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Abstract

:

A mixture of polyvinyl alcohol (PVA) and hydroxylammoniun nitrate (HAN) forms a gummy solid known as a plastisol, which is ionically conducting. When an electrostatic potential of 200 V DC is applied across the plastisol, it ignites. Combustion ceases upon removal of the applied voltage. The products of PVA + HAN combustion are known to include the molecular gases carbon monoxide, carbon dioxide, water, nitrogen, and hydrogen. When the electric field within the plastisol is spatially uniform, combustion occurs preferentially at the anode. The fact that HAN is an ionic conductor suggests that the mechanism of combustion is electrolytic in origin. Consistent with the preference for combustion at the anode and the known gaseous products, we consider two reaction mechanisms. One involves atomic oxygen as the oxidizing agent at the anode and hydroxyl radical as the oxidizing agent at the cathode. The other involves ozone as the oxidizing agent at the anode and hydrogen peroxide as the oxidizing agent at the cathode. Each mechanism is applied to a scenario where the products are rich in the carbon oxides and to a second scenario where the products are poor in the carbon oxides. In the rich case, the heat of the overall reaction is −808.33 kJ per mole of HAN consumed and the electrical energy is converted to thermal energy with an efficiency of 4.2%. In the poor case, the corresponding figures are −567 kJ per mole of HAN and efficiency is 2.9%. The combustion reactions at the electrodes are uniformly exothermic with the exception of the reaction involving hydrogen peroxide at the cathode. When the products are poor in the carbon oxides, this reaction is actually endothermic.
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1. Introduction


Miniaturized thrusters are commonly used with light weight spacecraft for the purpose of altitude and attitude control. For years, hydrazine has served as the standard propellant. Recently, however, the popularity of hydrazine has waned due to its environmental effects, toxicity, and its relatively high vapor pressure, properties which serve to increase its cost of handling and storage [1,2,3,4,5,6].



Aqueous solutions of HAN (hydroxylammonium nitrate, (NH3OH+NO3−)) have been considered as a substitute for hydrazine [2]. Although hydroxyl ammonium nitrate in pure form is an unstable [5], it forms a stable solution with water [3,4,5,6,7,8,9,10,11]. Various chemical mechanisms for understanding the combustion of aqueous solutions of HAN have emphasized the role of heat [3,6,10], catalysis [6], and electrolysis [7,8,9,10,11].



In the case of the electrolytic mechanisms, the proposed reactions have included anodic oxidation of water to produce hydrogen ion and molecular oxygen [8,9,10,11], accompanied by the oxidation and dissolution of the metal electrode itself [9,11]. Suggestions for cathode reactions have included the reduction of the hydroxylammonium cation (NH3OH+) to produce hydroxylamine (NH2OH) and molecular hydrogen [8,9,10,11]. It has been further suggested that this might occur in competition with the reduction of water to produce hydroxide ion and molecular hydrogen [8].



The Digital Solid State Propulsion Corporation (DSSP) of Reno, NV (USA), has prepared a HAN based solid state propellant consisting of a mixture of 84% hydroxyl ammonium nitrate and 14% polyvinyl alcohol (PVA), formula [-CH2CH(OH)-]n, where n is a large integer. Boric acid at the level of 2% is added as a polyvinyl alcohol cross linking agent (U.S. Patent 8317952 B2, 27 November 2012 and U.S. Patent 8617327 B1, 31 December 2013). HAN is an ionic liquid at room temperature. The mixture of PVA + HAN forms a gummy solid known as a plastisol, which is ionically conducting. The molecular structures of PVA and HAN are shown in Figure 1.



When an external electrostatic potential of 200 V DC is applied across the plastisol, it ignites. Combustion ceases upon removal of the applied voltage. The cessation of combustion before the fuel has been exhausted makes PVA + HAN unique among the solid propellants.



The following aspects of PVA + HAN combustion have been addressed [12,13]:




	(1)

	
Upon application of the external voltage, the combustion in PVA + HAN is confined to the electrode surfaces. This observation, plus the fact that HAN is an ionic conductor, strongly suggests that the reactions involved at the electrodes are electrolytic in nature.




	(2)

	
If the anode and cathode have the same area, combustion occurs preferentially at the anode. This observation suggests that the oxidizing agent supporting combustion at the anode is stronger than the oxidizing agent supporting combustion at the cathode.




	(3)

	
Nonetheless, if the cathode is smaller than the anode, combustion is also observed at the cathode. This suggests a local electric field effect. In particular, the theory of electrostatics predicts that the strength of the electric field in the vicinity of a charged metal electrode increases as the size of the electrode decreases, in which case the value of the field in the vicinity of the electrode may exceed the electric breakdown strength of the plastisol, causing an electric discharge, which enhances the combustion.




	(4)

	
The PVA + HAN plastisol fails to ignite in air when exposed to an open flame. This observation suggests that the oxidizing agents supporting combustion at the anode and at the cathode are stronger than molecular oxygen.




	(5)

	
The products of PVA + HAN are known to include the molecular gases, carbon monoxide, carbon dioxide, water, hydrogen, and nitrogen. The first two gases necessarily have their origin in PVA. Water and hydrogen can come from either PVA or HAN, whereas nitrogen can have its origin only in HAN.









