∂ T   ∂ n      l    Δ A  



(27)




where ∆A is the area of the phase interface and can be obtained through the geometric method.



The magnetic force Fm could be calculated by Rosensweig [26], who expressed it as:


    F  m  = −  1 2   H 2  ∇ μ  



(28)







By substituting Equation (6) into Equation (14), Fm can be further transformed:


    F  m  = −  1 2   H 2     μ l  −  μ g    δ  ϕ  ∇ ϕ  



(29)







According to the previous assumptions, the MNF can be approximated as a single-phase fluid [26]. The density, specific heat, thermal conductivity, and viscosity can be calculated as follows [26]:


   ρ  mix   =   1 − φ    ρ l  + φ  ρ p   



(30)






   c  p  , mix    =     1 − φ    ρ l   c  p  , l    + φ  ρ p   c  p  , p       ρ  mix      



(31)






   λ  m i x   =      λ p  + 2  λ l  − 2 φ    λ l  −  λ p       λ p  + 2  λ l  + φ    λ l  −  λ p         λ l   



(32)






   η  mix   =   1 + 2.5 φ    η l   



(33)




where φ is the volume concentration of the MNF. The subscript p stands for magnetic nanoparticles.



The above description is the process of establishing the boiling flow and heat transfer model of an incompressible two-phase MNF in a magnetic field. The accuracy of the computational model’s application in uniform and non-uniform magnetic fields was verified in References [16,17], and repeated verification will not be performed here. The physical properties of the MNF adopted in this paper are displayed in Table 1.





3. Results and Discussion


3.1. Effect of the Uniform Magnetic Field


3.1.1. Effect of the Magnetic Field under Terrestrial Gravity


Firstly, the effect of magnetic field intensity on the MNF’s boiling curve under terrestrial gravity is introduced. The wall superheat is selected in the range between 1 and 10 K. Figure 4 displays the influence of the magnetic field on the boiling curve under terrestrial gravity. In Figure 4, after applying the magnetic field, the boiling heat transfer characteristics of the MNF can be enhanced. Therefore, the magnetic field has a crucial influence on the MNF’s boiling heat transfer characteristics under terrestrial gravity. It is speculated that the application of the magnetic field may solve the problems of large bubbles escaping and the heat flux decreasing in the boiling process under reduced gravity or even microgravity. The details will be described below.




3.1.2. Phase Interface Evolution


Figure 5 shows the influence of the magnetic field on the bubble departure under reduced gravity. Here, the superheat was 2 K and the relative gravity levels (g/ge) were 1.0, 0.44, and 0.11, respectively. The magnetic field intensities applied were 5, 10, 15, 20, and 30 kA/m, respectively. A comparison of phase interface evolution with and without a magnetic field was studied.



In the film boiling, the heat flux through the vapor region from the superheated wall causes the vaporization of the adjacent liquid near the phase interface. Because of the density difference of the vapor phase and the liquid phase, the continuously generated vapor grows and forms bubbles under the action of buoyancy, and then the bubbles detach and rise. With the decrease of gravity, the buoyancy decreases and the bubble motion is restrained. The departure of boiling bubbles without a magnetic field is displayed in Figure 5a, from which we can see that the bubble size increases as the gravity decreases. As the gravity decreases, the separation distance between neighboring bubble generation sites increases dramatically. At any given gravity level, the number of bubbles in the fixed calculation domain needs to stay consistent with the wavelength calculated with the Taylor–Helmholtz instability. When g/ge = 1.0, the number of bubbles is 3, which is consistent with the Taylor–Helmholtz instability; when g/ge = 0.44, the number is reduced to 2; when g/ge = 0.11, the reduction of this number to 1 is also consistent with the instability requirement of this gravity condition. Figure 5a also shows the bubble detachment times under different gravity levels the bubble detachment time of the first set increases as the gravity decreases.



