

  aerospace-08-00382




aerospace-08-00382







Aerospace 2021, 8(12), 382; doi:10.3390/aerospace8120382




Article



Thermal Effect on the Instability of Annular Liquid Jet



Xiao Cui and Boqi Jia *





School of Astronautics, Beihang University, Beijing 102206, China









*



Correspondence: jiabq@buaa.edu.cn







Academic Editor: Hirotaka Sakaue



Received: 7 September 2021 / Accepted: 2 December 2021 / Published: 7 December 2021



Abstract

:

The linear instability of an annular liquid jet with a radial temperature gradient in an inviscid gas steam is investigated theoretically. A physical model of an annular liquid jet with a radial temperature gradient is established, dimensionless governing equations and boundary conditions are given, and numerical solutions are obtained using the spectral collocation method. The correctness of the results is verified to a certain extent. The liquid surface tension coefficient is assumed to be a linear function of temperature. The effects of various dimensionless parameters (including the Marangoni number/Prandtl number, Reynolds number, temperature gradient, Weber number, gas-to-liquid density ratio and velocity ratio) on the instability of the annular liquid jet are discussed. A decreasing Weber number destabilizes the annular liquid jet when the Weber number is lower than a critical value. It is found that the effects of the Marangoni effect are related to the Weber number. The Marangoni effect enhances instability when the Weber number is small, while the Marangoni effect weakens instability when the Weber number is large. In addition, because the thermal effect is considered, a decreasing Reynolds number enhances the instability when the Weber number is lower than a critical value, which is similar to the results of a viscous liquid sheet with a temperature difference between two planar surfaces. Furthermore, the effects of other dimensionless parameters are also investigated.
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1. Introduction


The breakup of a liquid jet is encountered in various applications, such as liquid rocket engines and gas turbines [1]. The instability of a liquid jet, resulting in breakup, is a classical fluid dynamic problem dating back to Rayleigh [2], who first developed the linear stability analysis method to investigate the instability of liquid jets, neglecting the liquid viscosity and aerodynamic effects. Crapper et al. [3] studied the instability of an inviscid annular jet injecting into a stationary gas medium. They obtained the dispersion equation and numerically solved it. In their research, they mentioned that there are two solutions for the perturbation growth rate. Shen and Li [4] studied the sinusoidal mode and the varicose mode of the flat liquid film and proposed the “para-sinuous mode” and “para-varicose mode”; they found that the outer and inner amplitude ratio is not an invariant, which was opposite to the assumption made by Meyer and Weihs [5]. Chen and Lin [6] investigated the instability of an annular jet surrounded by a viscous gas in a pipe. Considering practical spray applications [7,8], aerodynamic and swirling effects were also studied [9,10,11,12,13]. Due to a smaller Mach number, the compressibility of gas is usually neglected. However, the compressibility of gas plays a significant role in the instability of the gas–liquid interface [14,15]; a higher gas Mach number is a destabilizing parameter and enhances the breakup process of an annular liquid jet [16,17]. As there is a temperature gradient in practical applications, the thermal effect, which is neglected in the above studies, is also considered in theoretical research [18]. The effects of the Biot number and the deviation of surface tension caused by the temperature gradient were investigated by Funada [19]. Oron et al. [20] investigated the instability of the sinuous mode when the Marangoni and Crispation numbers are different at the cold and hot surfaces in the case of a zero Biot number. Davalos-Orozco [21] studied the thermocapillary instability of a Newtonian liquid sheet moving in a motionless gas ambient. They found that the liquid sheet becomes more unstable when a temperature difference exists, and liquid viscosity destabilizes the sheet under this condition. Following their study, Tong et al. [22] investigated the thermocapillary instability behavior of planar liquid sheets when the elastic effect was introduced. The spatial–temporal instability behavior of a viscous liquid sheet with a temperature difference between the two surfaces was investigated theoretically [23]. The effect of centrifugal force on the thermocapillary instability of a liquid sheet was examined by Zhang et al. [24]. The problem of capillary jet breakup was investigated in the context of temporal instability [25]. The effects of axial and radial temperature gradients were also considered [26,27,28].



