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Abstract: 
 

 The goal of this project is to design a manufacturing plant producing a military grade 

of 2-hydroxyethylhydrazine (HEH) as well as producing an excess of 48% hydrazine hydrate 

(HZH), 90% hydrazine hydrate and 95% hydrazine hydrate. HEH is synthesized through the 

reaction of ethylene oxide and hydrazine. Through a series of reactors and distillation columns, 

the product is produced. The purpose of producing this product is to replace the current 

propellant, anhydrous hydrazine, because anhydrous hydrazine is a very toxic compound. HEH 

is produced for markets such as the United States Air Force and the United States Department of 

Defense.   

 After a 30 year cost analysis, the investment has a net present value of $960,000,00, 

and an investor’s rate of return of 43.34%.  With a 20% interest rate, the pay back period is 2.83 

years. Furthermore, a process hazard analysis was completed to determine the safety and 

environmental hazards of the process. Several actions must be taken to put the placed design into 

effect, but if these uncertainties are studied, it is recommended to build the plan as outlined in 

this document. 
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The Roles of Group Members 

 A chemical engineering group, all students represented by the honors college, 

developed a 2-hydroxyethylhydrazine (HEH) and hydrazine hydrate (HZH) plant. This project 

most exemplifies as an honors project by how in depth the project was and the amount of time 

placed in the project. All members of the group contributed an even amount of work. 

 Phillip Zinsli was the team manager of the group. He organized group meetings, set 

deadlines for when things were due and planned meetings with our mentor, Dr. Greg Ogden. 

Furthermore, Phillip modeled the process of Unit 100, 400 and 500 on ASPEN Simulations.  He 

did extensive research on reactions that could be used for the process and kept everyone focused 

on the goal at hand. 

 Joanna Emerson modeled Unit 300, on ASPEN which contained many different 

chemical engineering processes. Furthermore, she determined the process safety hazards (PHAs) 

of the entire plant, edited the document and created the poster being presented at the Engineering 

Design Day. 

 Andrew Wong , was the document organizer. He compiled everything that was placed 

and also edited the document. Furthermore, he determined the environmental concerts of the 

plant as well as calculated the amount of utilities needed. Other various activities were that he 

aided in were finding raw material costs, researching the storage and transportation and 

compiling the references used for the project. 

 I, Ivann Hsu, calculated the economics for the plant. I calculated how much the 

equipment costs, called vendors to price equipments we did not have equations for, determined 
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the cost of the raw materials, and utilities needed and the annual amount of sales of the hydrazine 

hydrate and 2-hydroxyehtyl hydrazine. I determined the cost of start up, land costs and other 

costs that would lead to the calculation of the total capital investment. Furthermore, I was able to 

calculate a pay back period, and investor’s rate of return through an excel spreadsheet and to 

apply a 30 year MACRS deprecation schedule to calculate the net present value. Besides 

economics, I was in charge of writing about the safety issues of the plant and how one should 

protect themselves from the chemicals in the system. I also estimated thermodynamic properties 

for methyl ethyl ketazine, a compound in which no literature was found. In addition, I 

determined where the plant could be built and contributed to the preliminary research conducted. 
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Executive Summary 
 
 
 

The goal of the following project is to design a manufacturing plant with the capacity for 

producing 200 metric tons per year (MTPY) of military grade 2-hydroxyethylhydrazine (HEH). 

In addition to HEH, the proposed process also produces an excess 2,800 MTPY of 48 % 

hydrazine hydrate (HZH), 270 MTPY of 90 % HZH, and 9,700 MTPY of 95 % HZH, which will 

be sold as a product for use in non-military applications. The plant will be located in the 

panhandle area of Texas, just north of Amarillo. The close proximity to raw material suppliers 

and U. S. railways makes the area an ideal location. 

 

The product is intended to serve as a replacement for the current standard propellant, anhydrous 

hydrazine. The capacity represents about 6 % of the United State’s consumption of anhydrous 

hydrazine in rocket fuel applications in 1995. There exists a high demand for alternative rocket 

fuels with lower toxicity concerns, and there is a strong belief that HEH will be that future 

replacement. The production of HEH is intended primarily for use by the U. S. Government.  

The target markets are the United States Department of Defense, United States Air Force, and 

the Air Force Research Laboratory. 

 

HEH is synthesized from the reaction of HZH and ethylene oxide as outlined in U. S. Patent 

2,660,607. Following the reaction, a series of distillation columns are used to concentrate and 

isolate the final product. The more environmentally friendly and economically efficient Produits 

Chimiques Ugine Kuhlmann Peroxide Method was chosen as the method of production of HZH. 

The Peroxide Method utilizes a series of distillation towers and a hydrolysis tower to synthesize 
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HZH. It is characterized for its internal recycle of catalyst and regeneration of the raw material, 

methyl ethyl ketone. Gel filtration and ion exchange columns are used to remove impurities from 

the final products. 

 

A complete process hazard analysis and a gate to gate life cycle assessment were performed on 

the proposed process to evaluate and minimize safety and environmental hazards. Combustion 

and explosion hazards from the contact of HZH with oxygen were identified as the most 

significant process hazard. The most significant environmental burdens of this process comes 

from the plant’s nearly 33 billion gallon annual water consumption and nearly 370 million kW·h 

annual energy requirement.  

 

A 30 year cost analysis was performed to evaluate any economical considerations. At 30 years, 

the investment has a net present value (NPV) of $ 960,000,000 and an investor’s rate of return of 

43.34 %. At a 20 % interest rate, the payback period is 2.83 years. Sensitivity analyses were also 

performed to evaluate the economic effects of potential market fluctuations. Decreases in annual 

sales and increases in production costs were found to have the greatest negative impact on NPV. 

 

Several actions must be taken before the proposed design can be considered robust. Section 200 

of the plant was not modeled and leaves several uncertainties about capital and economical costs, 

and raw material requirements. The exact grading requirement of HEH is assumed to be similar 

to military specification anhydrous hydrazine, but is ultimately unknown and should be 

determined. Thermodynamic data on HEH, methyl ethyl ketazine, and multi-phase mixtures of 

methyl ethyl ketazine, methyl ethyl ketone, hydrogen peroxide, and ammonia are needed to more 
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accurately model the process in simulation programs such as ASPEN. Gel filtration is used to 

separate residual HEH from HZH process streams; further tests should be performed to verify the 

success of this method. With these corrections and an anticipated shift from anhydrous hydrazine 

to HEH as the standard for rocket propellants, it is recommended to proceed with the outlined 

proposal.  
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1 Introduction 

 
 
 
1.1 Background and Overall Goal 
 
The overall goal of the following project is to design a manufacturing facility with the capacity 

for producing 200 metric ton per year (MTPY) of high purity 2-hydroxyethylhydrazine (HEH).  

The goal of the initial production capacity is to meet about 6 % of the U.S. rocket propellant 

market. 

 

The current standard propellant for rocket fuel in military and aerospace applications is 

anhydrous hydrazine (Rothgery et al., 1995; Schmidt, 2001). The high energy density, high 

specific impulse, and hypergolicity (a measure of the extent to which a propellant will 

spontaneously ignite on contact with an oxidizer) of hydrazine make it ideal for use as a 

propellant for guided missiles, the space shuttle, lunar missions, etc. (Greenwood & Earnshaw, 

1997; Schmidt, 2001). However, despite these favorable characteristics, hydrazine has been 

shown to have extreme vapor and dermal toxicity (Drake et al.,1999; Rothgery et al., 1995). The 

largest concern is its high ambient vapor pressure, 12 torr (Drake et al., 1999). The two other 

most widely used propellants: methyl-hydrazine (MMH), and dimethyl-hydrazine (DMH), also 

have toxicity concerns. Therefore, the existing fuels are highly regulated and have high handling 

and loading costs (Drake et al., 1999; Rothgery et al., 1995). As a result, a new monopropellant 

ingredient with a comparable energy density, specific impulse, and hypergolicity, but with lower 

toxicity concerns, is highly desired by the military and commercial propellant community. 
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HEH has been shown to be a promising and less toxic alternative to anhydrous hydrazine (Drake 

et al., 1999; Rothgery et al., 1995). The specific impulse and liquid density of HEH are 

comparable to anhydrous hydrazine: 243.4 s vs. 277 s, and 1.113 g/mL vs. 1.0 g/mL, 

respectively. Furthermore, the vapor pressure of HEH at 25 °C is only 0.01 torr, making it much 

less of a toxicity concern than hydrazine. 

 

1.2 Current Market Information 

Although hydrazine has many other uses, it is not known if HEH can be used as a replacement in 

other areas of application (Arkema, 2005a). HEH is used agriculturally as a flowering agent in 

pineapple plants, but the primary market of the HEH production facility will be the United States 

Department of Defense (USDOD) (Dollwet & Kumamoto, 1972; Sauls, 1998). 

 

Hydrazine monopropellant technology is a multimillion dollar industry (Schmidt, 2001). Arch 

Chemicals, the sole producer of military grade anhydrous hydrazine for the USDOD holds a 

20 year, $ 148.78 million contract with the department (“Arch regains hydrazine,” 2005). 

According to a procurement posted by the Air Force Research Laboratory (AFRL) in 2006 on 

FedBizOpps.gov (the U. S. website for federal business opportunities), the AFRL was searching 

for a bulk producer of high purity HEH for use in the warfighter and for support of the Integrated 

High Payoff Rocket Propulsion Technology (IHPRPT) Phase II Spacecraft Chemical Propulsion 

Group (United States Air Force [USAF], 2006). HEH is used as a raw material in the advanced 

monopropellant, AF-M315E. That procurement also stated that Charkit was the only high purity 

bulk domestic producer of HEH. However, upon recent communication with a company 

representative from Charkit, it appears that the primary bulk producer of HEH is now foreign 
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(See Appendix I). In anticipation that HEH will replace anhydrous hydrazine as the standard for 

rocket fuel, the following proposal is a highly recommended investment. If HEH completely 

replaces the anhydrous hydrazine market, contracts similar to Arch Chemical’s can be 

reasonably anticipated for a bulk domestic producer of HEH. 

 
 
1.3 Project Premises and Assumptions 
 
The HEH produced will also be supplied to the United States Air Force, who supplies various 

contractors, universities, and internal customers (USAF, 2006). According to Greenwood & 

Earnshaw (1997), in 1995 the United States consumed 3200 MTPY of anhydrous hydrazine in 

rocket fuel applications. This includes standard, monopropellant, and high purity grade 

applications. The initial goal is to meet about 6 % of the U.S. market for anhydrous hydrazine 

and initial production capacity will be 200 MTPY of HEH. 

 

The process used to produce HEH also produces 2,800 MTPY of 48 % hydrazine hydrate 

(HZH), 270 MTPY of 90 % HZH, and 9,700 MTPY of 95 % HZH. This additional side product 

will be sold for use in non-military applications. Although these grades of HZH are not exactly 

the same as those commonly found in the hydrazine market, it is assumed that there will be use 

for each grade in the same applications of similarly graded HZH (Arkema, 2005a).  

 

The HEH production facility will be built in the panhandle region of Texas, north of Amarillo. 

The area was chosen for its close proximity to raw material suppliers and U. S. railways (Union 

Pacific, 2007). An ammonia production plant is located in Boger, Texas, a methyl ethyl ketone 

(MEK) plant is located in Pampa, Texas, and high test peroxide is manufactured by FMC 
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Corporation in Bayport, Texas (FMC Corporation, 1995; Huang, 2007, The Innovation Group, 

2003). Transportation of raw materials will be convenient with the utilization of the Union 

Pacific Railroad (UPRR) route that crosses through Amarillo (Union Pacific, 2007). 

 

Reacting excess 100 % HZH with ethylene oxide as outlined in U.S. Patent 2,660,607 is the 

process used to produce HEH (Gever & O’Keefe, 1953). Rather than purchasing 100 % HZH, it 

will be produced using the Peroxide Method found in U.S. Patent 3,686,541 (Weiss, Shirmann, 

& Mathais, 1972). Additional details on both process methods can be found in Section 2.7. 

 

The following proposal is based on several initial assumptions including:  

(1)  The yields presented in the patents utilized for the process design are reliable, 

accurate, and reproducible at design scale;   

(2)  The required purity of HEH is similar to that found in the military specifications for 

high purity grade anhydrous hydrazine (USDOD, 1997); and 

(3) There is a market for the excess HZH produced and it can be sold for use in 

applications of similarly graded HZH. 

The remainder of the design assumptions can be found in Appendix A. 

 

The process design also meets the following constraints:  

(1)  The plant should have a minimum production capacity of 200 MTPY of HEH; and 

(2)  The HEH should have a purity of 99 % or greater. 
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2.3 Equipment Tables 
 
 
 
 
 
 

Table 2.3.1: Equipment Table - Heat Exchangers 

Heat Exchanger E-303 E-308 E-403 E-404 E-501 
            

Type Fin Fan Cooler Double Pipe FLH FLH Double Pipe 

Area [m2] 11.6 6.6 20.7 33.7 8.5 

Duty [kW] 172 36 68 110 28 

Average Flux [kW/m2] 14.85 5.48 3.27 3.26 3.26 

Number of Units 1 1 1 1 1 

Tube 
     

Inlet Stream 14 27 5 10 12 

Outlet Stream 15 28 6 11 13 

Inlet Temperature [K] 393 445 393 393 384 

Outlet Temperature [K] 343 316 316 316 316 

Pressure [bar] 1.02 2.93 5.56 5.02 2.85 

Phase Liquid Liquid Liquid Liquid Liquid 

Passes 1 1 1 1 1 

MOC SS 304 SS 304 SS 304 SS 304 SS 304 

Shell 
     

Inlet Stream - 7 20 18 24 

Outlet Stream - 8 21 19 25 

Inlet Temperature [K] 305 305 305 305 305 

Outlet Temperature [K] 339 414 381 381 373 

Pressure [bar] 1.01 3.68 1.01 1.01 1.01 

Phases Gas Liquid/Gas Liquid/Gas Liquid/Gas Liquid/Gas 

Passes 1 1 1 1 1 

MOC CS CS CS CS CS 
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Table 2.3.2: Equipment Table - Distillation Towers 

Distillation Tower T-301 T-302 T-303 T-401 
          

Height [m] 7.13 13.07 16.25 52.00 

Inside Diameter [m] 0.48 0.87 1.08 3.46 

Orientation Vertical Vertical Vertical Vertical 

Reboiler E-301 E-304 E-306 E-402 

     Pressure [bar] 0.99 0.99 0.19 0.99 

     Temperature [K] 393 396 445 393 

     Duty [kW] 501 658 678 262 

Condenser E-302 E-305 E-307 E-401 

     Pressure [bar] 0.96 0.95 0.13 0.94 

     Temperature [K] 384 369 341 328 

     Duty [kW] 354 508 777 255 

Number of Trays 18 33 41 131 

Tray Type Sieve Sieve Sieve Sieve 

Inlet Molar Flow [kmol/h] 62.50 111.84 68.54 43.30 

Distillate Molar Flow [kmol/h] 15.10 43.30 61.50 14.20 

Bottoms Molar Flow [kmol/h] 47.00 68.54 7.03 29.10 

MOC SS 304 SS 304 SS 304 SS 304 
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Table 2.3.3: Equipment Table - Condensers     

Heat Exchanger E-302 E-305 E-307 E-401 
          

Type FLH FLH Fin Fan FLH 

Area [m2] 33.8 56.6 54.1 43.4 

Duty [kW] 354 508 777 255 

Average Flux [kW/m2] 10.47 8.99 14.36 5.88 

Number of Units 1 1 1 1 

Tube 
    

Inlet Stream HZH HZH HZH Waste Water 

Inlet Temperature [K] 390 392 341 383 

Outlet Temperature [K] 384 369 341 346 

Pressure [bar] 0.96 0.95 0.13 0.99 

Phase Liquid/Gas Liquid/Gas Liquid/Gas Liquid 

Passes 1 1 1 1 

MOC SS 304 SS 304 SS 304 CS 

Shell 
    

Inlet Stream Cooling Water Cooling Water - Cooling Water 

Inlet Temperature [K] 332 332 305 322 

Outlet Temperature [K] 365 365 313 365 

Pressure [bar] 1.01 1.01 1.01 1.01 

Phases Liquid Liquid Gas Liquid 

Passes 1 1 1 1 

MOC CS CS CS CS 
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Table 2.3.4: Equipment Table - Reboilers 
   

Heat Exchanger E-301 E-304 E-306 E-402 
          

Type FLH FLH FLH FLH 

Area [m2] 28.9 38.4 59.7 15.0 

Duty [kW] 501 658 678 262 

Average Flux [kW/m2] 17.34 17.13 11.36 17.47 

Number of Units 1 1 1 1 

Tube 
    

Inlet Stream HZH HEH+HZH HEH HZH 

Inlet Temperature [K] 393 395 445 393 

Outlet Temperature [K] 393 396 445 393 

Pressure [bar] 0.99 0.99 0.19 0.94 

Phase Liquid/Gas Liquid/Gas Liquid/Gas Liquid/Gas 

Passes 1 1 1 1 

MOC SS 304 SS 304 SS 304 SS 304 

Shell 
    

Inlet Stream Steam Steam Steam Steam 

Inlet Temperature [K] 473 473 473 473 

Outlet Temperature [K] 421 423 473 421 

Pressure [bar] 15.50 15.50 15.50 15.50 

Phases Gas/Liquid Gas/Liquid Gas Gas/Liquid 

Passes 1 1 1 1 

MOC CS CS CS CS 
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Table 2.3.5: Equipment Table - Reactors 
 

Reactor R-101  R-301  
      

Inlet Molar Flow [kmol/h] 383.09 119.46 

Outlet Molar Flow [kmol/h] 383.09 111.84 

Inlet Volumetric Flow [m3/h] 1491.32 190.13 

Outlet Volumetric Flow [m3/h] 9.19 3.06 

Operating Temperature [K] 333 343 

Operating Pressure [bar] 1.01 1.01 

Energy Generated [kW] -3,385 -500 

Volume [m3] 53.08 6.38 

Residence Time [h] 5.25 2.00 

Type CSTR CSTR 

MOC SS 304 SS 304 

 

 

Table 2.3.6: Equipment Table - Valves 
  

Valve VL-101 VL-102 VL-301 VL-302 
          

Molar Flow [kmol/h] 58.82 212.16 15.10 47.00 

Volumetric Flow 
(Suction Side) [m3/h] 

5.35 5.62 0.66 0.13 

Inlet Temperature [K] 316 316 343 396 

Outlet Temperature [K] 316 316 343 353 

Inlet Pressure [bar] 1.01 1.01 1.02 1.01 

Outlet Pressure [bar] 1.01 1.01 0.99 0.20 

Type Mixing Mixing Expansion Expansion 

MOC SS 304 SS 304 SS 304 SS 304 

Valve VL-401 VL-402 VL-403 VL-404 
          

Molar Flow [kmol/h] 6.89 6.89 47.00 76.25 

Volumetric Flow 
(Suction Side) [m3/h] 

0.16 0.16 1.16 1.38 

Inlet Temperature [K] 305 381 316 306 

Outlet Temperature [K] 305 381 316 306 

Inlet Pressure [bar] 1.01 1.01 5.02 1.01 

Outlet Pressure [bar] 1.01 1.01 5.02 1.01 

Type Splitting Splitting Splitting Mixing 

MOC SS 304 SS 304 SS 304 SS 304 
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Table 2.3.7: Equipment Table - Exchange Towers   

Ion Exchange Tower T-402 A/B T-403 A/B/C T-501 A/B/C T-502 A/B/C 
          

Height [m/unit] 4.28 8.57 5.93 5.79 

Inside Diameter [m/unit] 0.22 0.57 0.40 0.39 

Orientation Vertical Vertical Vertical Vertical 

Packing Type Sephadex G-10 MN 202 MN 202 MN 202 

Packing Height [m/unit] 0.45 4.54 3.14 3.07 

Packing Total (kg) 23 363 241 112 

Operating Time [h] 0.17 8.00 8.00 8.00 

MOC SS 304 SS 304 SS 304 SS 304 

Operating Conditions 
    

Inlet Molar Flow [kmol/h] 49.70 47.00 / 29.02 7.03 15.10 

Outlet Molar Flow [kmol/h] 49.70 47.00 / 29.02 7.03 15.10 

Inlet Temperature [K] 316 316 316 316 

Outlet Temperature [K] 316 316 316 316 

Inlet Pressure [bar] 5.56 5.02 2.93 2.85 

Outlet Pressure [bar] 1.01 1.01 1.01 1.01 

Recharge Conditions 
    

Inlet Molar Flow [kmol/h] 29.10 47.15 15.64 14.56 

Outlet Molar Flow [kmol/h] 29.10 47.15 15.64 14.56 

Inlet Temperature [K] 306 306 306 306 

Outlet Temperature [K] 306 306 306 306 

Inlet Pressure [bar] 5.56 5.02 5.02 5.02 

Outlet Pressure [bar] 1.01 1.01 1.01 1.01 
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Table 2.3.8: Equipment Table - Vessels 

Vessel V-301 V-302 V-303 V-304 
          

Height [m] 0.88 1.05 1.17 5.46 

Inside Diameter [m] 0.29 0.35 0.39 1.82 

Orientation* Vertical Vertical Vertical Horizontal 

Pressure [bar] 0.96 0.95 0.13 1.02 

Temperature [K] 384 369 341 393* 

Inlet Molar Flow [kmol/h] 90.90 43.56 63.90 111.80 

Outlet Molar Flow [kmol/h] 90.90 43.56 63.90 111.80 

Inlet Volumetric Flow [m3/h] 2.11 1.09 1.64 2.82* 

Outlet Volumetric Flow [m3/h] 2.11 1.09 1.64 2.82 

Volume [m3] 0.06 0.10 0.14 14.20 

MOC SS 304 SS 304 SS 304 SS 304 

Vessel V-401 V-402 V-403 A/B/C V-404 
          

Height [m] 0.70 2.07 1.43 2.07 

Inside Diameter [m] 0.23 0.69 0.48 0.69 

Orientation* Vertical Vertical Vertical Vertical 

Pressure [bar] 0.94 5.56 1.01 5.56 

Temperature [K] 346 316 316 306 

Inlet Molar Flow [kmol/h] 53.62 29.10 29.02 29.10 

Outlet Molar Flow [kmol/h] 53.62 29.10 29.02 29.10 

Inlet Volumetric Flow [m3/h] 1.07 1.37 1.16 1.37 

Outlet Volumetric Flow [m3/h] 1.07 0.77 1.16 1.37 

Volume [m3] 0.03 0.77 0.26 0.77 

MOC SS 304 SS 304 SS 304 SS 304 

Vessel V-501 A/B/C V-502 A/B/C     
          

Height [m] 1.25 0.97 
  

Inside Diameter [m] 0.42 0.32 
  

Orientation* Vertical Vertical 
  

Pressure [bar] 1.01 1.01 
  

Temperature [K] 316 316 
  

Inlet Molar Flow [kmol/h] 6.89 15.10 
  

Outlet Molar Flow [kmol/h] 6.89 15.10 
  

Inlet Volumetric Flow [m3/h] 0.38 0.36 
  

Outlet Volumetric Flow [m3/h] 0.38 0.36 
  

Volume [m3] 0.17 0.08 
  

MOC SS 304 SS 304 
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Table 2.3.9: Equipment Table - Pumps 

Pump P-101 A/B P-102 A/B P-103 A/B P-104 A/B P-105 A/B 
            

Molar Flow [kmol/h] 9,050,547 4.24 53.29 1.18 383.09 

Volumetric Flow  
(Suction Side) [m3/h] 

163,589 0.11 1.12 0.11 14.21 

Stages 14 1 1 1 1 

Power [W] 2983 kW 24 746 24 12 kW 

Efficiency -- -- -- -- 0.47 

Driver Type Electric Electric Magnetic Electric Magnetic 

Suction Pressure [bar] 1.01 1.01 1.01 1.01 1.01 

Discharge Pressure [bar] 1.01 1.01 1.01 1.01 1.01 

Suction Temperature [K] 305 306 306 306 333 

Discharge Temperature [K] 305 306 306 306 333 

Type Centrifugal Miniature Gear Chemsteel Gear Miniature Gear Centrifugal 

MOC CS SS 304 SS 304 SS 304 Monel 

Pump P-301 A/B P-302 A/B P-303 A/B P-304 A/B P-305 A/B 
            

Molar Flow [kmol/h] 884,507 15.10 47.00 111.84 43.30 

Volumetric Flow  
(Suction Side) [m3/h] 

16,001 0.36 1.26 3.06 1.07 

Stages 2 1 1 1 1 

Power [W] 2983 kW 373 746 1491 746 

Efficiency -- -- -- -- -- 

Driver Type Electric Magnetic Magnetic Magnetic Magnetic 

Suction Pressure [bar] 1.01 0.96 0.99 1.01 0.95 

Discharge Pressure [bar] 1.01 2.85 1.02 1.02 1.01 

Suction Temperature [K] 305 384 393 343 369 

Discharge Temperature [K] 305 384 393 343 369 

Type Centrifugal Chemsteel Gear Chemsteel Gear Chemsteel Gear Chemsteel Gear 

MOC CS SS 304 SS 304 SS 304 SS 304 
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Table 2.3.10: Equipment Table - Pumps 
    

Pump P-306 A/B P-307 A/B P-308 A/B P-309 A/B P-310 A/B 
            

Molar Flow [kmol/h] 68.54 61.50 7.03 58.15 3.36 

Volumetric Flow  
(Suction Side) [m3/h] 

2.15 1.58 0.38 1.05 0.06 

Stages 1 1 1 1 1 

Power [W] 1119 1119 373 746 24 

Efficiency -- -- -- -- -- 

Driver Type Magnetic Magnetic Magnetic Magnetic Electric 

Suction Pressure [bar] 0.99 0.13 0.19 1.02 1.01 

Discharge Pressure [bar] 1.01 1.01 2.93 3.68 1.01 

Suction Temperature [K] 396 341 445 305 306 

Discharge Temperature [K] 396 341 445 305 306 

Type Chemsteel Gear Chemsteel Gear Chemsteel Gear Chemsteel Gear Miniature Gear 

MOC SS 304 SS 304 SS 304 CS CS 

Pump P-311 A/B P-401 A/B P-402A/B P-403 A/B P-404 A/B 
            

Molar Flow [kmol/h] 47.00 14.20 29.10 29.02 29.02 

Volumetric Flow  
(Suction Side) [m3/h] 

1.26 0.30 0.77 0.71 1.16 

Stages 1 1 1 1 1 

Power [W] 1119 2 337 746 746 

Efficiency -- -- -- -- -- 

Driver Type Magnetic Magnetic Magnetic Magnetic Magnetic 

Suction Pressure [bar] 1.01 0.94 0.99 1.01 1.01 

Discharge Pressure [bar] 5.02 1.01 5.56 5.02 1.01 

Suction Temperature [K] 393 328 393 316 316 

Discharge Temperature [K] 393 328 393 316 316 

Type Chemsteel Gear Chemsteel Gear Chemsteel Gear Chemsteel Gear Chemsteel Gear 

MOC SS 304 SS 304 SS 304 SS 304 SS 304 
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Table 2.3.11: Equipment Table - Pumps 
    

Pump P-405 A/B P-406 A/B P-407 A/B P-408 A/B P-409A/B 
            

Molar Flow [kmol/h] 5.53 29.10 47.15 29.10 20.76 

Volumetric Flow  
(Suction Side) [m3/h] 

0.16 0.76 0.85 0.76 0.85 

Stages 1 1 1 1 1 

Power [W] 249 746 746 746 746 

Efficiency -- -- -- -- -- 

Driver Type Magnetic Magnetic Magnetic Magnetic Magnetic 

Suction Pressure [bar] 1.01 1.01 1.01 1.01 1.01 

Discharge Pressure [bar] 1.01 5.56 5.02 1.01 3.98 

Suction Temperature [K] 305 306 306 306 306 

Discharge Temperature [K] 305 306 306 306 306 

Type Chemsteel Gear Chemsteel Gear Chemsteel Gear Chemsteel Gear Chemsteel Gear 

MOC SS 304 SS 304 SS 304 SS 304 SS 304 

Pump P-410 A/B/C/D P-501 A/B P-502 A/B P-503 A/B/C/D P-504 A/B 
            

Molar Flow [kmol/h] 29.02 7.03 6.89 6.89 15.10 

Volumetric Flow  
(Suction Side) [m3/h] 

1.16 0.48 0.28 0.38 0.33 

Stages 1 1 1 1 1 

Power [W] 746 373 373 373 373 

Efficiency -- -- -- -- -- 

Driver Type Magnetic Magnetic Magnetic Magnetic Magnetic 

Suction Pressure [bar] 1.01 1.01 1.01 1.01 1.01 

Discharge Pressure [bar] 1.01 1.01 2.43 1.01 1.01 

Suction Temperature [K] 306 316 306 306 316 

Discharge Temperature [K] 306 316 306 306 316 

Type Chemsteel Gear Chemsteel Gear Chemsteel Gear Chemsteel Gear Chemsteel Gear 

MOC SS 304 SS 304 SS 304 SS 304 SS 304 
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Table 2.3.12: Equipment Table - Pumps 
    

Pump P-505 A/B P-506 A/B/C/D P-507 A/B P-508 A/B   
      

   

Molar Flow [kmol/h] 6.41 15.10 15.64 14.56   

Volumetric Flow  
(Suction Side) [m3/h] 

0.25 0.36 0.28 0.26 
 

Stages 1 1 1 1 
 

Power [W] 373 373 373 373 
 

Efficiency -- -- -- -- 
 

Driver Type Magnetic Magnetic Magnetic Magnetic 
 

Suction Pressure [bar] 1.01 1.01 1.01 1.01 
 

Discharge Pressure [bar] 2.37 1.01 2.93 2.85 
 

Suction Temperature [K] 306 306 306 306 
 

Discharge Temperature [K] 306 306 306 306 
 

Type Chemsteel Gear Chemsteel Gear Chemsteel Gear Chemsteel Gear 
 

MOC SS 304 SS 304 SS 304 SS 304 
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2.4 Stream Tables 
 

Table 2.4.1: Stream Table for Unit 100 - HEH Production Process 

Stream 1 2 3 4 5 6 7 8 9 10 
                      

Total Molar Flow [kmol/h] 9.05E+06 9.05E+06 207.91 4.24 4.24 212.16 53.29 53.29 58.82 1.18 

Temperature [K] 305 305 316 306 306 316 306 306 306 306 

Pressure [bar] 1.01 1.01 1.01 1.01 1.01 1.01 1.01 1.01 1.01 1.01 

Vapor Fraction 0 0 0 0 0 0 0 0 1.00 0 

Component Molar Flow [kmol/h]                     

Ammonia (g) 0 0 0 0 0 0 0 0 58.82 0 

Acetamide (l) 0 0 86.49 1.77 1.77 88.26 0 0 0 0 

Hydrogen Peroxide (l) 0 0 0 0 0 0 29.41 29.41 0 0 

Methyl Ethyl Ketone (l) 0 0 0 0 0 0 0 0 0 1.18 

Methyl Ethyl Ketazine (l) 0 0 0 0 0 0 0 0 0 0 

Water (l) 9.05E+06 9.05E+06 121.42 2.48 2.48 123.90 23.88 23.88 0 0 
  

                    

Stream 11 12 13 14 15 16         
                      

Total Molar Flow [kmol/h] 1.18 57.65 58.82 383.09 383.09 9.05E+06         

Temperature [K] 306 316 316 333 333 322         

Pressure [bar] 1.01 1.01 1.01 1.01 1.01 1.01         

Vapor Fraction 0 0 0 0 0 0         

Component Molar Flow [kmol/h]                     

Ammonia (g) 0 0 0 8.82 8.82 0         

Acetamide (l) 0 0 0 88.26 88.26 0         

Hydrogen Peroxide (l) 0 0 0 4.41 4.41 0         

Methyl Ethyl Ketone (l) 1.18 57.65 58.82 8.82 8.82 0         

Methyl Ethyl Ketazine (l) 0 0 0 25.00 25.00 0         

Water (l) 0 0 0 247.78 247.78 9.05E+06         
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Table 2.4.2: Stream Table for Unit 200 - HEH Production Process (Not Modeled) 

Stream 1 2 3 4 5 6 7 8 9 10 
                      

Total Molar Flow [kmol/h]                     

Temperature [K]                     

Pressure [bar]                     

Vapor Fraction                     

Component Molar Flow [kmol/h]                     

Acetamide                     

Hydrazine                     

Methyl Ethyl Ketazine                     

Methyl Ethyl Ketone                     

Water (l)                     
  

                    

Stream 11 12 13 14 15 16 17 18 19 20 
                      

Total Molar Flow [kmol/h]                     

Temperature [K]                     

Pressure [bar]                     

Vapor Fraction                     

Component Molar Flow [kmol/h]                     

Acetamide                     

Hydrazine                     

Methyl Ethyl Ketazine                     

Methyl Ethyl Ketone                     

Water (l)                     
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Table 2.4.3.1a: Stream Table for Unit 300 During 16 Day HEH Production 

Stream 1 2 3 4 5 6 7 8 9 10 
                      

Total Molar Flow [kmol/h] 62.50 7.66 884507 884448 884448 58.15 58.15 58.15 15.10 15.10 

Temperature [K] 311 298 305 305 305 305 305 414 384 384 

Pressure [bar] 1.01 1.01 1.01 1.01 1.01 1.01 3.68 3.65 0.96 1.01 

Vapor Fraction 0 1.00 0 0 0 0 0 1.00 0 0 

Component Molar Flow [kmol/h]                     

2-Hydroxyethylhydrazine 0 0 0 0 0 0 0 0 0 0 

Hydrazine 25.00 0 0 0 0 0 0 0 3.00 3.00 

Water 37.50 0 884507 884448 884448 58.15 58.15 58.15 12.10 12.10 

Ethylene Oxide 0 7.66 0 0 0 0 0 0 0 0 
  

                    

Stream 11 12 13 14 15 16 17 18 19 20 
                      

Total Molar Flow [kmol/h] 47.00 47.00 47.00 111.80 111.80 111.84 111.84 111.84 43.30 43.30 

Temperature [K] 393 393 393 393 343 343 343 343 369 369 

Pressure [bar] 0.99 1.02 1.02 1.02 1.01 1.01 1.02 0.99 0.95 1.01 

Vapor Fraction 0 0 0 0 0 0 0 0 0 0 

Component Molar Flow [kmol/h]                     