The influence of the magnetic field intensity on phase interface evolution in the MNF film boiling under terrestrial gravity is described in detail in our previous study [16]. The conclusion is that the increase of magnetic field intensity causes the number of bubble formation sites to increase; the bubble morphology with a magnetic field changes significantly, which can also be clearly seen in Figure 5. The effect of the magnetic field on the evolution of the phase interface at different gravity levels is displayed in Figure 5b–f. From Figure 5b–f, we can see that by applying the magnetic field, the influence of the magnetic field on the phase interface evolution mode at other low gravity levels is basically the same as that under terrestrial gravity. As mentioned above, under reduced gravity, the effect of buoyancy is weakened; it is easy to form large bubbles, and it is not easy to release them, which is obviously not conducive to the heat dissipation of the heating surface. When applying the magnetic field, with the increase of magnetic field intensity, the bubble size decreases, the bubble detachment time decreases, and detachment of the bubbles become more intense. Moreover, as the magnetic field intensity increases, the differences among the phase interface evolutions under different gravity levels become smaller and smaller. When the intensity increases to 30 kA/m, the flow state changes from the bubble flow without the magnetic field to vapor column flow, and then the evolution modes of the phase interface under different gravity levels are basically the same. The reason is that the magnetic field indirectly compensates for the loss of gravity under reduced gravity. If the magnetic field intensity increases to a sufficiently large value, the magnetic force will be greater than the buoyancy. Therefore, at a low gravity level, the magnetic field of a certain intensity can be applied to restore and control the length scale and time scale under terrestrial gravity. The above results indicate that an applied magnetic field can effectively solve the problem of large bubbles being generated during the boiling process under reduced gravity, and can also make the boiling process under reduced gravity tend to be consistent with the boiling process under terrestrial gravity.




3.1.3. Heat Transfer Characteristics


Figure 6 gives the influence of magnetic field intensity on the space-averaged heat flux over time at various gravity levels, and Figure 7 also plots the influence of the magnetic field on the averaged heat flux and heat flux enhancement ratio e at different gravity levels. The parameter e represents the heat flux enhancement ratio, which is the ratio between the heat flux at another magnetic field intensity and the heat flux without a magnetic field at any fixed gravity level. Without a magnetic field, the space- and time-averaged heat flux at the three gravity levels of g/ge = 1.0, 0.44, and 0.11 are 677, 513, and 258 W/m2, respectively, as shown in Figure 6a and Figure 7a.



From the above results, we can see that heat flux decreases as the gravity level decreases. This also reflects the second problem of the boiling phenomenon under reduced gravity that was mentioned above, that is, the problem of heat flux reduction. Improving this problem is very important for boiling heat transfer enhancement under reduced gravity. As shown in Figure 6a–d, the reduction of the gravity level can delay the bubble detachment from the vapor film, and the heat transfer rate of the heating surface becomes worse. After applying the magnetic field, the bubble detachment frequency increases and the heat transfer coefficient is improved. The variations of the space- and time- averaged heat flux under certain magnetic field intensities at three gravity conditions are listed in Table 2. From Figure 6 and Figure 7 and Table 2, it can be seen that, as the magnetic field intensity increases, the difference between the space-averaged heat flux over time at the three gravity levels becomes smaller and smaller, and the difference between the averaged heat flux also becomes smaller and smaller. The heat flux enhancement ratio e at all three gravity levels increases when the magnetic field intensity increases. However, with the decrease of the gravity level, the slope of the variation curve of the heat flux enhancement ratio e becomes larger and larger, indicating that the lower the gravity level, the greater the effect of the magnetic field on boiling heat transfer.





3.2. Effect of a Non-Uniform Magnetic Field


In our previous studies [16,17], the effects of uniform and non-uniform magnetic fields on MNF heat transfer and the phase interface thermodynamics of a film boiling under terrestrial gravity were introduced in detail. The results of the two magnetic fields are clearly different. In Section 3.1, the influence of a uniform magnetic field on the MNF film boiling under reduced gravity was introduced. Therefore, it is necessary to study the influence of a non-uniform magnetic field on the MNF film boiling under reduced gravity in order to reveal the different effects and mechanisms of the magnetic field on the film boiling at reduced gravity by applying a uniform and non-uniform magnetic field. The computational setup adopted in this section is exactly the same as that in our previous study [17], and the wall superheat is uniformly set at 2 K.



3.2.1. Phase Interface Evolution


Figure 8 displays the influence of non-uniform magnetic fields on the first set of bubble departures at different gravity levels. Figure 8 also plots the variation curve of the first set of bubble departure times under different magnetic field intensities. The influence of the non-uniform magnetic field on bubble detachment is both identical and different at the three different gravity levels. The identical part is that, as the intensity increases, both the bubble departure time and the bubble departure diameter gradually decrease. The difference is that although the variation trend is the same, the influence degree is different, that is, with the decrease of the gravity level, the influence of the magnetic field on bubble detachment becomes more and more obvious. In addition, from Figure 8 and Figure 9, it can be concluded that the increase of the magnetic field intensity makes the differences in the bubble detachment at the three gravity levels become smaller and smaller, especially when the gravity level drops to g/ge = 0.11; then, the bubble departure time is almost equal. From this point of view, this also shows that when the magnetic field is applied, it is possible to control the boiling phenomenon at a reduced gravity level, which is consistent with the boiling phenomenon under the terrestrial gravity on Earth.