In the absence of knowledge of the relative amounts of the various products, the stoichiometry of the overall reaction responsible for the production of the combustion gases must remain speculative. Moreover, until some of the reactive intermediates have been identified by spectroscopy or by isotopic labeling, the same uncertainty must be attached to any reaction mechanism that may be proposed in support of the overall combustion reaction.



Nonetheless, in the case of the hydroxyl ammonium ion and nitrate ion in HAN, the oxidation numbers of the atoms, as well as the ionic charges and elemental stoichiometry of the ions, do provide some guidance in the choice of mechanisms. Because HAN is an ionic conductor, application of an external voltage to the propellant will cause the nitrate ion to drift toward the anode and the hydroxylammonium ion to drift toward the cathode. We have proposed that at the anode, the nitrate ion will give up an electron, while at the cathode, the hydroxylammonium ion will gain an electron [12,13]. The transfer of one or more electrons at each electrode is required in order to maintain the electric current in the external circuit. The products of the electrolysis reactions at the two electrodes must be able to support the combustion of PVA. Since combustion is observed preferentially at the anode, the electrolysis product at the anode is presumably a stronger oxidizing agent than the electrolysis product at the cathode.



By experiment, it has been found that 200 V must be applied across the plastisol to cause ignition [12]. If this 200 V drop is assumed to be divided equally between the anode and the cathode, the 100 V applied to each electrode is larger by a factor of at least 50 when compared with the overpotential required to start the typical electrode reaction in aqueous solution. This excess allows us to consider electrode reactions that produce high energy species that are never encountered in aqueous electrochemistry.



Turning now to the consideration of possible electrolysis reactions at the anode, we note first that the nitrogen atom in   N  O 3 −    is in its maximum +5 oxidation state, a state that resists further oxidation. Thus, our attention is drawn to the oxygen atom in the nitrate ion, which is in a −2 oxidation state. It can be oxidized to various higher oxidation state species known to support combustion. Among these are atomic oxygen (oxidation state of oxygen = 0), diatomic oxygen (oxidation state of oxygen = 0), and ozone (oxidation states of the respective oxygen atoms are −1, 0, and +1, averaging to zero). We can rule out diatomic oxygen because PVA + HAN does not ignite upon heating in air. This leaves the two choices: atomic oxygen, which can be produced by the anodic reaction


  2 N  O 3 −  → 6 O +  N 2  + 2  e −   



(1)




and ozone, which can be produced by the anodic reaction


  2 N  O 3 −  → 2  O 3  +  N 2  + 2  e −   



(2)







In Equations (1) and (2), we have chosen diatomic nitrogen as the other electrolysis product because it is known to be among the ultimate products of the overall PVA + HAN combustion reaction.



At the cathode, the nitrogen atom in the hydroxyl ammonium ion is in a −1 oxidation state, whereas the oxygen atom is in a −2 oxidation state. Further reduction of the oxygen atom is impossible, while further reduction of the nitrogen atom to its −2 or −3 states would require reaction with hydrogen to produce   N  H 2    or   N  H 3   , which are not among the ultimate products of combustion. Moreover, none of the many known nitrogen oxides are among the ultimate products of combustion. Even if they were produced, they would be unable to support combustion at the cathode because the oxygen atoms that they contain are all in the lowest −2 oxidation state. We thus turn our attention to the hydrogen atom, which is in the +1 state. The hydrogen oxidation state can be reduced to the zero by the formation of diatomic hydrogen. This choice recommends itself because diatomic hydrogen is one of the ultimate products of the overall combustion reaction. On the basis of these considerations, we suggest the reduction reaction at the cathode produces diatomic hydrogen accompanied either by hydroxyl radical according to the reaction


  2 N  H 3  O  H +  + 2  e −  → 2 O H +  N 2  + 3  H 2   



(3)




or by hydrogen peroxide according to the reaction


  2 N  H 3  O  H +  + 2  e −  →  H 2   O 2  +  N 2  +  H 2   



(4)







Both hydroxyl radical (oxygen oxidation state = −1) in Equation (3) and hydrogen peroxide (oxygen oxidation state = −1) in Equation (4) are capable of supporting the combustion of PVA. We have chosen diatomic nitrogen as the third product of the cathodic reduction reaction because no other nitrogen containing compound is known to be among the ultimate products of the PVA + HAN combustion.



With these observations at hand, we shall compare the combustion results obtained from two proposed mechanisms: (1) an anodic oxygen + cathodic hydroxyl radical mechanism, where the agent supporting combustion at the anode is atomic oxygen, while the agent supporting combustion at the cathode is hydroxyl radical, and (2) an anodic ozone + cathodic hydrogen peroxide mechanism, where the agent supporting combustion at the anode is ozone, while the agent supporting combustion at the cathode is hydrogen peroxide. The two mechanisms will be applied first to a case that is weakly exothermic and in which the product distribution is rich in diatomic hydrogen, and then for comparison to a second case that is strongly exothermic and in which the product distribution is poor in diatomic hydrogen. With the stoichiometry fixed in each case, it is possible to make valid comparisons of how the overall heat generation is partitioned among the assumed electrolysis, anodic combustion, and cathodic combustion reactions.



These comparisons depend upon a knowledge of the heat contents of the various chemical species involved. These heat contents can be calculated with reference to a table of standard bond energies. As there is no absolute zero for energy, the zero-energy state for the standard bond energy table consists of an atom of each chemical element in complete isolation [14]. Calculation of the heat content of a given species begins with a count of the various types of bonds in a molecule of the species; then by reference to the table of standard bond energies, the heat content of a mole of that species is computed by adding the various bond energies [14]. The results are summarized in Table 1. It should be noted that Table 1 lists the heat contents in the form of   − Δ H ( X )  , where the heat content   Δ H ( X )   of a species,  X , is understood to be a negative number. The exception is atomic oxygen, which has zero heat content.