In the present study, we aim to theoretically investigate the instability of an annular liquid jet in an inviscid gas stream. A physical model of an annular liquid jet with a radial temperature gradient is established; the temporal linear instability theory is employed to examine the thermal effects on annular liquid jet instability. The process parameters are therefore chosen in a wide range of values. The paper is organized as follows: In Section 2, the theoretical model of an annular liquid jet with a radial temperature gradient is described; dimensionless governing equations and boundary conditions are also expressed. In Section 3, numerical solutions are obtained using the spectral collocation method, and variations in the growth rate with a wavenumber for the annular liquid jet in unstable modes are presented. In addition, the effects of the direction of the temperature gradient, as well as the main parameters, on the jet instability are also discussed. In Section 4, the main conclusions are drawn.




2. Theoretical Model


As depicted in Figure 1, this paper considers a two-dimensional annular liquid jet injected into a gas medium, and both liquid and gas are incompressible. The densities of the inner and outer gas and liquid phases are    ρ 1   ,    ρ 2   , and    ρ l   , respectively; gas velocities in axial and radial directions are    (   U 1  , 0  )    and    (   U 2  , 0  )   ,    (   U l  , 0  )   . The temperatures of the inner and outer gas are    T 1    and    T 2   , and the basic pressures of the liquid and gas phases are constant. The liquid viscosity is  μ , and the thermal diffusivity of liquid is  κ . Assuming that the heat fluxes at   r =  R 1    and   r =  R 2    are constant, the temperatures at the inner and outer gas–liquid interfaces are    T 1    and    T 2    and the surface tensions are    σ 1    and    σ 2   , respectively.



In the present study, the method of linear stability analysis is used to investigate the initiation of the instability process; the flow field is disturbed with the disturbance quantities   u  ,  p  and   T ˜   on the basic quantities    U ¯   ,   P ¯   and   T ¯  . Therefore, the perturbed flow fields are as follows:


   (    U  j  ,  P j  ,   U  l  ,  P l  , T  )  =  (     U ¯   j  ,   P ¯  j  ,    U ¯   l  ,   P ¯  l  ,  T ¯   )  +  (    u  j  ,  p j  ,   u  l  ,  p l  ,  T ˜   )   



(1)




where   j = 1 , 2   indicates the inner and outer gas phases, and      U ¯   j    and      U ¯   l    are the velocity vectors of the gas and liquid phases, respectively.



Due to the temperature difference between the inner and outer gas–liquid interface, there is a temperature gradient in the liquid phase. For steady-state conditions with no heat generation, the expression of the temperature gradient in the liquid phase is as follows [29]:


  λ =   ∂  T ¯    ∂ r   =   Δ  T ¯    r ln  (   R 2  /  R 1   )     



(2)







In the present study, the surface tension is a physical parameter dependent on temperature, which is similar to previous studies; the expression is as below:


   σ 2  =  σ 1  − β  (   T 2  −  T 1   )  = β  T 0  − β  (   T 2  −  T 1   )  = β  (   T 0  − Δ T  )   



(3)




where  β  is a constant presenting the rate of the surface tension coefficient with temperature variation; in fact,    T 0    is decided by    σ 1    and  β . Here, we replace    σ 1    with   β  T 0    for a convenient calculation and to obtain the form    σ 2  = β  (   T 0  − Δ T  )   .



