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Abstract

:

This work proposes a new effective method to realize variable thrust through discontinuous embedded metal wires in the solid rocket motor (SRM). We aimed to study the influence of discontinuous embedded metal wires on the performance of an SRM with a single-burning-rate grain. A model based on convection heat transfer, heat conduction, and heat radiation was established to calculate the heat transfer in the discontinuous embedded metal wires in the grain, to then obtain the burning rate ratio. Most importantly, a solid rocket motor was designed to verify the feasibility of variable thrust and of the present model prediction, with the embedded silver–nickel alloy wire divided into two segments in the grain. According to the SRM ignition experiment, the silver–nickel alloy wires raised the burning rate of the grain. The pressure varied regularly with changes in the discontinuous embedded metal wires. The theoretical burning rate ratio matched the experimental result well. Based on the verified model, the effects of the burning rate, pressure exponent, burning rate ratio, and number of wires on thrust were investigated. Burning rate, burning rate ratio, and pressure exponent were found to be positively correlated with thrust ratio. The thrust ratio could reach 12.5 when the burning rate ratio was 5. The ability to adjust thrust tended to increase with an increase in the number of wires. This study also provided a method to assess whether the consecutive embedded metal wires had been broken or not. The method using discontinuous embedded metal wires in the grain was proven to be feasible to realize multi-thrusts of single-burning-rate grain, which is a new idea for the design of a multi-thrust SRM.
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1. Introduction


A solid rocket motor (SRM) needs diverse thrusts at different times, according to the aircraft flight required. Moreover, double thrusts and multiple thrusts of a single chamber are frequently used. Generally, two methods are applied to meet the requirements. One method is applying two or three propellants in series with different burning rates or adjusted grain structures. The other one is applying embedded metal wires in grains [1,2]. When metal wires are embedded in the grain, the temperature of the grains close to the metal wire rises relatively faster, and the section of grain close to the metal wire is ignited when the ignition temperature of the grain is reached, and the burning surface changes simultaneously.



There have been many research achievements regarding single-chamber solid rocket motors with double thrusts or multi-thrusts. It is a mature computational method of internal ballistics to adjust the structure of single-burning-rate grains. It can deal with complicated structural changes such as intersection, separation, and the vanishing of burning surfaces [3,4,5] and calculate the transient burning rate of grains for a solid rocket motor [6,7,8,9,10]. While the initial interface shapes of the two kinds of propellants are unpredictable, the burning surfaces of the two kinds of propellant interface shape change rapidly [11,12,13]. As a result, it is difficult to accurately calculate the diversification of thrust or pressure while two kinds of propellants are burning at the same time. Meanwhile, many studies have focused on the influence of embedded metal wires on the burning rate. Their research methods have consisted of the following: calculating the change in burning rate or burning surface with the change in the metal wires [14,15]; estimating the function via internal ballistics [16,17]. Usually, the metal wires are made of silver or an alloy. Due to the fact that the burning rate ratio of specific metal wires is relatively fixed for specific propellants, we can achieve accurate calculations of thrusts via these metal wires.



The distribution of metal wires in grains has a positive effect on the performance of solid rocket motors, especially in the initial stage and descending stage. It can shorten the time from ignition to a state of balanced pressure if the distribution of the metal wires is reasonable. The material properties of metal wires, such as thermal diffusivity, melting temperature, diameter, and blackness, can affect the acceleration effect of the burning rate [18]. When the grain contains metal wires of the same material and with the same diameter, the change in burning rate is more sensitive if the grain has a lower burning rate and lower ignition temperature. Moreover, there is a better burning rate-increasing effect in lower-burning-rate grain; on the contrary, the burning rate-increasing effect in higher-burning-rate grain is poor. There exists an optimal wire diameter that allows for the maximum burning rate for specific propellants [17,19,20].



A simple method involves applying single-burning-rate grain with discontinuous embedded metal wires (GNEMWs) to realize multi-thrusts in a solid rocket motor. However, relevant research on this method has not been reported by any public study. A heat transfer analysis of GNEMWs has not been conducted, and an experiment assessing a discontinuous embedded wire column has not been reported either. In addition, the effect of discontinuous embedded wires on the thrust ratio and the burning rate ratio is unknown; as these are two important operation parameters for an SRM, it is necessary to conduct theoretical and experimental research to resolve this issue.