Perusal of Table 1 indicates that the absolute values of the heat contents of the various product species are in the order   C  O 2  > C O >  N 2  >  H 2  O > >  H 2   . As there is no experimental evidence regarding the prevalence of one of these gases over the others among the products, we are limited in our choice of anodic and cathodic combustion reactions only by the principle of mass conservation. This flexibility allows us to compare the performance of the propellant in both low energy and high energy scenarios. We stress, however, that the total heat released by the propellant depends solely on the energy difference between the initial reactants and the final products and is independent of the mechanism leading from one to the other. This observation rests upon the fact that the enthalpy is a thermodynamic state function.




2. Case A: A Low Energy Scenario Where the Product Distribution Is Rich in Molecular Hydrogen


2.1. Chemistry of the Overall Reaction


We have chosen the stoichiometric equation for the overall reaction in this case to be


  5 N  H 3  O  H +  + 5 N  O 3 −  + 9  C 2   H 4  O → 3 C  O 2  + 15 C O + 8  H 2  O + 5  N 2  + 20  H 2   



(5)




where the stoichiometric coefficients are all integers, and their values favor the production of the low energy product,    H 2   . According to Equation (5), the mole percentages of the various products in the effluent gas stream are:   C  O 2    (5.9%),   C O   (29.4%),    H 2  O   (15.7%),    N 2    (9.8%), and    H 2    (39.2%). The high energy components, which are those other than hydrogen, account for 60.8% of the total. Hydrogen accounts for 39.2%.



As will be shown below, the stoichiometry in Equation (5) is validated by forming a linear combination of the stoichiometries of the overall electrolysis reaction, the anodic combustion reaction, and the cathodic combustion reaction. The stoichiometric coefficients in Equation (5) have the smallest magnitudes consistent with the absence of a common factor.




2.2. Anodic Oxygen + Cathodic Hydroxyl Radical Mechanism


2.2.1. Electrolysis Reaction


In this section, we reprise our previously introduced anodic oxygen + cathodic hydroxyl radical mechanism [12,13]. In order to account for the observed preferential combustion at the anode, we assume as in Equation (1) that the oxidizing agent supporting combustion at the anode is atomic oxygen,  O . At the cathode, the oxidizing agent supporting combustion is assumed to be the hydroxyl radical,   O H  , as mentioned in Equation (3). In electrolysis, the   N  O 3 −    ion of the HAN electrolyte drifts toward the anode, where it gives up an electron to the electrode and gets oxidized according to Equation (1), which for the sake of completeness we copy below:


  2 N  O 3 −  →  N 2  + 6 O + 2  e −   



(6)







The   N  H 3  O  H +    ion of the HAN electrolyte drifts toward the cathode, where it picks up an electron from the electrode and gets reduced according to Equation (3), which we repeat below:


  2 N  H 3  O  H +  + 2  e −  → 2 O H +  N 2  + 3  H 2   



(7)







The sum of Equations (6) and (7) determines the stoichiometry of the overall electrolysis reaction, namely,


  2 N  H 3  O  H +  + 2 N  O 3 −  → 6 O + 2 O H + 2  N 2  + 3  H 2   



(8)







The enthalpy change,    Δ e  H  , associated with the electrolytic reaction in Equation (8) is


       Δ e  H = 2 Δ H ( O H ) + 6 Δ H ( O ) + 2 Δ H (  N 2  ) + 3 Δ H (  H 2  ) − 2 Δ H ( N  H 3  O  H +  ) − 2 Δ H ( N  O 3 −  )       = 2 ( − 459 ) − 6 ( 0 ) + 2 ( − 942 ) + 3 ( − 436 ) − 2 ( − 1818 ) − 2 ( − 1009 )       = 1544    kJ       



(9)




where the data assembled in Table 1 have been used to evaluate the heat contents of the various species involved. As two moles of HAN are consumed by the reaction in Equation (8), the enthalpy in Equation (9) can be placed upon a molar basis by forming the ratio


   Δ e   H  m o l   =   1544    kJ    2    mol   HAN     =  772    kJ / mol   HAN   



(10)







Notice that this molar heat,    Δ e   H  m o l    , is positive, which means that the electrolysis process consumes energy from the external voltage source.




2.2.2. Combustion at the Anode Produces   C  O 2  , C O ,    and     H 2  O  


A monomeric unit of the PVA polymer has the stoichiometric formula    C 2   H 4  O  . The oxygen atom produced by the electrolytic oxidation in Equation (6) is capable of supporting the combustion of PVA at the anode. The balanced anodic combustion equation consistent with the proposed products is


  4  C 2   H 4  O + 15 O → 3 C  O 2  + 5 C O + 8  H 2  O  



(11)







The enthalpy change,    Δ a  H  , associated with the anodic reaction in Equation (11) can be calculated as


       Δ a  H = 3 Δ H ( C  O 2  ) + 5 Δ H ( C O ) + 8 Δ H (  H 2  O ) − 4 Δ H (  C 2   H 4  O ) − 15 Δ H ( O )       = 3 ( − 1598 ) + 5 ( − 1072 ) + 8 ( − 918 ) − 4 ( − 2742 ) − 15 ( 0 )       = − 6530    kJ       



