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Abstract

:

Microjet hydrogen flames can be directly used as micro heat sources or can be applied in micro propulsion systems. In our previous study, under zero gravity and without an active air supply, the combustion completeness of hydrogen jet flames within a mesoscale tube with an inner diameter of 5 mm was very low. In this study, we were dedicated to improving the combustion efficiency by using a convergent nozzle (tilt angle was around 68°) instead of the previous straight one, and the exit diameter was 0.8 or 0.4 mm. The numerical results demonstrate that the maximum combustion efficiency in the case of d= 0.8 mm was only around 15%; however, the peak value for the case of d = 0.4 mm was around 36%. This happened because with d = 0.4 mm, the fuel jet velocity was around four times that of the d = 0.8 mm case. Hence, the negative pressure in the combustor of d = 0.4 mm decreased to a much lower level compared to that of d = 0.8 mm, which led to an enhancement of the air entrainment ratio. However, the highest combustion efficiency of d = 0.4 mm was still below 36%; therefore, a slightly larger tube or an even smaller nozzle exit diameter will be necessary for further improvements to the combustion efficiency.
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1. Introduction


The progress in microfabrication technologies has led to the emergence of various kinds of portable electronic devices, microrobots, unmanned aerial vehicles, microsatellites, etc. Currently, most of these devices are driven by batteries. However, such batteries do not last long, and recharging them takes a long time. Instead, microsystems using combustion energy can harvest power at far higher density [1,2,3]. Therefore, combustion and energy conversion in small-scale systems has attracted interest from scholars all over the world. However, obtaining a robust flame and the desired energy efficiency in small combustion devices is a challenge, owing to augmented heat dissipation and shortened time for a complete reaction. For instance, periodic extinction-ignition of flame dynamics was observed by many researchers [4,5,6,7]. A variety of flame anchoring strategies have been proposed for premixed flames within small combustors [8]. For example, heat recirculating structures have been implemented by many researchers [9,10,11,12,13,14]. It has also been demonstrated that a recirculation zone can effectively anchor the flame, which is created by various flame holders [15,16,17,18].



Diffusion flames (non-premixed flames) are even more extensively adopted for real combustion systems, since flame flashback can be eliminated [19]. Distinct flame patterns have been observed in microscale diffusion combustion under the combined actions of a mixing process and heat loss. To name a few, the “flame street” phenomenon (i.e., isolated flame cells) was experimentally observed in Y-shaped micro-scale channels [20] and planar meso-scale channels [21]. Xiang et al. [22,23,24] identified a “traveling flame street” and periodic extinction-ignition of flame dynamics in mesoscale Y-shaped channels. Various strategies, such as the Swiss-roll structure [25], porous media combustion [26], catalytic combustion [27] and the cavity plus step [28], have been implemented to intensify the mixing of fuel and air and improve the stability of the diffusion flame.



The microjet diffusion flame is another typical configuration of non-premixed combustion [29,30,31,32,33] which can serve as the heat source for a micro power generator. Gao et al. [34] found that the microjet flame always attaches to the nozzle exit when H2 is used as fuel, which does not occur with CH4. Hirasawa et al. [35] investigated the influences of the solid material and nozzle diameter on the extinction of microjet CH4 flames. Hossain et al. [36] also demonstrated that the wall preheating effect on the fuel causes earlier ignition in the tube for microjet H2 flames. Fujiwara et al. [37] revealed that, in the presence of hot air co-flow, the velocity limits for the extinction of microjet flames were lowered. Li et al. [38] demonstrated a strong effect of fuel preheating on the shapes of microjet CH4 flames.