To verify the feasibility of tuning the ballistic performance of a single-burning-rate grain SRM via new discontinuous embedded metal wires, a one-dimensional heat transfer equation of metal wire and two-dimensional equations of grain were established to obtain the burning rate ratio of the grain with embedded discontinuous metal wires and calculate the internal ballistic performance of the SRM. Ignition experiments on grain embedded with discontinuous embedded metal wires were also carried out at the same time. We also conducted a comparison between the simulation data and experimental data. Using the aforementioned validated methods, a wire break simulation calculation of the grain with continuous embedded metal wire was conducted. Lastly, the effects of different types of propellants and various kinds and quantities of metal wires on thrust were also investigated.




2. Numerical Model


2.1. Basic Hypothesis


This study focused on the study of burning rate change in grain with a change in the discontinuous embedded silver–nickel alloy metal wires. In order to simplify the calculation process, some unimportant factors were ignored. The specific parameters of the experiment are as follows:




	(1)

	
The heat transfer mode between silver–nickel alloy metal wires and the combustion gas of the propellant is heat convection and radiation; the heat transfer mode between silver–nickel alloy metal wires and grains is heat conduction; the heat transfer mode between combustion gas and grains is heat convection and radiation.




	(2)

	
The burning of grains which are far away from the silver–nickel alloy metal wires abides by the parallel burning law. The grain close to silver–nickel alloy metal wires is ignited when the grain temperature rises to ignition temperature and the burning rate of the grains close to the metal wires differs depending on the position.




	(3)

	
The silver–nickel alloy metal wires break when the temperature rises to the melting temperature. These broken silver–nickel alloy metal wires are useless for grains and combustion gas, and there is no heat convection or heat radiation between each other.




	(4)

	
When the diameter of silver–nickel alloy metal wires is relatively smaller, namely less than one millimeter, the temperature diversity in the radial direction is ignored and the temperature gradient only exists in the axial direction.




	(5)

	
Combustion gas is uniform everywhere. The flow of combustion gas has no influence on the heat convection among gas and silver–nickel alloy metal wires and grains.










2.2. Governing Equations


	(1)

	
Governing equation for pressure







Due to the fact that the time from igniting to pressure balance in the combustion chamber is very short, usually dozens of milliseconds, its influence is relatively smaller, compared to the whole operation process of the solid rocket motor. Therefore, the zero-dimensional internal ballistics calculation method of the solid rocket motor was adopted. According to the law of conservation of mass and energy, the control equation for pressure was defined by Equation (1) [21]. The density of combustion gas is far less than that of propellant, and the equation could be simplified as in Equation (2) [21].


     V c    R  T c    ×   d  p c    d t   = ( 1 −    ρ c     ρ p    )  ρ p   A b  α  p c n  −    p c   A t     c *     



(1)






     V c    R  T c    ×   d  p c    d t   =  ρ p   A b  α  p c n  −    p c   A t     c *     



(2)







	(2)

	
Heat transfer equations







According to the hypotheses in Section 2.1, there are three main steps in heat convection when the grain is burning with embedded metal wires. The heat transfer mode between metal wires and grains and the heat transfer mode between metal wires and combustion gas of the propellant could be simplified to one-dimensional modes. The heat transfer mode between the combustion gas and the grain could be simplified to two-dimensional modes. The small cells along the axial direction of the metal wires were set as dx, and those along the perpendicular direction were set as dy. The influence of the metal wires embedded in the grains on the burning rate is shown in Figure 1.



Due to the fact that the heat conduction coefficient of metal wires is greater than that of grains, the temperature of the metal wires along the axial direction changed very quickly, and the section of the grain close to the metal wires was ignited earlier. A taper angle gradually took shape in the grain, and the burning surface increased rapidly at the initial stage. The grain’s burning stabilized when the taper angle was widened to the border of the grain. If the metal wire burned through the grain, the taper angle ensured that the remaining grain abided by the parallel burning law.