(12)







The consumption of 15 moles of atomic oxygen in Equation (11) is responsible for the heat computed in Equation (12). According to Equation (8), two moles of HAN produce six moles of atomic oxygen. Hence, the anodic combustion heat released per mole of HAN consumed is given by the ratio


   Δ a   H m  =   − 6530    kJ     15   mol   “ O ”    ×   6    mol   “ O ”    2    mol   HAN     = − 1306   kJ / mol   HAN     



(13)








2.2.3. Combustion at the Cathode Produces   C O    and     H 2   


Among the products in Equation (7), the hydroxyl radical is responsible for combustion of PVA at the cathode. The balanced cathodic combustion equation consistent with the proposed products is


  2  C 2   H 4  O + 2   O H → 4 C O + 5  H 2   



(14)







The enthalpy change,    Δ c  H  , associated with this reaction is


       Δ c  H = 4 Δ H ( C O ) + 5 Δ H (  H 2  ) − 2 Δ H (  C 2   H 4  O ) − 2 Δ H ( O H )       = 4 ( − 1072 ) + 5 ( − 436 ) − 2 ( − 2742 ) − 2 ( − 459 )       = − 66    kJ       



(15)







According to Equation (14), the heat calculated in Equation (15) results from the consumption of two moles of hydroxyl radical. Equation (8) indicates that two moles of hydroxyl radical are produced by the electrolysis of two moles of HAN. The heat released at the cathode by PVA combustion per mole of HAN is thus given by


   Δ c   H m  =   − 66    kJ     2   mol   OH    ×   2    mol   OH    2    mol   HAN    = − 33    kJ / mol   HAN   



(16)








2.2.4. Overall Reaction Heat


The stoichiometry of the overall reaction of PVA with HAN in Equation (5) is reproduced by forming the linear combination, (5/2)  ×  Equation (8) + Equation (11) + (5/2)  ×  Equation (14). Per mole of HAN, the heat released by the reaction in Equation (5) can be evaluated by adding the heats calculated in Equations (10), (13) and (16). The result is


   Δ  T o t    H m  =  Δ e   H m  +  Δ a   H m  +  Δ c   H m  = 772 − 1306 − 33 = − 567     kJ    mol   HAN       



(17)







As can be seen from this result and Table 2, more than half the heat released by combustion is required just to maintain electrolysis. Although the electrolysis reaction is quite endothermic, the combined exothermicity of the anodic and cathodic combustion reactions more than compensates, making the overall reaction exothermic as is necessary if PVA + HAN is to serve as a propellant. The stoichiometry in Equation (8) produces    N 2    and    H 2   . The stoichiometries in Equations (11) and (14) combine to produce the remaining gases,   C  O 2   ,   C O  ,    H 2  O  , plus additional    H 2   . Thus, the three reactions account for all of the known gaseous products.





2.3. The Anodic Ozone + Cathodic Hydrogen Peroxide Mechanism


2.3.1. Electrolysis Reaction


So far, it has been assumed that the applied voltage is sufficient to release atomic oxygen at the anode and hydroxyl radical at the cathode. It may very well be that the anodic and cathodic electrolytic reactions produce less reactive species, however. To examine the effects of this possibility, we will assume, as an example, that the oxidizing species produced by electrolysis at the anode is ozone,    O 3   , while the oxidizing species produced by electrolysis at the cathode is hydrogen peroxide,    H 2   O 2   .



The electrolysis half reaction at the anode is that in Equation (2), which we repeat below:


  2 N  O 3 −  → 2  O 3  +  N 2  + 2  e −   



(18)







The electrolysis half reaction at the cathode is assumed to be that in Equation (4), which is


  2 N  H 3  O  H +  + 2  e −  →  H 2   O 2  +  N 2  + 3  H 2   



(19)







The sum of Equations (18) and (19) gives the overall electrolysis reaction in the form


  2 N  H 3  O  H +  + 2 N  O 3 −  → 2  O 3  +  H 2   O 2  + 2  N 2  + 3  H 2   



(20)







The heat associated with the reaction in Equation (20) is given by


       Δ e  H = 2 Δ H (  O 3  ) + Δ H (  H 2   O 2  ) + 2 Δ H (  N 2  ) + 3 Δ H (  H 2  ) − 2 Δ H ( N  H 3  O  H +  ) − 2 Δ H ( N  O 3 −  )       = 2 ( − 636 ) + ( − 1060 ) + 2 ( − 942 ) + 3 ( − 436 ) − 2 ( − 1818 ) − 2 ( − 1009 )       = 130    kJ       



(21)







According to Equation (20), this heat is associated with the electrolysis of two moles of HAN. Hence, per mole of HAN the electrolysis enthalpy is


   Δ e   H m  =   130    kJ    2    mol   HAN    = 65    kJ / mol   HAN   



(22)




which represents a substantial reduction in the electrolytic endothermicity when compared with that predicted by Equation (10).