To make the results more universal, the appropriate velocity and length scales for both gas and liquid are used to transform variables into dimensionless form, yielding the following:


    R e =    ρ l    U ¯  l   (   R 2  −  R 1   )   μ  , W  e 1  =    ρ l    U ¯  l 2   (   R 2  −  R 1   )     σ 1    , W  e 2  =    ρ l    U ¯  l 2   (   R 2  −  R 1   )     σ 2    ,     P r =  μ   ρ l  κ   , M a =    T 0  β  (   R 2  −  R 1   )    μ κ        γ 1  =     U ¯  1      U ¯  l    ,  γ 2  =     U ¯  2      U ¯  l    ,  ε 1  =    ρ 1     ρ l    ,  ε 2  =    ρ 2     ρ l    ,  η 1 ∗  =    η 1     R 1    ,  η 2 ∗  =    η 2     R 1    ,  u l ∗  =    u l      U ¯  l         v l ∗  =    v l      U ¯  l    ,  φ 1 ∗  =    φ 1      U ¯  l   R 1    ,  φ 2 ∗  =    φ 2      U ¯  l   R 1    ,  p l ∗  =    p l     ρ l    U ¯  l 2    ,  p 1 ∗  =    p 1     ρ l    U ¯  l 2    ,  p 2 ∗  =    p 2     ρ l    U ¯  l 2          T ˜  ∗  =   T ˜     T ¯  0    ,  t ∗  =     U ¯  l  t    R 1    ,  x ∗  =  x   R 1    ,  r ∗  =  r   R 1    , α =    R 2     R 1    , Δ  T ∗  =   Δ  T ¯      T ¯  0    ,  λ ∗  =   Δ  T ∗     r ∗  ln α      



(4)




where   R e   is the Reynolds number of liquid,   W  e j    is the Weber numbers of inner and outer gas–liquid interfaces,   P r   is the Prandtl number,   M a   is the Marangoni number,    γ 1    is the velocity ratio of inner gas to liquid,    γ 2    is the velocity ratio of outer gas to liquid,    ε 1    is the density ratio of inner gas to liquid,    ε 2    is the density ratio of outer gas to liquid,    λ ∗    is the temperature gradient in the annular liquid jet, and   Δ  T ∗    is the dimensionless temperature difference between outer and inner gas–liquid interfaces.    η 1 ∗    and    η 2 ∗    are the dimensionless initiation of a disturbance at the inner and outer gas–liquid interfaces, respectively.



The physical quantities consist of basic and disturbance quantities in the linear stability analysis. Disturbance quantities are also infinitely small, ignoring the second- or higher order terms when governing equations are linearized. The governing equations are presented below.



Inner gas phase    (  0 <  r ∗  < 1  )   ,



The inner gas is inviscid and incompressible; the potential flow is subject to the continuity equation [30,31,32]:


  ∇   u  1 ∗  =  ∇ 2   φ 1 ∗  = 0  



(5)







The potential flow of incompressible and inviscid fluids satisfies the NS equations and can be reduced to Bernoulli’s equation. Therefore, the dimensionless pressure disturbance of the inner gas phase can be written as follows:


   p 1 ∗  = −  ε 1   (    ∂  φ 1 ∗    ∂  t ∗    +  γ 1    ∂  φ 1 ∗    ∂  x ∗     )   



(6)







The viscosity of the liquid is considered, and the governing equations of continuity and momentum conservation are as follows:


     v l ∗     r ∗    +   ∂  v l ∗    ∂  r ∗    +   ∂  u l ∗    ∂  x ∗    = 0  



(7)






    ∂  u l ∗    ∂  t ∗    +   ∂  u l ∗    ∂  x ∗    = −   ∂  p l ∗    ∂  x ∗    +  1  R e    ∇ 2   u l ∗   



(8)






    ∂  v l ∗    ∂  t ∗    +   ∂  v l ∗    ∂  x ∗    = −   ∂  p l ∗    ∂  x ∗    +  1  R e    (   ∇ 2   v l ∗  −    v l ∗     r ∗    2     )   



(9)







Since there is a temperature gradient in an annular liquid jet, the energy balance equation should be considered:


    ∂   T ˜  ∗    ∂  t ∗    +   ∂   T ˜  ∗    ∂  x ∗    +  v l ∗   λ ∗  =  1  R e ⋅ P r    ∇ 2    T ˜  ∗   



(10)







For the inner inviscid and incompressible gas, the governing equations are similar to those of the inner gas as below:


  ∇   u  2  =  ∇ 2   φ 2 ∗  = 0  



(11)






   p 2 ∗  = −  ε 2   (    ∂  φ 2 ∗    ∂  t ∗    +  γ 2    ∂  φ 2 ∗    ∂  x ∗     )   



(12)







Boundary condition at    r ∗  → 0  :


    ∂  φ 1 ∗    ∂  r ∗    =  finite    at   r ∗  → 0  



(13)






   p 2 ∗  = −  ε 2   (    ∂  φ 2 ∗    ∂  t ∗    +  γ 2    ∂  φ 2 ∗    ∂  x ∗     )   



(14)







Boundary conditions at    r ∗  = 1  :


   v l ∗  =   ∂  η 1 ∗    ∂  t ∗    +   ∂  η 1 ∗    ∂  x ∗        at   r ∗  = 1  



(15)






    ∂  u l ∗    ∂  r ∗    +   ∂  v l ∗    ∂  x ∗    = −   M a   R e ⋅ Pr     ∂   T ˜  ∗    ∂  x ∗        at   r ∗  = 1  



(16)






    ∂   T ˜  ∗    ∂  r ∗    = 0  at   r ∗  = 1  



(17)






  −  p l ∗  +  2  R e     ∂  v l ∗    ∂  r ∗    = −  1  W  e 1     (   η 1 ∗  +    ∂ 2   η 1 ∗    ∂  x ∗    2     )  −  p 1 ∗      at   r ∗  = 1  



(18)







Boundary conditions at    r ∗  = α  :


    ∂  φ 2 ∗    ∂  r ∗    =   ∂  η 2 ∗    ∂  t ∗    +  γ 2    ∂  η 2 ∗    ∂  x ∗        at   r ∗  = α  



(19)






   v 2 ∗  =   ∂  η 2 ∗    ∂  t ∗    +   ∂  η 2 ∗    ∂  x ∗        at   r ∗  = α  



(20)






    ∂  u l ∗    ∂  r ∗    +   ∂  v l ∗    ∂  x ∗    = −   M a   R e ⋅ Pr     ∂   T ˜  ∗    ∂  x ∗        at   r ∗  = α  



(21)






    ∂   T ˜  ∗    ∂  r ∗    = 0     at   r ∗  = α  



(22)






  −  p l ∗  +  2  R e     ∂  v l ∗    ∂  r ∗    =  1  W  e 2     (     η 2 ∗     α 2    +    ∂ 2   η 2 ∗    ∂  x ∗    2     )  −  p 2 ∗      at   r ∗  = α  



(23)







Boundary condition at    r ∗  → ∞  :


    ∂  φ 2 ∗    ∂ r   =  0    at   r ∗  → ∞  



(24)







Equations (16) and (21) and shear stress balance conditions predict that viscous shear stress is balanced by the surface tension gradient at the gas–liquid interface. Furthermore, the normal stress balance equations at the inner and outer gas–liquid interfaces are expressed by Equations (18) and (23).



The relational expression of the Weber number at the inner and outer interfaces when heat transfers from the outer to the inner gas phase is as follows:


  W  e 2  = W  e 1  /  (  1 − Δ  T ∗   )   



(25)







If the heat transfers from the inner to the outer gas phase, the relational expression is as below:


  W  e 1  = W  e 2  /  (  1 + Δ  T ∗   )   



(26)








3. Results and Discussion


3.1. Results of the Basic Case


The expressions of disturbance quantities in the linear stability analysis are harmonic and can be expressed as follows:


   (   φ j ∗  ,  p j ∗  ,   u  l ∗  ,  p l ∗  ,   T ˜  ∗  ,  η 1 ∗  ,  η 2 ∗   )  =  (    φ ^  j ∗  ,   p ^  j ∗  ,    u ^   l ∗  ,   p ^  l ∗  ,   T ^  ∗  ,   η ^  1 ∗  ,   η ^  2 ∗   )  exp  (  Ω  t ∗  + i K  x ∗   )   



(27)




where   i =   − 1     is the imaginary unit.   Ω =  Ω r  +  Ω i    is the dimensionless complex growth rate, where the real part    Ω r    represents the growth rate of disturbance, and the imaginary part    Ω i    is related to the disturbance frequency.  K  is the dimensionless wave number, which is related to the disturbance wavelength  l  by the relative expression   l = 2 π / K  .



