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ABSTRACT
Propellant grade hydrazine was prepared with 64 % yield and 95.5 % purity. Purity of the propellant grade hydrazine was determined using wet chemical, GC and eudiometric methods. It was observed that the compositions containing blends of hydrazine-methyl alcohol-ammonium nitrate and hydrazine-methyl alcohol-ammonium perchlorate were not found to be frozen even after cooling to -65oC for 30 minutes. Mono and bipropellant thrusters were designed and developed to demonstrate the performance of prepared propellant grade hydrazine as a promising rocket fuel. Five static tests with 22N thruster and one static test with 1N thruster were performed successfully in monopropellant mode. The hurdles of chamber pressure oscillations were overcome by compact packing of the catalyst. The desired decomposition and chamber pressure were achieved. One static test was performed successfully with 60 N bipropellant thruster. The desired chamber pressure and thrust were achieved. The combustion was smooth and C* achieved was higher than that of UH-25, N2O4 combination. The performance of prepared propellant grade hydrazine show them as a promising rocket fuels. 
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1. INTRODUCTION

Hydrazine is used as fuel for thrusters, in spacecraft propulsion and attitude control systems. It is an important inorganic chemical with high heats of combustion and therefore used as rocket fuel. Hydrazine has excellent handling characteristics, relative stability under normal conditions, and clean decomposition products. Hydrazine thrusters have been successfully utilized for various shuttle and satellite missions for a number of years. They have been widely used in missile and satellite attitude control, velocity correction of spacecraft, and gas generation to provide auxiliary power in aviation. The important advantages of hydrazine based thrusters are simplicity and reliability (monopropellant); lowest cost propulsion system (other than cold gas); space storable for long periods (> 12 years demonstrated); low thrust capability and moderate thrust levels available (≤ 400 N).
 
In the design of the hydrazine thruster assembly, the collective effects of the injector type, the amount of catalyst packed, and the shape of the catalytic reactor were the primary concerns1-2. These thrusters have limited life because of voids which ultimately occur due to catalyst loss. This roughness, as measured by chamber pressure peak to peak oscillations is the criterion which usually determined the “end of life” of the thruster. Another potential thruster failure mode is poisoning of the catalyst, which occurs which reduces the effective area for decomposition. The reduced activity of the catalyst causes the flame front to shift, which ultimately results in a drop in chamber pressure and degradation of the thruster performance due to incomplete decomposition of hydrazine. This phenomenon in severe cases causes the engine to shutdown. Hydrazine decomposition is highly exothermic and produces a temperature of 1000°C and gas that is a mixture of nitrogen, hydrogen and ammonia. The decomposition of hydrazine on Shell 405 can be described by the reaction2-4. Although NH3 dissociation generated more smaller molecules, the process was endothermic. Controlling of the degree of dissociation of NH3 generated from N2H4 decomposition to achieve better characteristic velocities of the thruster became the basic criterion in the design of injector and catalytic reactor5. Besides temperature, pressure would affect the rate of hydrazine decomposition as well6-7. From the studies of the start-up characteristics of hydrazine thruster, the temperature of fuel and catalyst would crucially affect the ignition-delay and induction period of the thruster8-10. The hydrazine thruster would acquire better start-up characteristics with small size catalyst, yet a larger pressure drop in the reactor11. In the operation of the hydrazine propulsion system, generally pressure fluctuation was observed. In cold start, a large pressure spike might be generated by excess hydrazine injection and accumulation of hydrazine in the induction period of the decomposition reactions12. Pressure oscillation might also be initiated by valve actuating disturbance and reaction instability. Propagating to the feed line, the pressure oscillation might be amplified due to the unsteady feed rate. 

The performance evaluation of propellant grade hydrazine was tested using self-designed 5 N hydrazine propulsion system at high altitude2. Rocket Research Company developed and tested a 22 N hydrazine thruster13-14. Low cost catalysts were tested in 1N, 35 N and 400 N hydrazine thrusters15. Schmitz describes the qualification test sequence for a long life, iridium catalyst, newton monopropellant thruster for a satellite reaction control system16. Hinckel describes the development of hydrazine monopropellant thrusters carried out at INPE17. Rath and Pitt describe the development of a 400 N monopropellant engine18-19. 
However, all these static tests were done with 98.5% pure propellant grade hydrazine. Also with the monopropellant hydrazine thruster, the amount of iridium loading and the percentage of NH3 dissociation aimed are not clearly known. Hydrazine forms an azeotrope with water and ordinary distillation provides hydrazine in the form of hydrate (64 wt% of hydrazine). In this work we have prepared propellant grade hydrazine (99.5%) and determined its purity. We have designed and developed both mono and bipropellant thruster to demonstrate the performance of prepared propellant grade hydrazine as a promising rocket fuel. This paper also discusses about the predictive and static test performance of hydrazine thrusters in both mono and bipropellant mode. For evaluating thruster performance the crucial parameters such as catalyst packing, percentage of NH3 dissociation in monopropellant thruster and pressure oscillations were also discussed. In addition, this work also envisages the feasibility of application of prepared propellant grade hydrazine by formulating few low freezing hydrazine based monopropellant blends.