2.3.2. Combustion at the Anode Produces   C  O 2  , C O ,    and     H 2  O  


For the purposes of comparison, we will continue to assume as in Section 2.2.2 above that the combustion of PVA at the anode produces   C  O 2   ,   C O  , and    H 2  O  . The balanced anodic combustion equation consistent with the proposed products is


  4  C 2   H 4  O + 5  O 3  → 3 C  O 2  + 5 C O + 8  H 2  O  



(23)







The heat released by this reaction is


       Δ a  H = 3 Δ H ( C  O 2  ) + 5 Δ H ( C O ) + 8 Δ H (  H 2  O ) − 4 Δ H (  C 2   H 4  O ) − 5 Δ H (  O 3  )       = 3 ( − 1598 ) + 5 ( − 1072 ) + 8 ( − 918 ) − 4 ( − 2742 ) − 5 ( − 636 )       = − 3350    kJ       



(24)







The heat calculated in Equation (24) is released upon consumption of five moles of ozone. According to Equation (20), two moles of ozone are produced upon electrolysis of two moles of HAN. Hence, the molar enthalpy of combustion at the anode is


   Δ a   H m  =   − 3350    kJ    5    mol     O 3    ×    2   mol     O 3     2   mol   HAN    = − 670    kJ / mol   HAN   



(25)








2.3.3. Combustion at the Cathode Produces   C O    and     H 2   


For the purposes of comparison, we will continue to assume as in Section 2.2.3 above that combustion at the cathode produces   C O   and    H 2   . The balanced cathodic combustion equation consistent with the proposed products is


  2  C 2   H 4  O +  H 2   O 2  → 4 C O + 5  H 2   



(26)







The heat associated with this reaction is


       Δ c  H = 4 Δ H ( C O ) + 5 Δ H (  H 2  ) − 2 Δ H (  C 2   H 4  O ) − Δ H (  H 2   O 2  )       = 4 ( − 1072 ) + 5 ( − 436 ) − 2 ( − 2742 ) − ( − 1060 )       = 76    kJ       



(27)







According to Equation (26), the heat calculated in Equation (27) requires the consumption of one mole of hydrogen peroxide. According to Equation (20), the production of one mole of hydrogen peroxide is associated with the consumption of two moles of HAN. Hence,


   Δ c   H m  =   76    kJ     mol     H 2   O 2    ×    mol     H 2   O 2    2    mol   HAN    = 38    kJ / mol   HAN   



(28)







The results calculated in Equations (27) and (28) are endothermic! As such, the cathode reaction does not represent combustion. This extreme result provides a reason why combustion is observed preferentially at the anode. If combustion is to be observed at the cathode, it must be due to some competing process such as electrical discharge [13].




2.3.4. Overall Reaction Heat


The stoichiometry of the overall reaction in Equation (5) is obtained by forming the linear combination of   ( 5 / 2 )   ×   Equation (20) + Equation (23) +   ( 5 / 2 )   ×   Equation (26). The heat associated with this overall reaction is calculated as the sum of Equations (22), (25) and (28). Hence,


   Δ  T o t    H m  =  Δ e   H m  +  Δ a   H m  +  Δ c   H m  = 65 − 670 + 38 = − 567   kJ    mol   HAN       



(29)







Because the two mechanisms considered in Section 2.1 and Section 2.2 result in the same overall stoichiometry, the heats calculated in Equations (17) and (29) agree. The results calculated in Section 2 are summarized in Table 2.






3. Case B: A High Energy Scenario Where the Product Distribution Is Poor in Molecular Hydrogen


3.1. Chemistry of the Overall Reaction


We have chosen the stoichiometric equation for the overall reaction in this case to be


  30 N  H 3  O  H +  + 30 N  O 3 −  + 23  C 2   H 4  O → 36 C  O 2  + 10 C O + 61  H 2  O + 30  N 2  + 45  H 2   



(30)




where the stoichiometric coefficients have been chosen in order to favor the production of the higher energy products   C  O 2   ,   C O  ,    H 2  O  , and    N 2   . As will be shown below, the stoichiometry in Equation (30) is obtained by forming a linear combination of the stoichiometries of the overall electrolysis reaction, the anodic combustion reaction, and the cathodic combustion reaction. The stoichiometric coefficients in Equation (30) have the smallest integer magnitudes consistent with the absence of a common factor.



The mole percentages of the various gaseous products are:   C  O 2    (19.8%),   C O   (5.5%)    H 2  O   (33.5%),    N 2    (16.5%), and    H 2    (24.7%). The high energy components, which are those other than hydrogen, account for 75.3% of the total. The low energy product, hydrogen, accounts for just 24.7%.




3.2. The Anodic Oxygen + Cathodic Hydroxyl Radical Mechanism


3.2.1. Electrolysis Reaction


The electrolysis reaction in this mechanism is taken to be the same as in Equation (8).




3.2.2. Combustion at the Anode Produces   C  O 2    and    H 2  O  


As in Section 2.2.2, atomic oxygen supports combustion at the anode. Now, however, the products of combustion are assumed to be   C  O 2    and    H 2  O  . The balanced anodic combustion equation consistent with the proposed products is


   C 2   H 4  O + 5 O → 2 C  O 2  + 2  H 2  O  



(31)







The heat released in this reaction is


       Δ a  H = 2 Δ H ( C  O 2  ) + 2 Δ H (  H 2  O ) − Δ H (  C 2   H 4  O ) − 5 Δ H ( O )       = 2 ( − 1598 ) + 2 ( − 918 ) − ( − 2742 ) − 0       = − 2290    kJ       



(32)







By reference to Equations (8) and (31), the heat released per mole of HAN by combustion of PVA at the anode is