2-Hydroxyethylhydrazine 0 0 0 0 0 7.12 7.12 7.12 0.08 0.08 

Hydrazine 22.00 22.00 22.00 52.41 52.41 45.26 45.26 45.26 14.85 14.85 

Water 25.00 25.00 25.00 59.39 59.39 58.92 58.92 58.92 27.83 27.83 

Ethylene Oxide 0 0 0 0.00 0 0.54 0.54 0.54 0.54 0.54 
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Table 2.4.3.1b: Stream Table for Unit 300 During 16 Day HEH Production 

Stream 21 22 23 24 25 26 27 28 29 30 
                      

Total Molar Flow [kmol/h] 68.54 68.54 68.54 61.50 61.50 7.03 7.03 7.03 -- 884507 

Temperature [K] 396 396 352 341 341 445 445 316 -- 305 

Pressure [bar] 0.99 1.01 0.20 0.13 1.01 0.19 2.93 2.93 -- 1.01 

Vapor Fraction 0 0 0.12 0 0 0 0 0 -- 0 

Component Molar Flow [kmol/h]                     

2-Hydroxyethylhydrazine 7.04 7.04 7.04 0.008 0.008 7.03 7.03 7.03 -- 0 

Hydrazine 30.41 30.41 30.41 30.41 30.41 0 0 0 -- 0 

Water 31.08 31.08 31.08 31.08 31.08 0 0 0 -- 884507 

Ethylene Oxide 0 0 0 0 0 0 0 0 -- 0 
                      

Stream 31 32 33               
                      

Total Molar Flow [kmol/h] 3.31 3.31 --               

Temperature [K] 306 306 --               

Pressure [bar] 1.01 1.01 --               

Vapor Fraction 0 0 --               

Component Molar Flow [kmol/h]                     

2-Hydroxyethylhydrazine 0 0 --               

Hydrazine 0 0 --               

Water 3.31 3.31 --               

Ethylene Oxide 0 0 --               
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Table 2.4.3.2a: Stream Table for Unit 300 During 349 Day HZH Production 

Stream 1 2 3 4 5 6 7 8 9 10 
                      

Total Molar Flow [kmol/h] 62.50 -- -- -- -- -- -- -- 15.50 15.50 

Temperature [K] 311 -- -- -- -- -- -- -- 384 384 

Pressure [bar] 1.01 -- -- -- -- -- -- -- 0.96 1.01 

Vapor Fraction 0 -- -- -- -- -- -- -- 0 0 

Component Molar Flow [kmol/h]                     

2-Hydroxyethylhydrazine 0 -- -- -- -- -- -- -- 0 0 

Hydrazine 25.00 -- -- -- -- -- -- -- 3.40 3.40 

Water 37.50 -- -- -- -- -- -- -- 12.10 12.10 

Ethylene Oxide 0 -- -- -- -- -- -- -- 0 0 
  

                    

Stream 11 12 13 14 15 16 17 18 19 20 
                      

Total Molar Flow [kmol/h] 47.00 47.00 -- -- -- -- -- -- -- -- 

Temperature [K] 393 393 -- -- -- -- -- -- -- -- 

Pressure [bar] 0.99 1.02 -- -- -- -- -- -- -- -- 

Vapor Fraction 0 0 -- -- -- -- -- -- -- -- 

Component Molar Flow [kmol/h]                     

2-Hydroxyethylhydrazine 0 0 -- -- -- -- -- -- -- -- 

Hydrazine 22.00 22.00 -- -- -- -- -- -- -- -- 

Water 25.00 25.00 -- -- -- -- -- -- -- -- 

Ethylene Oxide 0 0 -- -- -- -- -- -- -- -- 
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Table 2.4.3.2b: Stream Table for Unit 300 During 349 Day HZH Production 

Stream 21 22 23 24 25 26 27 28 29 30 
                      

Total Molar Flow [kmol/h] -- -- -- -- -- -- -- -- 47.00 -- 

Temperature [K] -- -- -- -- -- -- -- -- 393 -- 

Pressure [bar] -- -- -- -- -- -- -- -- 1.02 -- 

Vapor Fraction -- -- -- -- -- -- -- -- 0 -- 

Component Molar Flow [kmol/h]                     

2-Hydroxyethylhydrazine -- -- -- -- -- -- -- -- 0 -- 

Hydrazine -- -- -- -- -- -- -- -- 22.00 -- 

Water -- -- -- -- -- -- -- -- 25.00 -- 

Ethylene Oxide -- -- -- -- -- -- -- -- 0 -- 
                      

Stream 31 32 33               
                      

Total Molar Flow [kmol/h] -- -- 47.00               

Temperature [K] -- -- 393               

Pressure [bar] -- -- 5.02               

Vapor Fraction -- -- 0               

Component Molar Flow [kmol/h]                     

2-Hydroxyethylhydrazine -- -- 0               

Hydrazine -- -- 22.00               

Water -- -- 25.00               

Ethylene Oxide -- -- 0               
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Table 2.4.4.1a: Stream Table for Unit 400 - HEH Purification Process During 16 Day HEH Production 

Stream 1 2 3 4 5 6 7 8 9 10 
                      

Total Molar Flow [kmol/h] 43.30 14.20 14.20 29.10 29.10 29.10 29.10 29.02 29.02 -- 

Temperature [K] 369 328 328 393 393 316 316 316 316 -- 

Pressure [bar] 1.01 0.94 1.01 0.99 5.56 5.56 5.56 1.01 1.01 -- 

Vapor Fraction 0 0 0 0 0 0 0 0 0 -- 

Component Molar Flow [kmol/h] 
 

                  

2-Hydroxyethylhydrazine 0.08 0 0 0.08 0.08 0.08 0.08 0 0 -- 

Hydrazine 14.85 2.15 2.15 12.70 12.70 12.70 12.70 12.70 12.70 -- 

Water 27.83 11.51 11.51 16.32 16.32 16.32 16.32 16.32 16.32 -- 

Ethylene Oxide 0.54 0.54 0.54 0 0 0 0 0 0 -- 

Methanol 0 0 0 0 0 0 0 0 0 -- 

Nitrogen 0 0 0 0 0 0 0 0 0 -- 

Sodium Chloride 0 0 0 0 0 0 0 0 0 -- 

Sodium Phosphate 0 0 0 0 0 0 0 0 0 -- 
  

                    

Stream 11 12 13 14 15 16 17 18 19 20 
  

                    

Total Molar Flow [kmol/h] -- 29.02 29.02 29.02 29.02 5.53 5.53 -- -- 5.53 

Temperature [K] -- 316 316 316 316 305 305 -- -- 305 

Pressure [bar] -- 1.01 1.01 1.01 1.01 1.01 1.01 -- -- 1.01 

Vapor Fraction -- 0 0 0 0 0 0 -- -- 0 

Component Molar Flow [kmol/h]                     

2-Hydroxyethylhydrazine -- 0 0 0 0 0 0 -- -- 0 

Hydrazine -- 12.70 12.70 12.70 12.70 0 0 -- -- 0 

Water -- 16.32 16.32 16.32 16.32 5.53 5.53 -- -- 5.53 

Ethylene Oxide -- 0 0 0 0 0 0 -- -- 0 

Methanol -- 0 0 0 0 0 0 -- -- 0 

Nitrogen -- 0 0 0 0 0 0 -- -- 0 

Sodium Chloride -- 0 0 0 0 0 0 -- -- 0 
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Sodium Phosphate -- 0 0 0 0 0 0 -- -- 0 
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Table 2.4.4.1b: Stream Table for Unit 400 - HEH Purification Process During 16 Day HEH Production 

Stream 21 22 23 24 25 26 27 28 29 30 
          

      

Total Molar Flow [kmol/h] 5.53 5.53 29.10 29.10 29.10 29.10 29.10 20.76 20.76 1.73 

Temperature [K] 381 381 306 306 306 306 316 306 306 306 

Pressure [bar] 1.01 1.01 1.01 5.56 5.56 1.01 1.01 1.01 3.98 5.02 

Vapor Fraction 1.00 1.00 0 0 0 0 0 0 0 1.00 

Component Molar Flow [kmol/h]                     

2-Hydroxyethylhydrazine 0 0 0 0 0 0 0 0 0 0 

Hydrazine 0 0 0 0 0 0 0 0 0 0 

Water 5.53 5.53 7.20 7.20 7.20 7.20 7.20 0 0 0 

Ethylene Oxide 0 0 0 0 0 0 0 0 0 0 

Methanol 0 0 0 0 0 0 0 20.76 20.76 0 

Nitrogen 0 0 0 0 0 0 0 0 0 1.73 

Sodium Chloride 0 0 20.81 20.81 20.81 20.81 20.81 0 0 0 

Sodium Phosphate 0 0 1.09 1.09 1.09 1.09 1.09 0 0 0 
  

                    

Stream 31 32 33 34 35 36         
  

       

      

Total Molar Flow [kmol/h] 47.15 47.15 76.25 47.15 47.15 47.15         

Temperature [K] 306 306 306 306 306 306         

Pressure [bar] 1.01 5.02 1.01 1.01 1.01 1.01         

Vapor Fraction 0 0 0 0 0 0         

Component Molar Flow [kmol/h]             

2-Hydroxyethylhydrazine 0 0 0 0 0 0         

Hydrazine 0 0 0 0 0 0         

Water 47.15 47.15 54.35 47.15 47.15 47.15         

Ethylene Oxide 0 0 0 0 0 0         

Methanol 0 0 0 0 0 0         

Nitrogen 0 0 0 0 0 0         

Sodium Chloride 0 0 20.81 0 0 0         

Sodium Phosphate 0 0 1.09 0 0 0         
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Table 2.4.4.2a: Stream Table for Unit 400 - HEH Purification Process During 349 Day HZH Production 

Stream 1 2 3 4 5 6 7 8 9 10 
                      

Total Molar Flow [kmol/h] -- -- -- -- -- -- -- -- -- 47.00 

Temperature [K] -- -- -- -- -- -- -- -- -- 393 

Pressure [bar] -- -- -- -- -- -- -- -- -- 5.02 

Vapor Fraction -- -- -- -- -- -- -- -- -- 0 

Component Molar Flow [kmol/h]                     

2-Hydroxyethylhydrazine -- -- -- -- -- -- -- -- -- 0 

Hydrazine -- -- -- -- -- -- -- -- -- 22.00 

Water -- -- -- -- -- -- -- -- -- 25.00 

Ethylene Oxide -- -- -- -- -- -- -- -- -- 0 

Methanol -- -- -- -- -- -- -- -- -- 0 

Nitrogen -- -- -- -- -- -- -- -- -- 0 

Sodium Chloride -- -- -- -- -- -- -- -- -- 0 

Sodium Phosphate -- -- -- -- -- -- -- -- -- 0 
  

                    

Stream 11 12 13 14 15 16 17 18 19 20 
  

                    

Total Molar Flow [kmol/h] 47.00 47.00 47.00 47.00 47.00 9.00 9.00 9.00 9.00 -- 

Temperature [K] 316 316 316 316 316 305 305 305 381 -- 

Pressure [bar] 5.02 5.02 1.01 1.01 1.01 1.01 1.01 1.01 1.01 -- 

Vapor Fraction 0 0 0 0 0 0 0 0 1.00 -- 

Component Molar Flow [kmol/h]                     

2-Hydroxyethylhydrazine 0 0 0 0 0 0 0 0 0 -- 

Hydrazine 22.00 22.00 22.00 22.00 22.00 0 0 0 0 -- 

Water 25.00 25.00 25.00 25.00 25.00 9.00 9.00 9.00 9.00 -- 

Ethylene Oxide 0 0 0 0 0 0 0 0 0 -- 

Methanol 0 0 0 0 0 0 0 0 0 -- 

Nitrogen 0 0 0 0 0 0 0 0 0 -- 

Sodium Chloride 0 0 0 0 0 0 0 0 0 -- 
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Sodium Phosphate 0 0 0 0 0 0 0 0 0 -- 

 

Table 2.4.4.2b: Stream Table for Unit 400 - HEH Purification Process During 349 Day HZH Production 

Stream 21 22 23 24 25 26 27 28 29 30 
          

      

Total Molar Flow [kmol/h] -- 9.00 -- -- -- -- -- 20.76 20.76 1.73 

Temperature [K] -- 381 -- -- -- -- -- 306 306 306 

Pressure [bar] -- 1.01 -- -- -- -- -- 1.01 3.98 5.02 

Vapor Fraction -- 1.00 -- -- -- -- -- 0 0 1.00 

Component Molar Flow [kmol/h]                     

2-Hydroxyethylhydrazine -- 0 -- -- -- -- -- 0 0 0 

Hydrazine -- 0 -- -- -- -- -- 0 0 0 

Water -- 9.00 -- -- -- -- -- 0 0 0 

Ethylene Oxide -- 0 -- -- -- -- -- 0 0 0 

Methanol -- 0 -- -- -- -- -- 20.76 20.76 0 

Nitrogen -- 0 -- -- -- -- -- 0 0 1.73 

Sodium Chloride -- 0 -- -- -- -- -- 0 0 0 

Sodium Phosphate -- 0 -- -- -- -- -- 0 0 0 
  

                    

Stream 31 32 33 34 35 36         
  

       

      

Total Molar Flow [kmol/h] 47.15 47.15 47.15 47.15 47.15 47.15         

Temperature [K] 306 306 306 306 306 306         

Pressure [bar] 1.01 5.02 1.01 1.01 1.01 1.01         

Vapor Fraction 0 0 0 0 0 0         

Component Molar Flow [kmol/h]             

2-Hydroxyethylhydrazine 0 0 0 0 0 0         

Hydrazine 0 0 0 0 0 0         

Water 47.15 47.15 47.15 47.15 47.15 47.15         

Ethylene Oxide 0 0 0 0 0 0         

Methanol 0 0 0 0 0 0         

Nitrogen 0 0 0 0 0 0         
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Sodium Chloride 0 0 0 0 0 0         

Sodium Phosphate 0 0 0 0 0 0         
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Table 2.4.5.1a: Stream Table for Unit 500 - HEH Purification Process During 16 Day HEH Production 

Stream 1 2 3 4 5 6 7 8 9 10 
                      

Total Molar Flow [kmol/h] 7.03 7.03 7.03 7.03 6.89 6.89 0.58 15.64 6.89 6.89 

Temperature [K] 316 316 316 316 306 306 306 306 306 306 

Pressure [bar] 2.93 1.01 1.01 1.01 1.01 2.43 5.02 1.01 1.01 1.01 

Vapor Fraction 0 0 0 0 0 0 1.00 0 0 0 

Component Molar Flow [kmol/h]                     

2-Hydroxyethylhydrazine 7.03 7.03 7.03 7.03 0 0 0 0 0 0 

Hydrazine 0 0 0 0 0 0 0 0 0 0 

Water 0 0 0 0 0 0 0 15.64 0 0 

Ethylene Oxide 0 0 0 0 0 0 0 0 0 0 

Methanol 0 0 0 0 6.89 6.89 0 0 6.89 6.89 

Nitrogen 0 0 0 0 0 0 0.58 0 0 0 
  

                    

Stream 11 12 13 14 15 16 17 18 19 20 
                      

Total Molar Flow [kmol/h] 6.89 15.10 15.10 15.10 15.10 15.10 6.41 6.41 0.54 14.56 

Temperature [K] 306 384 316 316 316 316 306 306 306.00 306 

Pressure [bar] 1.01 1.01 1.01 1.01 1.01 1.01 1.01 2.37 5.02 1.01 

Vapor Fraction 0 0 0 0 0 0 0 0 1.00 0 

Component Molar Flow [kmol/h]                     

2-Hydroxyethylhydrazine 0 0 0 0 0 0 0 0 0 0 

Hydrazine 0 3.00 3.00 3.00 3.00 3.00 0 0 0 0 

Water 0 12.10 12.10 12.10 12.10 12.10 0 0 0 14.56 

Ethylene Oxide 0 0 0 0 0 0 0 0 0 0 

Methanol 6.89 0 0 0 0 0 6.41 6.41 0 0 

Nitrogen 0 0 0 0 0 0 0 0 0.54 0 
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Table 2.4.5.1b: Stream Table for Unit 500 - HEH Purification Process During 16 Day HEH Production 

Stream 21 22 23 24 25 26 27       
                      

Total Molar Flow [kmol/h] 6.41 6.41 6.41 2.27 2.27 15.64 14.56       

Temperature [K] 306 306 306 305 373 306 306       

Pressure [bar] 1.01 1.01 1.01 1.01 1.01 2.93 2.85       

Vapor Fraction 0 0 0 0 1.00 0 0       

Component Molar Flow [kmol/h]                     

2-Hydroxyethylhydrazine 0 0 0 0 0 0 0       

Hydrazine 0 0 0 0 0 0 0       

Water 0 0 0 2.27 2.27 15.64 14.56       

Ethylene Oxide 0 0 0 0 0 0 0       

Methanol 6.41 6.41 6.41 0 0 0 0       

Nitrogen 0 0 0 0 0 0         

 

  



 

41 
 

Table 2.4.5.2a: Stream Table for Unit 500 - HEH Purification Process During 349 Day HZH Production 

Stream 1 2 3 4 5 6 7 8 9 10 
                      

Total Molar Flow [kmol/h] -- -- -- -- -- -- -- -- -- -- 

Temperature [K] -- -- -- -- -- -- -- -- -- -- 

Pressure [bar] -- -- -- -- -- -- -- -- -- -- 

Vapor Fraction -- -- -- -- -- -- -- -- -- -- 

Component Molar Flow [kmol/h]                     

2-Hydroxyethylhydrazine -- -- -- -- -- -- -- -- -- -- 

Hydrazine -- -- -- -- -- -- -- -- -- -- 

Water -- -- -- -- -- -- -- -- -- -- 

Ethylene Oxide -- -- -- -- -- -- -- -- -- -- 

Methanol -- -- -- -- -- -- -- -- -- -- 

Nitrogen -- -- -- -- -- -- -- -- -- -- 
  

                    

Stream 11 12 13 14 15 16 17 18 19 20 
                      

Total Molar Flow [kmol/h] -- 15.50 15.50 15.50 15.50 15.50 6.41 6.41 0.54 14.56 

Temperature [K] -- 384 316 316 316 316 306 306 306 306 

Pressure [bar] -- 1.01 1.01 1.01 1.01 1.01 1.01 2.37 5.02 1.01 

Vapor Fraction -- 0 0 0 0 0 0 0 1.00 0 

Component Molar Flow [kmol/h]                     

2-Hydroxyethylhydrazine -- 0 0 0 0 0 0 0 0 0 

Hydrazine -- 3.40 3.40 3.40 3.40 3.40 0 0 0 0 

Water -- 12.10 12.10 12.10 12.10 12.10 0 0 0 14.56 

Ethylene Oxide -- 0 0 0 0 0 0 0 0 0 

Methanol -- 0 0 0 0 0 6.41 6.41 0 0 

Nitrogen -- 0 0 0 0 0 0 0 0.54 0 
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Table 2.4.5.2b: Stream Table for Unit 500 - HEH Purification Process During 349 Day HZH Production 

Stream 21 22 23 24 25 26 27       
                      

Total Molar Flow [kmol/h] 6.41 6.41 6.41 2.27 2.27 -- 14.56       

Temperature [K] 306 306 306 305 373 -- 306       

Pressure [bar] 1.01 1.01 1.01 1.01 1.01 -- 2.85       

Vapor Fraction 0 0 0 0 1.00 -- 0       

Component Molar Flow [kmol/h]                     

2-Hydroxyethylhydrazine 0 0 0 0 0 -- 0       

Hydrazine 0 0 0 0 0 -- 0       

Water 0 0 0 2.27 2.27 -- 14.56       

Ethylene Oxide 0 0 0 0 0 -- 0       

Methanol 6.41 6.41 6.41 0 0 -- 0       

Nitrogen 0 0 0 0 0 -- 0       
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2.5 Utility Tables 
 
Annual utility requirements for the operation of the HEH production facility are shown in 

Table 2.5.1. The process consumes nearly 370 million kW‧h of electricity and 33 billion gallons 

of cooling water annually. The majority of the electricity requirements come from the operation 

of pumps throughout the process. Pumps P-101 A/B and P-301 A/B consume the majority of this 

energy and account for more than 99 % of the total electricity use. The cooling water is used to 

cool the reactors, heat exchangers, and condensers throughout the process. The majority of the 

cooling water requirement comes from the cooling requirements of reactors R-101 and R-301. 

Both reactors consume more than 99 % of the annual cooling water requirement. Utility 

requirements for Unit 200 are estimated in Table 2.5.1. 

 

Table 2.5.1: Annual Utility Requirements   

Utility Source Amount Cost (2009) [$] 
        

Electricity   [kW·h]   

 
Pumps 368,301,000 $1,090,000 

Fin Fan Heat Exchangers 5,000 $20 

Unit 200 (Estimated) 99,864,000 $296,000 

Total Electricity $1,386,020 

Water   [gal]   

Cooling Watera 32,540,000,000 $2,226,000 

Total Water     $2,226,000 

Total Utilities     $3,600,000 
afirst year of operation requires an additional 48.06 million gallons of cooling water 

 
 
 
2.6 Process Description 
 
This section provides a detailed description of the process represented by Figures 2.1.1 and 2.2.1 

– 2.2.5, the block flow diagram (BFD) and process flow diagrams (PFDs). Flow rates and 

temperatures are determined from ASPEN simulations given in Appendix F and additional 
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calculations shown in Appendix B; they are summarized in the stream tables, Tables 2.4.1            

– 2.4.5.2b. Detailed information for each piece of equipment is available in Tables 2.3.1 – 2.3.12.  

 

2.6.1 Unit 100 

 
Refer to Figure 2.2.1 and Table 2.4.1 for the PFD and stream table for this unit. Unit 100 

operates year round to provide intermediates to Unit 200 for hydrazine hydrate (HZH) 

production. Reactor R-101 reacts ammonia, methyl ethyl ketone (MEK), and hydrogen peroxide, 

to form MEK-azine for Unit 200. Ammonia vapors and high test peroxide (HTP) 70 wt% enter 

R-101 in streams 9 and 8, respectively. A recycled stream of MEK from Unit 200 combines with 

a fresh MEK recharge stream and enters R-101 in stream 13. Likewise, a recycled stream of 

acetamide from Unit 200 is combined with a fresh acetamide recharge stream and enters R-101 

in stream 6. The acetamide is used as a catalyst in the reaction.  

 

R-101 operates a temperature of 333 K and a pressure of 1.01 bar. Cooling water from stream 1 

enters cooling coils in R-101 to maintain the isothermal operating conditions at 333 K. The 

cooling water absorbs the excess heat from the reaction and is discharged at 322 K in stream 16. 

A mixture of MEK-azine, acetamide, and unreacted reactants exits R-101 in stream 14. This 

mixture is pumped by P-105 A/B to stream 15 and continues to Unit 200 where the organic 

phase, MEK-azine, is separated and reacted to form HZH.  

 
2.6.2 Unit 200 

 
Unit 200 was not modeled for this report, but the predicted PFD is given in Figure 2.2.2. The 

purpose of Unit 200 is to further react the MEK-azine intermediate from Unit 100 to form 

hydrazine hydrate (HZH) for Unit 300 and to recover MEK and acetamide for Unit 100. 
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2.6.3 Unit 300 

 
The PFD and stream tables for this unit can be found in Figure 2.2.3 and Tables 2.4.3.1a/b and 

2.4.3.2a/b, respectively. The purpose of Unit 300 is to concentrate HZH and make and 

concentrate HEH. A portion of this unit, T-301, operates year round, while the remainder of the 

unit operates only for 16 days during HEH production.   

 

2.6.3.1 Year-Round Operation 

In Unit 300, 84 wt% HZH from Unit 200 enters T-301 in stream 1. This distillation tower 

concentrates HZH in the bottoms stream. The overhead, stream 9, exits vessel V-301 and enters 

the suction side of pump P-302 A/B. This stream exits Unit 300 as 48 wt% HZH to continue on 

to Unit 500 for purification. The bottoms of the distillation tower T-301, stream 11, is a 95 wt% 

solution of HZH. Stream 11 enters the suction side of P-303 A/B to be discharged into stream 12.  

 

2.6.3.2 Hydrazine Hydrate Production: 349-Day Operation 

Stream 12 is directed to stream 29 during the majority of the year, when HEH is not produced. 

Stream 29 is sent to P-311 A/B where the pressure is increased to 5.02 bar for anticipated 

pressure drops across purification towers. The properties of streams operating during HZH 

production are outlined in Table 2.4.3.2. 

 

2.6.3.3 HEH Production: 16-Day Operation 

A summary of streams during HEH production can be found in Table 2.4.3.1. While HEH 

production is under way, the valve directs all of stream 12 into stream 13, where it fills V-304. 

The effluent of V-304 is stream 14, which enters E-303 to be cooled to 343 K prior to entering 
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R-301 as stream 15. Stream 2 provides ethylene oxide to R-301. Cooling water enters the suction 

side of P-301 A/B via stream 3. Stream 30 exits P-301 A/B and divides into streams 4 and 6. 

Stream 4 enters cooling coils in R-301, and stream 5 is composed of the cooling water that exits 

R-301. Stream 6 enters the suction side of P-309 A/B to step up its pressure. Stream 7 exits 

P-309 A/B and enters E-308; stream 8 exits E-308 as steam with a temperature of 414 K and a 

pressure of 3.65 bar. This steam is exported. 

 

Stream 16 exits R-301 and enters the suction side of P-304 A/B. Stream 17 exits P-304 A/B, 

enters expansion valve VL-301, and exits as stream 18 to enter T-302 as 17.7 wt% HEH. The 

distillate of T-302 exits V-302 in stream 19 as 73 wt% HZH entering P-305 A/B. Stream 20 exits 

P-305 A/B and is sent to Unit 400 for further purification. The bottoms of T-302 exits as 

25.9 wt% HEH in stream 21. Stream 21 enters the suction side of P-306 A/B. The effluent of 

P-306 A/B, stream 22, enters expansion valve V-302 and exits as stream 23, at 0.2 bar.  This 

stream has a vapor fraction of 0.117 as it enters T-303. The distillate of T-303 exits V-303 as 

99 wt% HZH in stream 24 and enters the suction side of P-307 A/B. Stream 25 exits P-307 A/B 

and enters V-304. In order to maintain a constant concentration of HZH in V-304, stream 31 

provides water to the suction side of P-310 A/B. Stream 32 is the effluent of P-310 A/B and also 

enters V-304. The bottoms of T-303, 100 % HEH, enters P-308 A/B in stream 26; the effluent of 

P-308, stream 27, enters E-308 and is cooled to 316 K in stream 28. 

 
 
2.6.4 Unit 400 

 
The purpose of Unit 400 is to purify the 90 % or 95 % HZH from Unit 300. The PFD for Unit 

400 is shown in Figure 2.2.4. Tables 2.4.4.1a/b and 2.4.4.2a/b are the stream tables for Unit 400. 
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All stream and equipment references refer to those tables and figure. Unit 400 is composed of 

sections which operate during the 16 days of HEH production, sections which operate during the 

remainder 349 days of the year, sections which operate yearlong at constant flow rates, and 

sections which operate yearlong at varied flow rates. Streams 12-17, 22, and 33 operate at varied 

flow rates during the year and operating conditions during different periods of the year are given 

in the stream tables.  

 
 
2.6.4.1 HEH Production: 16-Day Operation 

During the 16 days of HEH production in Unit 300, 73 wt% HZH from Unit 300 enters in stream 

1. This stream is concentrated by distillation in T-401; the distillate is a mixture of ethylene 

oxide, hydrazine, and water and leaves through stream 2. P-401 A/B pumps this waste water 

from V-401 to water treatment through stream 3. Ninety weight percent HZH exits the bottoms 

of T-401 in stream 4 and is sent to be cooled in E-403. Cooling water in stream 20 is used as the 

cold stream in E-403. The cooling water is vaporized to steam and exits E-403 in stream 21.   

 

Stream 5 exits E-403 as stream 6 and is sent to V-402 for holding before being sent through 

T-402 A/B to remove the remainder of the HEH. The HEH entering T-402 via stream 7 is 

removed and HZH exits T-402 A/B in stream 8. The composition of stream 8 is referred to as 

90 % HZH. T-402 A/B is a gel filtration column and operates as a semi-batch process. Process 

fluid containing HZH and HEH is fed to T-402A/B for 13 minutes. A sensor transmits a graph 

onto a computer indicating when HZH and HEH are eluting and flow is controlled by a valve at 

the end of the column. When one column is operating, the second is being recharged by a buffer 

solution.  The buffer solution and process fluid are cycled every 13 minutes. For further details 
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of T-402 A/B, see Section 2.7, 3.3, and Appendix B. There is a pressure drop of 4.55 bar across 

T-402 A/B and stream 8 exits at 1.01 bar and enters the suction side of P-403 A/B. Stream 9 

exits the discharge side of P-403 A/B at 5.02 bar.  

 

The 90 wt % HZH in stream 12 enters exchange column T-403 A/B/C for removal of organic 

impurities. There is a pressure drop of 4.01 bar across the tower and stream 13 exits T-403 at 

1.01 bar. The purified HZH passes through V-403 and is pumped from stream 14 to stream 15 by 

P-404 A/B to be packaged and sold.  

 

As mentioned previously, a buffer solution is used to recharge T-402 A/B every 13 minutes. The 

buffer solution is a mixture composed of water, sodium chloride, and sodium phosphate. The 

solution is pumped from stream 23 to a pressure of 5.56 bar by P-406 A/B and discharged as 

stream 24. Stream 24 enters V-404, where the solution is held before entering T-402 A/B. There 

is a pressure drop of 4.55 bar across the tower and stream 26 exits T-402 A/B at 1.01 bar. 

P-408 A/B pumps the used buffer solution in stream 26 to stream 27. During the 16 days of HEH 

production, stream 33 contains the buffer solution and waste from T-403 A/B/C, which is sent to 

waste treatment. 

 
 
2.6.4.2 Hydrazine Hydrate Production: 349 Day Operation 

During the remaining 349 days of the year, when HEH is not produced, 95 wt% HZH from Unit 

300 enters Unit 400 in stream 10. Stream 10 is cooled in E-404 by cooling water in stream 18. 

The water in stream 18 comes from cooling water pumped from stream 16 by P-405 A/B. The 

cooling water is discharged from P-405 A/B and during the 349 days of non-HEH production, 
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VL-401 diverts stream 17 into stream 18. The cooling water is vaporized to steam and exits 

E-404 in stream 19 to be exported. Stream 10 exits E-404 as stream 11; during this operation, 

VL-403 diverts stream 11 into stream 12. T-403 A/B/C receives this 95 wt% HZH and removes 

organic impurities. There is a pressure drop of 4.01 bar across the tower and stream 13 exits 

T-403. The purified HZH flows through V-403 and is pumped from stream 14 to stream 15 by 

P-404 A/B to be packaged and sold as 95 % HZH. 

 

During the 349 days of non-HEH production, stream 33 is composed only of waste from the 

cleaning of T-403 A/B/C and is equal to the flow of stream 36. This waste is sent to waste 

treatment through stream 37 during this time period. The cleaning of T-403 A/B/C is described 

in the following section. 

 

2.6.4.3 Year-Round Constant Flow Operation 

The only process which operates year long at constant flow rates is the cleaning of T-403 A/B/C. 

When a tower is not being used to remove organic impurities, it is being recharged. T-403 A/B/C 

operates in a semi-batch process; as HZH is flowing through one column, the other two are being 

recharged. The process fluid flows through a column for 8 hours, and it takes 16 hours to 

recharge the column. More detailed scheduling is out of the scope of this project. 

 

While T-403 A is used for purification of the HZH stream, T-403 B and T-403 C are being 

recharged by methanol and water, respectively. Prior to methanol flow, nitrogen purges the 

majority of the HEH from the column for a half hour, represented by stream 30. Methanol enters 

T-403 B after the nitrogen flow is shut off.  This methanol enters the suction side of P-409 A/B 
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in stream 28 and exits as stream 29 at 3.98 bar, anticipating a pressure drop of 2.97 bar across the 

column.  This methanol flows through T-403 B for 8 hours. After the methanol recharge, the 

tower must be cleaned with water that also acts as a recharge. Stream 31 represents the water that 

would follow the methanol recharge for 8 hours.  Stream 31 enters the suction side of P-407 A/B 

and exits as stream 32 at 5.02 bar.   

 

The stream table represents streams 34, 35, and 36 as if the methanol recharge were occurring, 

but these flow rates would change to reflect water recharge during that phase of operation. These 

streams always have the same temperature and flow rate as the stream entering T-403 B/C, and 

will all exit the tower at a pressure of 1.01 bar. Stream 34 exits T-403 B/C and enters V-401 B/C. 

The effluent of V-401 B/C, stream 35, enters the suction side of P-410 A/B and exits as stream 

36, which is sent through VL-404 to stream 33 for waste treatment. T-501 A/B/C and 

T-502 A/B/C operate in the same manner (Section 2.6.5). 

 

2.6.5 Unit 500 

 
Refer to the PFD, Figure 2.2.5, and stream tables, Tables 2.4.5.1a/b and 2.4.5.2a/b, for this 

section of the process. A portion of Unit 500 operates for only 16 days, during HEH production. 

The remainder operates year round. Both of the towers in Unit 500 operate in a semi-batch 

process in the same manner as T-403 A/B/C (See Section 2.6.4.3). Each set of three towers, 

T-501 A/B/C and T-502 A/B/C operate in succession. While one tower has process fluid, another 

is being recharged with methanol, and the third is being treated with water. 
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2.6.5.1 HEH Production: 16 Day Operation 

Pure HEH from Unit 300 makes up stream 1 and enters T-501 A/B/C for removal of organic 

material and exits as stream 2. Stream 2 passes through V-501 A and exits as stream 3 to enter 

the suction side of P-501 A/B. Stream 4 exits P-501 A/B and the HEH is packaged for sale. 

 

The purification process in T-501 A/B/C follows the same trend as the part discussed in section 

2.6.4.3; three towers operate in succession. While one tower has process fluid, another is being 

recharged with methanol, and the third is being treated with water. 

 

2.6.5.2 Year round operation 

Likewise, the purification process in the portion of Unit 500 operating year round, T-502 A/B/C, 

follows the same trend as the part discussed in Sections 2.6.4.3 and 2.6.5.1. 

 

The overhead from T-301, 52 wt% HZH, enters Unit 500 in stream 12. This stream enters E-501 

and exits as stream 13. Stream 13 enters T-502 A and exits as stream 14. This stream flows 

through V-502 A and stream 15 feeds the suction side of P-504 A/B. Stream 16 delivers the HZH 

to be packaged for sale. Heat exchanger E-501 is cooled with water from stream 24; it exits as 

steam in stream 25.  