Microjet diffusion flames can also be applied in microthrusters, and thus the buoyancy effect has received much attention. Ban et al. [39] indicated that the buoyancy effect becomes insignificant when the flame size is decreased. Sunderland et al. [40] compared jet flame shapes in cases of with/without buoyancy for different fuel types and nozzle dimensions. It was demonstrated that the flame height became shorter due to the buoyancy effect. Zhang et al. [41] revealed that laminar diffusion jet flames were notably affected by the accompanying air stream under microgravity. Liu et al. [42] conducted a numerical study on the effect of gravity on the free microjet flames of hydrogen. They reported that the combustion was intensified by radial air flow due to the buoyancy effect if the fuel jet velocity was above 0.2 m/s. However, the buoyancy has an overall negative effect under extremely small fuel velocities. Later, Zhao et al. [43] numerically investigated the buoyancy effect on microjet flames of hydrogen within a tube of ID = 10 mm with no air stream. It was demonstrated that the velocity limit of extinction under normal gravity is far less compared to the case of zero gravity. They also [44] compared the combustion efficiency of microjet flames of hydrogen within three vertical ducts (ID = 5, 10, 20 mm) without buoyancy. Their results showed that in the tubes of ID = 5 and 10 mm, the phenomenon of flame tip opening occurred at all jet velocities, whereas for the case of ID = 20 mm, it did not happen at moderate jet velocities. In addition, the combustion efficiency of the tube with ID = 10 mm was below 50%, and that of the tube with ID = 5 mm was less than 16% due to the small entrainment ratio of the two small tubes. Since the entrainment ratio of a tube with ID = 5 mm increases in a monotonic manner with the fuel velocity [44], our study aimed to improve the combustion efficiency under zero gravity by changing the shape of nozzle exit (i.e., reducing the nozzle diameter). CFD modeling is a powerful method for designing optimal miniature combustors, which can also facilitate examining various transport processes that take place in combustion reactions. Moreover, experiments under zero gravity require a drop tower test facility, which was unavailable for us. Therefore, this work was carried out through numerical simulations based on the CFD platform Fluent.




2. Numerical Method


2.1. Geometric Model


Figure 1 illustrates the physical model of the present study. The hydrogen gas ejected from the exit of a micronozzle. In the original configuration (Figure 1a), the nozzle was a straight microquartz tube of ID = 0.8 mm (r = 0.4 mm), whereas in the modified configuration (Figure 1b), the exit diameter was 0.4 mm (rexit = 0.2 mm) and it had a tilt angle of around 68°. This value is just a first attempt, and further modifications will be made in our future studies. Here, the inner diameter of nozzle exit is designated as “d.” The two nozzles were confined in a coaxial stainless-steel tube of ID = 5 mm. The thicknesses of nozzle and tube wall were 0.2 mm (W1) and 2 mm (W2), respectively. Meanwhile, the overall lengths of nozzle and tube were 25 mm (L1) and 80 mm (L2), respectively. For the modified configuration, the lengths of the straight and convergent segments were L11 = 20 mm and L12 = 5 mm, respectively. The bottom surfaces of the nozzles and outer tubes were located on the same line.




2.2. Mathematical Model


The diameters of the nozzles used in this study are larger than the mean free path of hydrogen gas (0.0002 mm). Correspondingly, the Knudsen number (0.00025) was lower than its critical value (0.001). Thereby, the hydrogen stream was considered continuous, and N-S equations were adopted [45]. Since the largest Reynolds number at the inlet of nozzle was 401 (V = 55 m/s), the laminar flow model was selected. A 2D axisymmetric model was adopted for numerical simulation. Since the focus of this study was on combustion efficiency rather than near-limit flame dynamics, the steady state simulation was chosen, and the governing equations are given below for the fuel gas.



Mass conservation:


  ∇ · (  ρ  υ →  )  = 0  



(1)







Momentum conservation:


  ∇ · (  ρ  υ →   υ →   ) = − ∇ p + ∇ · {  μ [  ∇  υ →  +   ( ∇  υ →  )  T  −  2 3  (  ∇ ·  υ →   ) I  ] }   



(2)







Energy conservation:


  ∇ · (  ρ  υ →  T  ) =  1   C p    ∇ ·   λ ∇ T   −  1   C p      ∑   i = 1  N   h i  {  ω i  − ∇ · (  J →  ) }  



(3)







Species conservation:


  ∇ · (  ρ  υ →   Y i  )  = − ∇ · (  J →  ) +  ω i   



(4)







Equation of gas state:


  p = ρ R T   ∑   i = 1  N     Y i     M i     



(5)







Heat conduction within the nozzle and tube walls was taken into account in the modeling, as expressed in Equation (6).