2. EXPERIMENTAL
2.1 Materials
     Hydrazine hydrate, 99% LR grade was procured from M/s. SD Fine chemicals Ltd., Mumbai and Sodium hydroxide, 99.5% AR grade from M/s. Finar chemical, Ahmedabad.
2.2 Preparation of propellant grade hydrazine


To the 1000 ml round bottomed flask 500 ml, commercially available 99% pure hydrazine hydrate (64% pure as hydrazine) and various quantities of NaOH (200-415 grams) shown in Table 1 were added. The temperature of the water bath was maintained between 65oC to 85oC for 1 to 2 hours,  a homogenous thick viscous white fluid was obtained. After the reaction was over, propellant grade hydrazine was distilled at 65ºC to 70ºC for 2 hours under vacuum. The yield obtained is varied between 16%-64% respectively.
2.3 Wet chemical analysis
2.3.1 Preparation of stock solution
Add 60 ml acetic acid to 100 ml dry standard flask and weigh them (W1). Chill the contents of the flask in a refrigerator till it solidifies. Remove the flask and with a 2 ml pipette, transfer about 1.2 ml of pure hydrazine sample near the surface of the chilled acetic acid slowly. Close the lid immediately and allow it to attain equilibrium/room temperature. Wipe the flask thoroughly and weigh (W2). (W2 – W1) was weight of the sample. Make up to the mark with acetic acid and shake well. 10 ml of the solution will be approximately equivalent to 100 mg sample.
2.3.2 Determination of total basicity
Pipette out 10ml stock solution using a dry pipette, into two 125 ml dry conical flasks. To ensure complete draining of solution, touch the tip of the pipette slowly a few times, at the flat glass portion of the flask. Add 15 ml acetic acid. Stir well and add 5 drops of indicator. Titrate with 0.1N HClO4 slowly till the pink colour disappears. Repeat till concordant values are obtained. Carry out a blank and correct the titre value for blank (Titre value = t ml). This gives the total basicity due to hydrazine.

t  X  N X  32

% Hydrazine
  =





 ( W2  -  W1)


W2:Weight of flask containing sample and acetic acid, in grams; W1:Weight of flask containing acetic acid, in grams; t: Titre value in ml, for total basicity; N:Normality of perchloric acid
2.4 Gas chromatography
All the experiments were carried out in Thermo Quest Trace GC 2000 using packed column using thermal conductivity detector (TCD).  Because of the higher polarity of hydrazine a polar column, 25% PEG on Anakrom (80-100 mesh) was selected and used for all the experiments. Samples of hydrazine were injected under constant conditions of sample quantity (1μL).
2.5 Eudiometric method
 Percentage of water content is determined by eudiometric method using the standard procedure.
2.6 Determination of freezing point at subzero
Tests were conducted for freezing point with subzero analysis instrument. The samples were taken in small glass bottles caped and then sealed with Teflon tape. An alcohol thermometer of range -70°C to + 200°C was placed to cross check the temperature inside the chamber. The instrument was switched-on and the temperature was brought down to -40°C. The frozen state of the samples were removed and observed. Samples which are not frozen were again placed in the chamber and the temperature was brought down to -65°C. 
2.7 Predictive performance of propellant grade hydrazine 
2.7.1 Predictive performance in monopropellant mode
 Predictive performance of propellant grade hydrazine in the monopropellant mode was determined using hydrazine dissociation reactions. Heat of formation data calculated from heat of combustion value is used for the theoretical performance evaluation. 
2.7.2 Predictive performance in bipropellant mode
 Predictive performance of propellant grade hydrazine in the bipropellant mode was determined using NASA CEA code. Performance parameters were obtained with varying air to fuel (A/F) ratio.
2.8 Static test performance on monopropellant thruster