For the heat convection mode between the metal wire and combustion gas, the heat transfer equations were defined by Equations (3)–(6). In Equation (4), the incoming heat is divided into two parts; one is the axial heat transfer along the metal wire and the other is the lateral heat transfer. Moreover,    q  f − g     is the heat flux and  l  is the cross-section perimeter of the metal wire, and, while    q  f − g     also contains two parts, one part is convective heat transfer, and the other part is radiation heat transfer. In Equation (5), due to the high combustion gas temperature, the absorbed heat of the metal wire from combustion gas transfers along the axial direction of the metal wire, and the mode of heat exchange is heat conduction.


   Q  f − g   =  Q  f − g − i n   −  Q  f − g − o u t    



(3)






   Q  f − g − i n   = −  λ f    ∂  T f    ∂ x    A f  d t +  q  f − g   l d x d t  



(4)






   Q  f − g − o u t   = −  λ f   ∂  ∂ x   (  T f  +   ∂  T f    ∂ x   d x )  A f  d t  



(5)






   q  f − g   =  h  f − g   [  T c  −  T f  ] +  ε f  σ [  T c 4  −  T f 4  ]  



(6)







The heat transfer between the exposed head of the metal wire and the combustion gas is defined by Equation (7). When the actual temperature of the metal wire reaches melting temperature, the metal wire should melt until it is broken. The temperature of the exposed head of the metal wire was considered the melting temperature. This was defined by Equation (8). The process included heat convection and heat radiation, but no heat conduction.


   Q  f − g − i n   =  q  f − g    A f   



(7)






   T  f h   =  T m   



(8)







At the same time, the heat change in the metal wire per unit volume could also be defined by Equation (9), as follows:


   Q  f − g   =  ρ f   A f   c f  d x   ∂  T f    ∂ t   d t  



(9)







According to the energy conservation law, the aforementioned Equations (3)–(5) and (9) could be merged into the following Equations (10)–(12), as follows:


    ∂   T   f     ∂ t   =     λ   f       ρ   f     c   f         ∂   2     T   f     ∂   x   2     +   l   q   f − g       A   f     ρ   f     c   f      



(10)






    ∂  T f    ∂ t   =  α  f − g      ∂ 2   T f    ∂  x 2    +   l  q  f − g      A f   ρ f   c f     



(11)






    α  f − g     =    λ f     ρ f   c f      



(12)







For the heat convection mode between the metal wire and the grain, the heat transfer was defined as Equations (13)–(16). The heat transfer of the metal wire changed from the entry to the exit. Due to the fact that the metal wire and grain were close to each other, there was no radiation. It was assumed that all the components of the grain were symmetrical and that the heat conduction coefficient of the grain was a fixed value. At the same time, the heat change in the metal wire per unit volume could also be defined by Equation (17). In Equation (14), the incoming heat is divided into two parts; one is the axial heat transfer along the metal wire and the other is the lateral heat transfer. Moreover,    q  f − p     is the heat flux and  l  is the cross-section perimeter of the metal wire.


   Q  f − p   =  Q  f − p − i n   −  Q  f − p − o u t    



(13)






   Q  f − p − i n   = −  λ f    ∂  T f    ∂ x    A f  d t −  q  f − p   l d x d t  



(14)






   Q  f − p − o u t   = −  λ f   ∂  ∂ x   (  T f  +   ∂  T f    ∂ x   d x )  A f  d t  



(15)






   q  f − p   = −  λ p    ∂  T p    ∂ y    



(16)






   Q  f − p   =  ρ f   A f   c f  d x   ∂  T f    ∂ t   d t  



(17)







Similarly, the aforementioned Equations (13)–(16) could be merged into the following Equations (18)–(20) [21], according to the energy conservation law, as follows:


    ∂  T f    ∂ t   =    λ f     ρ f   c f      ∂  T f 2    ∂  x 2    −   l  q  f − p      A f   ρ f   c f     



(18)






    ∂  T f    ∂ t   =  α  f − p     ∂  T f 2    ∂  x 2    −   l  q  f − g      A f   ρ f   c f     



(19)






   α  f − p   =    λ f     ρ f   c f     



(20)







For the heat convection between the combustion gas and the grain, the heat transfer processes are very complicated. In order to simplify the process, it was assumed that the temperature of the grain’s burning surface was the ignition temperature, which is defined by Equation (21). Usually, the ignition temperature is 650 K.