Figure 10, Figure 11, Figure 12, Figure 13 and Figure 14 show the phase interface evolution during bubble detachment at different gravity levels when five magnetic fields of 5, 10, 15, 20, and 25 kA/m are applied, respectively. The phase interface evolution of the MNF film boiling without a magnetic field at different gravity levels is described. When the superheat is 2 K, the process of bubble growth and detachment is periodic. From Figure 10, Figure 11, Figure 12, Figure 13 and Figure 14, it can be seen that whether the periodicity lasts depends on the magnetic field intensity applied. When it is 5, 10, or 15 kA/m, the magnetic field is relatively weak and has little influence on the flow field. At this time, the growth and bubble detachment remain periodic under the three gravity levels. It should be noted that, as seen in Figure 10a, Figure 11a, and Figure 12a,b, during the entire boiling process, the bubble growth and detachment among the bubble formation sites are not always synchronized; there is a certain delay. Furthermore, due to the horizontal magnetic force caused by the non-uniform magnetic field, the position of the bubble formation sites will undergo a certain lateral displacement. However, the bubbles at each bubble formation site always grow and detach periodically and continuously. Therefore, for this situation, we can assume that the growth and detachment of the bubbles are still periodic. As the magnetic field intensity increases to 20 kA/m, the bubble growth and detachment remain periodic under terrestrial gravity. However, when the gravity level is reduced to g/ge = 0.44 or 0.11, the influence of the magnetic field on the phase interface evolution becomes more significant, and then the periodicity disappears. With the magnetic field force, the phase interface perturbation increases, and the numbers of bubble formation sites increase. Because of the horizontal component of the magnetic field force, the bubble formation sites will also merge, and when the stable state is reached, two or three bubble formation sites appear alternately. In addition, when the intensity is 20 kA/m, vapor columns begin to appear under reduced gravity. When it is further increased to 25 kA/m, the bubble growth and detachment process under terrestrial gravity on Earth becomes more disordered and loses its periodicity. The flow state completely enters the vapor column flow at the three gravity levels. From Figure 10, Figure 11, Figure 12, Figure 13 and Figure 14, it is also obvious that when the intensity is 5, 10, or 15 kA/m, the growth and detachment processes of the bubbles at the three gravity levels are greatly different; however, the differences become smaller and smaller when the intensity reaches 20 or 25 kA/m. Especially for the case where the intensity reaches 25 kA/m, the bubble growth and detachment processes at the three gravity levels are already very similar. Therefore, the phase interface evolution during the bubble growth and detachment also illustrates that the application of a magnetic field can control the boiling phenomenon and eliminate the limitation of the gravity level.




3.2.2. Heat Transfer Characteristics


Figure 15 displays the variation curve of the space-averaged heat flux over time at different gravity levels when no magnetic field is applied and the five magnetic fields of H0 = 5, 10, 15, 20, and 25 kA/m are applied. In Figure 6 and Figure 15, it is shown that the heat transfer characteristics of the film boiling under a non-uniform magnetic field are slightly different from those under a uniform magnetic field. When the intensity is 5 or 10 kA/m, the space-averaged heat flux over time at the three gravity levels always remains periodic, as shown in Figure 15b,c. When the intensity reaches 15 kA/m, the change of the space-averaged heat flux over time at the two gravity levels of g/ge = 1.0 and = 0.11 still remains periodic; however, the periodicity disappears at g/ge = 0.44, which is shown in Figure 15d. When the intensity further reaches 20 kA/m, only the change of the space-averaged heat flux over time under terrestrial gravity on Earth remains periodic, while the periodicity disappears at the other two low gravity levels, as shown in Figure 15e. When the intensity reaches 25 kA/m, as shown in Figure 15f, the change of the space-averaged heat flux at the three gravity levels is very different from the other magnetic field intensities mentioned above. After reaching the stable stage, the three curves fluctuate a little, and the space-averaged heat flux changes a little. Moreover, the space-averaged heat flux at the three gravity levels is very close, which could be explained by the evolution of the bubble phase interface in Figure 14. When the intensity increases to 25 kA/m, the phase interface evolution during the bubble growth and detachment at the three gravity levels is very similar, and the flow states all enter into a stable vapor column flow.