In the present study, the spectral collocation method, adopted in many papers [33,34,35,36,37], is used to obtain numerical solutions, and the details are not given. To verify the correctness of the model and program, the annular liquid jet without the thermal effect case is recalculated in our program by the settings   M a = 0  ,   Δ  T ∗  = 0   and   W  e 1  = W  e 2  = W e  , which was also calculated based on the analytical dispersion relation in Shen and Li [4]. The corresponding comparison is displayed in Figure 2. Clearly, the two resultant curves completely coincide with each other. This validates the present program.



In Figure 2, the curves display a relationship between the dimensionless wave number and the growth rate. The growth rate curves are normal, as the curves increase monotonously until the maximum growth rate is reached; after the maximum value is reached, the curves decrease and reach the axis of abscissa. The instability range is the wave number from zero to the abscissa crossing point, and the wave number corresponding to the abscissa crossing point is called the cutoff wave number. In addition, the research on the complex amplitudes shows two unstable modes, which are called “para-sinuous” (Figure 3a) and “para-varicose” (Figure 3b) [4]. The results show that the “para-sinuous” mode is more unstable than the “para-varicose” mode; i.e., the annular liquid jet breaks up more easily in the “para-sinuous” mode than in the “para-varicose” mode. Therefore, only the “para-sinuous” mode is discussed.




3.2. Effect of the Weber Number


Figure 4 shows the effect of the Weber number on the annular liquid jet instability. When heat transfers from the outer to the inner gas phase, the relational expression of the Weber number at the inner and outer interfaces increases from 40 to 4000, and the other parameters are constant. As shown in Figure 4, the maximum growth rate decreases with an increased Weber number when the wave number is small. However, as the wave number is larger than a critical value, the maximum unstable growth rate increases with an increase in the Weber number. Several pieces of research have reported this phenomenon. Similar to the breakup process of the liquid jet [38], surface tension is a main factor in the case of low Weber numbers, while it suppresses instability at large Weber numbers. When the Weber number is lower than the critical value, a decreasing Weber number destabilizes the capillary instability, which plays a dominant role in this case. When the Weber number is larger than the critical value, the aerodynamic effect plays the central role in making the gas–liquid interface more unstable; therefore, increasing the Weber number enhances the annular liquid jet instability [4].




3.3. Marangoni Effects on Annular Liquid Jet Instability


When there is a radial temperature gradient in an annular liquid jet, the Marangoni effect will arise simultaneously. In the present study, the Marangoni number is defined as   M a =  T 0  β  R 1  / μ κ  , weighing the relative importance of thermal surface tension to viscosity and heat diffusion effects. It should be noted that the thermal effect affects the annular liquid jet instability through the shear stress balance conditions (Equations (15) and (20)), surface tension (Equations (25) and (26)) and normal stress balance conditions (Equations (17) and (22)).



The physical mechanism can be seen clearly in Figure 5, by which the thermal effect impacts the annular liquid jet instability; four different cases are calculated by modifying the program when the Weber number is small:




	Case i:

	
  W  e 1  = W  e 2  = 10   and   M a = 0  ;




	Case ii:

	
  W  e 1  = W  e 2  = 10   and   M a = 0.25  ;




	Case iii:

	
  W  e 1  = 10  ,   W  e 2  = 12.5   and   M a = 0  ;




	Case iv:

	
  W  e 1  = 10  ,   W  e 2  = 50   and   M a = 0.25  .