 
 
2.7 Rationale for Process Choice 
 
Reacting excess HZH with ethylene oxide as outlined in U.S. Patent 2,660,607 is the process 

used to produce HEH (Gever & O’Keefe, 1953). Rather than purchasing HZH for this process, it 
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will be produced using the Peroxide Method found in U.S. Patent 3,686,541 (Weiss, Shirmann, 

& Mathais, 1972) and also sold as a product. 

 

The Peroxide Method was chosen as the process to produce HZH in Units 100 and 200 of the 

proposed HEH production process. This process is the most recent HZH production method and 

is widely accepted as the most economically efficient and environmentally friendly method for 

HZH production (Schirmann & Bourdauducq, 2005; Schmidt, 2001). The process has an average 

energy expenditure per unit of HZH produced 7.8 times lower than the Raschig Process and 

1.3 times lower than the Bayer Process. Produits Chimiques Ugine Kuhlman (PCUK) originally 

filed for a U.S. Patent in 1972, and began operation of a 10,000 metric ton per year (MTPY) 

plant in 1981.  

 

The Raschig and Bayer Processes make less concentrated HZH in comparison to the Peroxide 

Process (Schmidt, 2001). Therefore, these processes require more distillation to achieve the 

desired concentration of HZH for HEH production and consequently have higher energy costs. 

Due to the relative inefficiency of the Raschig Process, most new HZH plants have abandoned 

this technology. Furthermore, the Raschig Process has a 70 % HZH yield based on chloramine 

and a 77 % yield based on chloramide, but the PCUK Peroxide Process has a yield that is greater 

than 85 % based on ammonia reactant (Kaur et al, 2008; Schmidt, 2001).   

 

Another benefit of the PCUK Process is reduction of salt bi-products and side products, which 

lead to a lower yield, slower reaction rates, and require more purification downstream of the 

process (Schmidt, 2001). In the Raschig Process, formed hydrazine reacts with the reactant 
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chloramines, reducing yield and producing ammonium chloride and nitrogen gas. The Bayer 

Process avoids this issue by “protecting” the hydrazine with acetone to produce a ketazine, 

which does not react with the chloramines. A disadvantage of this method is undesirable side 

products from reaction intermediates reacting with chloramines. A major advantage of the PCUK 

process is that the intermediates of the reactants all yield MEK-azine through different reaction 

pathways. Sodium chloride byproducts are eliminated in the PCUK process, reducing 

purification costs and eliminating environmentally hazardous waste (Schirmann & Bourdauducq, 

2005; Schmidt, 2001). This means that the major impurities introduced by the reactions are 

minimized to mostly unreacted MEK-azine and other trace azines. 

 

The primary reaction in the PCUK process that produces MEK-azine has been investigated in the 

literature which provides detailed information on optimization of this reaction (Kaur et al., 

2008). A paper by Kaur et al. provides extensive information into the reaction of MEK, 

ammonia, and hydrogen peroxide to produce MEK-azine, giving optimized ratios of catalyst, 

reaction temperatures, pressures, and reactor residence times. These conclusions corroborate 

general information for industrial production of HZH through the Peroxide Method and are taken 

as starting points to begin process design (Kaur et al., 2008; Schirmann & Bourdauducq, 2005; 

Schmidt, 2001). 

 

Information found in patents provides conditions for the HEH reaction and distillation on a 

laboratory scale, which can be scaled up to an industrial process scale (Delalu, Colas-Duriche, 

Berthet, & Leurent, 2008; Gever & O’Keefe, 1953; Rudner, 1957). Literature on this specific 

reaction is somewhat limited, but some thermodynamic parameters can be found from various 
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sources such as material safety data sheets (MSDSs) and unpublished experimental data (TCI 

America, 2009) (See Appendix I). Other required thermodynamic data is estimated through 

modeling software and supported through hand calculations (See Appendix B & Appendix F).  

 

Several different purification regimes will be used to purify the three different product streams to 

be sold. The first product stream is HZH which contains organic impurities resulting from side 

reaction in reactor R-101. The second product stream is HEH which will contain organic 

impurities resulting from side reactions in reactors R-101 and R-301. The third stream is HZH 

which contains impurities in the form of both HEH and other organic impurities similar to those 

found in the HEH product stream.   

 

To purify the 48 wt% HZH stream without HEH impurities, an absorption column packed with 

0.359 m3 of 0.60 mm diameter un-functionalized polystyrene beads is used (Purolite, 1998; 

2007; 2008a) (See Appendix B). This tower is designed to remove organics such as azines, 

hydrazones, ketones, and similar byproducts as outlined in US Patent 4,657,751 (Alicot & Pierre, 

1985). To purify the HEH product stream, the same technology is used, employing a tower of the 

same materials of construction with 1.163 m3 of the same cross linked polystyrene packing (See 

Appendix B).  

 

The final stream comes from the excess HZH fed to the HEH reactor R-301 (See Fig. 2.2.3) This 

HZH stream contains undesirable HEH, which is considered to be an impurity in this stream, as 

well as the same organic impurities (azines, hydrazones, ketones, etc.) generated from side 

reactions in the process. To process this stream to meet product specifications (See Appendix J), 
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a gel filtration column is used to separate HEH from the HZH stream based on their respective 

residence times in the filtration columns (See Appendix B). Two parallel gel filtration columns 

are used to separate HZH from HEH based on molecular weight, eluting in a descending order of 

molecular weight. The two gel filtration columns are operated in parallel to prevent the buffer 

solution from contaminating and diluting the high quality HZH stream. The volume of the 

column is 167.31 L, with a height of 4.28 m, and an inside diameter of 0.223 m (See 

Appendix B). A molecular sieve column was investigated as a possible alternative. This design 

was not implemented because the HZH would be absorbed by the molecular sieve pores, 

requiring further regeneration to obtain the HZH. In the regeneration process, HZH would be 

diluted and additional purification processes would increase total costs. Gel filtration is the better 

alternative because it is simpler, more cost effective, and allows HZH to flow directly through 

the column to continue the process. This stream is then treated for other organic impurities with 

an absorption column packed with polystyrene packing. 
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3 Equipment Description, Rationale, and Optimization 

 

Process equipment decisions were made based off of ASPEN simulations and hand calculations. 

All unit calculations are discussed in Appendix B, and ASPEN results are given in Appendix F. 

Any piece of equipment in contact with hydrazine hydrate (HZH) or 2-hydroxyethylhydrazine 

(HEH) must be made of 304 stainless steel (SS304) to avoid decomposition of hydrazine by 

molybdenum commonly found in 316 stainless steel (SS316) (Schirmann & Bourdauducq, 

2005). All equipment specifications are given in Tables 2.3.1 – 2.3.12. 

 

3.1 Reactors R-101 & R-301 

 
The MEK-azine reactor, R-101, in Figure 2.2.1 is a CSTR that is maintained at 333 K through 

cold shots and cooling water. One mole of hydrogen peroxide, two moles of ammonia, and two 

moles of methyl ethyl ketone (MEK) react to form methyl ethyl ketazine (MEK-azine), a 

hydrazine intermediate, and four moles of water. The product stream is a two phase system with 

MEK-azine and unreacted MEK as a lighter organic phase and an aqueous phase containing 

hydrogen peroxide, dissolved ammonia, and acetamide. This reactor proceeds with an 85 % 

conversion rate at atmospheric pressure (Schirmann & Bourdauducq, 2008; Schmidt, 2001; Kaur 

et al, 2008). 

 

The HEH reactor, R-301, in Figure 2.2.3, is a CSTR that is maintained at a temperature of 343 K 

by cooling water. The equimolar conversion of HZH and ethylene oxide to HEH proceeds in this 

reactor with a 93 % conversion at atmospheric pressure (Gever & O’Keefe, 1953). 
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3.2 Distillation Columns T-301, T-302, T-303 & T-401 
 
The HZH distillation tower T-301 (see Figure 2.2.3) concentrates HZH from 84 wt% to 95 wt% 

to provide concentrated HZH to R-301. The design pressure of this column is 0.99 bar, as HZH 

is more easily separated under vacuum (Schmidt, 2001). The overhead of T-301 is 48 wt% HZH, 

which is also a marketable product. 

 

Primary HEH separation takes place in T-302 (see Figure 2.2.3), which purifies the 17.7 wt% 

HEH feed to 25.9 wt% HEH. The overhead of T-302 is 73 wt% HZH that is sent to Unit 400 for 

further separation and purification. This tower also operates under vacuum, with a design 

pressure and temperature of 0.99 bar and 396 K, respectively (Schmidt, 2001). 

 

The secondary HEH distillation column is T-303 and is part of Figure 2.2.3. This tower 

concentrates a feed of 25.9 wt% HEH to a bottoms stream of 100 wt% HEH. The overhead is 

99 wt% HZH that is sent to V-304. Because this recycle is more concentrated than the original 

95 wt% HZH fed to R-301, additional process water is added to V-304 to maintain a constant 

concentration. This column operates at a pressure and temperature of 0.19 bar and 445 K, 

respectively. This strong vacuum is recommended for maximum separation by an HEH patent 

(Gever & O’Keefe, 1953), and the temperature is limited by the thermal decomposition of HEH 

(Howard, Gever, Neil, & Wei, 1960).  

 

The distillation tower in Unit 400, T-401 in Figure 2.2.4, concentrates a 73 wt% HZH feed to 

90 wt% HZH in the bottoms stream. The overhead stream contains 32 wt% HZH that is sent to 
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water treatment. This tower operates at 0.99 bar for best separation of HZH from water (Schmidt, 

2001). 

 

All condenser vessels are designed to have a residence time of five minutes. Expansion valves 

VL-301 and VL-302 are located upstream of distillation columns under vacuum. 

 

3.3 Gel Filtration Columns T-402 A/B 
 
The bottoms of T-401 have a small concentration of HEH, which must be removed to meet HZH 

specifications (See Appendix J). A set of gel filtration columns, T-402 A/B in Figure 2.2.4, were 

chosen to separate HZH from HEH based on molecular weight. Two towers are necessary to 

make continuous operation possible, since the towers can never dry out. As process fluid flows 

through T-402 A, it must be followed by buffer solution to avoid drying the column. While the 

buffer flows through T-402 A, the process fluid is redirected to T-402 B. This cycle continues 

throughout HEH production. These towers have Sephadex G-10 packing (Amersham 

Biosciences, 2002).  

 

3.4 Organic Absorption Columns T-403 A/B/C, T-501 A/B/C, T-502 A/B/C 
 
During HZH processing, side reactions are known to generate organic impurities (Alicot & 

Pierre, 1987). Exchange columns T-403, T-501, and T-502 in Figures 2.2.4 and 2.2.5 are used to 

remove such organics. These towers use spherical packing and are recharged with methanol and 

water; three towers are designed for each column—an A, B, and C tower—to allow for 

continuous processing. While one tower removes organics from the process stream for 8 hours, 

the other two will be recharged with methanol and water, also in 8 hour increments. Process flow 
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can rotate among these towers, eliminating the need for storage. The HEH is purified through 

T-501 A/B/C, while 90 or 95 wt% HZH is purified in T-403 A/B/C, depending on the time of 

year. T-502 A/B/C is designed to remove organics from the 52 wt% HZH stream. 

 

3.5 Vessels V-304, V-402, V-403, V-404, V-501 & V-502 
 
During HEH production, HZH produced by T-301 fills V-304, as seen in Figure 2.2.3, and 

provides enough process fluid for the complete 9 hour residence time of the HEH production and 

separation process. This vessel is required for the HZH recycle in Unit 300, which reduces 

overall storage concerns. 

 

Upstream of T-402 A/B are holding vessels, V-402 and V-404 in Figure 2.2.4. These vessels are 

in place to maintain a constant flow of liquid to T-402 A/B, which cannot dry out during 

operation (Amersham Biosciences, 2002).  

 

Downstream of each organics removal column is a vessel, V-403 A/B/C on Figure 2.2.4 and 

V-501 A/B/C and V-502 A/B/C on Figure 2.2.5. These vessels are in place for the nitrogen purge 

that follows each flow cycle. After process fluid is diverted to another column, nitrogen is sent 

through the column for a thirty minute period to blow down the entrained HZH. These vessels 

will allow nitrogen to escape by maintaining a pressure of 1.01 bar without losing process or 

recharge fluids.  
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3.6 Heat Exchangers  
 
3.6.1 Double-Pipe Heat Exchangers E-308 & E-501 

 
Heat exchangers E-308 on Figure 2.2.3 and E-501 on Figure 2.2.5 are both double-pipe heat 

exchangers because their surface area was found to be less than 200 ft2 (Seider et al., 2004). Both 

these heat exchangers use cooling water that is allowed to vaporize as the heat sink. 

 

3.6.2 Steam Reboilers E-301, E-304, E-306, E-402 

 
All reboilers are floating head, single pass, shell-and-tube heat exchangers that use high pressure 

steam (16 to 17.9 bar) as the heat source (Seider et al., 2004). Due to corrosion concerns, the 

process stream will be in the tube side and steam will pass through the shell side; for this reason, 

additional insulation is recommended to reduce heat losses. These reboilers are depicted in 

Figures 2.2.3 and 2.2.4. 

 

 

3.6.3 Condensers E-302, E-305, E-307, E-401 

 
Heat exchangers E-302, E-305, and E-401 are floating head, single pass, shell-and-tube heat 

exchangers that use cooling water as a heat sink (Seider et al., 2004). This cooling water comes 

from R-101 and R-301, as available, and heats to a maximum temperature of 365 K before it is 

sent to cooling towers for recycle.  

 

Heat exchanger E-307 is a fin-fan cooler, using forced convection of the ambient air to cool the 

process stream. Condensers are also in Figures 2.2.3 and 2.2.4. 
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3.6.4 Process Exchangers E-303, E-403, E-404 

 
Heat exchanger E-303 in Figure 2.2.3 is a fin-fan heat exchanger that cools the HZH to 343 K 

prior to R-301. Figure 2.2.4 contains heat exchangers E-403 and E-404, two floating head, single 

pass, shell-and-tube heat exchangers cooled with cooling water (Seider et al., 2004). Fresh 

cooling water was chosen as the heat sink in these exchangers to obtain a lower temperature than 

could be obtained with a fin-fan or used cooling water from reactors.  

 

3.7 Pumps 
 
Many of the pumps had to be found from vendors due to their irregular sizes. Web print outs for 

these pumps can be found in Appendix G. 

 

3.7.1 Gear Pumps 

 
Because of the lower flow rates throughout this process, many pumps are gear pumps (Seider et 

al., 2004). Cole-Parmer provides pumps that fit the needs of this design; Table 3.7.1 lists types of 

pumps chosen and which pumps fall under that category (Cole Parmer, 2009). Miniature gear 

pumps are used for the smallest flow rates, while Chemsteel® Ryton® gear pumps were chosen 

for other flow rates, as applicable. These pumps are sealless magnetic drive pumps and are ideal 

for hazardous and corrosive chemicals. Most of these pumps are constructed from 316 stainless 

steel, which is incompatible with HZH and HEH. It is assumed that custom versions of these 

pumps can be made from 304 stainless steel (SS304) and the price of each pump was adjusted 

for SS304 (MKS Instruments, n.d.). 
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Table 3.7.1: Summary of Gear Pumps 

Pump Type  Max Flow 
[gpm] 

Pumps 

Miniature Gear 
Pumps 

0.67 P-102 A/B, P-104 A/B, P-310 A/B 

Chemsteel ® Gear 
Pumps 

5.6  
P-103 A/B, P-303 A/B, P-305 A/B, P-309 A/B, P-402 A/B, P-403 
A/B, P-404 A/B, P-406 A/B, P-407 A/B, P-408 A/B, P-409 A/B, 
P-410 A/B/C/D 

15 P-304 A/B 

10 P-306 A/B, P-307 A/B 

2 
P-302 A/B/, P-308 A/B, P-401 A/B, P-502 A/B, P-503 A/B/C/D, 
P-504 A/B, P-505 A/B, P-506 A/B/C/D, P-507 A/B, P-508 A/B 

1.5 P-405 A/B 

2.8 P-501 A/B 

8 P-311 A/B 

 

3.7.2 Centrifugal Pumps 

 
Centrifugal pumps are used for flow rates ranging from 10 to 6000 gpm (Seider et al., 2004). 

Pump P-105 A/B on Figure 2.2.1 is a centrifugal pump made of Monel for ammonia 

compatibility (Seider et al., 2004). Pumps P-101 on Figure 2.2.1 and P-301 on Figure 2.2.3 have 

very high flow rates since the reactors have large heat duties. A split case centrifugal pump is 

provided by Wastecorp Pumps with a flow rate as high as 51,000 gpm.  

 

3.8 Cooling Towers 
 
Three cooling towers are necessary to provide cooling water for the two reactors, R-101 and 

R-301, without consuming an unsustainable amount of water. These cooling towers were 

designed by Cooling Tower Depot ™, and the specifications are provided in Appendix G. They 

are designed for the maximum temperatures anticipated for the location with some consideration 

of expected humidity on any given day (The Weather Channel, 2009). The flow rate is divided 

among the three towers such that two towers cool 300,000 gpm while the smaller tower cools 

200,766 gpm.  
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4 Safety Statement 
 
 
 
The major safety concerns associated with the manufacture of hydrazine hydrate (HZH) and 

2-hydroxyethylhydrazine (HEH) are chemical hazards, storage hazards, and process hazards. The 

following sections discuss each hazard category in detail. A process hazard analysis (PHA) was 

also performed on the process to identify and prevent any potential hazards and is presented at 

the end of this section. 

 
4.1 Chemical Hazards 
 

Chemical hazards are a concern because many toxic, corrosive, and flammable chemicals are 

associated with the process of manufacturing HZH and HEH. These chemicals include: HEH, 

HZH, ethylene diamine tetraacetic acid (EDTA), methanol, ammonia, hydrogen peroxide, 

methyl ethyl ketone (MEK), acetamide, ethylene oxide, and methyl ethyl ketazine (MEK-azine). 

Employee understanding of chemical hazards is crucial to maintain a safe environment. The 

primary methods to prevent chemical exposure are proper training and the use of personal 

protective equipment (PPE). The following sections describe the safety hazards of each 

individual chemical. 

 
 
4.1.1 2-Hydroxyethylhydrazine (HEH) 

 
HEH can be irritating to the eyes and skin on contact (James Robinson, n.d.). If inhaled or 

ingested, it can be very toxic. As a result, inflammation may occur and is characterized by 

redness, watering, and itching. Chronic and repeated exposure can cause deterioration of health 

and may result in illness and even death. HEH is a combustible liquid and must be kept away 
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from heat and incompatible compounds including oxidizing agents and bases. It is not considered 

to be carcinogenic (Gold, 2007). 

 

4.1.2 Hydrazine Hydrate (HZH) 

 
HZH is a very toxic compound and if inhaled, swallowed, or absorbed through the skin it may 

lead to death (Arkema, 2005b). It is classified as a human carcinogen and if exposed to the eyes, 

it can lead to blindness. It can also cause liver, kidney, and lung damage. Furthermore, skin 

contact may result in burns and inhalation can lead to coughing, choking, and shortness of 

breath. Over-exposure and chronic exposure to HZH can result in death. HZH is combustible and 

explosive in the presence of metals and should be stored away from heat. 

 
 
4.1.3 Ethylene Diamine Tetraacetic Acid (EDTA) 

 
EDTA is a mild irritant that may cause a sore throat if inhaled (Mallinckrodt Chemicals, 2006). It 

has a low toxicity if ingested. If exposed to the skin or eye, it can cause redness and pain. 

 
 
4.1.4 Methanol 

 
Methanol is a highly flammable and toxic compound (Coogee Energy Pty. Ltd., 2000). If 

inhaled, the vapors can cause headache, nausea, blindness, and visual impairment. If chronically 

exposed, it may adversely affect the liver, heart, kidneys, and central nervous system. 

 
 
4.1.5 Ammonia 

 
Ammonia can enter the body through eye and skin contact and also through inhalation (BOC 

Gases, 1995). If ammonia comes into contact with the eyes, conjunctivitis can occur, swelling 
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and lesions, as well as a possible loss in vision. Skin exposure can cause skin lesions, and may 

lead to early necrosis and scarring. Symptoms upon inhalation may include burning sensations, 

coughing, wheezing, shortness of breath, headache, nausea, and over exposure will result in 

eventual collapse. Inhalation of excessive amounts of ammonia can be fatal. Ammonia reacts 

violently with ethylene oxide and therefore care should be made to keep these materials separate 

(Gulf Cryo, n.d.).  

 
 
4.1.6 Hydrogen Peroxide 

 
Hydrogen peroxide is a clear, odorless liquid that can decompose and results in oxygen that 

supports the combustion of organic materials (FMC Corporation, 2008). It is corrosive to the 

eyes, nose, throat, lungs and the gastrointestinal tract and is an inhalation and skin exposure 

hazard. Chronic exposure may lead to irreversible tissue damage and blindness. 

 
 
4.1.7 Methyl Ethyl Ketone (MEK) 

 
Methyl ethyl ketone is extremely flammable in its liquid and vapor state (The Innovation Group, 

2003). It is harmful if swallowed, inhaled, or absorbed through the skin. It affects the central 

nervous system and can irritate the skin and eyes. Inhalation of MEK can irritate the nose and 

throat leading to headaches, dizziness, shortness of breath, and vomiting. High concentrations 

can cause the central nervous system to shut down and lead to unconsciousness. If ingested, it 

can produce abdominal pain. Skin exposure can lead to redness, itching, and pain. Eye exposure 

can lead to eye damage and blindness. Chronic exposure to MEK can cause the central nervous 

system to shut down. 
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Methyl ethyl ketone should be stored away from areas where fire may occur (The Innovation 

Group, 2003). It should be separated from incompatible compounds, specifically ammonia and 

hydrogen peroxide, which are chemicals used in the process of manufacturing hydrazine and 

HEH. Containers of MEK should be grounded for transfers to avoid a static spark, which could 

lead to an explosion.  When MEK is heated, it can form carbon dioxide and carbon monoxide, 

which is dangerous if inhaled. 

 
 
4.1.8 Acetamide 

 
Exposure to acetamide can cause irritation to the skin, eyes and respiratory tract (J. T. Baker, 

2006). It is a possible carcinogen and can form explosive dust air mixtures. Chronic exposure to 

this compound may cause liver tumors. It should be stored away from any heat sources.  

 
 
4.1.9 Ethylene Oxide 

 
Ethylene oxide has been suspected to be carcinogenic and toxic to the reproductive system (BOC 

Gases, 1996a; USEPA, 2007). When exposed to skin, it can cause irritation, delayed burns, or 

frostbite. If it comes in direct contact with the eye, it can irritate and lead to burns. Inhalation of 

ethylene oxide at low concentrations causes nausea, but at high concentrations it may cause 

narcotic and neurotic effects that lead to coughing, vomiting, and irritation of the respiratory 

tract. Ethylene oxide is a very flammable compound and as a result it should be stored away 

from oxidizers, bases, and any ignition sources. 
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4.1.10 Methyl Ethyl Ketazine (MEK-azine) 

 
A MSDS for methyl ethyl ketazine could not be found. Further investigations include 

determining the toxicity levels of this compound. To be safe, employees should use caution 

around this compound by awareness and personal protective equipment. 

 
 
4.2 Storage and Transportation 
 
As outlined in the Occupational Safety and Health Administration (OSHA) Standards in 29 U.S. 

Code of Federal Regulations (CFR) δ1910, HZH and HEH are both classified as Class IIIA 

combustible liquids based on each chemical’s flash point (Occupational Safety & Health 

Standards, 2007). Class IIIA combustible liquids are defined as liquids with a flashpoint between 

140 °F (335.15 K) and 200 °F (366.48 K). HZH and HEH have a flash point of 143 °F 

(334.82 K) and 171 °F (350.37 K), respectively. Because HZH and HEH are heated within 30 °F 

(16.67 K) of their flash points or higher, they both should be handled according to Class II 

combustible liquids according to OSHA Standards. HEH temperatures throughout the process 

range from 109 °F – 336 °F (315.93 K – 442.04 K) and HZH temperatures range from 158 °F – 

232 °F (343.15 K – 384.26 K). 

 

In Unit 300, 3,800 gallons (14.4 m3) of HZH must be stored in a vessel in order to maintain a 

high yield of HEH while reducing the amount of HZH needed to be stored to provide the HEH 

reactor with enough HZH. OSHA standards do not specify the maximum amount of a 

combustible liquid that may be stored in a single storage vessel used in a bulk production process 

(Occupational Safety & Health Standards, 2007). However, a reference is made to the storage of 

126,000 gallons (477 m3) of crude oil in an outdoor storage tank. Crude oil is classified at a 
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lower hazard class than HZH and is more stringently regulated. Therefore, it is assumed that 

similar storage of a smaller volume of HZH (3,800 gallons) is adequate to meet OSHA 

standards. The HZH storage vessel, V-304, will be placed in a single story protected building 

that meets the guidelines promulgated by OSHA. 

 

According to a representative from Charkit, HZH and HEH are stored in high density 

polyethylene (HDPE) steel drums (See Appendix G). Fifty-five gallon closed HDPE lined steel 

drums similar to those sold by Freund will be used to store and ship HZH and HEH (Freund 

Contained & Supply, 2006). These drums will be stored in fire protected warehouses according 

to the guidelines set forth in 29 CFR δ1910 (Occupational Safety & Health Standards, 2007). 

The maximum storage amount for a single pile of Class IIIA flammable liquid in a fire protected 

storage facility is 55,000 gallons (208 m3) or 1,000 drums. To safely store all HZH and HEH 

produced, a minimum of eight fire protected storage facilities are required. A total of 

436,000 gallons of HZH and HEH are produced (40,000 gallons of HEH & 396,000 gallons of 

HZH) 

 

For more details on storage guidelines and regulations, please refer to Title 29 of the U.S. Code 

of Federal Regulations (Occupational Safety & Health Standards, 2007).  

 
 
Both products, HZH and HEH, are classified as Hazard Class 6.1 and 8 by the Department of 

Transportation (DOT) as outlined in 49 CFR δ172 (Transportation, 2009). Class 6.1 and 8 are 

toxic inhalation hazard and corrosive hazard identifications, respectively. Both products will be 

transported by commercial railway and all quantities must be reported as outlined in 49 CFR 
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δ172. As mentioned earlier in this section, both products will be shipped in 55 gallon HDPE 

lined steel drums. Table 4.2.1 lists the transportation information as given in 49 CFR δ172 and 

Material Safety Data Sheets (MSDS) (Arkema, 2005b; James Robinson, n.d.; TCI America, 

2008). For a more in-depth description of transportation guidelines and regulations, please refer 

to Title 49 of the U.S. Code of Federal Regulations, 49 CFR δ172. 

Table 4.2.1: Transportation classifications and codes 

Chemical Hydrazine Hydrate  2-Hydroxyethylhydrazine 
DOT Classification 6.1; 8 6.1; 8 
United Nations (UN) PIN Number UN2030 UN2810; UN2922 
Packing Group (PG) II II 

 
 
4.3 Process Hazards 
 
Many safety considerations are related to process hazards in the working facilities of 

manufacturing HZH and HEH. Accidents could occur in the workplace and the following are 

some methods that can prevent this: 

(1) The employees should wear PPE at all times; 

(2) Employees should be trained in the process, any possible hazards, and the different 

responsibilities required of each unit operation; 

(3) Employees should understand the different chemicals being used in the process and 

should know where they can obtain MSDS sheets; and 

(4) Employees should be aware of the PHA conducted and the safety considerations 

taken if a process should fail. 

 

The process of manufacturing HZH and HEH is a safe process as long as the proper safety 

considerations and techniques are taken into account.  A PHA is included following this safety 

statement. The biggest concern from the PHA involves not allowing oxygen to enter any of the 
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reactors or distillation towers containing HZH. These towers are operated under vacuum 

conditions; if oxygen were to leak through, the reaction with HZH could cause an explosion, 

jeopardizing the safety of the workers at the plant.   Furthermore, extra caution should be used in 

any areas where toxic chemicals such as ammonia or HZH could be released. The maximum 

contamination limit for ammonia is 20 ppm in 5 minutes. Therefore, these areas must be 

carefully monitored to prevent injuries and fatalities. Additionally, the safeguards provided in the 

PHA document should be read and implemented. By implementing the recommendations in this 

study, the safety performance of this manufacturing plant should protect human health and the 

working environment. Handling, storage, exposure hazards, and fire dangers included in this 

PHA are obtained from MSDSs for each chemical under consideration (Arkema, 2005b; BOC 

Gases, 1995; 1996a; 1996b; Coogee Energy, 2000; FMC Corporation, 2008; Gulf Cryo, n.d.; 

James Robinson, n.d.; J.T. Baker, 2006; Mallinckrodt Chemicals, 2006; Purolite, 2008b; Science 

Lab.com, 2005b; 2005c; Sigma Aldrich, 2006; 2007; TCI America, 2008). 
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Company: Nedgo Engineering 

joannae@email.arizona.edu 

Plant: University of Arizona- Spring 
2009 Chemical Engineering 
Department 

Site: Amarillo, TX Unit:100 System: HEH Manufacturing 

Method: What-if Type: Reactor Design Intent: React MEK, ammonia, and hydrogen peroxide (at 1.01 bar ) to form MEK-azine 

Number: R-101 

Team Members: Joanna Emerson, Ivann Hsu, Andrew Wong, Phillip Zinsli 
 

No.: 1 Description: R-101 MEK-azine Reactor 

Item What if...? Root Causes/Related Questions Responses Safeguards Action Items 

1.1 What if the pressure 
of the reactor 
exceeds design 
pressure? 

Upstream NH3 valve failure 

Overheating (Design Temperature 
333 K, Pressure 1.01 bar) 

Potential disruption of process 

Reactor rupture 

Potential venting of harmful chemicals- 
personnel exposure (anhydrous 
ammonia 20 ppm for 5 minutes is 
maximum exposure, fatalities occur at 
30,000 ppm for 5 minutes) 

 

Pressure relief valve (PRV) that releases 
to blow down tank (release pressure 1.2 
bar) 

Fail closed valves on each reactant 
stream through distributed control 
system (DCS) 

Fail open valve for cooling water 

High/low pressure alarm 

Quench reactor with cooling water 

Shut off all feed  

Explore reactor kinetics 

Pressure sensors for NH3 streams  

Document relief system design 
and the design basis and ensure 
that it addresses reactivity 
concerns (exothermic reaction) 

1.2 What if cooling water 
flow stops? 

P-101 failure Loss of reactor control  

Potential disruption of process 

Reactor rupture 

Potential venting of harmful chemicals  

Back-up pump in parallel 

Control temperature with other flows 

Turn off rotor on reactor 

Daily inspection 

High/low temperature alarm 

Relief system- see above 

Engage back-up pump via DCS 

Shut off all feeds but acetamide 

1.3 What if back flow 
occurs? 

P-101- P-105 failure 

Overpressure of R-101 

Loss reactor control 

Potential leakage of chemicals 

 

Back-up pumps 

One way valves into and out of reactor 

NH3 compatible materials of construction 
all around reactor 

Relief system- see above 

Shut off all valves upstream from 
reactor 

 

1.4 What if acetamide 
flow decreases? 

P-102 or P-204 failure 

E-103 clogging 

T-202 malfunction 

Loss of reactor yield 

 

Back-up pumps 

Relief system- see above 

Decrease other flow rates to 
match 

 

1.5 What if motor in 
R-101 fails? 

Motor failure Loss of reactor yield – operability 
concern 

 

Consider back-up motor possibilities 

Inspect motor weekly 

Shut off all feed 

Divert and collect off-specification 
effluent downstream  

 

1.6 What if there is an 
ammonia leak? 

Pipe or seal leak or rupture 

Operator error 

Fire or explosion possible 

Vent to environment  

Personnel exposure (20 ppm for 5 

Ammonia detectors and alarm 

Fire protection (water fog or spray) 

Emergency Evacuation Plan 

Remove personnel from area 

Engage emergency response team 
(first responders), call Fire Dept 
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No.: 1 Description: R-101 MEK-azine Reactor 

Item What if...? Root Causes/Related Questions Responses Safeguards Action Items 

minutes is maximum exposure, 
fatalities occur at 30,000 ppm for 5 
minutes) 

 

 PRV or RD that releases to blow down 
tank (specify release pressure 1.2 bar) 

Breathing apparatus nearby 

Ammonia safety education for all 
personnel according to OSHA Hazard 
Communication requirements found in 
29CFR1910.1200 

Personal Protective Equipment (PPE) 

and HAZMAT Center 
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Company: Nedgo Engineering 

 

Plant: University of Arizona- Spring 
2009 Chemical Engineering 
Department 

Site: Amarillo, TX Unit:300 System: HEH Manufacturing 

Method: What-if Type: Distillation Tower Design Intent: Concentration of Hydrazine Hydrate from 85 % to 95 % 

Number: T-301 

Team Members: Joanna Emerson, Ivann Hsu, Andrew Wong, Phillip Zinsli 
 

No.: 2 Description: T-301 Hydrazine Hydrate Distillation Column 

 

Item What if...? Root Causes/Related Questions Responses Safeguards Action Items 

2.1 What if hydrazine hydrate 
leaks? 

Overpressure (Design Temperature 
395 K, Pressure 1 bar) 

Valve or pipe failure 

Operator error 

Personnel exposure; toxic on skin 

Loss of product quality 

Pressure relief valve (PRV) that 
releases to blow down tank  (1.2 bar) 

Inspect valves and pipes 

Condenser not open to atmosphere 

Pressure gauges 

High/low pressure alarm 

Hydrazine hydrate alarm detectors 

PPE 

Ventilate area 

Sample air for hydrazine 
hydrate vapor 

Shut off or divert upstream 
flow 

Contact HAZMAT/Emergency 
personnel as needed 

Clean PPE prior to reuse 

2.2 What if tower floods? Entrainment on trays 

Too much reflux 

Failure of P-303 

Loss of product quality 

Disturbance of process 

High feed flow rate alarm 

Low distillate and bottoms flow rate 
alarms 

Design of trays 

Design safeguards adequate 

2.3 What if oxygen enters 
tower? 

Loss of nitrogen purge 

Leak 

Potential explosion if hydrazine hydrate 
oxidizes 

Flammability limits:  Upper 100 %, 
Lower 4.7 % 

Inspect piping 

Oxygen sensor alarms in tower or 
piping 

Emergency Evacuation Plan 

Automatic shut down via DCS 

 

Fight fire with flood of 
water, PPE for fire fighters 
includes breathing 
apparatus 

Remove personnel from 
area 

2.4 What if loss of vacuum? Leak  

See 2.3 

Loss of product quality High/low pressure alarm 

PPE 

Design safeguards adequate 
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Company: Nedgo Engineering 