   T s  =  T i   



(21)







In order to obtain the heat transfer density between the metal wire and the grain, it is necessary to study the temperature distribution inside the grain. A small unit volume of grain was taken. By combining the basic heat convection equations and geometry parameters, it could be defined by Equations (22) and (23). Equation (23) is the supplementary boundary condition between the grain and the combustion gas heat exchange surface [18]. There is only thermal conduction within the grain, and the grain is assumed to be a two-dimensional model, in which the change in temperature of the propellant column is related to the heat absorbed and released.


    ∂  T p    ∂ t   =    λ p     ρ p   c p    [    ∂ 2   T p     ∂ 2  x   +    ∂ 2   T p     ∂ 2  y   +  2  2 y + d y     ∂  T p    ∂ x   ]  



(22)






  −  λ p    ∂  T p    ∂ N   =  h  g − p   [  T c  −  T p  ] +  ε p  σ [  T c 4  −  T p 4  ]  



(23)







Equations (8), (21), and (23) are all applied as boundary conditions. An adiabatic boundary condition is set between the propellant column and the rubber layer. At the beginning of the computation, the surface temperature of the propellant column is set to the ignition temperature.



	(3)

	
Burning rate ratio







The heat conduction coefficient of silver–nickel alloy metal wires is larger than that of the grain. The heat is transferred from the silver–nickel alloy metal wire to the grain, while the silver–nickel alloy metal wire is heated by combustion gas. This raises the temperature in the grain, which is close to the metal wire. When the temperature of the grain reaches the ignition temperature, the grain is ignited. The burning rate of the grain close to the metal wire increases faster, compared to the basic burning rate, which is obtained through experimental testing. Therefore, the burning rate ratio can be defined by Equation (24) [21]. When the burning of the grain stabilizes, Equation (24) could be defined by Equation (25) [21], as shown in Figure 1.


  ω =  1  sin θ    



(24)






  ω =    A b     A  b n      



(25)









3. Experimental Methods


The grain model with discontinuous embedded silver–nickel alloy metal wires is defined in Figure 2a. The metal wire had two segments along the axial direction, each of which related to a small nylon wire. It was assumed that the small nylon wire had no effect on the grain. The two metal wires connected with the small nylon wire were fixed in the cladding layer by instruments before casting grain slurry. The cladding layer of grain was made from insulation material, which had the functions of heat insulation and ablation resistance. The length of the head segment metal wire was 70 mm, that of the tail segment metal wire was 65 mm, and the length of the nylon wire was 75 mm.



The solid propellants were prepared. The propellant components were kept at a fixed formula (Al: 17 wt.% ammonium perchlorates (AP): 70% wt.%) with a particle diameter of 60–80 μm, 11% hydroxyl-terminated Polybutadiene (HTPB) as the binder, and 2% Isophorone diisocyanate (IPDI) and dioctyl sebacate (DOS)as the plasticizer. The silver–nickel alloy, the intensity of which is 450 MPa, has much better manufacturability than pure silver, whose intensity is 150 MPa. This can reduce the breakage risk of silver–nickel alloy metal wires during the process of fixing metal wires, grain shrinking, and grain solidifying. The grain had three silver–nickel alloy metal wires, as shown in Figure 2b. As shown in Figure 2c, there was a yellow rubber cover around the real grain. The head diameter of the grain was slightly larger, and there was a little step for locating it. There were three wires sticking out through the rubber material. The wire could be clearly seen and they were completely embedded into the grain, as shown in Figure 2d.



To verify the feasibility of the grain with discontinuous embedded silver–nickel alloy metal wires, an ignition experiment of the solid rocket motor was designed. The materials of the solid rocket motor are shown in Table 1.



The solid rocket motor was heated at 20 °C for 12 h in the heating box before the ignition experiment. The grain was of free-loading type and was loaded from the head of case. During the motor test, the pressures of two channels were tested and installed at the rear side of the SRM. The range of the pressure sensor was 0–25 MPa, the sampling frequency was 5 kHZ, and the test uncertainty was 0.05% FS. The measurement range of the thrust sensor was 0–5 kN, the sampling frequency was 5 kHZ, and the test uncertainty was 0.1% FS.