As shown in Figure 5, the unstable growth rate decreases in case iii compared with case i. Compared with case i, the maximum growth rate increases in case ii; the Marangoni effect enhances the instability of the annular liquid jet. The maximum growth rate in case iv is larger than that in case iii, while it is lower than that in case ii. Surface tension is a main factor in the case of low Weber numbers, and increasing the Weber number weakens capillary instability. Therefore, increasing   W  e 2    decreases the disturbance growth when the Weber number is small, which can be seen in cases i and iii. As the Marangoni effect makes the liquid flow from the direction of low surface tension to high tension [18,28], capillary instability is enhanced. Thus, the annular liquid jet tends to be more unstable, which can be seen from cases iii and iv in Figure 5.



Similar to the cases of the small Weber number, four different cases are calculated when the Weber number is large:




	Case v:

	
  W  e 1  = W  e 2  = 1000   and   M a = 0  ;




	Case vi:

	
  W  e 1  = W  e 2  = 1000   and   M a = 0.25  ;




	Case vii:

	
  W  e 1  = 1000  ,   W  e 2  = 1250   and   M a = 0  ;




	Case viii:

	
  W  e 1  = 1000  ,   W  e 2  = 1250   and   M a = 0.25  ;









It can be clearly seen in Figure 6 that, comparing cases vii and viii, the maximum growth rate decreases. The Marangoni effect decreases the instability of the annular liquid jet. The maximum growth increases in cases v and vii; the same result can be obtained by comparing vi and viii. Here, it is important to know that the Weber number represents the aerodynamic force and the Marangoni number shows the thermal effect. When the Weber number is large, it is easy to observe that the aerodynamic force plays a dominant role in making the gas–liquid interface become more unstable, and increasing surface tension has a stabilizing effect on the gas–liquid interface. Hence, increasing   W  e 2    enhances the instability of the annular liquid jet, and the Marangoni effect has a stabilizing effect on the gas–liquid interface.




3.4. Effect of Prandtl Number


As shown in Figure 7, the maximum growth rate decreases with an increased Prandtl number at   M a = 0.25  , while the instability range remains unchanged. The results suggest that the Prandtl number is a stabilizing factor, causing the annular liquid jet to be more stable when   R e = 0.5  . Meanwhile, similar to the results of Tong et al. [22], increasing the Prandtl number has no impact on the unstable growth rate in the case   M a = 0  . However, when   R e = 5  , as shown in Figure 8, increasing the Prandtl number enhances the instability. It can be concluded that the influence of the Prandtl number on the annular liquid jet instability depends on the Marangoni number. Moreover, comparing Figure 7 and Figure 8, the effect of viscidity is relative to the Reynolds number, which can be seen in Figure 9.




3.5. Effect of Heat Transfer Direction


The effect of the heat transfer direction on the annular liquid jet is also considered in the present study, and the dimensionless growth rate varying with the wave number is shown in Figure 10. It should be noted that the reason for the heat transfer is the temperature difference between the inner and outer gas phases. When the temperature of the outer gas is higher than that of the inner gas, heat transfer from the outer gas to the inner gas phase,   W  e 2   , is therefore larger than   W  e 1   , and   Δ  T ∗  > 0  . If the temperature of the inner gas is higher than that of the outer gas, heat transfers from the inner to the outer gas phase,   W  e 1  > W  e 2    and   Δ  T ∗  < 0   (  Δ  T ∗  =  (    T ¯  2  −   T ¯  1   )  /   T ¯  0   ), respectively. The results in Figure 10 suggest that when the Weber number is small, the annular liquid jet tends to be more unstable when heat transfers from the outer to the inner gas phase. However, heat transfer from the inner to the outer gas phase can enhance the annular liquid jet instability when the Weber number is very large. Therefore, to make the annular liquid jet breakup easily, it is necessary to consider the Weber number when heating the annular liquid jet—the temperature of the inner gas should be higher than that of the outer gas when the Weber number is small or the temperature of the outer gas should be higher than that of the inner gas when the Weber number is large.