 

Plant: University of Arizona- Spring 
2009 Chemical Engineering 
Department 

Site: Amarillo, TX Unit:300 System: HEH Manufacturing 

Method: What-if Type: Reactor Design Intent: Combine Ethylene Oxide and Hydrazine Hydrate (at 1.01 bar) to form HEH 

Number: R-301 

Team Members: Joanna Emerson, Ivann Hsu, Andrew Wong, Phillip Zinsli 
 

No.: 3 Description: R-301 HEH Reactor 

 

Item What if...? Root Causes/Related Questions Responses Safeguards Action Items 

3.1 What if the pressure 
of the reactor exceeds 
design pressure? 

Upstream ethylene oxide valve 
failure 

Overheating (Design Temperature 
343 K, Pressure 1.01 bar) 

Potential disruption of process 

Reactor rupture 

Potential venting of harmful 
chemicals- personnel exposure 
(HEH and HZH are toxic by 
inhalation, in contact with skin 
and if swallowed) 

Pressure relief valve (PRV)  that releases 
to blow down tank (release pressure 1.2 
bar) 

Fail closed valves on feed streams 

High/low pressure alarm 

DCS 

Quench reactor with cooling water 

Shut off all feed  

Explore reactor kinetics 

Pressure sensors  

Document relief system design and 
the design basis and ensure that it 
addresses reactivity concerns 
(exothermic reaction) 

3.2 What if cooling water 
flow stops? 

P-301 failure Loss of reactor control  

Potential disruption of process 

Reactor rupture 

Potential venting of harmful 
chemicals  

Back-up pump in parallel 

Control temperature with other flows 

Daily inspection 

High/low temperature alarm 

Relief system- see above 

Engage back-up pump via DCS 

Shut off HZH feed 

3.3 What if back flow 
occurs? 

P-303, P-304 & P-307 failure 

Overpressure of R-301 

Loss of reactor control 

Potential leakage of chemicals 

 

Back-up pumps 

One way valves into and out of reactor 

HEH compatible materials of construction 
all around reactor 

Relief system- see above 

Shut off or divert all valves upstream 
from reactor 

 

3.4 What if ethylene oxide 
or HZH flow 
decreases? 

Ethylene oxide valve failure 

P-303 failure 

E-303 clogging 

T-301 malfunction 

Loss of reactor yield 

 

Back-up pumps 

Relief system- see above 

Decrease other flow rates to match 

 

3.5 What if there is an 
HZH leak? 

Pipe or seal leak or rupture 

Operator error 

Personnel exposure - see above 

 

Inspect valves and pipes 

Pressure gauges 

High/low pressure alarm 

Hydrazine hydrate alarm detectors 

PPE 

Ventilate area 

Sample air for HZH vapor 

Shut off or divert upstream flow 

Contact HAZMAT/Emergency 
personnel as needed 

Clean PPE prior to reuse 
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Company: Nedgo Engineering 

 

Plant: University of Arizona- Spring 
2009 Chemical Engineering 
Department 

Site: Amarillo, TX Unit:300 System: HEH Manufacturing 

Method: What-if Type: Distillation Column Design Intent: Concentration of HEH from 17.7 % to25.9 % 

Number: T-302 

Team Members: Joanna Emerson, Ivann Hsu, Andrew Wong, Phillip Zinsli 
 

No.: 4 Description: T-302 Initial HEH Distillation Column 

 

Item What if...? Root Causes/Related Questions Responses Safeguards Action Items 

4.1 What if hydrazine hydrate 
or HEH leak? 

Overpressure (Design Temperature 
398 K, Pressure 1 bar) 

Valve or pipe failure 

Operator error 

Personnel exposure (HEH and HZH are 
toxic by inhalation, in contact with skin 
and if swallowed) 

Loss of product quality 

Pressure relief valve (PRV)  that 
releases to blow down tank  (1.2 bar) 

Inspect valves and pipes 

Condenser not open to atmosphere 

Pressure gauges 

High/low pressure alarm 

Hydrazine hydrate alarm detectors 

PPE 

Ventilate area 

Sample air for hydrazine 
hydrate vapor 

Shut off or divert upstream 
flow 

Contact HAZMAT/Emergency 
personnel as needed 

Clean PPE prior to reuse 

4.2 What if tower floods? Entrainment on trays 

Too much reflux 

Failure of P-306 

Loss of product quality 

Disturbance of process 

High feed flow rate alarm 

Low distillate and bottoms flow rate 
alarms 

Design of trays 

Design safeguards adequate 

4.3 What if oxygen enters 
tower? 

Loss of nitrogen purge 

Leak 

Potential explosion if hydrazine hydrate 
oxidizes 

Flammability limits:  Upper 100 %, 
Lower 4.7 % 

Inspect piping 

Oxygen sensor alarms in tower or 
piping 

Emergency Evacuation Plan 

Automatic shut down via DCS 

 

Fight fire with flood of 
water, PPE for fire fighters 
includes breathing 
apparatus 

Remove personnel from 
area 

4.4 What if loss of vacuum? Leak  

See 4.3 & 4.1 

Loss of product quality High/low pressure alarm 

PPE 

Design safeguards adequate 
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Company: Nedgo Engineering 

 

Plant: University of Arizona- Spring 
2009 Chemical Engineering 
Department 

Site: Amarillo, TX Unit:300 System: HEH Manufacturing 

Method: What-if Type: Distillation Column Design Intent: Concentration of HEH from 25.9 % to 100 % 

Number: T-303 

Team Members: Joanna Emerson, Ivann Hsu, Andrew Wong, Phillip Zinsli 
 

No.: 5 Description: T-303 Subsequent HEH Distillation Column 

 

Item What if...? Root Causes/Related Questions Responses Safeguards Action Items 

5.1 What if hydrazine hydrate 
or HEH leak? 

Overpressure (Design Temperature 
447 K, Pressure 0.2 bar) 

Valve or pipe failure 

Operator error 

Personnel exposure (HEH and HZH are 
toxic by inhalation, in contact with skin 
and if swallowed) 

Loss of product quality 

Pressure relief valve (PRV)  that 
releases to blow down tank  (0.24 bar) 

Inspect valves and pipes 

Condenser not open to atmosphere 

Pressure gauges 

High/low pressure alarm 

Hydrazine hydrate alarm detectors 

PPE 

Ventilate area 

Sample air for hydrazine 
hydrate vapor 

Shut off or divert upstream 
flow 

Contact HAZMAT/Emergency 
personnel as needed 

Clean PPE prior to reuse 

5.2 What if tower floods? Entrainment on trays 

Too much reflux 

Failure of P-308 

Loss of product quality 

Disturbance of process 

High feed flow rate alarm 

Low distillate and bottoms flow rate 
alarms 

Design of trays 

Design safeguards adequate 

5.3 What if oxygen enters 
tower? 

Loss of nitrogen purge 

Leak 

Potential explosion if hydrazine hydrate 
oxidizes 

Flammability limits:  Upper 100 %, 
Lower 4.7 % 

Inspect piping 

Oxygen sensor alarms in tower or 
piping 

Emergency Evacuation Plan 

Automatic shut down via DCS 

 

Fight fire with flood of 
water, PPE for fire fighters 
includes breathing 
apparatus 

Remove personnel from 
area 

5.4 What if loss of vacuum? Leak  

See 5.3 & 5.1 

Loss of product quality High/low pressure alarm 

PPE 

Design safeguards adequate 
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Company: Nedgo Engineering 

 

Plant: University of Arizona- Spring 
2009 Chemical Engineering 
Department 

Site: Amarillo, TX Unit:300, 400, 500 System: HEH Manufacturing 

Method: What-if Type: Heat Exchangers Design Intent: Cool or heat process streams as needed 

Numbers: E-301, E-302, E-303, E-304, E-305, E-306, E-307, E-308, E-401, E-402, E-403, E-404, E-501 

Team Members: Joanna Emerson, Ivann Hsu, Andrew Wong, Phillip Zinsli 
 

No.: 6 Description: Condensers, Reboilers and Process Heat Exchangers 

 

Item What if...? Root Causes/Related Questions Responses Safeguards Action Items 

6.1 Pressure not relieved 
during repair or 
maintenance? 

Pipe or seal rupture 

 

Potential burns- operator or 
maintenance personnel 

Safety education program 

Inspect pipes and valves regularly 

Plant to follow OSHA Lockout- Tagout 
requirements 

First aid kit readily available 

Call emergency personnel if 
needed 

Automatically shut off steam 
(DCS) 

6.2 Steam line or heat 
exchanger jacket leak? 

Tube-side failure within heat 
exchanger 

Disruption of process 

Chemicals and steam or water mix 

Inspect when possible 

Sample condensate for chemicals 

Shut off process and install 
new heat exchanger 

6.3 What if hydrazine hydrate 
or HEH leak? 

Tube-side failure within heat 
exchanger 

Pipe or seal rupture 

Operator error 

Overpressure (see design pressures & 
temperatures in PFD) 

Disruption of process 

Burn hazard 

Personnel exposure (HEH and HZH are 
toxic by inhalation, in contact with skin 
and if swallowed) 

 

Safety education program- according 
to OSHA Hazard Communication 
requirements found in 
29CFR1910.1200 

Inspect when possible 

Sample condensate for chemicals 

Emergency Evacuation Plan  

PPE 

Shut off process and install 
new heat exchanger or pipe 

Ventilate area 

Sample air for hydrazine 
hydrate vapor 

Shut off or divert upstream 
flow 

Contact HAZMAT/Emergency 
personnel as needed 

Clean PPE prior to reuse 

6.4 What if heat exchanger 
clogs? 

Fouling over time Decreased flow rates 

Decreased heat transfer 

Design process choice of tube side and 
shell side fluids 

Divert stream and clean 
exchanger 

Backflow with trash trap 
upstream 

Consider filters 
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Company: Nedgo Engineering 

 

Plant: University of Arizona- Spring 
2009 Chemical Engineering 
Department 

Site: Amarillo, TX Unit: 100, 300, 400, 500 System: HEH Manufacturing 

Method: What-if Type: Pumps Design Intent: Pump process streams as needed 

Numbers: P-101-105, P-301-309, P-401-410, P-501-506 

Team Members: Joanna Emerson, Ivann Hsu, Andrew Wong, Phillip Zinsli 
 

No.: 7 Description: Process and Cooling Water Pumps 

 

Item What if...? Root Causes/Related Questions Responses Safeguards Action Items 

7.1 Pump operating during 
repair or maintenance? 

Operator or maintenance error 

 

Potential burns or wounds- operator or 
maintenance personnel 

Safety education program 

Plant to follow OSHA Lockout- Tagout 
requirements 

First aid kit readily available 

Call emergency personnel if 
needed 

7.2 Pump failure? Pump wear Disruption of process 

 

Backup pump in parallel Design safeguards adequate 

7.3 What if hydrazine hydrate 
or HEH leak? 

Seal rupture 

Operator error 

 

Disruption of process 

Burn hazard 

Personnel exposure (HEH and HZH are 
toxic by inhalation, in contact with skin 
and if swallowed) 

 

Safety education program- according 
to OSHA Hazard Communication 
requirements found in 
29CFR1910.1200 

Inspect when possible 

Sample condensate for chemicals 

Emergency Evacuation Plan  

PPE 

Shut off process and install 
new heat exchanger or pipe 

Ventilate area 

Sample air for hydrazine 
hydrate vapor 

Shut off or divert upstream 
flow 

Contact HAZMAT/Emergency 
personnel as needed 

Clean PPE prior to reuse 

7.4 What if there is an 
ammonia leak? 

Pipe or seal leak or rupture 

Operator error 

Fire or explosion possible 

Vent to environment  

Personnel exposure (20 ppm for 5 
minutes is maximum exposure, 
fatalities occur at 30,000 ppm for 5 
minutes) 

 

Ammonia detectors and alarm 

Fire protection (water fog or spray) 

Emergency Evacuation Plan 

 PRV or RD that releases to blow down 
tank (specify release pressure 1.2 bar) 

Breathing apparatus nearby 

Ammonia safety education for all 
personnel according to OSHA Hazard 
Communication requirements found in 
29CFR1910.1200 

Personal Protective Equipment (PPE) 

Remove personnel from 
area 

Engage emergency response 
team (first responders), call 
Fire Dept and HAZMAT 
Center 
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Company: Nedgo Engineering 

 

Plant: University of Arizona- Spring 
2009 Chemical Engineering 
Department 

Site: Amarillo, TX Unit:400 System: HEH Manufacturing 

Method: What-if Type: Distillation Tower Design Intent: Concentration of Hydrazine Hydrate from 73 % to 90 % 

Number: T-401 

Team Members: Joanna Emerson, Ivann Hsu, Andrew Wong, Phillip Zinsli 
 

No.: 8 Description: T-401 Hydrazine Hydrate Distillation Column 

 

Item What if...? Root Causes/Related Questions Responses Safeguards Action Items 

8.1 What if hydrazine hydrate 
leaks? 

Overpressure (Design Temperature 
395 K, Pressure 1 bar) 

Valve or pipe failure 

Operator error 

Personnel exposure; toxic on skin 

Loss of product quality 

Pressure relief valve (PRV) that 
releases to blow down tank  (1.2 bar) 

Inspect valves and pipes 

Condenser not open to atmosphere 

Pressure gauges 

High/low pressure alarm 

Hydrazine hydrate alarm detectors 

PPE 

Ventilate area 

Sample air for hydrazine 
hydrate vapor 

Shut off or divert upstream 
flow 

Contact HAZMAT/Emergency 
personnel as needed 

Clean PPE prior to reuse 

8.2 What if tower floods? Entrainment on trays 

Too much reflux 

Failure of P-402 

Loss of product quality 

Disturbance of process 

High feed flow rate alarm 

Low distillate and bottoms flow rate 
alarms 

Design of trays 

Design safeguards adequate 

8.3 What if oxygen enters 
tower? 

Loss of nitrogen purge 

Leak 

Potential explosion if hydrazine hydrate 
oxidizes 

Flammability limits:  Upper 100 %, 
Lower 4.7 % 

Inspect piping 

Oxygen sensor alarms in tower or 
piping 

Emergency Evacuation Plan 

Automatic shut down via DCS 

 

Fight fire with flood of 
water, PPE for fire fighters 
includes breathing 
apparatus 

Remove personnel from 
area 

8.4 What if loss of vacuum? Leak  

See 8.3 

Loss of product quality High/low pressure alarm 

PPE 

Design safeguards adequate 

 
 
 
 
 
 
 



 

83 
 

 



 

84 
 

Company: Nedgo Engineering 

 

Plant: University of Arizona- Spring 
2009 Chemical Engineering 
Department 

Site: Amarillo, TX Unit:400 System: HEH Manufacturing 

Method: What-if Type:  Gel Filtration Column Design Intent: Removal of HEH from Hydrazine Hydrate 

Number: T-402 

Team Members: Joanna Emerson, Ivann Hsu, Andrew Wong, Phillip Zinsli 

 

No.: 9 Description: T-402 HEH Removal Column 

 

Item What if...? Root Causes/Related Questions Responses Safeguards Action Items 

9.1 What if hydrazine hydrate 
leaks? 

Overpressure (Design Temperature 
316 K, Pressure 6 bar) 

Valve or pipe failure 

Operator error 

Personnel exposure; toxic on skin 

Loss of product quality 

Pressure relief valve (PRV) that 
releases to blow down tank  (7.2 bar) 

Inspect valves and pipes 

Pressure gauges 

High/low pressure alarm 

Hydrazine hydrate alarm detectors 

PPE 

Ventilate area 

Sample air for hydrazine 
hydrate vapor 

Shut off or divert upstream 
flow 

Contact HAZMAT/Emergency 
personnel as needed 

Clean PPE prior to reuse 

9.2 What if packing dries out? P-402 or P-406 failure 

 

Loss of tower use or product quality Vessels V-402 and V-404 Remove fouled packing with 
caution (avoid stirring up 
Sephadex dust) 

9.3 What if oxygen enters 
tower? 

Loss of nitrogen purge 

Leak 

Potential explosion if hydrazine hydrate 
oxidizes 

Flammability limits:  Upper 100 %, 
Lower 4.7 % 

Inspect piping 

Oxygen sensor alarms in tower or 
piping 

Emergency Evacuation Plan 

Automatic shut down via DCS 

 

Fight fire with flood of 
water, PPE for fire fighters 
includes breathing 
apparatus 

Remove personnel from 
area 

9.4 What if buffer leaks? See 9.1 Personnel exposure; irritant 

Loss of product quality 

Pressure relief valve (PRV) that 
releases to blow down tank  (7.2 bar) 

Inspect valves and pipes 

Pressure gauges 

High/low pressure alarm 

PPE 

Ventilate area 

Shut off or divert upstream 
flow 

Contact HAZMAT/Emergency 
personnel as needed 
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Company: Nedgo Engineering 

 

Plant: University of Arizona- Spring 
2009 Chemical Engineering 
Department 

Site: Amarillo, TX Unit:400 & 500 System: HEH Manufacturing 

Method: What-if Type:  Absorption Column Design Intent: Removal of Organics from Hydrazine Hydrate & HEH 

Number: T-403 A/B/C & T-501 A/B/C 

Team Members: Joanna Emerson, Ivann Hsu, Andrew Wong, Phillip Zinsli 

 

No.: 10 Description: T-403 & T-404 Organic Removal Column 

 

Item What if...? Root Causes/Related Questions Responses Safeguards Action Items 

10.1 What if hydrazine hydrate 
leaks? 

Overpressure (Design Temperature 
316 K, Pressure 6 bar) 

Valve or pipe failure 

Operator error 

Personnel exposure; toxic on skin 

Loss of product quality 

Pressure relief valve (PRV) that 
releases to blow down tank  (7.2 bar) 

Inspect valves and pipes 

Pressure gauges 

High/low pressure alarm 

Hydrazine hydrate alarm detectors 

PPE 

Ventilate area 

Sample air for hydrazine 
hydrate vapor 

Shut off or divert upstream 
flow 

Contact HAZMAT/Emergency 
personnel as needed 

Clean PPE prior to reuse 

10.2 Tower floods? Downstream pump failure 

Particulate buildup in packing 

Loss of product quality Backup pumps 

Cleaned/Recharged frequently 

Design safeguards adequate 

10.3 What if oxygen enters 
tower? 

Loss of nitrogen purge 

Leak 

Potential explosion if hydrazine hydrate 
oxidizes 

Flammability limits:  Upper 100 %, 
Lower 4.7 % 

Inspect piping 

Oxygen sensor alarms in tower or 
piping 

Emergency Evacuation Plan 

Automatic shut down via DCS 

 

Fight fire with flood of 
water, PPE for fire fighters 
includes breathing 
apparatus 

Remove personnel from 
area 

10.4 What if methanol leaks? See 9.1 Personnel exposure; poisonous 

Highly flammable 

Loss of product quality 

Pressure relief valve (PRV) that 
releases to blow down tank  (7.2 bar) 

Flameproof equipment 

Inspect valves and pipes 

Pressure gauges 

High/low pressure alarm 

PPE 

Ventilate area 

Shut off or divert upstream 
flow 

Contact HAZMAT/Emergency 
personnel as needed 

Firefight with water fog or 
foam 
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Company: Nedgo Engineering 

 

Plant: University of Arizona- Spring 
2009 Chemical Engineering 
Department 

Site: Amarillo, TX Unit: Utilities and plant services System: HEH Manufacturing 

Method: What-if Type: Utilities and plant services Design Intent: Provide electric power, control system, plant air/steam/refrigeration. vacuum, fuel oil, natural 
gas, HVAC service, fire and cooling water, etc. to the facility 

Number: N/A 

Team Members: Joanna Emerson, Ivann Hsu, Andrew Wong, Phillip Zinsli 
 

No.: 11 Description: Utilities and plant services 

 

Item What if...? Root Causes/Related Questions Responses Safeguards Action Items 

11.1 What if electric power 
were lost momentarily or 
longer? 

Loss of power from supplier 

Onsite incident that flips a breaker 

Plant shut down - operability Generators onsite  

Emergency backup lights 

Fail-safe modes (DCS) 

Design safeguards adequate 

11.2 What if the control system 
(DCS) were lost? 

Loss of power & backup generator Loss of control from control room Always have knowledgeable employees 
on hand 

Practice drills and review plan for loss 
of DCS & manual shut down 

Design safeguards adequate 

11.3 What if plant air were lost? N/A N/A N/A N/A 

11.4 What if plant steam were 
lost? 

Loss of boilers/steam lines Plant shut down 

 

Inspect boiler & steam lines 

Temperature or Pressure alarms 

Design safeguards adequate 

11.5 What if the chiller 
(refrigeration system) 
were lost? 

N/A N/A N/A N/A 

11.6 What if the vacuum 
system were lost? 

Loss of power 

Pump failure 

Tower leak 

Shut down distillation units 

Risk oxidation of HZH 

High pressure alarms Design safeguards adequate 

11.7 What if natural gas were 
lost? 

N/A N/A N/A N/A 

11.8 What if the HVAC system 
were lost? 

N/A N/A N/A N/A 

11.9 What if cooling water were 
lost? 

Pump or cooling tower failure Revert to process water 

Plant shut down 

Backup city water line installed Install tower or tank for 
water storage 

11.10 What if service water is 
lost? 

Pump loss 

Supplier failure 

Plant shut down Backup city water line installed Install tower or tank for 
water storage 

11.12 What if fire suppression 
(water, carbon dioxide, 

Pump failure 

Loss of water (see 11.9 & 11.10) 

Loss of firefighting capability Hydrant water supply Identify number and 
location of necessary 
hydrants in emergency 
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No.: 11 Description: Utilities and plant services 

 

Item What if...? Root Causes/Related Questions Responses Safeguards Action Items 

Halon, etc.) were lost?  response plan 

11.13 What if there were 
inadequate drainage? 

N/A N/A N/A N/A 

11.14 What if the thermal 
oxidizer were lost? 

N/A N/A N/A N/A 

11.15 What if nighttime lighting 
were lost? 

Loss of power Dangerous environment for night shift 

Possible personnel injuries 

Backup emergency lights 

Flashlights 

Design safeguards adequate 

11.16 Plant people and 
contractors are not 
adequately trained? 

Poor communication with contractors 

Poor or expired training 

 

Accidents possible 

Conflicts between plant people or 
contractors as issues arise 

Mandatory safety education program- 
according to OSHA Hazard 
Communication requirements found in 
29CFR1910.1200 provided onsite for 
all people working onsite (contractor 
and employees) 

 

Routine checks of employee 
and contractor certifications 

Maintain communication 
between employees and 
contractors 

Review requirements for 
contractors 
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5 Environmental Impact Statement 
 
 

Potential environmental impacts from the operation of a 2-hydroxyethylhydrazine (HEH) 

production facility were identified via a gate to gate life cycle assessment (LCA), as presented by 

Mulholland et al. (Mulholland, Sylvester, & Dyer, 2000). This analysis is based on the 

production of 200 metric tons per year (MTPY) of HEH, 2,800 MTPY of 48 % hydrazine 

hydrate (HZH), 270 MTPY of 90 % HZH, and 9,700 MTPY of 95 % HZH. The four areas that 

make up the LCA study are: environmental impact categories, regulations, utility impact, and 

process improvements. The following sections discuss each of these areas and each area’s 

environmental impact.  

 

4.1 Environmental Impact Categories 
 
Several categories were chosen to estimate the environmental impact of the materials used and 

produced in the manufacture of HEH. Due to the lack of specific guidelines for performing an 

LCA, these categories were chosen somewhat arbitrarily. However, these categories provide a 

general indication of the overall impact of each material. The environmental impact categories 

that were used for this study include: human toxicity, ecotoxicity, renewability, ozone depletion 

potential (ODP), and global warming potential (GWP).  

 

Human toxicity was determined from the National Fire Protection Association (NFPA) as 

designated in NFPA Standard 704 (NFPA, 2007). The same rating scale used by the NFPA was 

used in this study. Terrestrial and aquatic ecotoxicity were determined from information given in 

material safety data sheets (MSDSs) using the same rating scale used for human toxicity. 
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However, many of the chemicals did not have readily available ecotoxicity data. Renewability of 

a chemical was based on whether or not use of the material resulted in the depletion of non-

renewables. All materials can be reproduced from industrial processes and are all considered 

renewable.  

 

ODP’s were determined from the U.S. Environmental Protection Agency’s (USEPA) ozone 

depletion site, which lists all ozone depleting substances (ODS) recognized by the Montreal 

Protocol (USEPA, 2008). Substances not listed were assumed to have a zero ODP. The list 

presented in the USEPA’s “Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-

2007,” was used to identify greenhouse gases (USEPA, 2009). None of the materials used in this 

process were listed and are assumed to have zero GWP’s. The chemicals used in this process are 

not listed as naturally occurring greenhouse gases and are not halocarbons like the majority of 

greenhouse gases. Therefore, there is no indication that any of these substances contributes to 

Global Warming. Table 4.1.1 shows a summary of the environmental impact of all materials by 

these impact categories.  
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Table 4.1.1: Summary of environmental impact by category for materials used during annual operation 

Material 
Quantity Used 
or Produced 

(MTPY) 

Human 
Toxicity 

Ecotoxicity Renewability ODP GWP 

Acetamide 916b Moderate NDh Yes 0 0 

Ammonia 8,776 High Moderate Yes 0 0 

EDTA 0c Slight Moderate Yes 0 0 

Ethylene Oxide 130 High ND Yes 0 0 

HZH 12,905 Highg High Yes 0 0 

HEH 205 Highg ND Yes 0 0 

Hydrogen Peroxide 13,405 High Slight Yes 0 0 

Methanol 7,711 Slight Moderate Yes 0 0 

MEK 746d Slight Slight Yes 0 0 

MEK-azinea --e Moderate ND Yes 0 0 

Purolite® MN200 720 kgf Slight ND Yes 0 0 

Nitrogen 282 Minimal ND Yes 0 0 

Sephadex® G-10 23 kgf Slightg ND Yes 0 0 

Sodium Chloride 467 Slight ND Yes 0 0 

Sodium Phosphate 51 Slight ND Yes 0 0 

Steam 5.92 x 105 
Minimal Minimal Yes 0 0 

Water 1.44 x 109 Minimal Minimal Yes 0 0 
aestimated from acetone azine data (Sigma Aldrich, 2007) 
badditional 49 MTPY needed for first year of operation 
conly trace amounts are present in the hydrogen peroxide solution. 
dadditional 54 MTPY needed for first year of operation 
eUnit 200, where MEK-azine is produced, was not modeled. The annual production was not determined. 
ftower packing is replaced approximately every 5 years  

gNFPA health rating was not given and rating was assigned from information given in MSDS (Arkema, 
2005b; James Robinson, n.d; Sigma Aldrich, 2006). Note: HEH is not carcinogenic, while HZH is 
carcinogenic (Gold, 2007).  

hno data given or available 
 

 

 

4.2 Regulations 
 
The USEPA enforces regulations for the use of chemicals found in federal codes and regulations 

(USEPA, 2001). These regulations are outlined in the Emergency Planning and Community 

Right to Know Act (EPCRA) Section 302: Extremely Hazardous Substances (EHSs), the 

Comprehensive Environmental Response Compensation and Liability Act of 1980 (CERCLA): 
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Hazardous Substances, EPCRA Section 313: Toxic Chemicals, and the Clean Air Act (CAA) 

112 (r): Regulated Chemicals for Accidental Release Prevention. The following section provides 

a brief explanation of each regulation and a summary of regulations for chemicals in this process 

is presented in Table 4.2.1. 

 

Acetamide, ammonia, ethylenediaminetetraacetic acid (EDTA), ethylene oxide, HZH, hydrogen 

peroxide, methanol, and methyl ethyl ketone (MEK) are all listed as EHSs (USEPA, 2001). The 

USEPA’s “Consolidated List of Chemicals Subject to EPCRA and Section 112(r) of the CAA” 

(2001) was used to identify each EHS. A more recent version of this document has been 

published by the USEPA in 2006, but could not be accessed through the USEPA’s Chemical 

Emergency Preparedness and Prevention Office’s (CEPPO’s) website.  

 

EPCRA section 302 lists the threshold planning quantities (TPQ) for each EHS (USEPA, 2001). 

EHS substances greater than 500 lbs or the TPQ must be reported and the following emergency 

planning activities must be conducted for EHSs at or above the TPQ:  

(1) Local Emergency Planning Committees (LEPCs) must develop emergency response 

plans; 

(2) Facilities must notify the State Emergency Response Commission (SERC) and LEPC if 

they receive or produce the substance on site at or above the EHS’s TPQ;  

(3) Provide MSDSs or a list of covered chemicals to the SERC, LEPC, and local fire 

department; and 

(4) Submit Inventory form – Tier I or Tier II from EPCRA section 312. 
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Section 304 of EPCRA lists reportable quantities (RQs) of EHSs (USEPA, 2001). Release of 

RQs of EHSs must be reported to state and local authorities. Releases of substances greater than 

or equal to CERCLA RQs are also subject to reporting to the National Response Center. With 

the exception of EDTA, all EHSs in this process are present above TPQ and RQ levels and all 

aforementioned precautions must be taken. The large amounts of these substances that are 

used/produced in this process make each equally important in terms of regulatory concerns.  

 

Section 112(r) of the CAA lists threshold quantities (TQs) for toxic and flammable substances 

that are subject to accident prevention regulations (USEPA, 2001). TQ values apply only to 

quantities present in a process, and not a facility as a whole.  

 
Table 4.2.1: EPCRA , CERCLA, & CAA regulated chemicals (USEPA, 2001) 

Hazardous 
Substance 

CAS Registry 
Number 

EPCRA Section 
302 EHS TPQ 

(lb) 

EPCRA 
Section 304 

EHS RQ (lb) 

CERCLA 
RQ (lb) 

CAA 
112(r) 

TQ (lb) 

Acetamide 0060-35-5 -- -- 100 -- 

Ammonia 7664-41-7 500 100 100 10000 

EDTA 0060-00-4 -- -- 5000 -- 

Ethylene Oxide 0075-21-8 1000 10 10 10000 

Hydrazine Hydrate 7803-57-8 1000 1 1 15000 

Hydrogen Peroxide 7722-84-1 1000 1000 -- -- 

Methanol 0067-56-1 -- -- 5000 -- 

MEK 0078-93-3 -- -- 5000 -- 

 
 
4.3 Utility Impact 
 
Electricity and water usage are the primary utilities which contribute to environmental burdens. 

The total water consumption for the facility is 3 billion gallons per year. This is the equivalent of 

the per capita water consumption of nearly 19,000 citizens living in the Panhandle Region of 

Texas in 2000 (National Wildlife Federation et al., 2009).  
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The data from the study by Lee et al. for emissions from electricity usage for a typical 

manufacturing plant was used to estimate the greenhouse gas emissions resulting from annual 

plant operation (Lee et al., 1995). Table 4.3.1 shows greenhouse gas emissions resulting from the 

plant’s annual 370 million kW·h electricity use. This is almost 220 times the electricity usage of 

the typical manufacturing plant presented by Lee et al. (1995). This is also the equivalent per 

capita electricity consumption of nearly 27,000 Texas citizens. (StateMaster.com, 2009).  

 
Table 4.3.1: Greenhouse gas emissions from electricity 
consumption 

Emissions Amount (kg) 

Carbon Dioxide 295,000,000 

Nitrogen Oxide 345,000 

Sulfur Dioxide 427,000 

 
 
 
4.4 Process Improvements 
 
Several process improvements were made to reduce harmful environmental impacts. Areas for 

environmental improvement were identified and action was taken to reduce the environmental 

burdens of those areas. The improvements are listed below: 

(1) The cleaner and more energy efficient Peroxide Method was chosen as the process used 
for the production of HZH; 
 

(2) Cooling water used in the reactors and heat exchangers is reused in the condensers; 
 

(3) Cooling towers are used to reduce water use and avoid sending hot water back into the 
environment; 

 
(4) Addition of a HZH recycle stream in unit 300 reduces the overall storage requirement of 

HZH; 
 

(5) Recycling regenerated MEK and recovered acetamide to reduce raw material costs and 
waste production; 
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(6) Adding two fin fan heat exchangers, E-303 and E-307 to reduce water usage;  
 

(7) Steam is reused to heat more than one process stream, lowering costs and reducing steam 
requirements; 
 

(8) Nitrogen is used to clean exchange towers in Unit 400 and 500 to reduce liquid waste; 
 

(9) Plant is constructed near railroad lines and raw material facilities to reduce transportation 
costs and hazards; 

 
(10) Wind farms in Texas may allow use of that energy alternative in the future; and 

 
(11) Steam lines are insulated to reduce heat loss and increase safety. 

 
 

A summary of the gate to gate LCA for HEH and HZH manufacturing is presented in Figure 

4.4.1. 
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6 Economic Analysis 

 
 
 
The bulk selling price for 2-hydroxyethylhydrazine (HEH) of $ 130/kg was given by a contact at 

Charkit (See Appendix I). The selling price of hydrazine hydrate (HZH) ranges from $ 4.5/kg - 

$ 55.12/kg, depending on the quantity purchased (See Appendix I). The low end represents 

industrial scale amounts and the high end represents lab scale quantities. A profitability analysis 

was conducted varying the price of the HZH by comparing the pay back period (PBP) and the 

investor’s rate of return (IRR) seen in Table 6.0.1. 

HZH Price ($/kg) PBP (yr) IRR (%) 
4.50 5.5 17.45 
6.00 3.93    27.33 
7.00 3.30 34.69 
8.00 2.83 43.34 

18.00 1.68 104.76 
55.12 1.20 241.60 

   
 
Table 6.0.1: Results of profitability analysis of varying HZH selling price 
 
It was determined that a price of $ 8/kg HZH would be a competitive price that would maintain 

sales, while still generating revenue. At that price, it is assumed that the majority of HZH is sold 

in near bulk quantities. Selling HZH at $ 8/kg would give a 30 year net present value (NPV) at a 

20 % interest rate of $ 960,000,000, a PBP of 2.83 years, and an IRR of 43.34 %. This was 

calculated using a 30 year Modified Accelerated Cost Recovery System (MACRS) depreciation 

schedule.  

 

A summary of the calculations that were used to determine the NPV can be found in Appendix 

C. The total bare module cost of the equipment is $ 38,000,000 and the total capital investment 
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(TCI) is $ 89,000,000.  In addition, the total cost of the raw materials is $ 37,000,000 and utilities 

are $ 3,600,000. Calculations for wages and benefits, maintenance, overhead operations, general 

expenses, working capital, and other economic expenses can also be found in Appendix C. 