4. Results and Discussion


4.1. Solid Rocket Motor Firing Verification of Discontinuous Embedded Metal Wires (GNEMWs)


Essential heat transfer processes were computed, and the computation range was a cylinder whose diameter was twenty times that of the metal wire, with cell sizes measuring 0.1 mm by 0.1 mm, totaling approximately 180,000 cells, and a temporal resolution of 0.01 s. The program monitored the length of the propellant ignition within a unit of time and compared it to the intrinsic burning rate of the propellant to obtain the current burning rate ratio.



The calculated burning rate ratios were translated into angles within a three-dimensional model, and the regression of the burning surface was achieved using the secondary development software Pro/Engineer(PRO/E). At a specific moment in time, the burning rate for different positions was averaged. After obtaining the burning surface–web thickness curve, the pressure and thrust curves of the engine were calculated according to the internal ballistics equation of the SRM. The calculation parameters of the grain are shown in Table 2.



In Figure 3a, it can be seen that the burning rate ratio’s peak value was in the ignite initial stage and descended generally from 3.5 to 2.2 until the head segment of the silver–nickel alloy metal wire was burnt out. The second segment of the silver–nickel alloy metal wire also exhibited its peak burning rate ratio value when the metal wire head was exposed, and then the burning rate ratio descended generally from 2.8 to 2. Compared to references [12,14,16], the growth rate of the silver–nickel alloy was relatively low, which is due to the lower thermal conductivity of nickel, while the variation pattern of the burning rate ratio of silver-nickel alloy wires within the grain is similar to that of other metal wires, which revealed a temporal evolution characterized by an initial increase, subsequent decrease, and eventual stabilization.



The change in the burning surface of the grain can be summarized in six stages. In the first stage, the initial burning surface is the end-face, and the burning surface is small with the taper angle by the silver–nickel alloy metal wires being negligible. In the second stage, the silver–nickel alloy metal wires play a significant role, and the burning surface gradually increases until it reaches its peak value. During the third stage, the head segment of the silver–nickel alloy metal wires is burnt out, leading to a general descent in the burning surface. Moving to the fourth stage, the taper angle almost disappears, and the burning surface becomes close to a plane. In the fifth stage, the second segment of the silver–nickel alloy metal wires appears, forming a taper angle once again. In the final stage, the grain is burned through by the second segments of the silver–nickel alloy metal wires.



Eventually, the burning surface curve with the thickness variation was established. The curve of the burning surface is shown in Figure 3b, which shows expected pattern changes, namely first increasing, then decreasing, followed by an increase and a subsequent decrease. According to the internal ballistics Equations (1) and (26), the pressure curve with time of which is shown in Figure 3c, the thrust curve with time is shown in Figure 3d.



According to the experimental methods outlined in Section 2, ignition tests were carried out on segments embedded with metal wires of the grain. The dimensions and properties of the propellant grains are presented in Table 1. As shown in Figure 4a, the pressure exhibited a double-peak pattern of increasing first and then decreasing, mirroring the simulation expectations, indicating the plausibility of the simulation results. An analysis of the flame size of the engine during the experimental process was conducted. From the pictures, it can be observed that, at higher pressures, the flame was larger, and the Mach waves within the flame were clearly visible. Conversely, at lower pressures, the flame was smaller, and the Mach waves were not as distinct.



As shown in Figure 5a, the test pressure curve was smooth, and the experimental curve corresponded to the calculated pressure curve. We defined the section between the first and second pressure peaks as the stable working phase, with a maximum pressure ratio of 1.89. Increasing the length of the metal wire extended the duration of the peak pressure. The experimental results indicated that grains embedded with two segments of metal wires could achieve three levels of pressure adjustment. In Figure 5b, the trend of the thrust curve resembles the pressure curve. Referring to the definition of the stable working phase, the maximum thrust ratio was 1.93. This research provides a viable option for adjusting thrust levels according to aircraft requirements.