3.6. Effect of the Reynolds Number


The effect of the Reynolds number on the instability of an annular liquid jet is relatively complex. The Reynolds number is defined as the ratio of inertial force to viscosity force. It can be clearly seen in Figure 9 that the maximum growth rate decreases with an increased Reynolds number when the Reynolds number is lower than the critical value, and then it increases. Zhang et al. [24] have reported this phenomenon on the thermocapillary instability of a liquid sheet. When the Weber number equals 1000, as shown in Figure 11, the thermocapillary effect also makes the annular liquid jet more unstable, and the maximum growth rate decreases when the Reynolds number varies from 0.5 to 1.25 when the wavenumber is small. In addition, the maximum growth increases with an increased Reynolds number when the Reynolds number is larger than 2.5. When the Reynolds number is small, which has been reported by Zhang et al. [24], the effect of surface tension becomes weaker than that of the viscosity; i.e., the enhancing effects of decreasing surface tension dominate the damping effects of viscosity; therefore, the instability of the annular liquid jet is enhanced.




3.7. Effect of Temperature Gradient


In the present study, the dimensionless expression of the temperature gradient in an annular liquid jet is as follows:


   λ ∗  =   Δ  T ∗     r ∗  ln α    



(28)







It can be clearly seen in Equation (28) that the temperature difference   Δ  T ∗    is a factor that affects the temperature gradient in an annular liquid jet. Although temperature difference   Δ  T ∗    variation will change the Weber number, the temperature gradient also affects the instability of an annular liquid jet through the energy balance equation (Equation (10)). Hence, the Weber numbers of the inner and outer interfaces are assumed unchanged with temperature difference   Δ  T ∗    variation by modifying the program. The effects of the temperature difference are shown in Figure 12, with dimensionless temperature difference increasing from 0.1 to 0.5 and other parameters being constant; the maximum growth rate increases while the range of the unstable wave number hardly changes. It can be concluded that an increasing temperature difference, which increases the temperature gradient, enhances the instability of the annular liquid jet.




3.8. Effect of Gas-to-Liquid Density Ratio and Velocity Ratio


The effects of the gas-to-liquid density ratio are also considered. The maximum growth rate increases with an increasing gas-to-liquid density ratio as shown in Figure 13. In addition, Figure 14 shows the effect of the gas-to-liquid velocity ratio on the instability of an annular liquid jet; when velocity density increases, the maximum growth rate also increases. As the aerodynamic force of the gas medium, which can enhance instability, is related to gas density and velocity, the aerodynamic force increases with the gas-to-liquid density ratio or the velocity ratio increases. Hence, the gas–liquid interface tends to be more unstable when the gas-to-liquid density ratio or velocity ratio increases. This suggests that increasing the gas-to-liquid density ratio or the velocity ratio helps to promote the atomization of an annular liquid jet.