   Δ a   H m  =   − 2290    kJ    5    mol   “ O ”    ×   6    mol   “ O ”    2    mol   HAN    = − 1374    kJ  /  mol   HAN   



(33)








3.2.3. Combustion at the Cathode Produces   C O   and    H 2  O  


As before, the hydroxyl radical supports combustion at the cathode. This time, however, the products of combustion are assumed to be   C O   and    H 2  O  . The balanced cathodic combustion equation consistent with the proposed products is


   C 2   H 4  O + 6 O H → 2 C O + 5  H 2  O  



(34)







The heat released in this reaction is


       Δ c  H = 2 Δ H ( C O ) + 5 Δ H (  H 2  O ) − Δ H (  C 2   H 4  O ) − 6 Δ H ( O H )       = 2 ( − 1072 ) + 5 ( − 918 ) − ( − 2742 ) − 6 ( − 459 )       = − 1238    kJ       



(35)







According to the stoichiometry in Equations (8) and (34), the heat released per mole of HAN due to combustion at the cathode is


   Δ a   H m  =   − 1238    kJ     6   mol   OH    ×    2   mol   OH    2    mol   HAN    = − 206.33    kJ / mol   HAN   



(36)








3.2.4. Overall Reaction Heat


The stoichiometry of the overall reaction in Equation (30) is obtained by making the linear combination 15  ×  Equation (8) + 18  ×  Equation (31) + 5  ×  Equation (34). The heat released by the reaction in Equation (30) per mole of HAN is given by the sum of the heats calculated in Equations (10), (33) and (36). The result is


   Δ  T o t    H m  =  Δ e   H m  +  Δ a   H m  +  Δ c   H m  = 772 − 1374 − 206.33 = − 808.33     kJ    mol   HAN     



(37)




which is summarized in Table 2.





3.3. The Anodic Ozone + Cathodic Hydrogen Peroxide Mechanism


3.3.1. Electrolysis Reaction


The electrolysis reaction remains the same as described in Equation (20).




3.3.2. Combustion at the Anode Produces   C  O 2    and    H 2  O  


In this mechanism, the oxidizing agent at the anode is ozone. The balanced anodic combustion equation consistent with the proposed products is


  3  C 2   H 4  O + 5  O 3  → 6 C  O 2  + 6  H 2  O  



(38)







The heat associated with this reaction is


       Δ a  H = 6 Δ H ( C  O 2  ) + 6 Δ H (  H 2  O ) − 3 Δ H (  C 2   H 4  O ) − 5 Δ H (  O 3  )       = 6 ( − 1598 ) + 6 ( − 918 ) − 3 ( − 2742 ) − 5 ( − 636 )       = − 3690    kJ       



(39)







By virtue of Equations (20) and (38), the heat released by combustion at anode per mole of HAN consumed is


   Δ a   H m  =   − 3690    kJ    5    mol     O 3    ×    2   mol     O 3       2   mol   HAN    = − 738    kJ / mol   HAN   



(40)








3.3.3. Combustion at the Cathode Produces   C O   and    H 2  O  


The oxidizing agent at the cathode is hydrogen peroxide. The balanced cathodic combustion equation consistent with the proposed products is


   C 2   H 4  O + 3  H 2   O 2  → 2 C O + 5  H 2  O  



(41)







The heat associated with this reaction is


       Δ c  H = 2 Δ H ( C O ) + 5 Δ H (  H 2  O ) − Δ H (  C 2   H 4  O ) − 3 Δ H (  H 2   O 2  )       = 2 ( − 1072 ) + 5 ( − 918 ) − ( − 2742 ) − 3 ( − 1060 )       = − 812    kJ       



(42)







By virtue of Equations (20) and (41) the heat released per mole of HAN due to combustion at the cathode is


   Δ c   H m  =   − 812    kJ    3    mol     H 2   O 2    ×    mol     H 2   O 2    2    mol   HAN    = − 135.33    kJ / mol   HAN   



(43)








3.3.4. Overall Reaction Heat


The stoichiometry of the overall reaction in Equation (30) is obtained by forming the linear combination of   15   ×   Equation (20) +   6   ×   Equation (38) +   5   ×   Equation (41). The heat associated with this overall reaction is the sum of Equations (22), (40) and (43). The result is


   Δ  T o t    H m  =  Δ e   H m  +  Δ a   H m  +  Δ c   H m  = 65 − 738 − 135.33 = − 808.33     kJ    mol   HAN     



(44)







Since Equation (30) was adopted as the overall stoichiometry in Section 3.2 and Section 3.3, the enthalpies calculated in Equations (37) and (44) also coincide. The results are summarized in Table 2.






4. Performance Characteristics


4.1. Energy Efficiency


According to the reactions in Equations (6) and (7) as well as Equations (18) and (19), the consumption of one mole of HAN by electrolysis requires the passage of one mole of electrons or what is the same thing, one Faraday,   F = 96,485    C   , of charge. Thus, a current of 96,485 C/mol HAN per second = 96,485 A/mol HAN produces a chemical power of    Δ  T o t    H m  ×   10  3    W/mol HAN. The ratio of the absolute value of the chemical power produced to the electric current consumed in electrolysis can be expressed in the units of Watts per Amp and serves to define the electrolytic conversion fraction,    f e   , where


   f e  =    |   Δ  T o t    H m  (  W / mol   HAN )   |    F (  A / mol   HAN )     



(45)







The total combustion heat data calculated in Section 2 and Section 3 and summarized in Table 2 are rendered in the form of    f e    in Table 3. The energy efficiency of the propellant can be expressed as the ratio of the total power produced by combustion to the total power delivered by the external voltage. Since the applied voltage is 200 V, and the Volt equals a Watt per Ampere, the overall electrical efficiency,  E , as a percentage can be written as


  E =    f e  (  W / A )    200    W / A    × 100 %  



(46)







The electrical efficiency,  E , has been calculated for the corresponding values of    f e    and is listed in Table 3.