 

6.1 Economic Hazards 
 
The profitability of this investment depends on its ability to withstand various price fluctuations 

from potential economic hazards. A sensitivity analysis was conducted and the results are shown 

in Table 6.1.1. 

Economic Hazard Change in TCI (%) 
Change in 30 Year 

NPV (%) 

Price of Acetamide Increases by 300% 0.00 -14.76 

Equipment Costs Increase by 25% 21.12 -5.17 
Total Feedstocks Cost Increase by 25% 0.00 -19.65 
Annual Sales Decrease by 54% -6.62 -100.00 
Costs of Utilities Increase by 25% 0.08 -1.78 
Production Costs Increase by 58% 0.00 -100.00 
Cost of Unit 200 Increases by 100% 7.84 -0.61 
Cost of Unit 200 Increases by 500% 31.36 -2.45 

 
Table 6.1.1: Results of sensitivity analysis for various price fluctuations at HZH selling price of 
$ 10/kg 
 
The cost of Unit 200 was not modeled and was estimated in comparing with equipment found in 

Unit 300 (See Appendix C and Appendix D). As shown in Table 6.1.1, the price of Unit 200 

does not significantly affect the NPV or the TCI. Bulk pricing for acetamide was not found and 

was estimated by using a logarithmic extrapolation from lab scale pricing as shown in Appendix 

C. Decreases in annual sales greater than 54 % and increases in production costs greater than     

58 % would cause the 30 year NPV to fall below zero. To prevent significant economic losses 

from these hazards, the price of HZH would need to be increased. 
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The results of this analysis indicate that the proposed process design for the HEH manufacturing 

plant is a profitable investment. Fluctuations and trends in sales, production costs, and the HZH 

market must be carefully analyzed to avoid any considerable economic losses.  

 

6.2 Other Economic Considerations 
 
Royalties for the patents used in this design were not considered because each has expired. 

Patents expire 15 years after official assignment (BusinessTown.com, n.d.). Table 6.2.1 shows a 

summary of the patents used in this process.  

Patent Number Year Assigned Year Expired 
2660607 1953 1968 
4657751 1987 2002 
3616312 1971 1986 

 
Table 6.2.1: Patents utilized in HEH production process 
 
 
 

7 Conclusions and Recommendations 
 
 
 
Negdo Engineering concludes that the proposed design incorporating the PCUK process coupled 

with an HEH reactor is an economically feasible method of producing HEH and three different 

grades of HZH. Given a selling price of $ 8/kg for 100 % HZH and $ 130/kg for HEH, an 

estimated IRR of 43.34 % and an NPV of $ 834 million after 30 years was calculated. While the 

plant is estimated to be profitable, there are economic hazards to be considered. The selling price 

of HEH and HZH are often set through long term contracts and therefore cannot necessarily 

rapidly change to meet any fluctuations in the price of raw material costs. The plant, however, is 

positioned to be able to produce more HEH than currently proposed by increasing the days of 



 

99 
 

production over the proposed 16 days. This allows greater flexibility to meet changing market 

demands if needed. 

 

The process to produce both HZH and HEH involves many different unit operations and the 

control of three separate reactions. This leaves many areas for future work and improvement. 

The first recommendation is to conduct lab scale and pilot tests before any construction begins. 

The kinetics and thermodynamics of the MEK-azine, HZH, and HEH reactions should be more 

fully quantified before full scale plant planning is justified. Pilot testing would expose issues 

relating to process control and equipment usage that cannot be predicted in this study.  

  

The largest uncertainty in this process is Unit 200. Due to time constraints, this unit was not 

rigorously modeled, and instead capital costs and utility requirements were estimated based on 

expected required equipment compared to equipment priced in the other units of the production 

process. Extensive work on this unit is required before bench scale and pilot scale testing can 

proceed.  

 

The plant requires a large input of electric utilities along with cooling water. Unfortunately there 

are no opportunities for process streams to transfer their heat to other parts of the process to 

reduce utility costs. Cooling water and steam however are recycled and used to cool and heat 

multiple process streams to reduce the overall cooling water and steam requirements. Three 

cooling towers are included in the design and reduce annual cooling water costs to 10 % of their 

original value. At the end of the process, used steam is at a high enough pressure and quality to 

be resold at a lower price than purchased so that its heat can be used elsewhere. The MEK-azine 
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reactor in Unit 100 has the largest cooling water consumption. Further work on alternative 

methods of cooling this exothermic reaction could lead to considerable decreases in water usage. 

Studies into the reaction kinetics could determine if a plug flow reactor, which is more easily 

cooled with air fans, is an appropriate process change.  

  

High pressure steam is the designed heat source for all reboilers. Another heating fluid may be 

beneficial to reduce the danger of high pressure systems. A furnace would be needed if another 

heating fluid, such as hot oil, were chosen for the reboilers. All of the heat exchangers designed 

are single pass heat exchangers. Further work would include considering multiple pass heat 

exchangers to optimize heating.  

  

Several assumptions were made with respect to the HEH production, and are given in Appendix 

A. Further exploration of the kinetics of the HEH reaction is recommended to verify reactor 

sizing. The organics removal towers, T-403, T-501, and T-502, in Figures 2.2.4 and 2.2.5, are 

currently designed to send the effluent recharge to waste treatment. It would be ideal to have a 

process within waste treatment to clean this methanol for recycle to reduce overall costs of 

material purchases. The lifetime of the packing has not been determined. In order for a more 

accurate economic analysis, this information should be obtained from lab scale and pilot testing.  

  

Further investigation should be done on the gel filtration column, T-402 A/B in Figure 2.2.4. The 

residence time should be investigated since it was estimated from a paper involving capillary 

tubes (Guo et al, 2005).  A lab scale experiment could be set up to determine the residence time 

of the HZH and HEH. Additionally, the buffer solution will most likely mix with the HZH and 



 

101 
 

HEH at some point. Further studies are necessary on whether another purification process will 

separate or remove the buffer from the HZH. Also, a lab scale experiment of the gel filtration 

column will help determine if gel filtration can separate HEH from the HZH because the 

molecular weights of both components are very close in comparison with molecular weights 

typically separated by gel filtration. Lastly, the buffer solution should be studied to determine if 

the buffer cleans the tank and does not bind with the HZH or HEH. If the buffer does bind, other 

possible buffers include ammonium acetate, ammonium bicarbonate or ethylenediamine acetate. 
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Nomenclature 
 
 
 
AFRL  Air Force Research Laboratory 
ASPEN Advanced System for Process Engineering 
BFD  Block Flow Diagram 
CAA  Clean Air Act 
Ccf  100 Cubic Feet 
CEPPO Chemical Emergency Preparedness and Prevention Office 
CERCLA Comprehensive Environmental Response Compensation & Liability Act 
CFR  Code of Federal Regulations 
DMH  Dimethylhydrazine 
DOT  Department of Transportation 
EDTA  Ethylene Diamine Tetraacetic Acid 
EHS  Extremely Hazardous Substance 
EPCRA Emergency Planning & Community Right to Know Act 
GPM  Gallons Per Minute 
GWP  Global Warming Potential 
h  Hour 
HDPE  High Density Polyethylene 
HEH  2-Hydroxyethylhydrazine 
HZH  Hydrazine Hydrate 
IHPRPT Integrated High Payoff Rocket Propulsion Technology 
IRR       Investor’s Rate of Return 
kW  Kilowatt 
LCA   Life Cycle Assessment 
LEPC  Local Emergency Planning Committee  
MACRS Modified Accelerated Cost Recovery System 
MEK  Methyl Ethyl Ketone 
MEK-azine Methyl Ethyl Ketazine 
MMH  Methylhydrazine  
MSDS  Material Safety Data Sheet 
MTPY  Metric Ton Per Year 
NFPA  National Fire Protection Association 
NPV   Net Present Value 
ODP  Ozone Depletion Potential 
ODS  Ozone Depleting Substance 
OSHA  Occupational Safety and Health Administration 
PCUK  Produits Chimiques Ugine Kuhlmann  
PFD  Process Flow Diagram 
PHA  Process Hazard Analysis 
PPE  Personal Protective Equipment 
ppm  Parts Per Million 
RQ  Reportable Quantity 
SERC  State Emergency Response Commission 
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TPQ  Threshold Planning Quantity 
UN  United Nations 
UPRR   Union Pacific Railroad 
USAF  United States Airforce 
USDHHS United States Department of Health and Human Services  
USDOD United States Department of Defense 
USEPA United States Environmental Protection Agency 
wt%  Weight Percent 
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Appendix A: Assumptions 
 
 
 
Unit 100 and 200 

• 85 % conversion in R-101 (Kaur et al., 2008; Schirmann & Bourdauducq, 2008; Schmidt, 

2001) 

• No ammonium formed in the dissolving of ammonia. 

• 2 % recharge rate of MEK reactant stream and 70 wt% Acetamide stream. 

• CSTR reactor assumed 10% larger than a no reaction vessel with same residence time. 

• Outgoing hydrazine hydrate (HZH) concentration from Unit 200 is 84 wt% HZH. 

• Separation and reactions in unit 200 are perfect and go to completion. 

 

Unit 300 

• 86.4 % recovery of theoretical HEH across reactor and distillation columns (Gever & 

O’Keefe, 1953). 

• 6.8 to 1 ratio of HZH to ethylene oxide will allow for 93 % conversion in the reactor when 

95 % HZH is fed (as opposed to 100 %). 

• HZH can be modeled in ASPEN as independent molecules of hydrazine (N2H4) and water as 

long as the molar amount of hydrazine never exceeds that of water in a given stream. 

• HEH simulation valid with entry of molecular weight, normal boiling point, specific gravity, 

standard enthalpy of formation, molecular structure, and limited vapor pressure data. 

• Vapor pressure data from 15 ºC to 80 ºC valid for our process. 

• HEH production can be modeled as first order with respect to ethylene oxide in order to 

determine a volume for the HEH reactor, R-301. 
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• Air coolers can achieve a temperature of approach of 50 ºF (Seider et al., 2004). 

• Small amount of HEH in recycle stream (0.008 kmol/h) can be neglected downstream of 

V-304.  

• Heat exchanger duties from ASPEN are accurate and heat capacities of flows do not need to 

be used to find supporting duties. 

• High pressure steam in the reboilers will condense to provide needed energy. 

 

Unit 400 & 500 

• Packing density is 0.60 for T-402, T-403, T-501, and T-502. 

• 0.5 hr of nitrogen flow though the organic removal towers before clean and after clean (2 

times tower volume) is enough for the nitrogen purge for T-403, T-501, and T-502. 

• HEH residence time is 2 minutes in T-402 A/B. 

• No mixing of buffer solution and HZH in T-402 A/B 

 

Cooling Towers 

• Relative humidity of 21 %. 

• Hot water temp 197.3 F. 

• Total dissolved solids 5 g/kg 

• Wet bulb temperature 33 F 

• Fan Power 1000 $/kW 

• 85 % pump efficiency, 1000 $/ft, Basin 25 $/ft2, electrical 7000 $/cell 
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Economics 

• Unit 200 is priced based on units costed in other parts of the plant, and expected equipment 

in Unit 200. It was priced as 25 % of the cost of Unit 100, 300, 400, and 500 combined. 

• Steam can be exported for sale to receive a steam credit (Seider et al., 2004). 

• The price for stainless steel 304 is similar to the price of stainless steel 303, so equations for 

stainless steel 303 can be used from Seider et al. to price equipment that is stainless steel 304. 

• Maximum height for a distillation column is 170 ft (Seider et al., 2004). 

• Length to diameter (L/D) ratio for a distillation column is 15 (Turton et al., 2003). 

• The maximum height of a tray was determined by dividing the maximum height by the 

maximum number of trays in a distillation column and determined to be 131 (Seider et al., 

2004). 

• L/D ratio for a reactor is 1 (Turton et al., 2003). 

• L/D ratio for a vessel is 3 (Turton et al., 2003). 

• Packing for T-402 A/B is a one time cost. The lifetime of the packing needs to be 

determined. 
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Appendix B: Final Process Calculations 
 
 
 
B.1 Justification for Process Size 

The annual demand for anhydrous hydrazine in 1995 was 3200 tonnes (Greenwood & Earnshaw, 

1997). Since the produced HEH would replace this anhydrous hydrazine as an alternative 

propellant, it is determined that the basis of design is for the production of 200 tonnes of HEH 

each year (about 6 % of the annual demand).  Initial calculations were performed to determine 

flow rates of products and reactants from this total amount if the plant operates year-round with 

three shifts; this analysis is given in equation B.1.1.  The purity of Milspec hydrazine is 99 % 

(Mitchell, Rakoff, Jobe, Sanches, Wilson, & Saulsberry, 2004), therefore this HEH product must 

also be 99 % pure with only trace amounts of organic impurities (Arkema, 2005a).   

h
kg

hours

day

days

year

tonne

kg

year

tonnes
6.2299.0

24

1

365

1

1

1000200
=⋅⋅⋅⋅  

(eq. B.1.1) 

The molecular weight of HEH is 76.1 g/mol, which gives a flow rate of 0.297 kmol/h.  The 

production of HEH is patented under US Patent 2,660,607 (Gever & O’Keefe, 1953).  According 

to this patent, it is possible to recover 86.4 % of the HEH predicted from theory.  The 

stoichiometry of the reaction is such that one mole of HEH is made from one mole each of 

100 % HZH and ethylene oxide.  This reaction is given by reaction 1. 

C2H4O + N2H4•H2O � C2H8N2O (rxn 1) 

Assuming 86.4 % recovery of theory, the flow rate of ethylene oxide to the HEH reactor can be 

determined by dividing the molar flow rate of HEH by 0.864. This method results in an ethylene 

oxide flow rate of 0.344 kmol/h. The patent also gives feed ratios and the corresponding yields of 

HEH with varying reactor feed. A 93 % yield can be achieved if the reactor receives one part 

ethylene oxide to every 6.8 parts 100 % HZH (Gever & O’Keefe, 1953). The molar flow rate of 
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HZH to the reactor can be found from this ratio to be 2.339 kmol/h each of water and hydrazine 

in association. Using the 93 % yield expectation, 0.320 kmol/h HEH are expected in the effluent 

of the reactor, along with 0.24 kmol/h unreacted ethylene oxide and 2.018 kmol/h unreacted 

hydrazine in 2.338 kmol/h water. 

 

These flow rates and distillation columns were modeled in ASPEN, resulting in an HEH product 

flow rate of 0.2862 liters/min, or 0.075 gpm. Due to this extremely low flow rate, production 

year-round is deemed unnecessary with known demand and impractical due to the size of the 

equipment that would be needed. In order to operate at more reasonable rates, it was determined 

that HEH production would only occur for sixteen days out of the year. This would result in 

approximately a 1.7 gpm flow rate of HEH product from 84 % HZH fed to T-301 (See Appendix 

F). While HEH is only produced by 3 shifts operating around the clock for 16 days, HZH will be 

produced year-round using ammonia, MEK, hydrogen peroxide, acetamide, and water, as 

discussed in section B.9. 

 

B.2 Justification of Recycle Stream 

Operating the HEH unit for only 16 days would require a very large amount of HZH to be stored 

until use. Because of environmental and safety hazards associated with such a large volume of 

this chemical on site, a recycle stream was designed to reduce the storage requirements. The 

HEH reaction occurs in an excess of HZH, so the HZH that remains after the reaction can be 

separated and recycled back to the reactor. This decreases the overall amount of HZH fed to 

T-301 without decreasing the production of HEH and decreases storage concerns. With this 

design, T-301 will operate year-round; for the majority of the year, it will make 95 % HZH as a 
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marketable product.  A valve downstream from the bottoms of T-301 will divert the stream to 

V-304 during the 16 days of HEH production previously discussed. During HEH production, 

95 % HZH will not be produced. Instead, the remaining HZH separated from the HEH will be 

concentrated to a side product of 90 % HZH.   

 

The feed to T-301 is composed of 25 kmol/h hydrazine and 37.5 kmol/h water, as seen in 

Appendix F. ASPEN simulations were created with these flow rates. Parameters from DISTWU 

distillation columns were integrated into RadFrac columns to obtain final flow rates. In each 

case, the number of stages, feed stage, reflux ratio, and either distillate or bottoms rate were used 

to simulate RadFrac columns. The summarized data is given by Table B.2.1. 

Table B.2.1:  Summary of ASPEN DISTWU Columns 

 T-301 T-302 T-303 T-401 
Minimum reflux ratio: 0.17227 0.00908 0.0170 0.302 
Actual reflux ratio: 0.25840 0.01362 0.0255 0.453 
Minimum number of stages: 7.5889 1.25698 3.2831 65.721 
Number of actual stages: 18.867 32.8655 40.9913 131.03 
Feed stage: 13.927 29.4313 16.533 110.067 
Number of actual stages above feed: 12.927 28.4313 15.533 109.067 
Reboiler heating required [kW]: 230.889 649.979 676.301 232.932 
Condenser cooling required [kW]: 216.061 499.632 775.079 229.704 
Distillate temperature [C]: 108.702 97.7166 67.6321 69.5094 
Bottom temperature [C]: 120.437 122.460 169.682 45.53 
Distillate to feed fraction: 0.2480 0.3859 0.89775 120.29 
Distillate Rate [kmol/hr]: 15.50 43.04 61.53 13.90 
Bottoms Rate [kmol/hr]: 47.00 68.5 7.007 29.10 

 

These DISTWU tower properties were adjusted in some RadFrac tower designs to achieve 

desired concentrations.  

 

This recycle stream returns a small amount of HEH that is in the overhead of T-303 to the 

holding vessel, V-304. This component is not included in the effluent of V-304 because the 



 

 

recycle was not modeled in ASPEN and it is assumed that t

with this HEH flow. 

 

B.3 V-304 

The size of V-304 was determined by establishing an overall residence time t

This vessel precedes reactor R-301 and will initially receive 

beginning of the process, but will also be filled with recycled 

overall HZH storage necessary to crea

time of R-301 is approximately 125

from ASPEN tray requirements and are outlined in Appendix C.1.1

6310.965 L; the feed to this tower is 51

T-303 is known to have a volume of 10420 L, with an inlet flow rate of 35.837

flow in stream 22 (See Appendix F)

Assuming pipe volume is negligible compared to the 

tower sizes, the total residence time of this recycle is 

540 minutes, or 9 hours. Residence times are 

summarized in Table B.3.1. 

 

This residence time of 9 hours converted to a volume 

stream 25 found from the ASPEN simulation. This is shown in equation 

 

 

recycle was not modeled in ASPEN and it is assumed that the reaction in R-301 will not change 

304 was determined by establishing an overall residence time through Unit 300. 

301 and will initially receive HZH from T-301 during the 

beginning of the process, but will also be filled with recycled HZH from T-303. This will reduce 

storage necessary to create HEH. From calculations in Section B.5, the residence 

301 is approximately 125 minutes. Tower sizes for T-302 and T-303 are calculated 

quirements and are outlined in Appendix C.1.1. The total volume of T

er is 51 L/min, so it has a residence time of 124 minutes. Tower 

303 is known to have a volume of 10420 L, with an inlet flow rate of 35.837 L/min of liquid 

(See Appendix F). These values yield a residence time of 291 

pipe volume is negligible compared to the 

tower sizes, the total residence time of this recycle is 

540 minutes, or 9 hours. Residence times are 

This residence time of 9 hours converted to a volume for V-304 with the density and 

25 found from the ASPEN simulation. This is shown in equation B.3.1. 

 

Table B.3.1: Residence Time of Unit 300

Unit Residence Time (min)

R-301 

T-302 

T-303 

Total 
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301 will not change 

hrough Unit 300. 

301 during the 

303. This will reduce 

, the residence 

303 are calculated 

. The total volume of T-302 is 

minutes. Tower 

L/min of liquid 

 minutes. 

density and flow rate of 

(eq. B.3.1) 

Residence Time of Unit 300 

Residence Time (min) 
125 

124 

291 

540 



 

 

B.4 ASPEN Assumptions 

Each ASPEN simulation modeled 

reality, these molecules are associated wi

ASPEN did not have the ability to associate these molecules, caution was taken in the simulation 

so that there would never be more hydrazine than water in any given stream.  Without breaking 

an azeotrope, HZH cannot be more than 64

2008); this translates to approximately equimolar amounts of hydrazine and water.  All 

distillation columns were modeled to observe this azeotrope.

 

Similarly, HEH is not in the databanks supplied by ASPEN.  In order to model the rea

distillation columns, a user defined 

conventional component was created.  

The data supplied for this component 

is included in Table B.4.1 (Rothgery, 

et. al., 1995; TCI America, 2008).

 

Additionally, vapor pressure data w

pressure in mmHg as a function of temperature in degrees Celsius.  This equation is valid for 

temperatures between 15 and 80 ºC.  While most of the streams are outside these temperature 

limits, it is assumed that providing s

experimental data contributing to the simulation.

 

Each ASPEN simulation modeled HZH with the use of hydrazine and water separately.  In 

reality, these molecules are associated with each other due to dipole interactions.  Because 

ASPEN did not have the ability to associate these molecules, caution was taken in the simulation 

so that there would never be more hydrazine than water in any given stream.  Without breaking 

cannot be more than 64 % hydrazine by weight (Schirmann & Bourdauducq, 

); this translates to approximately equimolar amounts of hydrazine and water.  All 

led to observe this azeotrope. 

Similarly, HEH is not in the databanks supplied by ASPEN.  In order to model the rea

distillation columns, a user defined 

conventional component was created.  

The data supplied for this component 

(Rothgery, 

et. al., 1995; TCI America, 2008). 

Additionally, vapor pressure data was provided (See Appendix I).  Equation B.4.1

pressure in mmHg as a function of temperature in degrees Celsius.  This equation is valid for 

temperatures between 15 and 80 ºC.  While most of the streams are outside these temperature 

limits, it is assumed that providing some vapor pressure data is better than not having any 

experimental data contributing to the simulation. 

 

Table B.4.1:  HEH Properties Provided to ASPEN

Molecular weight [g/mol] 
Normal boiling point [ºC] 
Specific gravity 
Standard enthalpy of formation [kcal/mol] 
Molecular structure 
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with the use of hydrazine and water separately.  In 

th each other due to dipole interactions.  Because 

ASPEN did not have the ability to associate these molecules, caution was taken in the simulation 

so that there would never be more hydrazine than water in any given stream.  Without breaking 

Schirmann & Bourdauducq, 

); this translates to approximately equimolar amounts of hydrazine and water.  All 

Similarly, HEH is not in the databanks supplied by ASPEN.  In order to model the reactors and 

).  Equation B.4.1 gives vapor 

pressure in mmHg as a function of temperature in degrees Celsius.  This equation is valid for 

temperatures between 15 and 80 ºC.  While most of the streams are outside these temperature 

ome vapor pressure data is better than not having any 

(eq. B.4.1) 

vided to ASPEN 
76.1 
219 
1.1 

 -46.4 
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Hydroxyethyl hydrazine is known to decompose violently at temperatures above 215 °C 

(Howard, Gever, Neill, & Wei, 1960).  This aspect was also considered in monitoring 

temperatures of distillation columns modeled in ASPEN.  

 

In the original ASPEN simulation, Figure F.1 of Appendix F, the bottoms stream of T-301 was 

95 wt% HZH. This tower was simulated again to adjust for the recycle stream in Unit 300; this 

new simulation is shown in Figure F.2 of Appendix F. The bottoms stream of this tower is given 

by ASPEN to have 21.6 kmol/h of hydrazine; this rate was rounded up to 22 kmol/h in the 

stream table to maintain the needed feed concentration for R-301. Since the bottoms stream was 

adjusted for the stream table, the overhead of this column was also rounded down from an 

ASPEN value of 3.4 kmol/h of hydrazine to 3 kmol/h of hydrazine.  

 

B.5 Reactor R-301 

The reaction of ethylene oxide and HZH to form HEH mentioned in reaction 1 occurs in R-301.  

This reaction is known to be exothermic with highest yields at temperatures near 70 ºC (Gever & 

O’Keefe, 1953).   Additional information from the HEH production patent can be used to make 

approximations for sizing and residence time in the reactor, which are not estimated by ASPEN.  

In the patent, the reaction occurs in a batch reactor (flask) with 2 moles HZH mixed with 

0.32 moles ethylene oxide.  Twenty five minutes are allotted for the reaction to occur, and, as 

previously mentioned, 93 % conversion is possible.  This would produce 0.2976 moles of HEH.  

In the following analysis, the basic design equations are used with several assumptions to 

determine possible volumes for R-301. 

 



 

 

The design equation of a batch reactor is given in equation 

is total volume of the reactor, NA

The kinetics of the production of HEH are not available in the literature,

considered:  first order with respect to ethylene oxide and first order with respect to 

of these reaction rates are given by equations 

coefficient of component A and C

Whichever of these results in a larger volume will be used as the worst case scenario 

approximation.  Each of these can be plugged in to equation 

25 minute reaction time with the knowledge of final and initial concentrations.  Because the 

reaction rates are defined as a function of concentration, the volume term cancels out both sides 

of this integral.  Each of these integrals and the respective reaction constants are g

equations B.5.4 and B.5.5. 

These reaction constants are then used with the first order reaction rates previously established to 

determine the volume of the continuous stirred tank reactor required for this process.

exiting R-301 has a total flow rate of 51.064 l/min with 44.93 kmol/h of 

of ethylene oxide.  The reactor is fed with 52.084

Using these values with the design equation for a CST

a batch reactor is given in equation B.5.1, where rA is the reaction rate, V 

A is moles of component A, and t is time (Fogler, 2006)

 

The kinetics of the production of HEH are not available in the literature, so two possibilities

considered:  first order with respect to ethylene oxide and first order with respect to 

of these reaction rates are given by equations B.5.2 and B.5.3, where kA is the reaction 

coefficient of component A and CA is its concentration (Fogler, 2006). 

 

 

Whichever of these results in a larger volume will be used as the worst case scenario 

approximation.  Each of these can be plugged in to equation B.5.1 and integrated over the 

me with the knowledge of final and initial concentrations.  Because the 

reaction rates are defined as a function of concentration, the volume term cancels out both sides 

of this integral.  Each of these integrals and the respective reaction constants are g

 
 

 
 

These reaction constants are then used with the first order reaction rates previously established to 

determine the volume of the continuous stirred tank reactor required for this process.

301 has a total flow rate of 51.064 l/min with 44.93 kmol/h of HZH and 0.5362 kmol/h 

of ethylene oxide.  The reactor is fed with 52.084 kmol/h HZH and 7.66 kmol/h ethylene oxide.  

Using these values with the design equation for a CSTR, volumes can be calculated.  The design 
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is the reaction rate, V 

(Fogler, 2006). 

(eq. B.5.1) 

possibilities are 

considered:  first order with respect to ethylene oxide and first order with respect to HZH.  Each 

is the reaction 

(eq. B.5.2) 

(eq. B.5.3) 

Whichever of these results in a larger volume will be used as the worst case scenario 

and integrated over the 

me with the knowledge of final and initial concentrations.  Because the 

reaction rates are defined as a function of concentration, the volume term cancels out both sides 

of this integral.  Each of these integrals and the respective reaction constants are given in 

 (eq. B.5.4) 

 (eq. B.5.5) 

These reaction constants are then used with the first order reaction rates previously established to 

determine the volume of the continuous stirred tank reactor required for this process.  The stream 

and 0.5362 kmol/h 

and 7.66 kmol/h ethylene oxide.  

R, volumes can be calculated.  The design 



 

 

equation of a CSTR with minor rearrangements is given in equation 

representing total volumetric flow rate and initial number of moles, respectively

The volumetric and molar flow rates known from ASPEN can

B.5.6 with the calculated reaction constants.  This results in a total reactor volume of 

if the reaction is first order with respect to 

with respect to ethylene oxide.  Because an excess of 

the reaction proceeds with first order kinetics with respect to 

is taken not only for an overestimated

have a volume of 6.38 cubic meters; the reactor will be a vertical cylindrical vessel that is 

1.83 meters tall with a 2.1 meter diameter.  The residence tim

125 minutes, determined by dividing the volume by the total volumetric flow rate of the effluent.

 

ASPEN gives a heat of reaction of 

the simulated net duty of the reactor is 

formations and heat capacities were applied to 

The known heat capacity for HZH

and was found to be approximately the sum

2008).  This aspect supports the simulation of 

Additional calculations found a net duty of 

the value calculated by ASPEN.  For fur

ASPEN duty will be used. 

 

equation of a CSTR with minor rearrangements is given in equation B.5.6, with Q and N

representing total volumetric flow rate and initial number of moles, respectively 

 

c and molar flow rates known from ASPEN can then be plugged into equation 

with the calculated reaction constants.  This results in a total reactor volume of 

if the reaction is first order with respect to HZH and a volume of 6378 liters if it is first order 

with respect to ethylene oxide.  Because an excess of HZH is fed to the reactor, it is unlikely that 

the reaction proceeds with first order kinetics with respect to HZH.  Therefore the larger volume 

is taken not only for an overestimated volume, but also for practicality.  The reactor needs to 

cubic meters; the reactor will be a vertical cylindrical vessel that is 

meters tall with a 2.1 meter diameter.  The residence time of this reactor is about 

termined by dividing the volume by the total volumetric flow rate of the effluent.

ASPEN gives a heat of reaction of -234.6 kJ/mol for this reaction specified at 343

the simulated net duty of the reactor is -499.37 kW.  To verify these numbers, known heat of 

formations and heat capacities were applied to thermodynamic calculations (See Appendix 

HZH was compared to separate hydrazine and water heat capacities 

and was found to be approximately the sum of the two (Schmidt, 2004; Linstrom & Mallard, 

).  This aspect supports the simulation of HZH as water and hydrazine in ASPEN.  

Additional calculations found a net duty of -361 kW, which is within an order of magnitude of 

the value calculated by ASPEN.  For further calculations and the reactor specifications, the 
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, with Q and NA0 

 (Fogler, 2006). 

(eq. B.5.6) 

then be plugged into equation 

with the calculated reaction constants.  This results in a total reactor volume of 1260 liters 

it is first order 

is fed to the reactor, it is unlikely that 

.  Therefore the larger volume 

volume, but also for practicality.  The reactor needs to 

cubic meters; the reactor will be a vertical cylindrical vessel that is 

e of this reactor is about 

termined by dividing the volume by the total volumetric flow rate of the effluent. 

kJ/mol for this reaction specified at 343 K and 1 atm; 

s, known heat of 

(See Appendix D.5).  

was compared to separate hydrazine and water heat capacities 

o (Schmidt, 2004; Linstrom & Mallard, 

as water and hydrazine in ASPEN.  

361 kW, which is within an order of magnitude of 

ther calculations and the reactor specifications, the 
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Cooling water is fed to the reactor to maintain a constant temperature of 343 K.  Heuristic 26 

provides a temperature of approach of 11 K for ambient temperatures (Seider et al., 2004).   The 

cooling water will heat from 305 K to 332 K, assuming cooling water is available at this 

temperature from Heuristic 27.  Using the heat capacity of liquid water from NIST, a total 

change in enthalpy of 2.033 J/mol is calculated as the heat absorbed by the water (See Appendix 

D.5).  The flow rate of water required to absorb all the energy given off by the reactor can be 

found by dividing the absolute value of the reactor duty by the water’s change in enthalpy.  This 

is shown in equation B.5.7 and is calculated in the Excel spreadsheet with use of Solver. 

499.37 ���2.033 ��� · 1000
��� � 245,680���  (eq. B.5.7) 

The spreadsheet shows that using the molecular weight of water and unit conversions, this flow 

rate must be 884,450 kmol/h, or approximately 71,300 gpm. 

 

B.6 Condenser Vessels V-301, V-302, V-303, V-401 

The volumes of condenser vessels are determined with reflux ratios and distillate rates given 

from ASPEN. The distillate rate is multiplied by the reflux ratio to determine reflux rate.  A mass 

balance then dictates the flow into the vessel as the sum of the molar flow rates of the effluent 

streams.  Using densities of fluids given by ASPEN, volumetric flow rate can be determined 

from these molar flow rates. Taking a residence time of 5 minutes for each condenser, the 

volume of the vessel is determined. These calculations are provided below for V-301, and the 

results of other vessels are summarized in Table B.6.1. As shown in Table B.6.1, the reflux ratio 

for T-301 is 1.05, and the distillate rate is 15.5 kmol/h.  The density of this stream is given to be 

0.043 mol/cm3. 
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15.5 ���� · 1.05 � 16.275 ����  (eq. B.6.1) 

The reflux rate of T-301 is found to be 16.275 kmol/h.  Therefore the total flow into V-301 must 

be 31.775 kmol/h. This is the equivalent of 0.739 m3/h, as shown by the equations below. 

31.775 ���� · 1000 ����� · ���0.043 �� · ���100 ���� � 0.739���  (eq. B.6.2) 

0.739��� · 5 ��� · �60 ��� � 0.06 �� (eq. B.6.3) 

 

Table B.6.1: Summary of Vessel Properties & Flows  

Unit Dist. Rate 

[kmol/h] 

Reflux 

Ratio 

Density  

[mol/cm3] 

Total Volumetric 

Flow Rate [m3/h] 

Volume 

[m3] 
V-301 15.5 1.05 0.043 0.739 0.06 

V-302 43 0.013 0.04 1.089 0.10 

V-303 61.5 0.03 0.039 1.638 0.14 

V-401 13.9 0.50 0.05 0.417 0.03 

 

 

B.7 Heat Exchangers  

B.7.1 E-303 & E-307 

The ASPEN simulation modeled E-303 to cool HZH from 393 K as it exits T-301 to 343 K to 

enter R-401.  The temperature of the process inlet to E-303 may not be as high as 393 K when 

the recycle stream is filling V-304 with HZH at 340 K, but this heat exchanger is designed to 

cool the stream at the hottest anticipated temperatures.  An air cooler, or fin fan cooler, was 

chosen to reduce cooling water costs.  Cooling water was considered to generate steam for profit 

from this inlet stream over 100 ºC, but a quick glance at steam data on NIST revealed the steam 

created would not have been at a high enough pressure to be of value.  Approach temperatures 

for fin fan coolers can be as high as 50 ºF (Seider et al., 2004).  The process stream must be 

cooled to 343 K, or 157.5 ºF; the maximum average temperatures this plant will experience are 
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in the low nineties (The Weather Channel, 2009), so this temperature of approach fits the design 

well. 

 

ASPEN simulated a net duty of -172.4 kW, or -0.588 MMBtu/hr, required to cool this process 

stream.  Overall heat transfer coefficients range from 80 to 100 Btu/hr·ft2
·ºF based on the outside 

bare surface area of the tubes when fins are added for increased heat transfer (Seider et al., 

2004).  The total required area is found by equation B.7.1, where A is area, Q is heat transferred, 

U is the overall heat transfer coefficient, and ∆Tlm is log mean temperature difference, given in 

equation B.7.2. 