4. Conclusions


The temporal instability of an annular liquid jet surrounded by a gas medium with a radial temperature gradient was studied theoretically in this paper. The surface tension of the liquid phase is assumed as a function of the temperature. The spectral collocation method is used to obtain numerical solutions, and the accuracy of the program and the correctness of our results are verified to a certain extent by comparing them with the results of Shen and Li [4]; the results indicate two different unstable modes, namely, the “para-sinuous” mode and the “para-varicose” mode. As the annular liquid jet breaks up more easily in the “para-sinuous” mode than in the “para-varicose” mode, only the “para-sinuous” mode is discussed. In this work, the effects of various dimensionless parameters on the instability of an annular liquid jet are indicated by the curves of growth rate variations with the wave number and physical parameters under different cases. There is a critical value of the Weber number: when the Weber number is lower than the critical value, decreasing the Weber number promotes instability, and increasing the Weber number enhances the annular liquid jet instability when the Weber number is larger than the critical value. According to the theoretical analysis, the Marangoni effect is related to the Weber number. The Marangoni effect enhances the instability of the annular liquid jet when the Weber number is small, and the annular liquid jet tends to be more stable when the Weber number is large. In addition, the effect of the Prandtl number depends on the Reynolds number and the Marangoni number, and increasing the Prandtl number has no effect on the instability of the liquid jet. Decreasing the Reynolds number makes the annular liquid jet more unstable when the Reynolds number is lower than a critical value, and increasing the Reynolds number increases the instability when the Reynolds number is larger than a critical value. The effect of the heat transfer direction is also discussed. Comparing the condition that heat is transferred from the inner to the outer gas phases, the annular liquid jet becomes more unstable when heat is transferred from the outer to the inner gas phases in the case of a small Weber number. In addition, heat transferred from the inner to the outer gas phases can enhance instability when the Weber number is large. Furthermore, the results show that a higher velocity difference across the inner interface is beneficial for sheet instability and that co-flowing gas streams will promote the atomization process when the gas velocities are relatively higher.
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Figure 1. Schematic of the profile of the annular liquid jet. 
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Figure 2. The results compared with Shen and Li in different modes: (a) “para-sinuous” mode and (b) “para-varicose” mode (α = 1.25, Re = 250, ε1 = ε2 = 0.001). 
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Figure 3. Different modes of annular liquid jet: (a) “para-sinuous” mode and (b) “para-varicose” mode. 
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Figure 4. Effect of Weber number on the annular liquid jet instability (Re = 25, We2 = We1/(1 − ∆T*), γ1 = γ2 = 0, ε1 = ε2 = 0.001, Pr = 0.5, ∆T* = 0.2, α = 1.25, Ma = 0.25). 
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Figure 5. Thermal effects when Weber number is small (Re = 5, γ1 = γ2 = 0, ε1 = ε2 = 0.001, Pr = 0.5, ∆T* = 0.2, α = 1.25). 
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Figure 6. Marangoni effect when Weber number is large (Re = 5, γ1 = γ2 = 0, ε1 = ε2 = 0.001, Pr = 0.5, ∆T* = 0.2, α = 1.25). 
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Figure 7. Effect of Prandtl number on the annular liquid jet instability when Re = 0.5 (Re = 0.5, We1 = 10, We2 = 12.5, γ1 = γ2 = 0, ε1 = ε2 = 0.001, ∆T* = 0.2, α = 1.25, Ma = 0.25). 
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Figure 8. Effect of Prandtl number on the annular liquid jet instability when Re = 5 (Re = 5, We1 = 10, We2 = 12.5, γ1 = γ2 = 0, ε1 = ε2 = 0.001, ∆T* = 0.2, α = 1.25, Ma = 0.25). 
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Figure 9. Variation in maximum growth rate with Re (We1 = 10, We2 = 12.5, γ1 = γ2 = 0, ε1 = ε2 = 0.001, ∆T* = 0.2, α = 1.25, Ma = 0.25). 
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Figure 10. Effect of heat transfer direction on the annular liquid jet instability (Re = 25, γ1 = γ2 =0, ε1 = ε2 = 0.001, Pr = 0.5, α = 1.25, Ma = 2.5). 
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Figure 11. Effect of Reynolds number on the annular liquid jet instability when Weber number is large (We1 = 1000, We2 = 1250, γ1 = γ2 =0, ε1 = ε2 = 0.001, Pr = 0.5, α = 1.25, Ma = 0.25, ∆T* = 0.2). (a) For a low Reynolds number. (b) For a large Reynolds number. 
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Figure 12. Effect of temperature difference (We1 = 10, We2 = 12.5, Re = 0.5, γ1 = γ2 = 0, ε1 = ε2 = 0.001, Pr = 0.5, α = 1.25, Ma = 2.5). 
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Figure 13. Effect of gas-to-liquid density ratio (We1 = 100, We2 = 125, Re = 25, γ1 = γ2 =0, Pr = 0.5, α = 1.25, Ma = 2.5, ∆T* = 0.2). 
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Figure 14. Effect of gas-to-liquid velocity ratio (We1 = 10, We2 = 12.5, Re = 2.5, ε1 = ε2 = 0, Pr = 0.5, α = 1.25, Ma = 0.25, ∆T* = 0.2). 
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