4.2. Mass Transfer Rate


The catalog of gases released with their stoichiometric formulas and approximate formula weights in parentheses are as follows:   C  O 2  ( 44 )  ,   C O ( 28 )  ,    H 2  O ( 18 )  ,    N 2  ( 28 )  , and    H 2  ( 2 )  . Let the numbers of moles of these gases released by one of the overall combustion reactions be:    N  C  O 2     ,    N  C O    ,    N   H 2  O    ,    N   N 2     , and    N   H 2     , respectively. If the release of these mole numbers requires the consumption of    N  H A N     moles of HAN, and if  F  Coulombs of charge must be passed to produce one mole of HAN, then the specific mass flow rate,   d m / d t  , in g/s per Ampere of current can be defined by


    d m   d t   =   44  N  C  O 2    + 28  N  C O   + 18  N   H 2  O   + 28  N   N 2    + 2  N   H 2       N  H A N   F    



(47)







For example, in the case of Equation (5),    N  C  O 2    = 3  ,    N  C O   = 15  ,    N   H 2  O   = 8  ,    N   N 2    = 5  ,    N   H 2    = 20  ,    N  H A N   = 5  , and   F = 96,485    C / mol   . These mole numbers, as well as those corresponding to Equation (30), are summarized in Table 4. The mass flow rates associated with the scenarios considered in Section 2 and Section 3, respectively, are summarized in Table 3.





5. Discussion


On the basis of the entries for    Δ e   H m    in Table 2, it is clear that the electrolysis mechanism producing oxidizing species   ( O / O H )   is more endothermic than the electrolysis mechanism producing oxidizing species   (  O 3  /  H 2   O 2  )  . For a given mechanism, however, the heats of combustion at the corresponding electrodes,    Δ a   H m    and    Δ c   H m   , are always more exothermic in Case B (high energy products) as compared with Case A (low energy products). Indeed, in Case A, the enthalpy of cathodic combustion,    Δ c   H m   , when    H 2   O 2    is the oxidizing agent, is endothermic, thus ruling out the possibility of combustion altogether. Should combustion be observed experimentally at the cathode in Case A with    H 2   O 2    as the oxidizing agent, the reaction at the cathode will have to be supplemented by some non-electrolytic mechanism, such as electric discharge [13].



According to Table 2, the overall reaction enthalpy,    Δ  T o t    H m   , is always more exothermic in Case B (rich in high energy products) than in Case A (poor in high energy products). As a consequence, the values of the electrolytic conversion factor,    f e   , and the energy efficiency,  E , shown in Table 3 are larger in Case B than in Case A. By contrast, the reverse conclusion holds when considering the specific mass transfer rate,   d m / d t  , which is larger in Case A as compared with Case B. This is a consequence of how HAN functions to convert the mass of PVA into gaseous products. By reference to Table 4, one can multiply the mole numbers in the first line by the corresponding molar masses to find that in Case A, 175.2 g of products are carried off per mole of HAN consumed. By contrast, the same calculation applied to the second line reveals that in Case B, 129.7 g are carried off per mole of HAN consumed.



Chemical reactions involving gases and solids are known to be caused by heat [15], electrolysis [16], electric discharge plasmas [17,18], and light absorption [19]. Glasscock et al. [20] point out that PVA + HAN can burn under three different scenarios:




	(1)

	
Upon application of a steady eternal potential. This is termed the pyroelectric mode [20]. Above, we have made the case that this mode involves a combination of electrolytic [16] and thermal reactions [15].




	(2)

	
Upon application of an electric discharge to the surface of the plastisol. This is termed the ablation fed plasma mode [20]. This mode presumably involves a combination of plasma chemical reactions [17,18] and thermal [15] reactions.




	(3)

	
Under sufficient external pressure, the pyroelectric mode becomes self-sustaining. This is termed the continuous decomposition mode [20]. This mode is presumably thermal in nature [15].









It should be remarked, however, that when a flame exists, there arises the possibility of photochemical reactions [19]. All three of the scenarios mentioned above may in fact be supplemented in part by photochemical processes.



Glasscock et al. [20] have performed extensive statistical thermodynamic calculations of the distribution of products to be expected upon heating a mixture of nitric acid, hydroxylamine, acetaldehyde, and ammonium chloride—components chosen to model the elemental composition of the DSSP formulation of PVA + HAN. Their mechanism begins with the dissociation of hydroxyl ammonium nitrate into hydroxylamine and nitric acid. This reaction can be stimulated, for example, by the heat delivered to the plastisol in the ablation fed plasma mode. As a model for PVA, they adopt acetaldehyde   ( C  H 3  C H O )  , a substance that has the same elemental composition as PVA. They include ammonium nitrate because it is known to be a minor component of the DSSP formulation. In summary, their starting mixture consists of   C  H 3  H C = O  ,   H N  O 3   ,   N  H 2  O H  , and   N  H 4  N  O 3   .