  � � ��∆!"# (eq. B.7.1) 

∆$%& � �$' ( )*� ( �$* ( )'�� �$' ( )*��$* ( )'�  
(eq. B.7.2) 

In equation B.7.2, T1 and T2 correspond to hot stream inlet and outlet temperature, respectively, 

and t1 and t2 to cold stream inlet and outlet temperatures, respectively.  An exit air temperature of 

197 ºF respects the 50 ºF temperature of approach for fin-fan heat exchangers given by heuristic 

56 (Seider et al., 2004). Using equation B.7.2 with the temperatures of the process stream as T1 

and T2 (247.7 ºF and 157.7 ºF), and hot ambient air heating from 90 ºF to 197 ºF, the log mean 

temperature difference can be calculated to be 58.79 ºF.  Plugging this log mean temperature 

difference into equation B.7.1 with the duty modeled by ASPEN and heat transfer coefficient of 

80 Btu/hr·ft2
·ºF to maximize area requirements yields an area of 125.02 ft2.  Basic unit 

conversions prove this to be 11.61 m2. 
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Heuristic 56 also declares fan power requirements of 5 Hp for every MMBtu/hr transferred 

(Seider et al., 2004).  Since the duty of E-303 is 0.588 MMBtu/hr, 2.94 Hp are anticipated for the 

fan to reach these design temperatures. 

 

The T-303 condenser also has temperatures that work well with fin-fan design.  The overhead 

must be cooled from 341.13 K to 340.5 K, as simulated by ASPEN.  This duty is -776.66 kW.  

Following the same procedures as above, the area of this heat exchanger can be found to be 

54.1 m2 (Appendix D).  This exchanger’s duty can be shown to be equivalent to 2.65 MMBtu/hr, 

so the fan on this unit would require 13.25 Hp. 

 

B.7.2 E-308 

Heat exchanger E-308 was also modeled in ASPEN to cool the HEH product from 442 K to 

316 K prior to purification in Unit 400.  The overall duty for this heat exchanger was modeled to 

be -36.1 kW.  Because the bottoms of T-303 are at such a high temperature, this stream will be 

used to vaporize water and create steam.  Heuristic 26 requires a 50 ºF temperature of approach 

for high temperatures, so the steam generated will have a temperature of 414 K.  From saturation 

tables, this steam will be 3.65 bar and will be sold to receive steam credit (Seider et al., 2004).  

Cooling water can be obtained at 305 K, from Heuristic 27.  This side of the heat exchanger falls 

under another temperature of approach, so it is acceptable for 305 K cooling water to achieve a 

process stream temperature of 316 K, from Heuristic 26. 

 

An overall heat transfer coefficient ranges from 50-150 Btu/hr·ft2
·ºF for the fluids under 

consideration (Seider et al., 2004).  A lower approximation is used to maximize necessary area 
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for heat transfer, and with unit conversions the heat transfer coefficient is 0.28395 kW/m2
·K.  

The log mean temperature difference is calculated with equation B.7.2 and is 19.3 K.  Dividing 

the net duty given by ASPEN by these two values gives a total area of 6.59 m2 for E-308. 

 

The duty given by ASPEN can also be used to find the flow rate of water needed to cool this 

process stream.  The water heats from 305 K to 373 K, when it vaporizes, then the steam 

continues to heat to 414 K.  Heat capacities of each phase combined with the heat of vaporization 

give a total change in enthalpy of 44.01 kJ/mol (Appendix D).  Dividing the heat exchanger duty 

by this molar enthalpy will yield a molar flow rate of 2.95 kmol/hr water, with some unit 

conversions; this is equivalent to 36.6 gpm. 

 

B.7.3 Condensers E-302, E-305, & E-401  

The condenser of T-301 was modeled in ASPEN and is known to have a net cooling duty 

of -354 kW. The tower profile also gives tray temperatures; taking tray 1 to be the condenser and 

tray 2 to be the inlet to the condenser, the condenser E-302 cools the process stream from 390 K 

to 384 K.  As determined in the condenser vessel sizing section, the flow rate through the 

condenser is found to be 90.9 kmol/h from the distillate rate and reflux ratio. This stream could 

be cooled in fin-fan coolers or by cooling water.  Cooling water is selected as the heat sink in this 

case because effluent cooling water from R-301 fits the temperature of approach heuristics and 

has a high enough flow rate to cool several of the condensers. Because the overhead of T-301 is 

given to be 389.85 K by ASPEN, the temperature of approach is 11 K from Heuristic 26 (Seider 

et al., 2004).  The water from R-301 is at a temperature of 332 K, and it can heat to 379 K while 

maintaining the required approach temperature. To prevent this water from vaporizing, it will be 
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designed to only heat to an exit temperature of 365 K.  The change in enthalpy of this stream is 

calculated from heat capacity data from NIST Webbook, and is found to be 2.49 kJ/mol 

(Appendix D).  With a known condenser duty of 354 kW, the flow rate of water is determined by 

equation B.7.3. 

354 ��� · ��2.49 �� · 3600 ��+ · ���1000 �� � 511.16 ����+   (eq. B.7.3) 

 

Using equations B.7.1 and B.7.2 from the previous sections, the log mean temperature difference 

is found to be 36.87 K and the total area 33.8 m2 when using an overall heat transfer coefficient 

of 0.28395 kW/m2K, as in the case of E-308. 

 

Heat exchangers E-305 and E-401 also use reactor effluent water to for their cooling.  The 

temperatures of the cooling water are similar as those of E-302.  These calculations can be found 

in the heat exchanger spreadsheet (Appendix D) and are summarized in Table B.7.3.1.  

Table B.7.3.1: Summary for Water Cooled Condensers 

Unit Duty [kW] ∆Tlm [K] Area [m2] Water [kmol/h] 
E-302 354 36.87 33.8 511.2 

E-305 508 31.66 56.6 734.2 

E-401 255 20.72 43.4 282.8 

 

B.7.4 Reboilers E-301, E-304, E-306 & E-402 

The reboilers of each of the distillation columns will be heated with steam. The highest 

temperatures are in E-306, the reboiler of T-303. This reboiler must heat the HEH bottoms from 

445.02 K to 445.23 K, as modeled in ASPEN. In order to meet the 28 K temperature of approach 

required by Heuristic 26 (Seider et al., 2004), steam entering the reboiler must be at a 

temperature of at least 473.02 K. Using NIST, saturated steam at 480 K is at a pressure of 
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17.9 bar and has a specific enthalpy of 50.367 kJ/mol. The steam will exit at a temperature of 

477 K, which satisfies Heuristic 26. This exit stream will be saturated steam at 477 K and 

16.8 bar, with a specific enthalpy of 50.338 kJ/mol. Steam at 17.9 bar was chosen to reduce 

overall steam costs by a comparison of steam at 15.5 bar; this comparison is shown in the heat 

exchanger spreadsheet (Appendix D). The overall enthalpy change in E-306 is -0.029 kJ/mol and 

the known duty of this reboiler is 678 kW, from ASPEN.  Therefore a steam flow rate of 

84,203 kmol/hr is required for adequate heating (See Appendix D).  These temperatures yield a 

log mean temperature difference of 33 K, and an overall heat transfer coefficient that models 

these streams is 0.3407 kW/m2K (Seider et al., 2004).  The area for E-306 can be shown to be 

59.69 m2 by equation B.7.1. 

 

The effluent steam of E-306 will be sent to the other reboilers, during the HEH production, 

where it will condense to liquid water at 16 bar. The calculations for all steam reboilers can be 

seen in the heat exchanger spreadsheet in Appendix D and are summarized in Table B.7.4.1. 

Table B.7.4.1: Summary for Steam Reboilers  

Unit Duty [kW] ∆Tlm [K] Area [m2] Steam [kmol/h] 
E-301 501 50.9 28.9 46.12 

E-304 657 50.3 38.4 60.8 

E-306 678 33.4 59.7 84202.8 

E-402 262 51.2 15.0 24.1 

 

The condensate leaving heat exchangers E-301, E-304, and E-402 is at a temperature of 

421-423 K.  As seen by the steam requirements in Table B.7.4.1, 84071.8 kmol/h of 16.8 bar 

steam is not used.  This steam is still high quality and will be sold for reuse during the 16 days of 

HEH operation.  The remaining 131.02 kmol/h liquid water at 16 bar could be flashed to steam 

and also sold, but was not found to be profitable. 
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Because E-306, E-402, and E-304 only operate during HEH production, steam will need to be 

purchased for the remainder of the year to heat E-301.  For consistency, this steam should be 

purchased at 16.8 bar and the fluid will condense to 16 bar across the heat exchanger.  With these 

considerations, 46.12 kmol/h steam can be resold year round and 84071.78 kmol/h of 16.8 bar 

steam can be sold for 16 days. 

 

B.8 Unit 200 Justification of 84 wt % HZH (25 kmol/h HZ & 37.5 kmol/h water) 

The weight percent of hydrazine exiting the MEK-azine hydrolysis tower in Unit 200 is largely 

dependent on the relative flow rates of MEK-azine and water fed into the hydrolysis tower 

T-203. This concentration of HZH exiting the tower is not reported in the literature and 

presumably would be determined in laboratory and pilot scale testing. Since no information 

about this stream is known, it is assumed to be a 54 wt% of hydrazine in water, which 

corresponds to 84 wt% of HZH, since 64 wt% of hydrazine in water is 100 % HZH. The 

peroxide method used in this process naturally produces a more concentrated hydrazine solution 

than the Raschig or Bayer Ketazine methods, so this assumption of the concentration of HZH out 

of Unit 200 assumed to be a good assumption (Schmidt, 2001). 

 

B.9 R-101 

B.9.1 Reactor R-101 Hand Reaction and Size 

OHHNCOHCNHOH 2162884322 422 +→++  (rxn 2) 

2,*- . /0,'12* 3 2*,* .  2/4,0- 
 

(rxn 3) 

The flow rate of HZH produced is determined by the amount needed to produce 205 MTPY of 

HEH. This flow rate of HEH required a flow rate of 84 wt % HZH at with 25.0 kmol/h of 
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hydrazine and 37.5  kmol/h of water required over a 16 day period in a year, as discussed in 

Section B.2, and this flow rate must come out of Unit 200. Unit 200 is an un-modeled section of 

the plant and therefore it is assumed that every reaction goes to completion with 100 % 

conversion and perfect separation. The reaction occurring in Unit 200 is discussed below. 

 

From the stoichiometric coefficients of reaction 3 it can be seen that for every mole of hydrazine 

(N2H2) produced, one mole of MEK-azine (C8H16N2) is needed in the reaction. From the flow 

rate of hydrazine needed to produce HEH for a 16 day period (Sections B.1 and B.2), an 

equimolar flow rate of MEK-azine must be produced. From the stoichiometry of reaction 2 for 

every mole of MEK-azine produced two moles of MEK (C4H8O), two moles of ammonia (NH3), 

and one mole of hydrogen peroxide will be needed in the reaction. Therefore given a required 

flow rate of 25.0 kmol/h of hydrazine 25.0 kmol/h of hydrogen peroxide, 50.0 kmol/h of MEK 

and 50.0 kmol/h of ammonia are stoichiometrically required for the reaction. Further details on 

the reaction conditions required to produce MEK-azine are available in the literature, along with 

any required excess of any reactants in R-101 (Kaur et al., 2008; Schmidt, 2001).  

 

Kaur et al., (2008) conclude that the optimum operating temperature and pressure of this 

reaction, to maximize the yield of product is 333 K and 

atmospheric pressure. Given a residence time of 

315 minutes in a CSTR reactor the expected conversion 

is 85 % of the theoretical under these operating 

conditions. Furthermore a 1:2:2 ratio of hydrogen 

peroxide to MEK to ammonia is typically used in industry, as reported by Schmidt (2001). Given 

Table B.9.1.1: Reactant requirements 
into R-101 

Reactant 
Flow rate 
(kmol/h) 

Hydrogen Peroxide 29.412 
MEK 58.824 
Ammonia 58.824 
Acetamide Catalyst 88.257 
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a 85 % conversion is expected from reaction 2 operating at 333 K and 1.01 bar the reactant 

requirements are found by dividing the stoichiometric requirements by 0.85 and applying the 

industry used ratios of 1:2:2 (hydrogen peroxide: MEK: ammonia) and are summarized in Table 

B.9.1. An acetamide catalyst is used with this reaction (Kaur et al., 2008; Schmidt, 2001), with 

an optimum ration of 3:1 acetamide to hydrogen peroxide, also found in Table B.9.1. Acetamide 

is a solid compound which will be dissolved in process water to form a 70 wt % solution as 

reported by Kaur et al., as the optimum concentration for the catalyst in this reaction. Hydrogen 

peroxide will also be fed into the reactor at a 70 wt % solution, stabilized with EDTA to prevent 

decomposition. Using the molecular weights of acetamide, hydrogen peroxide, and water the 

percent by mole of the acetamide and hydrogen peroxide solutions can be found with the 

following calculations, where A is acetamide and HP is hydrogen peroxide: 

 

70 5)% ��7)8��97 �  70 : � ; 1 ��7 �59.07 : � ; 10070 : � ; 1 ��7 �59.07 : � . 30 : 58)7+ ; 1 ��7 58)7+18 : 58)7+  

�  41.6 �� % ��7)8��97 

(eq. B.9.1) 

70 5)% ,<9+�:7� =7+�>�97 �  70 : ,= ;  1 ��7 ,=34.02 : ,= ; 10070 : ,= ; 1 ��7 ,=34.02 : ,= . 30 : 58)7+ ; 1 ��7 58)7+18 : 58)7+  

�  55.2 �� % ,<9+�:7� =7+�>�97 

(eq. B.9.2) 

Using these calculated mole percents of acetamide and hydrogen peroxide used the moles of 

water needed for each stream are found by equation B.9.1 and B.9.2 to be 123.90 kmol/h for the 

acetamide and 23.88 kmol/h for the hydrogen peroxide respectively. 

?8)7+ ��@7�) A���� B � C 1. 416 ( 1D ; �� ��7)8��97 E79 ����� � 
 

(eq. B.9.3) 

?8)7+ ��@7�) A���� B � C 1. 552 ( 1D ; �� ,9+�:7� =7+�>�97 E79 ����� � 
 

(eq. B.9.4) 
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B.9.2 Molar flow rates into and out of R-101 

The flow rate of each component out of reactor R-101 is dependent on the calculated required 

flow rates into the reactor, the stoichiometry of reaction 2 and the extent of the reaction, taken to 

be optimized at 0.85 based on hydrogen peroxide (Kaur et al., 2008). Equation B.9.5 is used to 

find the flow of each reactant and product out of the reactor, where υi is the stoichiometric 

coefficient of species i in reaction 2. 

�F,GHI � �F,FJ ( 0.85KF�L*M*,FJ (eq. B.9.5) 

 

For MEK the inlet flow is 58.82 kmol/h, 

the stoichiometric coefficient is -2, and the 

molar flow rate of hydrogen peroxide into 

the system is 29.41 kmol/h, therefore the 

exit flow of unreacted MEK is 8.82 

kmol/h. Acetamide is a catalyst in this 

reaction, and therefore exits unchanged. 

The inlet and outlet molar flow rates of each component into and out of reactor R-101 are 

summarized in Table B.9.2. 

B.9.3 Reaction Energies 

The enthalpy of the reaction, ∆Ho
rxn must be calculated 

from the standard heats of formation, ∆Ho
f of each 

individual reactant and product. The heats of 

formation of methyl ethyl ketone (C4H8O), hydrogen 

peroxide (H2O2), ammonia (NH3), and water (H2O), all 

Table B.9.2.1: Summary of R-101 Flow Rates 

Component 
Into R-101 
(kmol/h) 

Out R-101 
(kmol/h) 

MEK 58.82 8.82 
70 wt % Hydrogen Peroxide 
       Hydrogen peroxide 29.42 4.41 
       Water 23.88 23.88 
Ammonia 58.82 8.82 
MEK-azine 25.00  
70 wt % Acetamide 
      Acetamide 88.26 88.26 
      Water 123.90 123.90 
Water from Reaction 0 100 
Total 294.84 294.84 

Table B.9.3.1: Standard heat of formation 
components in of R-101 

Compound 
∆Ho

f 
(kJ/mol) 

Cp 
(kJ/mol K) 

C4H8O (l) -279 * 0.1607 * 

H2O2 (l) -191.17 ˟ 0.1025 ˟ 

NH3 (g) -45.9 * See table 2 

C8H16N2 (l) -109.1 ¨ 0.3026 ¨ 

H2O (l) -285.83 * See table 2 

* NIST, ¨ Perry’s Estimate, ˟Perdue 
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reactants in R-101, are summarized in Table B.9.3. The heat of reaction, ∆ Ho
rxn, is found using 

equation B.9.6 to be -411.45 kJ/mol. 

∆,NOJ° �QKFJ
FR' ∆,S° (eq. B.9.6) 

 

The heat of reaction at 333 K must be found using the heat capacities of the different molecular 

species and the ∆Ho
rxn, valid at 298 K.  

 

The heat capacity of compound i, Cpi is given by equation B.9.7 with the values of the constants, 

A through E, for each compound given in Table B.9.3.2 with the units of Cpi in J/mol K.  

/TF � � . U$ . /$* . V$� . W$X* (eq. B.9.7) 

 

Integrating this equation with respect to temperature and multiplying by the molar flow rate 

gives the change in enthalpy per time of the individual compounds, shown in equation B.9.8, 

where ni is equal to the molar flow rates from stream tables in Section 2.4 of the individual 

compounds in moles per second given in Table B.9.2, and Tf and Ti are the final and initial 

temperatures, respectively, in Kelvin. 

∆,F � �F Y � . U$ . /$* . V$� . W$X*9$!S
!F  (eq. B.9.8) 
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Table B.9.3.2: Heat capacity constants for reactants and products of reaction 1. 
(* temperatures used for these compounds when using equation B.9.8 are temp(K)/1000.) 

 
Compound 

MEK (l) * 

Hydrogen 
Peroxide  

(l, 70 wt %) 
˟ 

Ammonia (g) 
* 

MEK-azine 
(l) ¨ 

Water (l)* 
Heat 
capacity 
Constant 

A 160.7 102.47 19.99563 302.6 -203.606 
B 0 0 49.77119 0 1523.29 
C 0 0 -15.376 0 -3196.41 
D 0 0 1.921168 0 2474.455 
E 0 0 0.189174 0 3.855326 

* NIST, ¨ Perry’s, ˟Perdue 

 

The total heat of reaction at 333 K, ∆H333
rxn, can be summarized with Figure B.9.3. The change 

in energy per mole from ammonia gas dissolving into water (assuming no reaction to form 

ammonium), ∆,ZZZZ_\G%HIFGJ, is given as -30.5 kJ/mol of ammonia dissolved (Lide & Milne, 1995). 

Therefore the total enthalpy of solution, ∆Hsolution, is given by equation B.9.10 with nNH3 given in 

the stream tables (Section 2.4). 

∆,\G%HIFGJ � �]L^∆,ZZZZ_\G%HIFGJ (eq. B.9.10) 

Figure B.9.3: Summary of enthalpy steps to determine overall change in enthalpy. 

_ `78�)8�)� 8) 333 abWa,,<9+�:7� =7+�>�97,������8�:� c
         ∆,1        deeeeeeeef _ `78�)8�)� 8) 298 abWa,,<9+�:7� =7+�>�97,������8�:� c        ∆,��g)���          deeeeeeeeeeeeef_ `78�)8�)� 8) 298 abWa,,<9+�:7� =7+�>�97,������8�� c        ∆,+>�°           deeeeeeeeef  

hij
ik =+�9g�)� 8) 298 ag� +78�)79 bWa, g� +78�)79 ,<9+�:7� =7+�>�97,g� +78�)79 ������8,58)7+,bWa ( 8l��7 min

io           ∆,2       deeeeeeeef
hij
ik =+�9g�)� 8) 333 ag� +78�)79 bWa, g� +78�)79 ,<9+�:7� =7+�>�97,g� +78�)79 ������8, 58)7+,bWa ( 8l��7 min

io
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 Using equation B.9.6, along with equations B.9.8 and B.9.10, the duty required for each change 

in enthalpy outlined in Figure B.9.3 can be calculated. The duty of reactor R-101 at 333 K, 

∆H333
R-101, is then the sum of ∆H1, ∆Hsolution, ∆Hº

rxn, and ∆H2: 

∆,pX'q'��� � ∆,' . ∆,\G%HIFGJ . ∆,NOJ° . ∆,* (eq. B.9.11) 

The results of these calculations are summarized in Table B.9.3.3. The total power that must be 

removed from this reactor is 638.26 kW, which will be accomplished through cold shots of 

reactants and catalyst, and cooling water.  

 

The hottest ambient temperature is approximately 306 K (The 

Weather Channel, 2009), therefore all recharge streams or 

streams entering Unit 100 from storage containers are assumed 

to be at ambient temperature. The MEK recycle and acetamide 

catalyst recycle from Unit 200 are assumed to be at 316 K, the 

lowest temperature attainable with hot streams being cooled down with cooling water at 305 K 

(Seider et al., 2004). The recharge rate of both the MEK and acetamide streams are assumed to 

be 2 vol%. For both the MEK and the acetamide streams a recycle stream at 316 K, constituting 

98 % of the total flow into the reactor will be mixed with a recycle stream at 306 K, constituting 

2 % of the total flow into the reactor (see Tables 2.4.1– 2.4.5.2b). An energy balance on the 

streams for both the acetamide and the hydrogen peroxide is formulated in equation B.9.12. 

Equation B.9.13 is the change in enthalpy per mole of a constant molar heat capacity solution 

from an initial temperature of Ti to final temperature Tf.  

�Nrsts%r∆,ZZZZNrsts%r . �NrsuvNwr∆,ZZZZNrsuvNwr � ��Nrsts%r . �NrsuvNwr�∆,ZZZZ&FOrx (eq. B.9.12) 

∆,ZZZZF � /TF�$S ( $F� (eq. B.9.13) 

Table B.9.3.3: Total duty for 
reactor R-101 

Step 
Change in 

Enthalpy (kW) ∆,' -121 ∆,\G%HIFGJ -498 ∆,NOJ°  -2857 ∆,* 92 ∆,pX'q'���  -3385 
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In equation B.9.13, a constant heat capacity can be assumed since a small change in temperature 

is expected, with a final expected temperature between 306 K and 316 K. The following equation 

for the final temperature of the mixed solution, Tf,mixed: 

$S,&FOrx � �Nrst%sry$S,Nrsts%r ( $F,Nrsts%rz . �NrsuvNwr�$S,NrsuvNwr ( $F,NrsuvNwr��Nrst%sr . �NrsuvNwr . $F,&FOrx (eq. B.9.14) 

 

In equation B.9.14, the final temperature of the recycle and the recharge, Tf,recycle and Tf,recharge, 

respectively are 316 K and 306 K respectively. The initial temperature of the recycle, recharge, 

and the mixed stream are set to a arbitrary reference temperature of 298 K. Equation B.9.14 is 

independent of the heat capacity, and therefore is applicable for both the acetamide and the MEK 

streams. Using equation B.9.14, a flow rate of 207.9 kmol/h of acetamide recycle, and 

4.24 kmol/h of acetamide recharge, the final temperature of the acetamide stream into reactor 

R-101 is 315.8 K. Likewise using a flow rate of 57.64 kmol/h of MEK solution recycle and 

1.18 kmol/h of MEK recharge the final temperature of the MEK stream into reactor R-101 is 

315.8 K. 

 

B.9.4 Cold Shot Calculations 

Reactor R-101 is operating at 333 K (Kaur et al., 2008), and releases 3385 kW of energy. To 

remove this energy from the reactor both cold shots and cooling water will be used. All incoming 

streams into the reactor are below the reaction temperature of 333 K and therefore the reactor 

reaction itself will provide the energy to heat the reactants up to the reaction temperature. The 

energy required to heat reactant i from an initial temperature to 333 K is found using 

equation B.9.11. The limits of integration, flow rates used, and energy required for MEK, 

hydrogen peroxide, and ammonia gas are summarized in Table B.9.4. For the 70 wt% acetamide 
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solution, ASPEN was used to estimate the required heat duty to heat it from the solution 

temperature of 316 K to the reactor temperature of 333 K; ASPEN results are provided in 

Appendix F.  

Table B.9.4: Summary of R-101 Duty Calculations 

 

MEK 
Hydrogen Peroxide 

(70 wt %) Ammonia 

Acetamide 
(70 wt%) 
(ASPEN) 

Initial temp (K) 315.8 306 306 315.8 
Final Temp (K) 333 333 333 333 
Flow rate (kmol/h) 58.824 53.288 58.824 212.11 
Duty (kW) 45.17 22.69 0.02 100.23 

 

From these results, the total duty required to heat all of the reactants and catalyst to the reactor 

temperature is the sum of all the duties in Table B.9.4, 168.1 kW. Subtracting this duty from the 

total reactor duty of s3385.11 kW, the remaining energy to be removed from reactor R-101 is 

3217 kW.  

 

B.9.5 Cooling water Calculations 

Cooling water will be used to remove the remaining 3217 kW of energy from reactor R-101 so 

maintain the reactor isothermal at 333 K. From heuristics for cooling water, it will enter the 

reactor at 305 K, and exit at 322 K. This gives a 11 K or greater temperature approach on both 

ends of the cooling water input and output, also observing heuristics of heat exchanger 

temperature approaches for process fluids between ambient and 366 K (Seider et al., 2004). The 

molar flow rate of cooling water required for R-101 is found by setting the heat to be absorbed 

by the cooling water, 3217 kW, to the molar flow rate of water times the specific change in 

enthalpy per mole.  

∆,pX'q'��� �  �∆,{|ZZZZZZZZ (eq. B.9.15) 
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The change in enthalpy per mole of the cooling water, ∆,{| is found by integrating the equation 

for heat capacity from NIST, given in Table B.9.3.2 from 305 K to 322 K and is found to be 

1.28 J/mol from equation B.9.16. 

∆,{|ZZZZZZZZ �  Y � . U$ . /$* . V$� . W$X*9$!S
!F  

(eq. B.9.16) 

 

Rearranging equation B.9.15 to solve for the molar flow rate, n, in moles per second, and 

performing the appropriate unit conversions: 

3217 ��� ; 1000 �1 �� ��1.28 � ; 1 ���1000 �� ; 3600 �� �  9050547 ���/� 
(eq. B.9.17) 

Given this molar flow rate the volumetric flow rate in m3/ h can be found using the molar density 

of water at 322 K given by NIST as 54.873 kmol/m3 to be 1.657 x 105 m3/h. 

 

Total flow rate during max flow (16 day HEH operation) is approximately 801,000 gpm. Upfront 

costs of water will be considered to be for a residence time of 1 hour, or 48.06 million gallons. 

The cooling tower specification sheets provide information on evaporation rates, which is 8.45 % 

for all three towers (See Appendix G). 

 

Year-round, cooling water is required for R-101 at a rate of 1.657 x 105 m3/h, or 43.8 million 

gallons per hour. Assuming 8.45 % evaporates, an additional 3.7 million gallons of water needs 

to be added each hour. This is a total annual amount of 32.4 billion gallons of water. During 

HEH production, 71,300 gpm of cooling water are required for R-301. If 8.45 % of this water 

also evaporates across the cooling towers, 6100 gpm must be added. This relates to a total annual 

amount of 140.5 million gallons of water. 
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B.9.6 Volume of the reactor 

From Fogler (2006), the volume of a CSTR with a first order reaction can be found from 

equation B.9.18, where V is the volume of the reactor, τ is the residence time of the reactor, Q is 

the volumetric flow rate of the effluent out of the reactor, and k is the first order reaction rate 

constant of the reaction.  

~{�!p � ��1 ( �� 
(eq. B.9.18) 

For a vessel with no reaction the volume is equal to the residence time of the vessel times the 

volumetric flow rate of the process stream through the vessel, equation B.9.19. 

~]MNOJ � �� (eq B.9.19) 

Dividing equation B.9.19 by equation B.9.18, the ratio of the volumes of a reactor with no 

reaction to a CSTR reactor is found to be 1-τk. This shows that a vessel with no reaction is 

smaller than a CSTR vessel. 

 

The paper on reaction kinetics by Kaur et al., (2008) reports an optimum residence time in an 

experimental set of a CSTR of 315 minutes, but does not report a reaction rate constant at any 

temperature. Without this information and inadequate knowledge of their system to estimate a 

rate constant, it will be assumed that the volume of a CSTR will need to be 10 % larger than that 

of a vessel with no reaction. 

 

ASPEN simulations were used to estimate the approximate density of the effluent stream or 

reactor R-101 operating at 1.01 bar and 333 K given an 85 % conversion, these results are shown 

in Appendix F. For the ASPEN simulation, thermodynamic parameters for MEK-azine had to be 



 

140 
 

estimated because the ASPEN databases contained no data on the compound, and literature 

searches yielded only vapor pressure data (Subha et al., 2001).  

 

B.9.7 Methyl Ethyl Ketazine Estimations 

Critical Pressure 

All estimating methods do determine unknown thermodynamic parameters of MEK-azine are 

taken from Perry’s Handbook of Chemical Engineering. To estimate the critical pressure of 

MEK-azine Lynderson’s Method for non 

hydrocarbon organics was used. 

=s � 0.101325 b�0.34 . ∑∆��* 
(eq. B.9.20) 

Pc is the critical pressure of the compound in 

mPa, M is the molecular weight, and ∆p are 

group contributions given in Table B.9.7.1. 

With a molecular weight of 140.23 g/mole, the estimated critical pressure for MEK-azine is 

2.39 mPa, or with unit conversions 2390 kPa. 

 

Critical Temperature 

To estimate the critical temperature of a molecular structure, from Perry’s Handbook of 

Chemical Engineering, Lydersen’s equation is used because MEK-azine is a pure 

nonhydrocarbon organic (Perry, Green, & Maloney, 1997).  

$s � $��0.567 . ∑∆! ( �∑∆!�* 
(eq. B.9.21) 

The boiling temperature of MEK-azine is 444.5 K (Subha et al., 2001). Table 9.7.2 gives values 

for MEK-azine. 

Table B.9.7.1: Constants to estimate critical pressure 
using Lyndersons’ Method 

Structural Element ∆p # of 
structures 

Total 

 0.227 6 1.362 

 

0.198 2 0.396 

 
0.17 2 0.34 

Q∆�   2.098 
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Table 9.7.2: Values to estimate critical temperature 

Structural Element ∆T 
# of 

bonds total 

CH3 bond 0.02 4 0.08 

CH2 bond 0.02 2 0.04 
double bond C with two single 
bonds 0 2 0 

N with 3 single bonds 0.014 2 0.028 

Total, ∑∆! 0.148 

 

Substituting these values into equation B.9.21 gives a $s � 641.35 a. 

 

Enthalpy of Vaporization 

The enthalpy of vaporization of MEK-azine can be estimated by Riedel’s Equation which is 

given by equation B.9.22 (Perry et al., 1997), where R is the universal gas constant, Tc is the 

critical temperature, Tbr is the reduced boiling point temperature in Kelvin, Tb is the normal 

boiling temperature in Kelvin, and Pc is the critical pressure in kilopascals.  

. 

∆,�� � 1.093`$s �$�N �ln � =s  101.325� ( 10.930 ( 0.6692 ��   (eq. B.9.22) 

The critical temperature was estimated to be 641.4 K.  The normal boiling point temperature is 

444.5 K (Subha et al., 2001). The reduced normal boiling point temperature is calculated as: 

$�N � $��$N� � 0.693 (eq. B.9.23) 

The critical pressure is calculated in equation B.9.20 to be 2390 kPa. Substituting these values 

into equation B.9.22 yields an enthalpy of vaporization at 444.5 K  to be 36.84 kJ/mol. 

The Watson relation can be used to determine enthalpy of vaporization at other temperatures. 

This relation is given in equation B.9.24 (Perry et al., 1997): 
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∆,�* � ∆,�'�1 ( $�N*1 ( $�N'�q.�0 (eq. B.9.24) 

To find the enthalpy of vaporization at 298 K: 

∆,*�0 � ∆,444�1 ( $�N*1 ( $�N'�q.�0 �  36.84�1 ( 0.4641 ( .693 �q.�0 � 45.51 ��/�� (eq. B.9.25) 

 

Enthalpy of Formation 

The Joback Equation gives the enthalpy of formation at 298 K for MEK-azine: 

∆,SG � 68.29 . Q2F∆LFJ
FR'  (eq. B.9.26) 

Ni is the number of atomic groups contained in the molecule, ∆LF is the numeric value of atomic 

groups found in Table 9.7.3 and n is the different atomic groups contained in the molecule.  

Substituting -131.88 kJ/mol into the equation gives -63.59 kJ/mol 

 

 

 

 

 

 

 

Heat of Formation of Liquid 

The heat of formation of liquid at 298 K is the difference between the heat of formation of a 

liquid at 298 K, ∆,SG, and the heat of vaporization at 298 K, ∆,�. 

∆,S.%F�G � ∆,SG ( ∆,� = -109.1 kJ/mol (eq. B.9.26) 

 

 

Liquid Heat Capacity 

Table 9.7.3 Values for Functional groups to estimate heat of 
formation 

Structural Element 
# of 

bonds ∆H 
Total 

(kJ/mol) 

CH3 bond 4 76.45 -305.8 

CH2 bond 2 20.64 -41.28 
C with double bond and two 
single bonds 2 83.99 167.98 

N  with single and double 2 23.61 47.22 

Total -131.88 
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To calculate for the liquid heat capacity of MEK-azine at 293.15 K, the Chueh and Swanson 

equation is used: 

/T"����� � Q2F∆{TFJ
FR' . 18.83� (eq. B.9.27) 

Ni represents the number of atomic groups i in the compound, ∆{TF is the numeric value found in 

the Table 9.7.4, n is the number of different atomic groups and m is the number of carbon groups 

requiring an additional contribution. 

Table 9.7.4: Values for Functional Groups to estimate liquid heat 
capacity 

Structural Element ∆��� Total 
(J/mol) 

CH3 bond 36.82 147.28 

CH2 bond 30.38 60.76 
C with double bond and  two single 
bonds 15.9 31.8 

N with single and double bonds 31.38 62.76 

Total 302.6 
 

With a value of m = 0, the heat capacity of liquid is the summation of groups from the table. 

/T"����� � 302.6 ��� a 

The Harrison and Seaton equation estimates the vapor heat capacity between 300 K and 1500 K. 