  ∇ ·    λ s  ∇ T   = 0  



(6)







In the above formulas, υ represents velocity vector, I denotes the unit tensor and J is a diffusive mass flux vector; T refers to temperature, p is pressure, ρ is density and R the universal gas constant; λ is thermal conductivity and μ is dynamic viscosity of gas. They were computed by applying the ideal gas mixing law. As for specific heat capacity of the mixture, cp, its value was an average based on each species’ mass fraction. Yi, hi, Mi and ωi, respectively, indicate the mass fraction, enthalpy, molecular weight and production rate of the ith component. They were obtained based on the kinetic theory [46]:


  λ =   ∑   i = 1  N     X i   λ i      ∑   j = 1  N   X j   Φ  i j      



(7)






  μ =   ∑   i = 1  N     X i   μ i      ∑   j = 1  N   X j   Φ  i j      



(8)






   μ i  = 2.67 ×   10   − 6        M i  T      σ 2   Ω  μ , i      



(9)






   λ i  =   15  4   R   M i     μ i  [   4  15      c  p , i    M i   R  +  1 3   ]  



(10)






   Φ  i j   =     [  1 +   (     μ i     μ j     )   0.5     (     M j     M i     )   0.25    ]  2      [  8 (  1 +    M i     M j     )  ]   0.5      



(11)







The diffusive mass flux vector, J, was calculated with the Maxwell–Stefan equation [47], where both full multicomponent diffusion and Soret diffusion are considered.


   J →  = −   ∑   j = 1   N − 1     ρ  D  i j   ∇  Y j  −  D  T , i     ∇ T  T     



(12)






   D  i j   =  D  =    A    − 1    B   



(13)






   A  i i   = − [     X i     D  i N        M m     M N    +   ∑   j = 1 , j ≠ i  N     X j     D  i j        M m     M i     ]  



(14)






   A  i j   =  X i  [   1   D  i j        M m     M j    −  1   D  i N        M m     M N     ]  



(15)






   B  i i   = − [   X i     M m     M N    +   1 −  X i       M m     M i     ]  



(16)






   B  i j   =  X i  [     M m     M j    −    M m     M N     ]  



(17)







[D] is a matrix of diffusion coefficients [48], and Dij is the binary mass diffusion coefficient, which was computed through modified Enskog–Chapman formula [49]:


   D  i j   = 0.00188     [  T 3     1   M i    +  1   M j      ]   0.5     p  σ  i j  2   Ω D     



(18)




where Xi denotes the ith species’ mole fraction; Ω is the diffusion collision integral; σ is the reduced collision diameter; and DT,i was obtained from the empirical formula [50]:


   D  T , i   = − 2.59 ×   10   − 7    T  0.659   [     M i  0.511    X i      ∑   i = 1  N   M i  0.511    X i    −  Y i   ] [      ∑   i = 1  N   M i  0.511    X i      ∑   i = 1  N   M i  0.489    X i     ]  



(19)








2.3. Computation Scheme


The reaction kinetics reported in [51] were adopted to simulate H2–air combustion. The DO (discrete ordinates) model was applied for the calculation of surface-to-surface radiation. The boundary conditions of the system are explained below. At the inlet of the nozzle, uniform velocity and temperature (300 K) were set for the hydrogen stream. The inlet and outlet of the tube were specified as pressure boundaries. A symmetric boundary was given for the center line. The exterior tube wall was set to be a hybrid thermal boundary (natural convection + thermal radiation), and heat dissipation rate per unit surface area was computed by Equation (20).


  q = h      T w  −  T ∞    +  ε w  σ    T w 4  −  T ∞ 4     



(20)







Here, T∞ is the environmental temperature (300 K); Tw is outer wall temperature. h denotes the natural convection heat transfer coefficient (20 W·m−2·K−1); εw and σ represent surface emissivity (0.65) and the Stephan–Boltzmann constant (5.67 × 10−8 W·m−2·K−4), respectively. Ansys Fluent was employed to solve the discretized equations. A high temperature zone (1500 K) was set near the nozzle exit to trigger combustion reaction. The convergence criteria of mass, momentum, energy and species equations were set to be 10−8, 10−6, 10−8 and 10−3, respectively.




2.4. Grid Independence


We used non-uniform structural grids for mesh generation, and refinement was conducted in the flame region. Here, the grid independence was checked in Model A by using 25,000, 50,000 and 80,000 cells. The temperature profile along the center line at the jet velocity (Vf) of 15 m/s is plotted in Figure 2. It can be identified that the largest discrepancy between the three sets of grid systems was less than 3%. Hence, the grid system with 50,000 cells was employed for the following computations.