Referring to the distribution of the space- and time-averaged heat flux and the enhancement ratios at different gravity levels when applying a uniform magnetic field, for the non-uniform magnetic field, Figure 16 also shows the variation of the averaged heat flux and the ratio e with the intensity at different gravity levels. It is shown in Figure 7 and Figure 16 that the heat transfer laws of the uniform and non-uniform magnetic fields are basically consistent. In a non-uniform magnetic field, when the intensity reaches 25 kA/m, the averaged heat flux under the three gravity levels is almost equal. Table 3 also gives the averaged heat flux and heat flux enhancement ratio under a non-uniform magnetic field. Therefore, it can be concluded that when the intensity increases to 25 kA/m, the boiling heat transfer characteristics under reduced gravity are basically the same as those on Earth.






4. Conclusions


Compared with the results on Earth, an MNF’s boiling heat transfer under reduced gravity is more complex. Reducing or even eliminating the effect of gravity on the boiling heat transfer process, restraining the appearance of abnormally large bubbles, and preventing significant decreases in Critical Heat Flux (CHF) will be the key to enhancing boiling heat transfer in low gravity levels. In this study, a computational model of MNF boiling flow was developed and adopted to investigate the heat transfer characteristics and thermodynamic characteristics of the phase interface during boiling of MNF-saturated film under low gravity. The following conclusions were obtained by studying the three situations of a non-magnetic field, a uniform magnetic field, and a non-uniform magnetic field in detail.



The thermodynamic characteristics of the phase interface in the MNF film boiling process under different gravity levels and uniform and non-uniform magnetic fields were studied. After the magnetic field is applied, as the magnetic field intensity increases, the differences among the evolution modes of the phase interface under different gravity levels become smaller and smaller. The bubble flow during boiling of the film without the magnetic field turns into a column flow when the intensity increases to 25 kA/m, and phase interface evolution mode is basically the same at different gravity levels. The results indicate that applying a magnetic field can effectively solve the problem of abnormally large bubbles in the boiling process under low gravity, and can make the phase interface evolution under low gravity close to the evolution process under the Earth’s gravity.



After the magnetic field is applied, with the increase of the magnetic field’s intensity, the differences among the heat transfer characteristics of the film boiling under the three gravity levels become smaller and smaller; the lower the gravity level, the greater the effect of the magnetic field on heat transfer. The results show that by applying a magnetic field of a certain intensity, the boiling heat transfer characteristics under low gravity levels are basically the same as those under Earth’s gravity, and the problem of significantly reduced heat flux under low gravity levels can be solved.
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Nomenclature








	B
	magnetic induction intensity (T)



	c
	volume fraction of the discrete phase



	cp
	specific heat (J/kg·K)



	d
	distance (m)



	e
	heat flux enhancement ratio



	Fσ
	surface tension (N/m2)



	Fm
	magnetic force (N/m2)



	g
	gravitational acceleration (m/s2)



	H
	magnetic field intensity (A/m)



	H(ϕ)
	smooth Heaviside function



	h
	grid size (m)



	hlg
	latent heat of vaporization (J/kg)



	M
	magnetization (A/m)



	    m ˙    
	mass transfer rate (kg/m3.s)



	p
	pressure (pa)



	    q ˙    
	heat flux that causes the phase change at the phase interface (W/m2)



	s
	width of transition region for smoothing (m)



	T
	temperature (℃)



	u
	velocity (m/s)



	Greek letters
	



	βT
	volume expansion coefficient



	δ(ϕ)
	Dirac delta function



	η
	dynamic viscosity (kg/m·s)



	κ
	phase interface curvature (1/m)



	λ
	thermal conductivity (W/m·K)



	μ
	magnetic permeability (H/m)



	μ0
	vacuum permeability μ0 = 4π × 10−7 H/m



	ρ
	density (kg/m3)



	σ
	surface tension coefficient (N/m)



	Γ
	phase interface



	ϕ
	level-set function



	φ
	volume concentration of nanoparticles



	χ
	magnetic susceptibility



	ψ
	magnetic potential (At)