Cp
o=a1+ a2C+a3H+a4O+a5N+a6S+a7F+a8Cl+a9I+a10Br+a11Si+a12Al+a13+a14P+a15E (eq. B.9.28) 

With C= 8, H=16 and N=2, Table 9.7.5 shows the values of a1, a2, a3, a5 and the heat capacities at 

different temperatures: 

Table 9.7.5: Summary of estimate heat capacities at varying temperatures. 

Temperature 
(K) a1 a2 a3 a5 Cp (J/molK) 

300 4.86 9.04 5.69 11.9 192.02 

400 0.864 12.6 7.37 14 247.584 

500 -1.85 15.5 8.89 16 296.39 

600 -4.61 17.5 10.5 17.3 337.99 
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A summary of the values input to ASPEN can be found in Table 9.7.6. ASPEN also uses user 

specified extended Antoine vapor pressure coefficients to use in its modeling of the compound. 

These parameters are not specifically outlined in the literature; however, they can be estimated 

from vapor pressure data.  

 

A paper by the National Renewable Energy Laboratory (NREL) describes the Plxant equation 

used by ASPEN and how it estimates the coefficients of this equation to fit it to pressure data. 

From NREL the Plxant equation is equation B.9.29 where P is the vapor pressure in Pascals and 

T is the boiling temperature in Kelvin (Wooley & Putsche, 1996). 

= � exp ��' . �*$ . �� . $ ; �4 . �� ln�$� . �1 ; $s�� (eq. B.9.29) 

  

Using Excel, the Plxant equation B.9.29 is fit to the Antoine equation found by (Subha et al, 

2001). This was done by minimizing the square of the error between the Plxant equation and 

Antoine’s Equation using the parameters in Table 9.7.6 and is shown in Appendix D. The error 

between the Antoine equation and the Plxant 

model to estimate the extended Antoine vapor 

pressure coefficients is approximately 7 % at 

305 K and 0.01 % at 405 K. The estimated 

Plxant coefficients input into ASPEN are 

summarized in Table 9.7.7. 

 

 

Table 9.7.6: MEK-azine ASPEN inputs 

Molecular Weight (g/mol) 140.23 

Normal Boiling Pt (K) [Subha et 
al, 2001] 

444.65 

Specific Gravity at 60 °F 0.8419 

Standard Enthalpy of Formation 
(kJ/mol) 

-109.1 

Ideal liquid Heat Capacity data 
at temperature (K, J/molK) 

(300, 192.02), 
(400,247.584), 
(500, 296.39), 
(600,337.990) 

Antoine’s Parameters, Pressure 
(Pa), temperature (K) [ Subha et 
al, 2001] 

A = 5.9847 
B = 1501.5 
C = -67.05 
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The ASPEN simulation estimates that the density of the exiting stream 

from reactor R-101 is 0.0269 mol/ml. Reaction 2 is an equimolar 

reaction and therefore there is no change in the number of moles entering 

the reactor and exiting the reactor. The total moles entering and exiting 

the reactor are 294.84 kmol/h. Dividing the molar flow rate of the reactor 

by the molar density, after unit conversions the flow rate out of the 

reactor is 153.19 L/min. Using the residence time from Kaur et al., 

(2008) of 315 minutes, a volumetric flow rate out of the reactor of 153.19 L/min and the 

estimation that the CSTR volume must be 10 % larger than a vessel with no reaction, equation 

B.9.30 is obtained.  

~{�!p � 1.1�� � 1.1 ; 315 ��� ; 153.19 ����  ��1000 � � 53.08�� 
(eq. B.9.30) 

 

B.10 Tower T-402 A/B Calculations 

Tower T-402 A/B uses a buffer solution of 0.15 M sodium chloride and 0.05 M sodium 

phosphate at a molar ratio of  13:1 (sodium chloride: sodium phosphate) and calibrated to a pH 

of 7.0.  This ratio was determined by calculating the molar ratio used in a phosphate buffer 

solution suggested by Sam Michaelson (Michaelson, 1998). 

 

The amount and flow of the buffer solution is equal to the flow and amount of the HEH and 

HZH mixture.   The buffer solution is placed in a separate holding tank at the same temperature 

as the column. Because the column can never dry out,   the buffer solution will be assumed to 

follow the HZH and HEH stream without ever coming into contact with the mixture, preventing 

the column from drying and mixing. 

 

Table 9.7.7: Extended 
Antoine Vapor 
Pressure Coefficients 

c1 213.5109 

c2 -13777.3 

c3 3.824027 

c4 -3.3E-05 

c5 -28.8153 

c6 1.3E-05 

c7 2.09044 
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The components of the gel filtration column include its height, diameter, residence time and 

packing material. A paper from Lei Guo, Frank-Michael Matysik, Petra Gläser and Werner 

Engewald (2005) provides a residence time of 3.9 minutes for hydrazine through a capillary 

column. Since no residence time for HEH was found in the literature an approximation of the 

residence time is made from the fact that the HEH is expect to elute from the column first. 

Therefore the residence time of HEH in the column is assumed to be 2 minutes.  

 

Assuming this residence time is similar to the HZH eluting from the column, the dimensions of 

the column can be calculated. The flow rate entering the column is 12.87 L/min. Assuming a 

3.9 minute residence time, the total volume of the sample is: 

 ~ � 12.87 �/min; 3.9min � 50.19 � 

 
(eq. B.10.1) 

 

Since the sample represents 30% of the column’s volume (Amersham Biosciences, 2002), the 

total volume is: 

$�)8 ~�g�7 � 50.19�0.3 � 167.31 � 
(eq. B.10.2) 

From the “Gel Filtration: Principle and Methods” manual by Amersham Biosciences, an example 

column separating bovine serum albumin from sodium chloride  is seen and can be used to 

approximate the height and diameter of the column. The column of the BSA column is as 

follows: volume = 1884 mL, diameter = 0.05 m, height = 0.9595 m 

 

The ratio of the diameter to length of the column is 19.2:1 (L= 19.2D). This factor is used to 

calculate the diameter and length of the gel filtration column.  The following shows the 

calculations: 
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~ �  V*�4 � 167.311000 ��   (eq. B.10.3) 

Substituting L= 19.2  D 

167.311000 �� �   V* ;  19.2V4 ,    (eq. B.10.4) 

Therefore the diameter of the column is 0.223 m and the height is 4.28 m long. To calculate the 

overall residence time, the volume of the column is divided by the volumetric flow rate: 

$�)8 +7��97��7 )��7 �  167.31� 12.87 �/��� � 13  ���g)7� 
(eq. B.10.5) 

Therefore, the HEH will elute out of the column up to 3.9 minutes, the HZH will elute between 

3.9-13 minutes and the buffer solution will elute for 13 minutes to prevent the column from 

drying.  

 

The column will be packed with G-10 Sephadex from Sigma Aldrich because its application 

involves low molecular weight substances.  The bed height of the BSA column was 10 cm. 

Setting a proportion of bed height to column height of the BSA column and the gel column gives 

the following: 

¡79 �7�:�)��g�� �7�:�) � . 10 �. 9595� � >4.28 �  (eq. B.10.6) 

Therefore after rearranging the bed height, x is 0.446 m. The bed volume of the G-10 Sephadex 

is 2 mL/g, therefore the total amount of packing needed is 23 kg. 

 

The pressure drop in the bed of the column can be determined by Darcy’s Law, found in the gel 

filtration manual (Amersham Biosciences, 2002). The equation for Darcy’s Law is U= K ∆PL-1 

where U=linear flow rate (cm/h), K= constant of the bed material and the buffer, L= bed 
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height (cm) and P= pressure drop over the bed (cm H20) .The length of the bed height is 44.6 cm, 

K = 19 for G-10 Sephadex, and the linear flow rate is calculated by the following equation: 

��78+ ¢�5 +8)7 ����+ � � ~�g�7)+�� ¢�5 +8)7 � �����> 60  > 9*���*�  (eq. B.10.7) 

 
Therefore: 

��78+ ¢�5 +8)7 � '*.0£ ¤&FJ  > 'qqq &%' ¤  > 1q¥¦§' uN  > 4̈  > '�.**� &�©  > ' &©�'qq s&�© � 1977.10 ��/�+  

ΔP � ¬ > �a � 1977.10 > 44.619  4640 �� ,20 � 4.55 ¡8+ 
(eq. B.10.8) 

The inlet is operating at atmospheric pressure 5.56 bar, therefore the outlet pressure will be at 

1.01 bar. 

  

B.11 HZH Purification Tower T-403 

From U.S. Patent 4,657,751, a 2 cm diameter and 30 cm long column with 50 cm3 of beads, or 

approximately 53 % of the column volume, was used. The beads consist of non functionalized 

polystyrene with diameters between 0.1 mm and 3 mm. The beads should have a specific volume 

of 100 to 1000 m2/g. From these specifications and consulting with representatives from Purolite, 

the packing chosen was Purolite absorbants MN202 (Purolite, 1998; Appendix I). This material 

has a mean size of 0.45 mm to 0.62 mm with a more volume of 1.1 ml/g and a specific surface 

area of > 700 m2/g.  A 100 cm3/h flow rate of HZH was flowed through the column for 4 hours 

before the column became saturated and cleaning was required.  

.~ �  � ®4* (eq. B.11.1) 

~ �   30 �� �2 ���4 * � 94.25 ��� (eq. B.11.2) 
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94.25 ��� 1�100 ��� 60 ���1� �  57 ��� (eq. B.11.3) 

 

Given the calculated residence time of approximately 57 minutes, the tower volume required for 

our application with 19.25 L/min of 94 % HZH entering tower T-403 A/B/C can be found. 

19.25 ���� ; 1 ��1000 � 57 ���1 �  1.097 �� 
(eq. B.11.4) 

 

This is the tower volume required for a flow rate of 19.25 L/min of HZH to remove the total 

carbon content of the stream down to the required specifications (Arkema, 2005a) with tower 

regeneration every 4 hours. To regenerate the tower every 8 hours, once a shift, opposed to twice 

a shift, the tower size should be doubled, therefore doubling the amount of packing in the tower. 

Therefore the tower volume will be 2.195 m3. The residence time of this tower will be τT-403: 

τ°X4q� � 2.195 �� ; 1000 �1 �� ; ���19.25 � �  114 ��� 
(eq. B.11.5) 

 

Using the same ratio of packing volume to total tower volume used in the patent, 53 %, the 

volume of packing in T-403 can be found with equation B.11.6 to be 1.162 m3.  

~Tvs±FJw²�GFx � 0.53 ; ~!GIv% (eq. B.11.6) 

 

The volume of entrained HEH in the packing must be found to determine how much HZH must 

be forced out of the column before the regeneration cycle with methanol begins. The void space 

in the packing is a function of the type of packing and how it is placed in the tower. The packing 

consists of spherical beads dumped into the tower. This leads to a void space of approximately   

40 % (Saez, 2009) in the packing given a heterogeneous particle size distribution. The total void 

space between the packing is therefore from equation B.11.7 0.233 m3 or 233 L: 
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~�GFx � 0.40 ; ~Tvs±FJw²�GFx (eq. B.11.7) 

This volume of HEH will be discharged out of the tower with compressed nitrogen gas into 

holding tanks V-406 and V-407. These holding tanks will therefore have a volume 10 % larger 

(256 L) than the volume of HZH entrained in the packing, to allow the nitrogen to be released 

from the top of the vessel.  

 

The amount of packing required for this tower is found with the packing density. The packing 

density is equal to 60 % (Saez, 2009), and therefore the volume of solid packing can be found 

from equation B.11.8 to be 0.349 m3. 

~Tvs±FJw � 0.60 ; ~Tvs±FJw²�GFx (eq.B.11.8) 

The density of the packing from the vendor (Purolite, 1998) is 1040 kg/m3 so the total mass of 

packing required for one tower is: 

362.54 �: � 1040 �:�� ; .349 �� 
(eq.B.11.9) 

Two towers of this size will be required to operate on a continuous basis when one tower is down 

for regeneration, therefore a total of 725 kg of packing will be required for towers T-404A/B. 

 

The calculations to find the size of the organic removal towers T-501 and T-502 are found in the 

same manner as tower T-403 in Unit 400. The flow rates entering the towers and their resulting 

volume, packing weight, and required vessel volumes are summarized in Table B.11.1. Tower 

T-501 is used to remove organics from a stream of purified HEH, with attached Vessels V-501 

A/B/C. Tower T-502 purifies organics from a 52 wt % stream of HZH with associated vessels 

V-503 A/B/C. Tower T-501 purifies a stream containing only HEH and trace organic impurities. 

HEH and hydrazine are structurally similar and after consulting with Purolite it is assumed that  
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the same filtration 

media (Purolite 

absorption beads 

MN202) will be 

effective to purify both HEH and hydrazine (See Appendix I). 

 

B.11.1 Justification of Nitrogen, Methanol, Water Washes 

From Patent 4,657,751 the cleaning of the organic removal towers T-403, T-501 and T-502 is 

accomplished using methanol and water to regenerate the column (Alicot & Pierre, 1987). The 

same regenerates used in Patent 4,657,751 are also suggested by the MN202 packing 

manufacturer (Purolite, 1998). Patent 4,657,751 describes the use of first 150 cm3 of methanol 

and then 400 cm3 of water to wash a column with a volume of 94.25 cm3. By dividing the 

volume of methanol by the tower volume, the relative amount of methanol expressed as a tower 

volume can be found equation B.11.9, and similarly for water equation B.11.10.  

150 cm�methanol94.25 cm� � 1.59 
(eq. B.11.9) 

400 cm�water94.25 cm� � 4.24 
(eq. B.11.10) 

 

The relative volume of methanol needed to the total volume is found by dividing the relative 

methanol volume, 1.59, by the total volume, 5.83. The same is done for the water.  

1.591.59 . 4.24 �  .273 
(eq. B.11.11) 

4.241.59 . 4.24 �  .727 
(eq. B.11.12) 

 

From equations B.11.11 and B.11.12, it can be seen that the volume of methanol needed 

represents about 27.3 % of the total volume of liquid for regeneration and water represents the 

Table B.11.1: Summary of organic removal tower specifications 

 T-403 A/B/C 
(V-403)  

T-501 A/B/C 
(V-501) 

T-502 A/B/C 
(V-502) 

Flow Rate (L/min) 19.25 6.39 5.95 
Tower Volume (m3) 2.195 0.728 0.678 
Packing Weight (kg) 363 241 112 
Vessel Volume (m3) 0.256 0.170 0.079 
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remaining 72.7 %. The Patent 4,657,751 and the data sheets for the proposed packing do not 

specify the time frame required for the tower regenerations. For this analysis, the residence time 

of product flowing through the towers was set to be 114 minutes. Changing the total regeneration 

time of the towers in a calculations spread sheet determined that a 16 hour regeneration time fit 

these criteria the best. Under these conditions, three towers are required with one operating for 

8 hours and two being cleaned in a staggered manner over 16 hours (See Appendix D). Here the 

calculations for tower T-403A/B/C with a total regeneration time are shown with results for each 

tower under 8 and 16 hours of regeneration summarized in table B.11.1.1.  

 

The regeneration time allotted for methanol and water is one hour less than the total 16 hours of 

regeneration time for a tower. In the remaining 1 hour, 30 minutes are used in the beginning of 

the cycle to use nitrogen to purge product from the void spaces of the tower; at the end of the 

cycle, 30 minutes of nitrogen flow through the tower to remove entrained water from the column 

to maintain product quality by eliminating any dilution of the product. The total methanol and 

water required is found by multiplying the tower volume by the relative volume of each 

compound found in equations B.11.9 and B.11.10. For tower T-403, the total volume is 2.195 m3 

and the relative volume of methanol is 0.273, from equation B.11.11 and the relative volume of 

water is 0.727 from equation B.11.12.  

~IGIv%,&rIuvJG% �  .273 ; ~IGºrN � 3.49 �� (eq. B.11.13) ~IGIv%,ºvIrN �  .727 ; ~IGºrN � 9.32 �� (eq. B.11.14) 

Given a total volume of methanol and water, the volumetric flow rate in minutes can be found 

using the 15 hour operating period for the methanol and the water and the fraction of methanol 

and water to the total volume needed (equations B.11.11 and B.11.12).  

�&rIuvJG% � ~IGIv%,&rIuvJG%15 �+ ; .273 ; 60 ���/�+ �  .014 ��/��� 
(eq. B.11.15) 
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�ºvIrN � ~IGIv%,ºvIrN15 �+ ; .727 ; 60 ���/�+ �  .014 ��/��� 
(eq. B.11.16) 

From this, a residence time is found by dividing the tower volume by the result of equations 

B.11.15 and B.11.16, shown in equation B.11.17 to be 105 minutes. 

τ°X4q�,»¼½¼§ � ¾¿ÀÁÂ^� � *.'��&^.q'4 &^/&FJ � 105 ���  (eq. B.11.17) 

 The molar flow rate of methanol and water is found from the volumetric flow rates for methanol 

and water found from equations B.11.15 and B.11.16 by multiplying by the densities of methanol 

and water at 306 K, found from NIST along with the appropriate unit conversions.  

� � � ; ÃÄ � .014 ����� ; 1000 ��� ; 24.31��� ; ���1000 �� ; 60 ����� 20.759����  b7)�8�� 
(eq. B.11.18) 

� � � ; ÃÄ � .014 ����� ; 1000 ��� ; 55.217��� ; ���1000 �� ; 60 ����� 20.759����  58)7+ 

(eq. B.11.19) 

Two times the volume of the tower, T-403 A/B/C, at 2 bar absolute, is assumed to be adequate to 

purge any liquid entrained in the tower packing once. The volume of tower T-403 A/B/C is 

2.195 m3. Using the ideal gas law with a pressure of 2 bar, and a temperature of 306 K and using 

the universal gas constant with units of m3barK-1 mol-1, 345 mole of nitrogen are required for one 

purge of T-403 A/B/C.  

� � =~`$ � 2 ¡8+ ; 2 ; 2.195 ��
8.314>10X���¡8+�� a ; 306 a � 345 ��7 

(eq. B.11.20) 

 

These moles of nitrogen are assumed to pass through the tower in a 30 minute time period, so 

molar flow rate required of nitrogen for one purge is found by dividing the required moles found 

in equation B.11.20 by 0.5 hours. With unit conversions, the flow rate is 0.690 kmol/h. The 

summarized results for all three organic removal towers are found in table B.11.1.1, with 

calculations for the remaining towers found in Appendix D. 
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Table B.11.1.1: Organic removal tower regeneration specifications. 

Tower T-403 A/B/C T-501 A/B/C T-502 A/B/C 
Tower Volume (m3) 2.195 0.728 0.678 
Methanol Flow (kmol/h) 20.759 6.885 6.412 
Water Flow (kmol/h) 47.151 15.638 14.564 
Nitrogen Flow (kmol/h) 0.690 0.229 0.213 

 

Fluid passing through absorptions towers T-403 A/B/C, T-501 A/B/C, and T-502 A/B/C will 

experience a pressure drop across them, in the same way that gel filtration column T-402 A/B 

had a pressure drop of 4.55 bar. There will be characteristic pressure drops across the column for 

each different flow rate of methanol, water, and nitrogen across each of the organic absorption 

towers.  

 

B.11.2 T-403 A/B/C Process and Washing Pressure Drops 

The ratio of the diameter to length of the column is 15:1 (L= 15D), found from Table 9.3 in 

Seider et al. (2004). This factor is used to calculate the diameter and length of the gel column.  

The following shows the calculations: 

~ �  V*�4 � 2.195 ��   (eq. B.11.21) 

Substituting L= 15D 

2.195�� �  V* ;  15V4     
D = 0.571 m 

L= 15  x  0.571 = 8.57 m 

The column will be packed with Purolite MN 202, which has similar properties as the packing of 

the gel-filtration column (G-10 Sephadex). The packing can be related to separating chemical 

compounds with a small molecular weight. As a result, the pressure drop in the bed of the 

column can be determined by Darcy’s Law (Amersham Biosciences, 2002). The equation for 
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Darcy’s Law is U= K ∆PL-1 where U=linear flow rate (cm/hr), K= permeability constant of the 

bed material and the buffer, L= bed height (cm) and P= pressure drop over the bed (cm H20).  

 

A permeability constant is assumed to be 50, because the particle size of the Purolite MN 202 is 

greater than the G-10 Sephaex because the density of the Purolite is 1.097 g/ml, where as the 

G 10 Sephadex is 2 ml/g and thus the K value should be greater than 19. 

 

The bed height of the column is equal to 53% of the volume. The following equation calculates 

the bed height of the column: 

0.53~ � ¨®.�£'©¤Å4 � 2.195 �� (eq. B.11.22) 

 

Lb=4.54 m = 454 cm. 

The linear flow rate can be calculated by the following equation: 

 

��78+ ¢�5 +8)7 ����+ � � ~�g�7)+�� ¢�5 +8)7 � �min �> 60  > 9*���*�  

(eq. B.11.22) 

Therefore: 

��78+ ¢�5 +8)7 � '�.*� ¤&FJ  > 'qqq &%' ¤  > 1q¥¦§' uN  > 4̈  > '�.�£' &�©  > ' &©�'qq s&�© � 450.88 ��/�+  

ΔP � � O ¤Æ � 4�q.00 O 4�4�q  4085.29 �� ,20 � 4.01 ¡8+      (eq. B.11.23) 

The flow rate of the methanol, water, and nitrogen wash in tower T-403 is calculated the same 

way as the process stream, as are 

pressure drops for towers T-501 

and T-502. Results are 

summarized in Table B.11.2.1. 

Table B.11.2.1: ∆P (in bar) across organic removal towers given 
a the process and recharge stream flow rates (see stream tables 
and Tables 2.4.1 – 2.4.5.2b) 

Tower T-403 A/B/C T-501 A/B/C T-502 A/B/C 
Process 4.01 1.92 1.84 
Methanol  2.97 1.42 1.36 
Water 4.01 1.92 1.84 
Nitrogen 4.01 1.92 1.84 
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Appendix C: Final Economic Calculations 
 
 
 
C.1 Equipment Cost Calculations: 

Most heuristics are taken from Seider et al. (2004) unless noted. These calculations were done in 

an Excel spreadsheet that is provided in Appendix D. 

 

C.1.1 Example calculation for Distillation Column T-302: 

The equation to cost a distillation column is:  

Cp = FmCv + CPL + CT     (eq. C.1.1) 

To calculate CPL , the following equation is used 

CPL = 237.1(Di)
0.63316(L)0.80161    (eq. C.1.2) 

From Table 9.13, Heuristics for Towers, it states to limit the tower height to 53 m or 175 ft 

(Turton et al., 2003). Furthermore, in Seider, the maximum value is 170 ft. 170 ft will be 

assumed to be the maximum tower height.  

From the equipment table, the maximum number of trays for a column is 131. Assuming this 

maximum tower height, the height of each tray is the following: 

Tray Height = 
'£qSI'�' � 1.3¢)       (eq. C.1.3) 

The number of trays for T-302 is 33 trays, therefore the height = 33 * 1.3 ft = 42.9 ft 

 

From Heuristic 14 in Table 9.13, the ratio of length to diameter must be less than 20 (Turton et 

al., 2003). Assuming this ratio to be 15, the diameter of the column is 2.86 ft. These values are 

plugged into equation C.1.2 to yield $ 9,386 

   



 

157 
 

To calculate Cv, the distillation tower is vertical, therefore: 

Cv = exp(7.0374+.18255 ln(W)+ .02297((ln(W)2))   (eq. C.1.4) 

The formulas needed to calculate weight are given below: 

W = Π(Di + tv)(L +0.8Di)tvρ    (eq. C.1.5) 

tv = )T�0.75 . 0.22W �¤/®��©Ç� �     (eq. C.1.6) 

tp = Ç� È� *�ÉX'.*Ç�       (eq. C.1.7) 

The maximum level of stress (S) is dependent on the temperature and material of construction. 

From the table in Seider on p.529, the stress is equal to 15,000 psi. 

The weld efficiency (E) accounts for the integrity of the weld. In this case it is equal to 1 since a 

100 % x-ray check is required. The design pressure (Pd) is equal to the following: 

Pd = exp(0.60608 + 0.91615(ln(Po))+0.0015655(ln(Po))
2    (eq. C.1.8) 

Substituting and converting 0.993 bar to psig gives 26.59 psig, which yields a tp of 0.002538 ft 

from equation C.1.7. Solving for tv in equation C.1.6 gives a tv of 0.003615 ft. The density of 

stainless steel 304 is 487.30 lb/ft3 (Metal Suppliers Online, 2000). Plugging all these values back 

into equation C.1.5 yields a weight of 1313.6 lb. Equation C.1.3 is used to find a Cv of $ 13,801. 

 

The Fm for the distillation column is 2.1, therefore the Cp for the distillation tower is calculated 

by equation C.1.1. To account for the packing and trays of the distillation column, equation C.1.9 

is used. 

CT = NTFNTFTTFTMCBT    (eq. C.1.9) 

CBT is the base cost of the trays and can be expressed with the following equation: 

CBT = iD
e

1739.0369      (eq. C.1.10) 

Substituting an inside diameter of 0.223 m or 2.86 ft gives a CBT of $ 607:  
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FNT=
*.*�'.q4'4Ê¿     (eq. C.1.11) 

If the number of trays is greater than twenty, then FNT = 1. In this case, the number of trays is 33, 

therefore FNT = 1. FTT is the type of tray and in this case, a sieve tray is used, therefore FTT = 1. 

FTM is dependent upon the column diameter in feet and corrects for the material construction. For 

stainless steel 303, which is assumed to be comparable to stainless steel 304: 

FTM = 1.189 + 0.0577 Di     (eq. C.1.12) 

Therefore, FTM = 4.0. 

Substituting this back into equation C.1.9 yields a CT of $ 104,000. 

Adding this cost to the to determine the Cp yields: 

Cp = FmCv + CPL + CT = $ 39,324 

The bare module cost is the product of the bare module factor and Cp. For T-302, the bare 

module factor is 4.16, so the bare module 

cost is $ 1,666,634 (Seider et al., 2004). This 

cost is scaled to 2009 prices using the cost 

index. The cost index for 2000 is 394.1, 

while the cost index for 2009 is 539.7 

(Chemical Engineering, 2009; Seider et al., 

2004). This same procedure is used to cost all 

distillation columns, and all costs are summarized in Table C.1.1. 

 

C.1.2.1 Example Calculation for Heat Exchanger E-306 

The area of the heat exchanger can be found from Section 2.3 and calculations in Appendix B. 

Converting 59.7 m2 to square feet yields 624.3 ft2. 

Table C.1.1: Summary of Tower Costs 

Tower 
Number of 

Towers 
Actual Cost of 
Each Tower  

T-301 1 $      95,329 
T-302 1 $    222,044 
T-303 1 $    279,954 
T-401 1 $ 2,437,104 

T-402 A/B 2 $      93,398 
T-403 A/B/C 3 $    871,103 
T-501 A/B/C 3 $    472,000 
T-502 A/B/C 3 $    455,588 

Total 15 $ 4,926,520 
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To calculate purchase cost: 

Cp = FPFMFLCB      (eq C.1.13) 

From Figure 16:10 Seider (2004), floating head heat exchangers are the cheapest for this area. 

CB = exp(11.667 – 0.8709 ln(A) + 0.09005 (ln(A))2 = $18041    (eq. C.1.14) 

Assuming tube length = 20 ft; FL =1   

Pressure into the heat exchanger = 15.5 bar = 210 psig. Therefore: 

FP = 0.9803 . .018 Ë � Ç'qq� . 0.0017 Ë � Ç'qq�* � 1.02    (eq. C.1.15) 

Assuming material is stainless steel/carbon steel: a = 1.75; b = 0.13 (Table 16:25 Seider (2004)) 

FM = 02.3)
100

( =+ bA
a      (eq. C.1.16) 

Substituting these numbers back into equation C.1.13: 

Cp =$55,796    

As with the distillation towers, this purchase 

cost is then multiplied by a bare module factor 

of 3.17 for heat exchangers and scaled to 2009 

prices using the cost index (Chemical 

Engineering, 2009). This results in an actual 

2009 cost of $ 242,217. These calculations are 

available in the Economic Calculations 

Spreadsheet in Appendix D. The same 

procedures are used to cost all heat exchangers, their actual costs are summarized in Table C.1.2. 

 

C.1.2.2  Example Calculation for Air-cooled Fin Fan Heat Exchanger E-303 

To calculate the cost for an air-cooled fin fan heat exchanger, the following equation is used: 

Table C.1.2: Summary of Heat Exchanger Costs 

Heat Exchanger Actual Cost 
E-301 $ 197,490 
E-302 $ 196,706 
E-303 $ 163,861 
E-304 $ 211,477 
E-305 $ 228,534 
E-306 $ 242,217 
E-307 $ 328,267 
E-308 $   21,124 
E-401 $ 126,854 
E-402 $   70,750 
E-403 $ 178,482 
E-404 $   67,035 
E-501 $ 122,347 
Total $ 2,155,145 
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Cp = 1,970 x FM x A0.4       (eq. C.1.17)  

FM   is the materials cost and can be calculated in equation C.1.16 and the area of the heat 

exchanger can be found from the equipment tables and calculations in Appendix B. 

Substituting these values back to equation C.1.17 yields a Cp = $ 37,746. After multiplying by a 

bare module factor of 3.17 and scaling to 2009 prices gives an actual cost of $ 163,361. 

 

C.1.2.3  Example Calculation for Double-Pipe Heat Exchanger E-303 

To calculate the cost for double-pipe heat exchanger, the following equation is used: 

Cp = Fp x  FM x CB
       (eq. C.1.18)  

FM can be calculated from equation C.1.16 and because the range of pressure is between 100 to 

2,000 psig, Fp can be calculated from equation C.1.15. To calculate the CB, the following 

equation is used: 

CB = exp(7.1248 + 0.16 ln(A))     (eq. C.1.19) 

The area can be found in Section 2.3 and as a result finding CB and substituting the necessary 

information to equation C.1.18 yields a Cp of $ 28,813. Including the bare module factor of 3.17 

and scaling to 2009 prices gives a cost of $ 122,347. 

 

C.1.3 Example Calculation for Vessel V-302 

Calculating the cost of the vessel is similar to the calculation of the distillation column, except 

the vessel does not contain any trays. The purchase cost equation for the vessel is: 

Cp= FmCv + CPL    (eq. C.1.20)  
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Table 9.7, Heuristics 1-3, help in determining the orientation of the vessel (Turton et al., 2003). 

In this instance, the volume is greater than 38 m3, therefore it is vertical. In the case of V-304, 

the volume is between 3 - 38m3, and as a result, it has a horizontal orientation.  

The volume of the vessel can be found from the equipment tables, Tables 2.3.1 - 2.3.12, or in 

calculations in Appendix B. From Table 9.6 of the Heuristics, it states that for a process vessel, 

the L/D ratio is 3. Substituting L = 3D in the formula for the volume of a cylinder yields. 

~ �  V*�4 � 4.93 ¢)�  (eq. C.1.21) 

By substituting L= 3D into equation C.1.21, the diameter can be isolated and found to be 1.14 ft. 

This relates to a length of 3.43 ft. 

To calculate CPL, equation C.1.22 is used. 

CPL= 237.1(Di)
0.63316(L)0.80161     (eq. C.1.22) 

Substituting the diameter and length, CPL= $ 1,624. 

The thickness, tv, can be determined from Heuristics Table 9.7, where if the diameter is less than 

42 inches, the thickness is 0.25 in. If the diameter is between 1.07-1.52 m, the thickness is 

0.32 in and if greater than 1.52 m, the thickness is 0.38 in. In this case, the thickness is 0.25 in or 

0.021 ft. 

 

The maximum level of stress (S) is equal to 15,000 psi, and the weld efficiency (E) is 1 since a 

100 % x-ray check is required. The design pressure (Pd) is given by equation C.1.7. This vessel is 

at a pressure of 0.13 bar, converting this to psig and plugging it into the design pressure equation 

yields a design pressure of 4.16 psig. The weight equation, equation C.1.8, also applies to vessels 

and results in a weight of 206.18 lbs. 

Cv = exp(8.717 - 0.233 ln(W) + 0.0433 (ln(W))2 = $5720    (eq. C.1.23) 
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Because Fm = 2.1, the Cp can be calculated from equation C.1.20 to be $ 13,366. The bare 

module cost for vessels is 4.16, so the total cost for V-302 is $ 56,725. The cost index scales this 

up to an actual cost of 

$ 77,682. This same 

procedure is used to cost all 

vessels; the results are 

summarized in Table C.1.3. 

 

 

C.1.4 Example Calculation for Reactor R-301 

From Heuristics 9.17, the optimum proportion of stirred tank reactors are with liquid level 

equaling the tank diameter. Assuming the liquid level is the height of the reactor, L= D in 

calculating for the cost of the reactor. The volume is given in the equipment table, Table 2.3.5 

and is calculated to be 225 ft3 in Appendix B. 

Substituting back into equation C.1.21, 

~ �  V*�4 � 225 ¢)�   
with L= D, the diameter and length are equal to 6.6 ft. 

Calculating the cost of the reactor is similar to the vessel and distillation column, with equation 

C.1.20 

 

The thickness for this reactor can be calculated from equation C.1.5 of the distillation column 

where S = 1500, E = 1 and the pressure = 27.01 (from equation C.1.7). 

Therefore the thickness = 0.007482 ft. 

Table C.1.3: Summary of Vessel Costs 

Vessel Number of Vessels Actual Cost of Each Vessel  
V-301 1 $    73,061 
V-302 1 $    77,682 
V-303 1 $    81,278 
V-304 1 $   229,637 
V-401 1 $     68,179 
V-402 1 $   108,649 

V-403 A/B/C 3 $     89,243 
V-404 1 $   108,649 

V-501A/B/C 3 $     83,576 
V-502 A/B/C 3 $     75,546 

Total  $ 1,492,231 
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Using equation C.1.1 for Cpl yields 9780; and the equation for Cv gives a value of 26837. 

With a Fm of 2.1, the purchase cost is $ 66,137, which is then multiplied by the bare module 

factor, 4.16, and scaled up to 2009 dollars for an 

actual cost of $ 376,774 (Seider et al., 2004). Reactor 

R-301 is priced in a similar fashion and summarized 

in Table C.1.4. 

 

C.1.5 Example Calculations for Pump P-105  

Pump P-105 is the only pump that is not purchased from a vendor. This pump is the effluent of 

R-101, and has a flow rate of 14.21 m3/h, or 62.6 gpm. Because of this flow rate, a centrifugal 

pump is the ideal design (Seider et al., 2004). Assuming a head of 200 ft from Table 16.20 in 

Seider, the size factor of the pump is determined by equation C.1.21, where Q is volumetric flow 

rate in gallons per minute and H is pump head in feet.  