2.5. Model Validation


To validate the current numerical scheme, Figure 3 [42,43,44] depicts numerical and experimental [33] results of flame height. The comparison demonstrates that the maximum relative error was less than 7.2%. Therefore, reasonable accuracy of the present numerical simulation could be expected.





3. Results and Analysis


3.1. Effects of Nozzle Diameter on Combustion Efficiency and Flammable Limits


In this work, the definition of combustion efficiency η is given below:


  η = 1 −    m  o u t ,  H 2       m  i n ,  H 2       



(21)




where min,H2 designates the incoming hydrogen mass flow rate, and mout,H2 is the residual hydrogen at the tube exit. The relationships between combustion efficiency η and jet velocity are illustrated in Figure 4 for the two nozzle exit diameters. It is shown that for d = 0.8 mm, the combustion efficiency increased gradually with jet velocity, and reached a maximum value of slightly higher than 15%. In contrast, for d = 0.4 mm, the combustion efficiency rose rapidly in the low fuel-velocity zone, and remained almost invariant at around 36% in the region of relatively high velocity. In addition, it can be seen that, compared to the straight nozzle, the lower and upper velocity limits both decreased due to the reduction of nozzle exit diameter (which doubled the jet velocity at the nozzle exit).



Figure 5 illustrates the contours of H2 and O2 mass fractions within the two combustors under the same fuel inlet velocity of Vf = 25 m/s. Obviously, when d = 0.4 mm, the hydrogen mass fraction remained far lower level compared to that of d = 0.8 mm. Meanwhile, the entrained oxygen was depleted later when d = 0.4 mm. Consequently, the combustion efficiency significantly increased as the nozzle exit diameter reduced.




3.2. Analysis


In the following, the effects of nozzle exit diameter on combustion efficiency are analyzed by comparing the flame shapes and air entrainment abilities of these two combustors.



3.2.1. Impacts of Nozzle Exit Diameter on Flame Shape under Various Fuel Velocities


The mass fraction contours of OH were adopted to represent the reaction zone of a hydrogen flame. Figure 6 depicts the flame shapes (structures) resulting from various fuel velocities within the two combustors that had different nozzle exit diameters. First, it can be seen that with a low fuel velocity, the flame surrounds the nozzle wall at a location much lower than the nozzle exit. As the fuel velocity increases, the flame climbs upwards and surrounds the nozzle exit. Meanwhile, the flame is prolonged and the flare angle becomes smaller at higher fuel velocities. When comparing Figure 6b,f, and Figure 6c,g, it is clear that the for the same fuel inlet velocity, the flame length increased while the flare angle decreased in the case of d = 0.4 mm, which indicates that more fuel can be burned and a higher combustion efficiency can be achieved as the nozzle exit diameter is reduced. However, the combustion efficiency was still very low for d = 0.4 mm, since the flame tip remained open under all fuel inlet velocities, so a large amount of hydrogen would leak out without combustion.



Figure 7 presents the temperature variations of the flame (left vertical axis) and exhaust gas (right vertical axis) with jet velocity for the two combustors with different nozzle exit diameters. It is clear that for the same jet velocity, the flame temperature for the d = 0.4 mm system was much higher than that of the d = 0.8 mm system, especially for low fuel velocities. For example, at Vf = 9 m/s, the difference between the flame temperatures of these two combustors was larger than 800 K. On the other hand, the average exhaust gas temperature of the two combustors increased almost linearly with fuel velocity, but it rose up more rapidly under d = 0.4 mm. At Vf = 40 m/s, the difference in average exhaust gas temperatures between these two combustors exceeded 300 K. The reason why the largest difference of average exhaust gas temperature appeared at high fuel velocities is because the heat dissipation rate increases with the wall surface temperature, which rises with the flame temperature and ultimately fuel inlet velocity.




3.2.2. Air Entrainment Ratio


Combustion efficiency depends significantly on the air entrainment ability of the fuel jet flow, which is reflected by the ratio of entrained air flow rate, mair, to the fuel flow rate, mfuel, as given below:


  y =    m  a i r      m  f u e l      



(22)