In the electrochemical mechanism discussed above, electrolysis takes the place of plasma ablation in establishing the composition of the starting mixture. The starting mixture consists of PVA plus electrolysis products, which in the anodic oxygen + cathodic hydroxyl mechanism are  O ,   O H  ,    N 2   , and    H 2   , and which in the anodic ozone + cathodic hydrogen peroxide mechanism are    O 3   ,    H 2   O 2   ,    N 2   , and    H 2   . In both cases, PVA is modeled by the diradical   ⋅ C  H 2  ( H O ) H C ⋅   [See Figure 1].



In the calculations of Glasscock et al. [20], the composition of the mixture at an operating temperature of 700 K is found by minimizing the Gibbs free energy, which presumably corresponds to chemical equilibrium. In the electrochemical model discussed above, the system is considered to be in steady state with electric power flowing in and heat and mass flowing out. The calculated quantities are referred to the standard thermodynamic reference temperature at 298 K. To compare the values of these quantities to the values appropriate to an operating temperature of 700 K, it would be necessary to calculate the difference in the heat required to warm the reactants from 298 K to 700 K and then cool the products from 700 K to 298 K. As a consequence, our estimates of    f e    and  E  will differ from those appropriate to the actual operating temperature of the propellant.




6. Conclusions


The principal conclusions that can be drawn from the electrolytic model are the following:




	(1)

	
The proposed mechanisms account for the appearance of carbon monoxide, carbon dioxide, water, molecular nitrogen, and molecular hydrogen among the products.




	(2)

	
The heat of oxidation of PVA at the cathode can be endothermic. According to Table 2, this occurs in Case A, where the cathodic oxidizing species,    H 2   O 2   , is weak and the products of combustion are poor in the oxides.




	(3)

	
According to Table 3 and Table 4, the conversion of electrical energy into heat is more efficient in Case B, where the product distribution is rich in the high heat content substances   C  O 2   ,   C O  ,    H 2  O  , and    N 2   .
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Abbreviations




	PVA
	polyvinyl alcohol



	HAN
	hydroxylammonium nitrate







Nomenclauture




	     d m   d t     
	specific mass transfer rate



	  E  
	electrical efficiency



	    f e    
	electrolytic conversion fraction



	    N X    
	number of moles of species “X”



	   Δ H ( X )   
	heat content of species “X”



	    Δ e  H   
	electrolytic enthalpy



	    Δ a  H   
	heat of combustion at the anode



	    Δ c  H   
	heat of combustion at the cathode



	    Δ  T o t   H   
	total reaction enthalpy



	    Δ e   H m    
	electrolytic enthalpy per mole of HAN



	    Δ a   H m    
	anodic combustion enthalpy per mole of HAN



	    Δ c   H m    
	cathodic combustion enthalpy per mole of HAN



	    Δ  T o t    H m    
	total reaction enthalpy per mole of HAN
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Figure 1. Molecular structure of polyvinyl alcohol (PVA) on the left and hydroxylamine nitrate (HAN) on the right. 
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Table 1. Heat contents, −ΔH(X), of the oxidizing agents and the products of combustion, generic designation, “X”, when formed from isolated atoms of the chemical elements. The heat content of atomic oxygen is zero, ΔH(O) = 0.
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	−ΔH(X)
	C2H4O
	NH3OH+
	NO3−
	H2O
	CO2
	CO



	(kJ/mol)
	2742
	1818
	1009
	918
	1598
	1072



	−ΔH(X)
	H2
	N2
	O
	O3
	H2O2
	OH



	(kJ/mol)
	436
	942
	zero
	636
	1060
	459
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Table 2. Summary of energy balance calculations for Case A (see Section 2) and Case B (see Section 3). The units for the electrolysis heat, ΔeHm; anodic heat of combustion, ΔaHm; and cathodic heat of combustion, respectively, are kJ/mol HAN.
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	Case
	Oxidizing Species

Anode/Cathode
	ΔeHm
	ΔaHm
	ΔcHm
	ΔTotHm





	A
	O/OH
	772
	−1306
	−33
	−567



	
	O3/H2O2
	65
	−670
	38
	−567



	B
	O/OH
	772
	−1374
	−206.33
	−808.33



	
	O3/H2O2
	65
	−738
	−135.33
	−808.33
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Table 3. Electrical conversion factor, fe; overall energy efficiency, E; and specific mass flow rate, dm/dt. Last column gives the mole percent hydrogen for the corresponding case.
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	Case
	fe (W/A)
	E (%)
	dm/dt ((mg/s)/A)
	H2 (mol%)





	A
	5.88
	2.9
	1.82
	39.2



	B
	8.38
	4.2
	1.34
	24.7
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Table 4. Product mole numbers and HAN mole numbers for Case A (see Equation (5)) and Case B (see Equation (30)). The last column gives the mole % hydrogen consistent with the mole numbers of products.






Table 4. Product mole numbers and HAN mole numbers for Case A (see Equation (5)) and Case B (see Equation (30)). The last column gives the mole % hydrogen consistent with the mole numbers of products.





	Case
	NCO2
	NCO
	NH2O
	NN2
	NH2
	NHAN
	mol% H2





	A
	3
	15
	8
	5
	20
	5
	39.2



	B
	36
	10
	61
	30
	45
	30
	24.7
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