2.8.1 Static test with 1N thruster
The stationary rocket combustor was operated at ambient temperature with 1 N monopropellant thruster. The fuel used is propellant grade hydrazine. The pressure measured in the combustion chamber was 30 KscA and at exit nozzle it is ambient. The density of fuel is 1.01 g/cc. The mass flow rate is 0.47 g/s. The tests were performed with cumulative burn time of 63 sec.
2.8.2 Static test with 22 N thruster
The stationary rocket combustor was operated at ambient temperature with 22 N monopropellant thruster. The fuel used is propellant grade hydrazine. The pressure measured in the combustion chamber was 30 KscA and at exit nozzle it is ambient. The density of fuel is 1.01 g/cc. The mass flow rate is 10.2 g/s. The tests were performed with cumulative burn time ranging from 23 sec to 63 sec.
2.9 Static test performance on bipropellant thruster

The stationary rocket combustor was operated at ambient temperature with N2O4 as an oxidizer. The fuel used was Propellant grade hydrazine, at a weight ratio of oxidizer-to-fuel 1.44. The pressure measured in the combustion chamber was 20 KscA and at exit nozzle it is ambient. The density of fuel is 1.01 g/cc. The oxidizer flow rate is 17.7 g/s and fuel flow rate is 12.3 g/s. The test is performed  with cumulative burn time of 23 sec.
3.0 Results and Discussions
3.1.
Preparation of propellant grade hydrazine

Anhydrous hydrazine, used as rocket propellant is obtained by dehydrating hydrazine hydrate. Hydrazine forms an azeotrope with water and ordinary distillation provides hydrazine in the form of hydrate (64 wt% of hydrazine). But the use of hydrazine in rocket propulsion requires hydrazine to be in the anhydrous form. Therefore, the removal of water from hydrate state to produce anhydrous hydrazine is essential to make it suitable for such purposes. The conventional separation techniques for the removal of water experience difficulty as hydrazine forms an azeotrope with water at 71.5 wt% of hydrazine. Further, hydrazine and water are highly polar by nature and there is strong hydrogen bonding between them. Hence, the combinations of processes are required to seek dehydration20-22.

Three experiments were carried with varying ratios of NaOH at different reaction conditions for preparation of propellant grade hydrazine by using 99% pure hydrazine hydrate (64% pure as hydrazine). The quantity of NaoH was varied from 200 gms to 415 gms and time duration was kept between 1hr-2hrs. The reflux temperature was varied between 65oC to 85oC. The products were distilled by maintaining the temperature between 60oC-70oC. The yields obtained for the three experiments were 16%, 30% and 64% respectively. The reaction parameters maintained for these three experiments were given in Table-1.
3.2.
Determination of purity of hydrazine
The purity of hydrazine was determined using wet chemical method which is based on non aqueous acid–base titration in acetic acid media and gas chromatographic method23-26. Water content was also determined using eudiometric method.  In the wet chemical method all the titrations were carried out in acetic acid media. The total basicity due to hydrazine is calculated using the reaction scheme shown in Fig-1 and wt% of hydrazine will be obtained. 
Hydrazine was analysed by gas chromatographic method for determination hydrazine, water and any other volatile impurities. In the case of hydrazine sample, water (B.P: 100ºC) elutes first followed by hydrazine (B.P: 113ºC) because of its higher boiling point. All the experiments were carried out in Thermo Quest Trace GC 2000 using packed column.  Because of the higher polarity of hydrazine a polar column, 25% PEG on Anakrom (80-100 mesh) was selected and used for all the experiments. Samples of hydrazine were injected under constant conditions of sample quantity (1μL), oven temperature, block temperature etc. Water content varies from 10 to 14% depending on the distillate (S-1, S-2 and S-3) and the method of distillation. However S-4 obtained by distillation of S-3 yielded 99.46% pure hydrazine and 0.54% water. No other organic impurities were found in sample.  The chromatograms of samples S-3 and S-4 are given in Figure- 2
Water content in the hydrazine determined by the eudiometric method is based on the reaction of water and calcium hydride. The amount of hydrogen evolved will show the water content. The water content is determined by the below given equation. Analysis results obtained from wet chemical, GC and eudiometric methods are provided in Table-2.
K         =     273.2 ( p - p1) x 0.000804 x 100  
                                760 ( 273.2 + t)                                 

% water content   =            V          x   K         


                                               V1  x  p

Where , V    =   Volume of hydrogen evolved; P     =   Barometric pressure, mmHg; P1  =   Pressure of water vapour at the temperature of analysis, mmHg; t     =    Temperature of analysis; V1 =    Fuel volume taken for analysis (mL); ρ =    Density of fuel at the temperature of sampling intended 