It is well known that the air entrainment ability depends on the pressure field in the combustor, which is a result of the velocity field. For the purpose of comparison, the axial velocity profiles of the two combustors under Vf = 25 m/s are plotted in Figure 8. Figure 9 depicts the pressure fields at the identical jet velocity. As can be seen, the fuel velocity started to increase from the nozzle inlet due to the preheating effect by the nozzle wall, which indicates the thermal interaction between the flame and nozzle wall. More specifically, from x = 0 to 20 mm, the axial velocity profiles of the two combustors almost overlap and the fuel jet velocity (x = 25 mm) for d = 0.8 mm was 61 m/s. However, the fuel velocity of d = 0.4 mm rose to 178 m/s due to the convergence of nozzle exit. As a result, the negative pressure level of the d = 0.4 mm system became far lower than that of the d = 0.8 mm system. To be specific, the lowest pressures for d = 0.4 and 0.8 mm systems were −14.7 pa and −4.2 pa, respectively. Therefore, the air entrainment ability of the fuel jet could be enhanced in the case of d = 0.4 mm.



The changes in air entrainment ratio with jet velocity are shown in Figure 10 for the two combustors. It can be observed that the air entrainment ratio of the d = 0.8 mm system rose slowly with the jet velocity. The d = 0.4 mm system first had a rapid increase, and then remained at a value of around 12. These tendencies are similar to those demonstrated in Figure 4 for combustion efficiency. Furthermore, the air entrainment ratio of the d = 0.4 mm system is far greater than that of the d = 0.8 mm system. Consequently, the combustion efficiency of the d = 0.4 mm system is far higher. However, all the entrainment ratios of d = 0.4 mm are still far less than the critical value of 34.335 (under which complete combustion is possible). Thus, the maximum combustion efficiency of d = 0.4 mm is only 36% (Figure 4). This implies that other measures, such as expanding the tube diameter or further decreasing the nozzle exit diameter, should be adopted to further improve the combustion efficiency in our future studies.






4. Conclusions


In this study, the effects of nozzle exit diameter (d = 0.4 mm and 0.8 mm) on the combustion completeness of hydrogen microjet flames within a mesoscale tube without active air supply and without buoyancy effect were numerically investigated. Based on the comparison and analysis of the results, we obtained the following conclusions.



	(1)

	
For the same jet velocity, greater combustion efficiency is obtained by a combustor with a smaller nozzle exit. The maximum combustion efficiency of a combustor with d = 0.8 mm is only around 15%, whereas the peak value for the case of d = 0.4 mm reaches around 36%.




	(2)

	
With d = 0.4 mm, the fuel jet velocity is much higher than with d = 0.8 mm because the cross-sectional area of the nozzle exit is reduced to 1/4 of the original configuration. Hence, the negative pressure in a combustor with d = 0.4 mm can be decreased to a far lower level than that of a d = 0.8 mm system, which leads to an enhanced air entrainment ratio.




	(3)

	
The highest combustion efficiency of d = 0.4 mm is still relatively low (36%); therefore, additional modifications, such as a slightly larger tube or an even smaller nozzle exit, will be necessary to further improve the combustion efficiency.
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Figure 1. The schematic diagrams of physical models: (a) d = 0.8 mm; (b) d = 0.4 mm. 
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Figure 2. Temperature profile along the center line obtained by three grid systems at Vf = 15 m/s for Model A. 
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Figure 3. Validation of the numerical results of flame height with experimental data [33]. 
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Figure 4. The relationships between combustion efficiency and jet velocity for the two combustors with different nozzle exit diameters. 
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Figure 5. Mass fraction contours of H2 and O2 within the two combustors under Vf = 25 m/s: (a) d = 0.8 mm, (b) d = 0.4 mm. 
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Figure 6. Contours of OH mass fraction at various jet velocities: (a) d = 0.8 mm, Vf = 9 m/s; (b) d = 0.8 mm, Vf = 25 m/s; (c) d = 0.8 mm, Vf = 40 m/s; (d) d = 0.4 mm, Vf = 3 m/s; (e) d = 0.4 mm, Vf = 9 m/s; (f) d = 0.4 mm, Vf = 25 m/s; (g) d = 0.4 mm, Vf = 40 m/s. 
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Figure 7. Temperature variations of flame and exhaust gas with jet velocity. 
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Figure 8. Axial velocity profiles of the two combustors with different nozzle exit diameters at Vf = 25 m/s. 
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Figure 9. A comparison between the pressure fields in the two combustors with different nozzle exit diameters at Vf = 25 m/s: (a) d = 0.8 mm and (b) d = 0.4 mm. 
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Figure 10. Air entrainment ratio vs. jet velocity for the two combustors with different nozzle exit diameters. 
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