	Ω
	control volume unit



	Subscripts
	



	e
	Earth



	g
	discrete phase



	l
	continuous phase



	mix
	mixture phase



	p
	magnetic nanoparticles



	w
	wall



	Acronym
	



	MNF
	magnetic nanofluid
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Figure 1. Schematic of a cell with a phase interface. 
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Figure 2. Schematic of the solution method for the temperature at the center point of the cell containing the phase interface. 
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Figure 3. Schematic of the normal probe technique. 
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Figure 4. Influence of the magnetic field intensity on the boiling curve under terrestrial gravity. 
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Figure 5. Phase interface evolution when applying a magnetic field. (a) H0 = 0 kA/m, (b) H0 = 5 kA/m, (c) H0 = 10 kA/m, (d) H0 = 15 kA/m, (e) H0 = 20 kA/m, and (f) H0 = 30 kA/m. 
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Figure 6. Effect of magnetic field intensity on the variation of the space-averaged heat flux with time. (a) H0 = 0 kA/m, (b) H0 = 5 kA/m, (c) H0 = 10 kA/m, and (d) H0 = 15 kA/m. 
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Figure 7. The variations of the (a) averaged heat flux and (b) heat flux enhancement ratio with magnetic field intensity H at different gravity levels under a uniform magnetic field. 
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Figure 8. Effect of the magnetic field intensity on the departure of the first set of bubbles at different gravity levels. (a) H0 = 0 kA/m, (b) H0 = 5 kA/m, (c) H0 = 10 kA/m, (d) H0 = 15 kA/m, (e) H0 = 20 kA/m, and (f) H0 = 25 kA/m. 
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Figure 9. Variation of the bubble departure time with the magnetic field intensity at different gravity levels. 
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Figure 10. The bubble detachment at different gravity levels when H0 = 5 kA/m. (a) g/ge = 1.0, (b) g/ge = 0.44, and (c) g/ge = 0.11. 
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Figure 11. The bubble detachment at different gravity levels when H0 = 10 kA/m. (a) g/ge = 1.0, (b) g/ge = 0.44, and (c) g/ge = 0.11. 
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Figure 12. The bubble detachment at different gravity levels when H0 = 15 kA/m. (a) g/ge = 1.0, (b) g/ge = 0.44, and (c) g/ge = 0.11. 
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Figure 13. The bubble detachment at different gravity levels when H0 = 20 kA/m. (a) g/ge = 1.0, (b) g/ge = 0.44, and (c) g/ge = 0.11. 
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Figure 14. The bubble detachment at different gravity levels when H0 = 25 kA/m. (a) g/ge = 1.0, (b) g/ge = 0.44, and (c) g/ge = 0.11. 
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Figure 15. Influence of the magnetic field intensity on the variation of the space-averaged heat flux in different gravity conditions. (a) H0 = 0 kA/m, (b) H0 = 5 kA/m(c) H0 = 10 kA/m, (d) H0 = 15 kA/m, (e) H0 = 20 kA/m, and (f) H0 = 25 kA/m. 
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Figure 16. Variations of the (a) averaged heat flux and the (b) heat flux enhancement ratio under the non-uniform magnetic field (see Figure 3). 
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Table 1. Properties of the magnetic nanofluid (MNF).
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	Liquid
	Vapor
	Nanoparticle





	Density (kg/m3)
	200.0
	5.0
	5600.0



	Thermal conductivity (W/m·K)
	40.0
	1.0
	6.0



	Thermal capacity (J/kg·K)
	400.0
	200
	670.0



	Dynamic viscosity (kg/m·s)
	0.1
	0.005
	



	Surface tension coefficient (N/m)
	0.1
	
	



	Latent heat (J/kg)
	10,000.0
	
	



	Magnetic susceptibility
	0.2
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Table 2. Averaged heat flux and heat flux enhancement ratio under a uniform magnetic field.
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g/ge

	
q0/(W/m2)

	
5 kA/m

	
10 kA/m

	
15 kA/m

	
20 kA/m




	
qm/(W/m2)

	
e

	
qm/(W/m2)

	
e

	
qm/(W/m2)

	
e

	
qm/(W/m2)

	
e






	
1.0

	
677

	
677

	
1.00

	
678

	
1.00

	
700

	
1.03

	
755

	
1.11




	
0.44

	
513

	
518

	
1.01

	
554

	
1.08

	
627

	
1.22

	
665

	
1.30




	
0.11

	
258

	
267

	
1.03

	
394

	
1.53

	
497

	
1.93

	
572

	
2.22
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Table 3. Averaged heat flux and heat flux enhancement ratio under a non-uniform magnetic field.
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g/ge

	
q0 (W/m2)

	
5 kA/m

	
10 kA/m

	
15 kA/m

	
20 kA/m

	
25 kA/m




	
qm (W/m2)

	
e

	
qm (W/m2)

	
e

	
qm (W/m2)

	
e

	
qm (W/m2)

	
e

	
qm (W/m2)

	
e






	
1.0

	
677

	
683

	
1.01

	
685

	
1.01

	
704

	
1.04

	
741

	
1.09

	
789

	
1.17




	
0.44

	
513

	
567

	
1.1

	
603

	
1.18

	
641

	
1.25

	
709

	
1.38

	
776

	
1.51




	
0.11

	
258

	
305

	
1.18

	
429

	
1.66

	
516

	
2.00

	
659

	
2.55

	
751

	
2.91
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