3.3
Low freezing hydrazine based monopropellant blends

Even though hydrazine has many superior properties, its high freezing point of 2°C causes solidification either at higher altitude or under severe weather conditions which restricts its use as a monopropellant in some tactical systems. A tactical monopropellant should have a wide operating temperature ranging from 60°C to +60°C. Freezing or melting point of compound is in general lowered by the addition of an impurity or other compounds. Addition of water to hydrazine lowers the freezing point to forms an azeotropic mixture having boiling point of 120.3°C and freezing point of -40°C. A monopropellant fuel mixture with hydrazine, water and hydrazine nitrate (N2H4 HNO3) functioned satisfactorily as rocket fuel at lower temperature. But it had equally important disadvantage of relatively large percentage by weight of non combustible material (water). 
In a monopropellant fuel blend formulation, all the ingredients or additives should be completely miscible in required proportions to have low freezing point and increase specific impulse. The fuel blend combination chosen for present study are anhydrous hydrazine, methyl alcohol, ammonium nitrate or ammonium per chlorate. Methyl alcohol is miscible with hydrazine and reduces the freezing point of the blend. Methyl alcohol has a carbon content of 37.48%, a hydrogen content of 12.58% and an oxygen content of 49.37%. The substitution of methyl alcohol with water increases the energy value available and makes the blend combination superior. Both ammonium nitrate and ammonium per chlorate have oxidizer as well as fuel part in them; they are the salts obtained from ammonia. They support the combustion process and produce low molecular weight products during decomposition of hydrazine, 

Five blends were prepared with varying composition of additives mentioned above by adding propellant grade hydrazine to decrease the freezing point. Tests carried out for analysis of freezing point at sub-zero were shown in the Table-3. It was observed that the composition containing blend 5 ie hydrazine and methyl alcohol blend has frozen at -40oC. Blend samples 1, 2 & 4 were not frozen at -65oC even after 30 minutes where as blend sample 3 was frozen at  -65oC after 30 minutes.
3.4 Performance evaluation of propellant grade hydrazine in  monopropellant mode 

3.4.1
Predictive performance in monopropellant mode

The predictive performance parameters of propellant grade hydrazine in monopropellant mode were determined using hydrazine dissociation reactions. Hydrazine decomposes into Ammonia initially releasing heat. But over 600K Ammonia decomposes to form N2 and H2 which is an endothermic reaction. For maximum specific impulse (Isp) it was considered to limit the catalyst length to 26 mm for 40% to 50% ammonia dissociation. All calculations are done for steady state firing condition of the thruster. Hydrazine purity was considered as 95%, 99% and 100% respectively. Various performance parameters such as characteristic velocity (C*), specific impulse (Isp) were determined assuming frozen flow conditions at 7 bar chamber pressure. The parameters were evaluated in chamber, throat and nozzle exit. Supersonic area ratio (Ae/At) was assumed to be 2.75. The characteristic velocity with ammonia dissociation ratio for 95%, 99% and 100% of pure hydrazine observed as 1284, 1275 and 1260 m/s respectively was shown in Fig-3.  The thruster designed parameters are shown in Table-4.  
3.4.2 Static test evaluation in monopropellant mode
The performance of the prepared propellant grade hydrazine (99.5%) as rocket propellant in monopropellant mode was investigated by operating stationary rocket motors by conducting five static tests with 22N monopropellant thruster and one test with the 1 N monopropellant thruster. The static test performance evaluation was carried out in mono-propellant thruster in pulse mode at ambient temperature and compares the performance parameters such as chamber pressure, characteristic velocity and specific impulse with the designed values.  Both 1N and 22 N thrusters were designed for sea level conditions for static testing. 
Table-5 summarized the thruster parameters employed in the tests for monopropellant mode. The shell is fabricated with SS 321 material. The injector is shower head type. The thruster along with the injector with exit closed was subjected to the working pressure. The motor was operated at a combustion chamber pressure of 30 KscA and an exit nozzle pressure of substantially ambient pressure i.e 0.96 KscA. Fig-4 represents 22N thruster with injector. The catalyst used was granules of Iridium coated with Alumina. Table-7 provides the details about the amount of catalyst packed for all the six tests. Static tests 1-6 were performed with a cumulative burn time of 23 s to 63 s respectively in pulsed mode at ambient temperatures. Chamber pressure was measured at nozzle entry. Pulse train was given manually and the different pulse widths used for these tests are given in Table-8. Test 6 was planned with a cumulative burn time of 63 s in pulsed mode in 1N thruster at ambient temperature. The pulse train was given manually which contained pulse width of 7 and 56 seconds. The chamber skin temperature reached a maximum of 5200C with a injector head temperatures less than 1600C. Chamber pressure oscillations were observed in first test, which was eliminated by proper packing of the catalyst. Table-8 compares the achieved parameters with the designed parameters for all the tests. 