The internal ballistic curve of the solid propellant column with continuously embedded metal wires should be rather stable and the experimental curve should be similar to the normal calculated data. However, sometimes there was an unexpected decrease followed by an upward change during actual SRM testing, as shown in Figure 6a. Within the range from 1 s to 2 s, there was a maximum pressure drop of 1.2 MPa, and the operation time increased by 0.3 s. This trend was very similar to the pressure and thrust curves of the segmented embedded metal wires’ grain, wherein the thrust initially dropped and then returned to normal. Therefore, through continuous attempts to identify the starting point of the break and the length of the broken metal wire, after many trials, it was found that the calculated curve closely matched the abnormal curve obtained from the experiment when the break length was set to 5.2 mm and the starting point was 21.6 mm away from the head. In Figure 6b, the thrust also exhibited a noticeable decrease, with the maximum drop being 2.3 kN. These findings were similar to those found in the master’s thesis of Paul B. Wilson [22], wherein the presence of breakpoints in metal wires led to a trend in the pressure and thrust curves of a first decline followed by an increase.




4.2. Thrust Ratio Prediction in Different Propellants of Discontinuous Embedded Metal Wires (GNEMWs)


The burning rate and pressure exponent varied significantly among different propellants, exerting a considerable impact on thrust. Therefore, this section explores the influence of different burning rates and pressure exponents on thrust under the same-sized propellant grains. Assuming a fixed acceleration ratio of 2.5 for the metal wires, varying the pressure exponent between 0.3 and 0.45, and varying the burning rate between 10 mm/s and 40 mm/s, the relationship between burning rate-to-thrust ratio and pressure exponent-to-thrust ratio could be obtained, based on the internal ballistic calculation formula (Equation (26)). The first point of comparison was taken as the baseline, as illustrated in Figure 6. In Equation (26), the thrust coefficient could be considered a constant value, eliminating it when calculating the thrust ratio. From Figure 7a, it can be observed that, at an acceleration ratio of 2.5 and a propellant burning rate of 29 mm/s (6 MPa, 20 °C), there was a positive correlation between pressure exponent and thrust. In Figure 7b, with an acceleration ratio of 2.5 and a pressure exponent of 0.3, the trend was similar to that seen in Figure 7a.


  F =  C f  ⋅   (    ρ P   c *  α  A b     A t    )    1  1 − n     ⋅  A t   



(26)








4.3. Thrust Ratio Prediction in Different Metal Wire Materials and Numbers of Discontinuous Embedded Metal Wires (GNEMWs)


There are many materials that can play the same role in increasing the burning rate of grain, such as silver wires, copper wires, and so on. The burning rate ratio could change from 1.0 to 5.0 for different materials. Therefore, we can compute the thrust ratio for end-face burning grain with different embedded metal wires. As shown in Figure 8, the thrust ratio could reach 12.5 when the burning rate ratio was 5, and we could regulate the thrust by choosing different materials for the metal wires. In reference [19], the authors conducted calculations on the impact of thermal properties of different metallic materials on the acceleration ratio. The results showed that the acceleration ratio varied with different diameters, ranging from 1 to 4.2. This is consistent with the acceleration ratio assumption of 1 to 5 in this study.



The number of metal wires had a discernible impact on both pressure and thrust. Thrust calculations were conducted using three, six, and nine silver–nickel alloy wires. As depicted in Figure 9a, the pressure change for the three-wire configuration was the slowest, while the pressure change for the nine-wire configuration was the fastest. With an increasing number of wires, both the ascent and descent of pressure occurred more rapidly, indicating that a higher wire count corresponded to a greater pressure adjustment capability. A comparison of the pressure among three, six, and nine wires revealed significant variation between three wires and six wires, whereas the variation between six wires and nine wires was minimal. This suggests that the pressure-adjusting capacity of wires approached its maximum with an increasing number of wires, and thrust experienced minimal change with additional wires. The thrust curves exhibited a similar trend to the pressure curves, as illustrated in Figure 9b. This calculation result corresponds with the findings in reference [22], which indicated that, the greater the number of metal wires, the faster the pressure and thrust curves rise and fall.





5. Conclusions


Due to the unpredictable interface shape of two types of propellants, accurately calculating thrust and pressure diversification becomes challenging. The fluctuation in pressure and thrust poses safety and control risks in aircraft. To address these challenges, theoretical and experimental research is conducted to investigate the influence of discontinuous embedded silver–nickel alloy metal wires on the grain of a solid rocket motor. In this study, a silver–nickel alloy is utilized as the wire material, divided into two segments and embedded in the grain. The findings reveal the following key points:



Pressure and thrust undergo regular changes with the variation in discontinuous embedded silver–nickel alloy metal wires. This regulated change helps mitigate fluctuations in thrust and pressure. The burning rate ratio varies with operation time. Discontinuous embedded metal wires prove to be an effective method for achieving variable thrust in the solid rocket motor.



This study provides insight into explaining abnormal pressure fluctuations when metal wires break in a grain with discontinuous embedded metal wires. The disappearance of metal wires results in a reduction in the burning surface, while the burning surface increases if the embedded metal wires reappear.



By considering the pressure exponent and burning rate of the propellant, as well as the range of burning rate ratio of silver–nickel alloy metal wires and numbers, the thrust ratio of the solid rocket motor can be significantly altered.
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Terms and Definition




	   A b   :
	Burning surface of the grain, m2



	   A t   :
	Nozzle throat area, m2



	   A f   :
	Cross-section area of the metal wire, m2



	   A  b n    :
	Burning surface of grain without any embedded metal wire, m2



	   c *   :
	Characteristic velocity, m/s



	   c f   :
	Specific heat capacity of the metal wire, J/(kg·K)



	   c p   :
	Specific heat capacity of the grain, J/(kg·K)



	   C f   :
	Thrust coefficient



	 F :
	Thrust of the solid rocket motor, N



	   h  f − g    :
	Heat convection coefficient between combustion gas and the metal wire, W/(m2·K)



	   h  g − p    :
	Heat convection coefficient between combustion gas and the grain, W/(m2·K)



	 l :
	Perimeter of the metal wire, m



	 n :
	Pressure exponent



	 N :
	Normal direction of grain burning surface



	   P c   :
	Combustion chamber pressure, Pa



	   Q  f − g    :
	Heat transfer between the metal wire and combustion gas



	   Q  f − g − i n    :
	Heat transfer from combustion gas to the metal wire



	    Q  f − g − o u t     
	Heat transfer from the metal wire to combustion gas



	   Q  f − p    :
	Heat transfer between the metal wire and the grain



	   Q  f − p − i n    :
	Heat transfer from the grain to the metal wire



	   Q  f − p − o u t    :
	Heat transfer from the metal wire to the grain



	    q  f − g     
	Heat transfer density between combustion gas and the metal wire, W/m2



	   q  f − p    :
	Heat transfer density between the grain and the metal wire, W/m2



	 R :
	Gas constant, J/(mol·K)



	 t :
	Operation time, s



	   T c   :
	Combustion gas temperature, K



	   T f   :
	Temperature of the metal wire, K



	   T  f h    :
	The head-exposed temperature of the metal wire, K



	   T m   :
	Melting temperature of the metal wire, K



	   T i   :
	Ignition temperature of the grain, K



	   T s   :
	Burning surface temperature of the grain, K



	   T p   :
	Temperature of the grain, K



	   V c   :
	Chamber’s free volume, m3



	x
	Axial direction, m



	y
	Radial direction, m



	 α :
	Coefficient of burning rate



	   α  f − g    :
	Heat diffusion coefficient between combustion gas and the metal wire, W/(m2·K)



	   α  f − p    :
	Heat diffusion coefficient between the metal wire and the grain, W/(m2·K)



	   ε f   :
	Blackening of the metal wire



	   ε p   :
	Blackening of the grain



	 θ :
	Taper angle of the grain close to the metal wire, °



	   λ f   :
	Heat conduction coefficient of the metal wire, W/(m·K)



	   λ p   :
	Heat conduction coefficient of the grain, W/(m·K)



	   ρ f   :
	Metal wire density, kg/m3



	   ρ p   :
	Propellant destiny, kg/m3



	    ρ C    
	Combustion gas destiny of propellant, kg/m3



	 σ :
	Boltzmann constant, J/K



	 ω :
	Burning rate ratio
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Figure 1. Influence of the embedded metal wire on the burning rate of the grain. 
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Figure 2. (a) Cross-section along the axial direction of the grain model with discontinuous embedded silver–nickel alloy metal wires; (b) cross-section along the radial direction of the grain model with discontinuous embedded silver–nickel alloy metal wires; (c) profile of the physical grain; (d) head of the physical grain. 
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Figure 3. (a) Change in burning rate ratio with the varying operation time of the solid rocket motor. (b) Curve of calculated burning surface to thickness; (c) calculated pressure curve; (d) calculated thrust curve. 
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Figure 4. (a) Pressure curve of the grain with discontinuous embedded silver–nickel alloy metal wires; (b) thrust curve of the grain with discontinuous embedded silver–nickel alloy metal wires. 
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Figure 5. (a) Pressure curve comparison between the experiment and the calculation of the grain with discontinuous embedded silver–nickel alloy metal wires; (b) thrust curve comparison between the experiment and the calculation of the grain with discontinuous embedded silver–nickel alloy metal wires. 