Fig-5 represents variation of absolute chamber pressure with time for Test 2. A steady chamber pressure was observed over the 5 sec pulse of 7.16 bar. The tank pressure also remained near constant and the response time of around 90 ms was observed. Fig-6 represents variation of oxidizer manifold pressure with time for Test 6. Steady state firing was achieved and the tank pressure was steady throughout the test. Response time was around 100 ms. Fig-7 shows variation of nozzle, chamber and injector temperatures with time for Test 6. The maximum skin temperature is observed as 470oC. 
3.5 Performance evaluation of propellant grade hydrazine in bipropellant mode 
3.5.1 Predictive performance evaluation in bipropellant mode



The predictive performance parameters of propellant grade hydrazine in bipropellant mode were determined using NASA CEA-71 code. Hydrazine purity was considered as 99.5%. Various performance parameters were determined assuming frozen flow conditions at 20 bar chamber pressure. The parameters were evaluated in chamber, throat and nozzle exit. Supersonic area ratio (Ae/At) was assumed to be 12.5. N2O4 is used an oxidizer for the bipropellant thrusters. The oxidizer and fuel flow rates are 17.5 g/s and 12.5 g/s respectively. The throat diameter and temperature is 5.7 mm and 2965K respectively. The thruster designed parameters are provided in Table-9.
3.5.2 Static test evaluation in bipropellant mode

The performance of the prepared propellant grade hydrazine in bipropellant mode was investigated by conducting static test with 60N bipropellant thruster.  The ratio of the cross-sectional area of the nozzle exit to-throat cross-sectional area (area ratio) was 27. The ratio of the cross-sectional area of the combustion chamber to the cross-sectional area of the throat was 8:1. The tests were carried out using carbon phenolic lined 60 N thruster. Fig-8 shows schematic diagram of thrusters cross section used for the test. The shell is fabricated from Aluminium HE15 material. The thruster along with the injector with exit closed was subjected to working pressure. The injector consists of single triplet elements to meet the design flow rates of oxidizer. The motor was operated at a combustion chamber pressure of 20 KscA and an exit nozzle pressure of substantially ambient pressure i.e 0.96 KscA. 

The fuel composition and oxidizer were fed through separate conduits from individual storage containers to the combustion chamber where the stream of fuel composition and the stream of oxidizer contacted each other. The fuel oxidizer ignited on contact, producing gaseous products as a result of the spontaneous combustion of the components of the two streams. The gaseous products were ejected from the combustion chamber through the throat area and then out into the atmosphere through the exit nozzle. The ejection of the reaction product gases from the combustion chamber produces a thrust which is measured by means of a load cell mounted forward of the motor. The fuel composition and the oxidizer were metered into the motor so that the amount reacting within any particular period of time was known.
One static test was performed at ambient temperature. Fig-9 represents variation of absolute chamber pressure, oxidizer manifold pressure, fuel manifold pressure and thrust with time. A single pulse was given for 16 sec and a steady chamber pressure of approximately 20 bar and thrust of 56 N was achieved. Combustion instability is not observed. Table-10 represents the performance parameters summary of the static test.
4.0 Conclusions
(i) Bench level experiments were conducted and obtained 64% yield of propellant grade hydrazine with 99.5% purity. Purity of the propellant grade hydrazine was determined using wet chemical, GC and eudiometric methods.

(ii) It was observed that the compositions containing blends of hydrazine-methyl alcohol-ammonium nitrate and hydrazine-methyl alcohol-ammonium perchlorate were not found to be frozen even after cooling to -65oC for 30 minutes.

(iii) Designed and developed both mono and bipropellant thrusters. Five static tests with 22N thruster and one static test with 1N thruster were performed   successfully in monopropellant mode. The percentage of dissociation aimed for NH3 is taken as 40% to 50% in the monopropellant thruster. The energetic performance of the thruster matched very closely to the predictive performance with iridium catalyst. Long duration pulse up to 60 s was successfully tested. The hurdles of chamber pressure oscillations were overcome by compact packing of the catalyst. The desired decomposition and chamber pressure were achieved. 

 (iv)  One static test was performed successfully with 60 N bipropellant thruster. The desired chamber pressure and thrust were achieved. The combustion was smooth and C* achieved was higher than that of UH-25, N2O4 combination.
The thrusters was designed, fabricated and validated to demonstrate its capability to meet the demanding mission requirements in reaction control thrusters. The concept of mono/bipropellant based thrusters using hydrazine fuel was established. The performance of prepared propellant grade hydrazine show them as a promising rocket fuels. 
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