Figure 5. (a) Pressure curve comparison between the experiment and the calculation of the grain with discontinuous embedded silver–nickel alloy metal wires; (b) thrust curve comparison between the experiment and the calculation of the grain with discontinuous embedded silver–nickel alloy metal wires.



[image: Aerospace 11 00308 g005]







[image: Aerospace 11 00308 g006] 





Figure 6. (a) Typical pressure curve comparison of experiment and calculation for abnormal fluctuations; (b) typical thrust curve comparison of experiment and calculation for abnormal fluctuations. 
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Figure 7. (a) Relationship of pressure exponent and thrust ratio (burning rate ratio = 2.5); (b) relationship of burning rate and thrust ratio (burning rate ratio = 2.5). 
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Figure 8. Relationship of burning rate ratio and thrust ratio (pressure exponent = 0.35). 
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Figure 9. (a) Indicates pressure data of the grain with three/six/nine discontinuous embedded silver-nickel alloy metal wires; (b) indicates thrust date of the grain with three/six/nine discontinuous embedded silver-nickel alloy metal wires. 
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Table 1. Materials of the solid rocket motor.






Table 1. Materials of the solid rocket motor.





	Structure
	Main Material





	Ignition case
	Carbon steel



	Ignition charge
	Black gunpowder



	Case
	Carbon steel



	Combustion insulation
	Nitrile–butadiene rubber



	Propellant
	HTPB



	Nozzle case
	Carbon steel



	Nozzle throat insert
	Copper-infiltrated tungsten (W-7Cu)



	Insulation of nozzle convergent section
	Silica phenolic resin molded



	Insulation of nozzle extend section
	Silica phenolic resin molded










 





Table 2. Simulation parameters of heat transfer.
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	Parameter
	Unit
	Value





	Metal wire diameter
	mm
	Φ0.4



	Blackening of metal wire
	-
	0.8



	Blackening of the grain
	-
	0.9



	Melting temperature of the metal wire
	K
	1, 700



	Initial temperature of the metal wire
	K
	293



	Standard burning rate motor (6.0 MPa, 20 °C)
	mm/s
	29



	Heat conduction coefficient of the grain
	W/(m·K)
	1



	Grain density
	kg/m3
	1, 800



	Grain combustion heat
	kJ/kg
	2, 600



	Ignition temperature of the grain
	K
	650



	Initial temperature of the grain
	K
	293



	Specific heat ratio of the grain
	-
	1.22



	Environment pressure
	MPa
	0.1



	Gas constant
	J/(kg·K)
	287.4



	Heat convection coefficient between combustion gas and the metal wire
	W/(m2·K)
	50



	Heat convection coefficient between combustion gas and the grain
	W/(m2·K)
	2.4



	Pressure exponent of the propellant
	-
	0.35



	Temperature sensitivity coefficient
	/°C
	0.0015



	Characteristic velocity
	m/s
	1520



	Nozzle throat diameter
	mm
	10.5



	Ablation rate of nozzle throat insert
	mm/s
	0



	Grain diameter
	mm
	Φ84



	Grain length
	mm
	210



	Heat conduction coefficient of the silver–nickel alloy
	W/(m·k)
	305



	Specific heat capacity of the silver–nickel alloy
	J/(kg·K)
	276



	Density of the silver–nickel alloy
	kg/m3
	10,200



	Combustion gas temperature
	K
	3500 K



	Chamber’s free volume
	mm3
	1.1 × 105



	Combustion gas destiny of propellant
	kg/m3
	5.2



	Boltzmann constant
	J/K
	1.38 × 10−23



	Specific heat capacity of the grain
	J/(kg·K)
	1200
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