3.885== HQS  (eq. C.1.24) 

Table 16.20 gives a type factor (FT) of 1.5 for this centrifugal pump. The base cost of a 

centrifugal pump is calculated from their size factor, S; this equation is C.1.22. 

1999)][ln0519.0][ln6019.02951.9exp( 2 =+−= SSCB  (eq. C.1.25) 

Because of ammonia constraints on the material of construction, P-105 is made of Monel, with a 

material factor, FM, of 3.3. The purchase cost is determined by equation C.1.22.  

9895$== BMTP CFFC  (eq. C.1.26) 

Centrifugal pumps are usually driven by an electric motor, so this is an additional cost that must 

be considered. Equation C.1.27 is the power consumption for the electric motor, and fractional 

efficiency, ξP, and motor efficiency, ξM, are given by equations C.1.28 and C.1.29, respectively. 

Table C.1.4: Summary of Reactor Costs 

Reactor Actual Cost  
R-101 $ 376,774 
R-301 $ 126,859 
Total $ 503,633 
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M

B

Mp

PHQ

ξξξ

ρ
=

33000
= Pc      (eq. C.1.27)  

ξP = -0.316 + 0.24015×(ln(Q)) - 0.01199×(ln(Q))2 = 0.47  (eq. C.1.28) 

The density of this stream is given by ASPEN to be 0.838 gm/cc, or 6.99 lb/gal. PB can be shown 

to be 5.64. 

ξM = 0.8+0.0319×ln(PB)-0.00182×(ln(PB))2 = 0.85   (eq. C.1.29) 

Therefore, substituting these variables back into equation C.1.27  yields a power consumption of 

6.64 Hp for the motor of P-105. This value then is used in equation C.1.30 to find the base cost 

of the motor. 

CB =exp(5.4866+ 0.13141×ln(PC )+0.053255×ln(PC)2+0.028628×ln(PC)3-0.0035549×ln(PC)4 

CB = $ 435      (eq. C.1.30) 

From Table 16.22, assuming 3,600 rpm and an open, drip-proof enclosure yields FT = 1. 

                           Cp = CB×FT = $ 435      (eq. C.1.31) 

Total Cost of Pump + Motor = $ 10,330 

This purchase cost of the pump and motor is multiplied by the bare module factor for pumps, 3.3, 

and scaled up to 2009 prices to yield an actual cost of $ 46,683 (Seider et al., 2004). All pumps 

costs are summarized in Table C.1.5. 
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Table C.1.5: Summary of Pump Costs 

Pump Number of 
Pumps 

Actual Cost of 
Each Pump  

Pump Number of 
Pumps 

Actual Cost of 
Each Pump  

P-101 2 $ 1,502,769 P-402 2 $        1,456 
P-102 2 $            58 P-403 2 $        1,456 
P-103 2 $       1,456 P-404 2 $        1,456 
P-104 2 $            58 P-405 2 $        1,023 
P-105 2 $      46,683 P-406 2 $        1,456 
P-301 2 $    214,681 P-407 2 $        1,456 
P-302 2 $        1,456 P-408 2 $        1,456 
P-303 2 $        1,456 P-409 2 $        1,456 
P-304 2 $        1,516 P-410 4 $        1,456 
P-305 2 $        1,456 P-501 2 $        1,095 
P-306 2 $        1,614 P-502 2 $        1,080 
P-307 2 $        1,614 P-503 2 $        1,080 
P-308 2 $        1,080 P-504 2 $        1,080 
P-309 2 $        1,456 P-505 2 $        1,080 
P-310 2 $             58 P-506 4 $        1,080 
P-311 2 $        1,351 P-507 2 $        1,080 
P-401 2 $        1,080 P-508 2 $        1,080 
Total     $ 3,609,569 

 

C.1.6  Example Calculations for Cooling Towers: 

The costs of the cooling towers were priced from vendors and the cost can be seen in Table 

C.1.6.  

 
 

  

Table C.1.6: Summary of Cooling Tower   Costs 

Cooling towers Actual Cost  
Tower 1 $   4,491,190 
Tower 2 
Tower 3 

$   6,675,770 
$   6,675,770 

Total $ 17,842,730 
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C.2 Cash Flow Analysis  

All equations are taken from Seider et al. (2004). 

 

A cash flow analysis is used to track the flow of monetary funds and analyze the profitability of 

the investment. Assuming the startup of the company is year 0, and the workers and plant 

function 365 days a year, the following calculations are performed to determine the profitability 

of the company during a 30 year time span. The total bare module cost (CTBM) is equal to the cost 

of the total equipment needed for the HEH/HZH plant. In this case the CTBM is $ 38,000,000. 

 

Next, the total depreciable capital (CTDC) is calculated. To calculate this, the cost of site 

preparation, the cost of service facilities, the allocated cost for utility plants and related facilities, 

and contingencies and contractors fee must be calculated. 

 

To calculate site preparation, 15% of the bare module cost is taken. As a result: 

Cost of Site Preparation= 0.15 * CTBM= $7,600,000    (eq. C.2.1) 

Equation (C.2.1) can also calculate the cost of service facilities, thus the cost of service facilities 

is $ 7,600,000. To calculate the allocated cost for utility plants and related facilities, an estimated 

5 % of the bare module cost is taken, and as a result:   

Allocated cost for utility plants and related facilities = 0.05 * CTBM = $ 1,900,000.  (eq. C.2.2) 

 

Taking 18 % of the summation of the total bare module cost, cost of site preparation, the cost of 

service facilities, and the allocated cost for utility plants and related facilities, the contingencies 

and contractor’s fee can be calculated. 
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Contingencies and Contractor’s fee = 0.18 x ($ 7,600,000 + $ 7,600,000 + 

$ 1,900,000 + $ 38,000,000) = $ 9,900,000. 
(eq. C.2.3) 

Summing up these values gives a total depreciable capital CTDC  =  $ 65,000,000. 

 

C.2.1 Raw Materials 

The total cost of raw materials can be seen in Table C.2.1 and gives a total of $ 37,000,000 per 

year. The total cost of utilities from Table 2.5.1 is $3,600,000 per year. 

Table C.2.1: Annual Raw Materials Requirements   

Raw Material Amount Cost (2009) [$] Source 
        

Acetamide 2,020,000 lba $3,746,000 Alfa Aesar, n.d.b 

Ammonia 19,347,000 lb $2,382,000 ICIS, 2008a 

Column Packing 
   

G-10 Sephadex®  23 kge * Sigma Aldrich, 2006 

Purolite® MN-202 720 kge $63,000 Purolite, 2007 

Ethylene Oxide 286,000 lb $206,000 ICIS, 2008b 

Hydrogen Peroxide (70%) 29,553,000 lb $17,732,000 FMC Corporationd 

Methanol 2,829,000 gallons $1,839,000 Methanex, 2008 

Methyl Ethyl Ketone 1,644,000 lbc $1,463,000 ICIS, 2009 

Nitrogen 621,000 lb $31,000 Air Gasd 

Process Water 2,621,000 gallons $2,000 Seider, 2004 

Sodium Chloride 1,030,000 lb $217,000 Galladechemd 

Sodium Phosphate 111,000 lb $49,000 ICIS, 2006 

Steam 1,299,545,000 lb $9,737,000 Seider, 2004 

Total Raw Materials Cost   $37,000,000   

*price included in tower cost     
afirst year of operation requires an additional 107,000 lb 

 
blab scale pricing scaled up to industrial scale, See Appendix C 
cfirst year of operation requires an additional 119,000 lb 

 
dAppendix I 

 
eColumn packing is replaced every five years 

 
 

 



 

168 
 

C.2.2 Operations 

Another aspect of the economic balance sheet of the cash flow analysis is the calculation of 

operations (labor related). Assuming it is a continuous, fluid processing operation, there will be 

one operator per section. There are 5 sections of the plant, so five operators are needed. Because 

Unit 300 and 400 involve different processes, two additional operators are added, giving a total 

of 7 operators. Assuming 5 shifts per day, and operating time of 2,080 h/yr, and a wage of 

$ 30.00/h, the cost of direct wages and benefits is: 

 

DW& B = 2,080 * 30.00 * 30 = $ 2,184,000   (eq. C.2.4) 

 

From the DW&B, direct salaries and benefits, operating supplies and services, technical 

assistance to manufacturing, and control laboratory costs can be calculated.  

 

Direct salaries and benefits = 0.15 * $2,184,000 = $ 327,600  (eq. C.2.5) 

Operating supplies and services = 0.06 * ($ 2,184,000) = $ 131,040  (eq. C.2.6) 

Technical assistance to manufacturing = $ 52,000 * 5 = $ 260,000  (eq. C.2.7) 

Control laboratory = $ 57,000 * 5 = $ 285,000  (eq. C.2.8) 

 

C.2.3 Maintenance 

The factors that contribute to maintenance costs include wages and benefits, salaries and 

benefits, materials and services, and maintenance overhead.  The following shows how to 

calculate each of these cost factors: 
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Wages and benefits of fluid handling process = 0.035 * CTDC = $ 2,300,000 (eq. C.2.9) 

Salaries and Benefits = 0.25 * Wages and benefits = $ 570,000  (eq. C.2.10) 

Materials and services = wages and benefits = $ 2,300,000   (eq. C.2.11) 

Maintenance overhead = 0.05 * wages and benefits = $ 1,200,000  (eq. C.2.12) 

 

Total Maintenance is the summation of all these factors: $5,210,000. 

 

C.2.4 M&O-SW&B 

From this, the M&O-SW&B value can be calculated.  This equals the sum of direct wages and 

benefits, direct salaries and benefits, maintenance wages and benefits, maintenance salaries, and 

benefits. This equals $ 6,300,000. 

 

C.2.5 Operating Overhead 

The operating overhead cost factors now can be calculated. This includes general plant overhead, 

mechanical department services, employee relations department, and business services. This can 

be calculated by using the M&O-SW&B and are shown below: 

 

General plant overhead = $ 6,300,000 * 0.071 = $ 450,000  (eq. C.2.13) 

Mechanical department services = $ 6,300,000 * 0.024 = $ 151,000 (eq. C.2.14) 

Employee relations department = $ 6,300,000 * 0.059 = $ 370,000  (eq. C.2.15) 

Business services = $ 6,300,000 * 0.074 = $ 464,000  (eq. C.2.16) 

 

This yields a total of $ 1,430,000. 
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C.2.6 Other Costs Factors 

Property taxes and insurance are 2 % of the CTDC. This equals $1,300,000. The depreciation will 

be assumed to be a straight line for 30 years and each year it is about $ 1,260,000. The cost of 

manufacture (COM) is the sum of everything calculated presently except the bare module cost. 

This is equal to $ 57,000,000. Calculation of total sales can be conducted, and the prices of each 

compound can be seen in Table C.2.6. 48 % HZH is sold for $ 11,000,000/yr, 90 % HZH is sold 

for $ 1,900,000/yr, and 95 % HZH is sold for $74,000,000 for a total sales of $ 122,000,000. 

Table C.2.6: Annual Sales   

Product Amount 
Selling Price 

[$/kg] 
Total Sales (2009) [$] 

        

48 % Hydrazine Hydrate 2,800 MT 3.84 11,000,000 

90 % Hydrazine Hydrate 270 MT 7.20 1,900,000 

95 % Hydrazine Hydrate 9,700 MT 7.60 74,000,000 

100 % HEH 200 MT 130.00 27,000,000 

Steam - 3.65 bar 440 ton 0.34 ¢/lb 3,000 

Steam - 16.8 bar 640,000 ton 0.72 ¢/lb 9,000,000 

Total Sales     $122,000,000 
 

C.2.7 General Expenses 

The general expenses include selling expenses, direct research, allocated research, administrative 

expense, and management incentive compensation. This can be calculated from the sales 

calculation. 

 

The calculation of these is as follows: 

Selling expense = 0.03 * $ 122,000,000 = $ 3,700,000  (eq. C.2.17) 

Direct research = 0.048 * $ 122,000,000 = $ 6,000,000  (eq. C.2.18) 

Allocated research = 0.005 * $ 122,000,000= $ 620,000  (eq. C.2.19) 

Administrative expense = 0.02 * $ 122,000,000 = $ 2,500,000  (eq. C.2.20) 
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Management incentive compensation = 0.0125 * $ 122,000,000 = $ 1,600,000 (eq. C.2.21) 

Net earnings and profit is the sum of the major components of this and this equals $ 34,000,000. 

A summary of production cost factors excluding depreciation is shown in Table C.2.7. 

Table C.2.7: Summary of Production Cost Factors Excluding Depreciation 
    

Feedstocks (Raw Materials) $37,000,000 

Operations [Labor Related] [O] $4,365,312 

Direct Wages and Benefits $2,184,000 

Direct Salaries and Benefits $327,600 

Operating Supplies and Services $131,040 

Technical Assistance to Manufacturing $260,000 

Control Laboratory $285,000 

M&O-SW&B $6,267,280 

Maintenance [M] 
 

Wages and Benefits $2,262,217 

Salaries and Benefits $565,554 

Materials and Services $2,262,217 

Maintenance Overhead $113,111 

Operating Overhead 
 

General Plant Overhead $444,977 

Mechanical Department Services $150,415 

Employee Relations Department $369,770 

Business Services $463,779 

Property Taxes and Insurance $1,292,695 

Depreciation [Straight Line for 30 years] $1,259,201 

Cost of Manufacture [COM] $57,058,869 

General Expenses 
 

Selling Expense $3,727,773 

Direct Research $5,964,436 

Allocated Research $621,295 

Administrative Expense $2,485,182 

Management Incentive Compensation $1,553,239 

Annual Total Production Cost (Excluding Depreciation) $70,151,592 

 

From all these values, the payback period can be determined as shown in equation C.2.22. 

CTDC / (depreciation + net earnings/[profit]) = PBP   (eq. C.2.22) 

Accounting for year 0, a payback period (PBP) of 2.83 is determined.  
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C.2.8 Working Capital 

The working capital includes cash reserves, inventories, accounts receivable and accounts 

payable. 

Cash reserves = 0.0833 * COM (cost of manufacture) = $ 4,800,000 (eq. C.2.23) 

Inventories = 0.0192 * sales = $ 2,400,000   (eq. C.2.24) 

Accounts receivable = 0.0833 * sales = $ 10,400,000  (eq. C.2.25) 

Accounts payable = 0.0833 * feedstocks = $ 3,300,000  (eq. C.2.26) 

After all these calculations, Cstartup, Cland Croyal and CTCI can be determined. 

Cstartup = 0.1 * CTDC = $ 6,500,000   (eq. C.2.27) 

CLand = 0.02 * CTDC = $ 1,300,000   (eq. C.2.28) 

Croyal = 0.03 * CTDC = $ 1,900,000   (eq. C.2.29) 

CTCI, total capital investment, is the sum of these 3 variables, total depreciable capital (CTDC), 

and the working capital and this equals $ 89,000,000. A summary of TCI factors is shown in 

Table C.2.8. 
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Table C.2.8 Summary of Total Capital Investment Factors 
    

Total Bare Module Cost + Spares [CTBM] $37,776,020 

Cost of Site Preparation $7,555,204 

Cost of Service Facilities $7,555,204 

Allocated Cost for Utility Plants & Related Facilities $1,888,801 

Contingencies and Contractors Fee $9,859,541 

Total Depreciable Capital [CTDC] $64,634,770 

Cstartup $6,463,477 

Cland $1,292,695 

Croyal $1,939,043 

Cash Reserves $4,753,004 

Inventories $2,385,774 

Accounts Receivable $10,350,782 

Accounts Payable $3,323,373 

Working Capital [CWC] $14,166,187 

Total Capital Investment [CTCI] $88,802,318 

 

C.2.9 Spreadsheet Analysis 

A spreadsheet can now be used to determine how much money will be made after 30 years and 

the investors rate of return. This spreadsheet table can be seen in Table C.2.9. The following 

formulas are used to calculate for the variables listed in the spreadsheet (tax is assumed to be 

37 %). 
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Table C.2.9: 30 year cash flow analysis for HZH at $ 8/kg and HEH at $ 130/kg with an IRR of 43.34 % 

Yr CTDC CWC D Cexcl dep S Net Earn Cash Flow Cum. PV Total Earnings 

0 $64,634,770 $14,166,187 $78,800,97 $78,800,957 -$78,800,957 

1 $194,973 $70,151,592 $124,259,086 $33,964,888 $34,159,861 $54,969,902 -$44,641,096 

2 $188,474 $70,151,592 $124,259,086 $33,968,983 $34,157,457 -$38,345,735 -$10,483,639 

3 $181,975 $70,151,592 $124,259,086 $33,973,077 $34,155,052 -$26,748,980 $23,671,412 

4 PBP $175,476 $70,151,592 $124,259,086 $33,977,172 $34,152,647 -$18,659,267 $57,824,060 

5 $168,977 $70,151,592 $124,259,086 $33,981,266 $34,150,243 -$13,016,012 $91,974,302 

6 $162,478 $70,151,592 $124,259,086 $33,985,360 $34,147,838 -$9,079,366 $126,122,140 

7 $155,978 $70,151,592 $124,259,086 $33,989,455 $34,145,433 -$6,333,225 $160,267,573 

8 $149,479 $70,151,592 $124,259,086 $33,993,549 $34,143,029 -$4,417,560 $194,410,602 

9 $142,980 $70,151,592 $124,259,086 $33,997,644 $34,140,624 -$3,081,223 $228,551,226 

10 $136,481 $70,151,592 $124,259,086 $34,001,738 $34,138,219 -$2,149,015 $262,689,445 

11 $129,982 $70,151,592 $124,259,086 $34,005,833 $34,135,815 -$1,498,722 $296,825,260 

12 $123,483 $70,151,592 $124,259,086 $34,009,927 $34,133,410 -$1,045,088 $330,958,670 

13 $116,984 $70,151,592 $124,259,086 $34,014,021 $34,131,005 -$728,639 $365,089,675 

14 $110,485 $70,151,592 $124,259,086 $34,018,116 $34,128,601 -$507,890 $399,218,275 

15 $103,986 $70,151,592 $124,259,086 $34,022,210 $34,126,196 -$353,899 $433,344,471 

16 $97,487 $70,151,592 $124,259,086 $34,026,305 $34,123,791 -$246,477 $467,468,262 

17 $90,987 $70,151,592 $124,259,086 $34,030,399 $34,121,387 -$171,542 $501,589,649 

18 $84,488 $70,151,592 $124,259,086 $34,034,494 $34,118,982 -$119,268 $535,708,631 

19 $77,989 $70,151,592 $124,259,086 $34,038,588 $34,116,577 -$82,802 $569,825,208 

20 $71,490 $70,151,592 $124,259,086 $34,042,682 $34,114,173 -$57,365 $603,939,381 

21 $64,991 $70,151,592 $124,259,086 $34,046,777 $34,111,768 -$39,620 $638,051,149 

22 $58,492 $70,151,592 $124,259,086 $34,050,871 $34,109,363 -$27,241 $672,160,512 

23 $51,993 $70,151,592 $124,259,086 $34,054,966 $34,106,959 -$18,606 $706,267,470 

24 $45,494 $70,151,592 $124,259,086 $34,059,060 $34,104,554 -$12,582 $740,372,024 

25 $38,995 $70,151,592 $124,259,086 $34,063,155 $34,102,149 -$8,380 $774,474,173 

26 $32,496 $70,151,592 $124,259,086 $34,067,249 $34,099,745 -$5,449 $808,573,918 

27 $25,996 $70,151,592 $124,259,086 $34,071,343 $34,097,340 -$3,404 $842,671,258 

28 $19,497 $70,151,592 $124,259,086 $34,075,438 $34,094,935 -$1,978 $876,766,193 

29 $12,998 $70,151,592 $124,259,086 $34,079,532 $34,092,531 -$983 $910,858,724 

30 $14,166,187 $6,499 $70,151,592 $124,259,086 $34,083,627 $48,256,313 $0 $959,115,037 
PBP- Pay Back Period   IRR- Investors Rate of Return  
CTDC- total depreciable capital  CWC- working capital 
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C excl dep- cost excluding depreciation Cum PV- cumulative present value at 20% of interest rate 
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Depreciation (D) is calculated with the sum of years digits method (SYD). For this experiment, 

the sum is (30*31)/2 which equals about 465. Furthermore, the equipment salvage value is 

assumed to be 8 % of the purchase price and the plant life is assumed to be 30 years. 

D = CTBM - (0.08 x CTBM) * ((30 - number or years) / SYD)   (eq. C.2.30)  

After year 1, the value for D is $ 195,000. 

 

The COM (CexclD) and annual sales (S) can be taken from the calculations shown in previous 

sections. 

Net Earnings = (S - CexclD - D) * (1-t)    (eq. C.2.31) 

with t=taxing which is 37 %. After year one, the net earnings is $ 34,000,000. 

Cash flow = (net earnings + D) - fCTDC - Cwc   (eq. C.2.32) 

where fCTDC is equal to fraction of total depreciable capital investment and Cwc is working 

capital. After year one this value is $ 14,000,000. 

 

The cumulative present value is calculated using Eq. (C.2.33) 

Cum PVn = Cum PV n-1 + (1 / (1 + i)n) * C      (eq. C.2.33) 

where I = IRR (investor’s rate of return) 

 

Because the time line of the plant is 30 years, one can find the IRR values by assuming that after 

year 30, the cumulative present value is equal to zero. Setting this value to zero and using Goal 

Seek in Excel yields a 43.34 % IRR. When substituting values after year one, the cumulative 

present value equals $ 79,000,000. 
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The total profit or lost can be calculated by adding the first year’s cash flow and the next year’s 

cash flow to that value. This confirms the payback period to be about 2.83 years after the start of 

production. After year 30, total profits are equal to $ 960,000,000. 

 

C.3 Acetamide Price Estimation 

Bulk acetamide prices were not available, but Alfa Aesar provides different prices for several 

sizes of lab scale acetamide (Alfa Aesar, n.d.). These prices are outlined in Table C.3.1, and the 

price per kilogram is also provided. 

 

Table C.3.1: Summary of Acetamide Pricing 

Order Size [kg] Price [$] Unit Price [$/kg] 

0.25 20.9 83.60 

1 68.9 68.90 

5 275 55.00 

 
These prices per kilogram were plotted against the number of kilograms, and a line was fit to the 

points in Excel; this analysis is shown in Figure C.3.1. 

 

Figure C.3.1: Logarithmic regression of acetamide pricing 

 
 
Using the equation given by this fit for a value of 1000 kilograms, the price per kilogram is 

found to be $ 4.09.  

y = -9.523ln(x) + 69.875
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Appendix D: Spreadsheets 
 
D.1 Reactor R-101 
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D.2 MEK-azine Thermodynamics Spreadsheets 
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D.3 Pressure Drops Absorption Towers T-403, T-501, T-502 

 
 

 
 
D.4 Recharge for Absorption Towers T-403, T-501, T-502 

 
 

 
 
D.5 HEH Thermodynamics Spreadsheet 
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D.6 Heat Exchanger Spreadsheet
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D.7 Product Summaries 
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D.8 Mass Balance Spreadsheet 
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D.9 Acetamide Price Estimations 
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D.10 Raw Materials & Utilities 
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D.11 Equipment Pricing 
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Appendix E: Overall Mass and Energy Balances 
 

E.1 Overall Mass Balances 

Tables E.1 and E.2 tabulate the inlet and outlet flow rates of the process streams.  

Table E.1: Mass Balance on 
Process Inputs during HEH 
Production 
Component Flow Rate 

(kg/h) 

MEK 85 

Ammonia 1002 

Hydrogen Peroxide 1001 

Acetamide 105 

Ethylene Oxide 337 

Process water 534 

Hydrazine 0 

HEH 0 

Total 3064 

 
The molar flow rates of each component is taken from the stream tables in Section 2.4 and 

multiplied by their molecular weights. All process streams in Unit 200 are assumed to separate 

and react perfectly for this report. The mass balances to determine the output of process water, 

acetamide, and MEK from the overall process due to Unit 200 are shown below.  

 

From the stream table (Table 2.4.1) 247.78 kmol/h of water exit reactor R-101. Given a 

molecular weight of water of 18 kg/kmol the inlet flow of water is 4469 kg/h of water. This 

stream of water all exits the bottom of the decanter to enter a distillation tower to remove 

hydrogen peroxide and concentrate the stream to the required 70 wt% acetamide.  

 

This stream is perfectly split into two streams. The overhead exits with 2239 kg/h of water and 

the bottoms exits with 2850 kg/h of water. This bottoms stream contains dissolved acetamide and 

Table E.2: Mass Balance on 
Process Outputs during HEH 
Production 
Component Flow Rate 

(kg/h) 

MEK 85 

Ammonia 150 

Hydrogen Peroxide 150 

Acetamide 105 

Ethylene Oxide 24 

Process water 1436 

Hydrazine 572 

HEH 542 

Total 3064 



 

210 
 

is at a 70 wt% concentration. From the overhead 670 kg/h exit the process as waste water. The 

remaining 1569 kg/h continue to the compressor to step up the pressure to 10 bar before it enters 

the hydrolysis distillation tower.  

 
E.2 Energy Balances 

Unit 200 represents a significant section of the plant with considerable energy consumptions. 

While this has been estimated in the economics of the plant it makes it impossible to complete an 

overall energy balance for the process. No overall energy balance is performed in this analysis.   
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Appendix F: ASPEN Data 
 

 
Figure F.1 HEH Reaction and Distillation ASPEN Flow Sheet 
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Table F.1 HEH Reaction and Distillation ASPEN Stream Table 

 
 
 

 
Figure F.2 T-301 ASPEN Flow Sheet 

Temperature  (K)

P ressure  (a tm )

311

1

1

384

1

2

393

13

393

14

B9

384

3

6

B11

B1

B2

316

15

B3

316

1

7

B6

393

58
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Table F.2 T-301 ASPEN Stream Table 
 

 
Figure F.3 R-101 ASPEN Flow Sheet 

Heat and Material Balance Table

Stream ID 1 2 3 4 5 6 7 8

Temperature K      310.9      383.7      393.1      393.1      316.0      383.9      316.0      393.4

Pressure atm       1.00       0.95       0.98       1.01       1.00       2.81       1.01       4.95

Vapor Frac      0.000      0.000      0.000      0.000      0.000      0.000      0.000      0.000

Mole Flow kmol/hr     62.500     15.500     47.000     47.000     47.000     15.500     15.500     47.000

Mass Flow kg/hr   1476.704    327.020   1149.684   1149.684   1149.684    327.020    327.020   1149.684

Volume Flow l/min     24.636      5.954     20.952     20.952     19.251      5.955      5.522     20.960

Enthalpy MMBtu/hr     -8.995     -3.002     -5.489     -5.489     -5.867     -3.001     -3.096     -5.488

Mole Flow kmol/hr         

  HYDRA-01     25.000      3.406     21.594     21.594     21.594      3.406      3.406     21.594

  WATER     37.500     12.094     25.406     25.406     25.406     12.094     12.094     25.406

  HEH                                                                                 

  ETHYL-01                                                                                 

R-101

1
2

3

4

5
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Table F.3 R-101 ASPEN Stream Table 
 

 
 
 
 
 
 
 
 
 
 

MEKazine production

Stream ID 1 2 3 4 5

From R-101

T o R-101 R-101 R-101 R-101

Phase VAPOR LIQUID LIQUID LIQUID LIQUID

Substream: MIXED      

Mole Flow kmol/hr      

  AMMON-01   19.33600        0.0        0.0        0.0   11.25539

  HYDRO-01        0.0   4.753298        0.0        0.0   .7129947

  WAT ER        0.0   3.994702        0.0   67.99000   88.14592

  MET HY-01        0.0        0.0   19.33600        0.0   11.25539

  ACET A-01        0.0        0.0        0.0   14.50200   14.50200

  MEKAZINE        0.0        0.0        0.0        0.0   4.040303

T ot al Flow kmol/hr   19.33600   8.748000   19.33600   82.49200   129.9120

T ot al Flow kg/hr   329.3029   233.6476   1394.259   2081.461   4038.660

T ot al Flow l/min   8091.843   3.072846   29.32929   36.43930   80.32096

T emperat ure K   306.0000   306.0000   306.0000   306.0000   333.0000

Pressure atm   1.000000   1.000000   1.000000   1.000000   1.000000

Vapor Frac   1.000000        0.0        0.0        0.0        0.0

Liquid Frac        0.0   1.000000   1.000000   1.000000   1.000000

Solid Frac        0.0        0.0        0.0        0.0        0.0

Ent halpy cal/mol  -10895.68  -55594.53  -65060.84  -68862.52  -73659.60

Ent halpy cal/gm  -639.7722  -2081.515  -902.2829  -2729.145  -2369.416

Ent halpy cal/sec  -58521.90 -1.3509E+5 -3.4945E+5 -1.5779E+6 -2.6581E+6

Ent ropy cal/mol-K  -23.40926  -45.44514  -96.28629  -47.79810  -83.73342

Ent ropy cal/gm-K  -1.374545  -1.701512  -1.335327  -1.894324  -2.693462

Density mol/cc 3.98261E-5   .0474478   .0109878   .0377303   .0269568

Density gm/cc 6.78261E-4   1.267270   .7923021   .9520220   .8380254

Average MW   17.03056   26.70869   72.10692   25.23227   31.08766

Liq Vol 60F l/min   17.25989   3.069508   28.78057   34.72483   80.92319
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Appendix G: Web Printouts 
 
G.1 Cooling Towers (Cooling Tower Depot, n.d.) 
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G.2 Cole-Parmer Pumps (Cole Parmer, 2009) 
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G.3 Purolite Ion Exchange Resin (Purolite, 2007). 
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G.4 HDPE Drums (Fruend Container & Supply, 2006) 
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Appendix H: Meeting Logs 
 

 

Meeting 3 

1/27/2009 

11:00 am -12:00pm 

Attendees: Joanna Emerson, Ivann Hsu, Greg Ogden, Andrew Wong, Phillip Zinsli 

Open Issues Information on Economics & Demand 

10,000 MT hydrazine annually provided to DOD by Arch (Chem. Mark. Rep. 2005) 

Hawaii could use up to 1400 kg 80% HEH for pineapple production annually 

Liquid Propellant (History?) 

AME Resource 

Linda Crosby- Charkit Contact 

Required Purity 

Hydrazine is 99% for propellant applications 

TCIAmerica sells >80% HEH and >95% 

98% HEH properties on chemland21.com 

 

New Business ASPEN  

N-N Bond doesn’t work with functional groups 

RDmin <0.02 maybe because of missing HEH info (not on their database) 

BFD-Peroxide Process+ HEH 

Monitoring specifications/locations/purifications 

Removal of iron, zinc upstream/downstream 

Cathodic reduction, ion exchange resins 

Gantt Chart 

Use of Patents 

Will there be economic effects for use of recent patents? 

Find new room to meet in 

Action Items  

• Contact UofA trade mark/technology transfer office about patents 

• Shipping and storage of HEH (Joanna) 

• NATO demand, rockets shipped (Andrew) 

• Make spec sheet for HEH based off of hydrazine for what we want to hit (phillip) 

• Talk to blowers about modeling, functional groups, get vapor pressure from dr. g ogden 
(Joanna) 

• Purification of heavy metals, scavengers (ivann, Andrew, phillip) 

• Peroxide BFD and mass balance (phillip). 

 



 

238 
 

Meeting 4 

2/3/2009 

10:00 am -10:45pm 

Attendees: Joanna Emerson, Greg Ogden, Andrew Wong, Phillip Zinsli 

Open Issues Aspen 

Errors in Underwood Eq. 

Pressure from patent 

BFD-Peroxide Process + HEH 

Uncertainties in water separation for Peroxide Process 

Ion exchange column 

Peroxide separation 

Shipping/Storage 

US DOT vs. European Commision 

New Business Basis of Design 

Location 

Mass Balance 

Unknowns with BFD 

Solar Heater Controlling Panels 

Any available documentation  

Action Items  

Contact U of A trade mark office about patents 

Chromatography and Ion exchange/chelator (phillip) 

K value and Flowtran (Joanna) 

Location of missile production rail systems, states and hazardous production rules(start with 

southern states) raw materials locations (Ivann) 

Price of raw materials and equipment table (Andrew) 

Shuttle hydrazine information (Joanna) 

Ogden is sending boiling point data and spec sheets 

Quantification of when HEH and HZ break down 

 

  



 

239 
 

Meeting 5 

2/10/2009 

11:00 am -12:00pm 

Attendees: Joanna Emerson, Ivann Hsu, Greg Ogden, Andrew Wong, Phillip Zinsli 

Open Issues HEH & Hydrazine Thermal Decomposition 

215* for HEH  

Chromatography & Ion Exchange 

Dowex for Ion Exchange Resin 

Shuttle Hydrazine Consumption 

~440 kg in APU for each shuttle launch  

Aspen 

New Business Location in Texas Panhandle 

PFD 

Equipment Tables 

Solar Heater  Board for Radiator to use Wattmeter 

Action Items  

-Ogden will get: thermo chem info 

-Chem list of therma data (phillip) 

-google images of plants in england, japan (joanna) 

-knovel or crc for thermo data (phillip) 

-perry for estimation data (joanna) 

-looking at prices of land and utilities (ivann) 

-check cp of hzh and h2o avg (joanna) 

-hydrolysis column and thermo data for mekazine (ivann) 
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Meeting 6 

2/17/2009 

11:00 am -12:00pm 

Attendees: Joanna Emerson, Ivann Hsu, Greg Ogden, Andrew Wong, Phillip Zinsli 

Open Issues Any news on thermo data for MEK azine,  

Have density, NBP, estimated, CPl,298, Tc Pc, Vapor Pressure, dHf 

Chromatography & Ion Exchange 

Dowex no longer makes the packing, looking for replacement  

  

New Business Aspen 

Using estimated parameters for MEKazine,  

PFD 

Equipment Tables 

Solar Heater Simulating in LabView 

Y thing DAQ 

Action Items  

-Ogden will get: thermo chem info 

-google images of plants in england, japan (joanna) 

-looking at prices of land and utilities (ivann) 

-hydrolysis column and thermo data for mekazine (ivann) 
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Meeting 7 

2/24/2009 

11:00 am -12:00pm 

Attendees: Joanna Emerson, Ivann Hsu, Greg Ogden, Andrew Wong, Phillip Zinsli 

Open Issues Purification of HEH from HZH  

 Looking for ways to separate the HEH from HZ with no luck so far. Looked at dipoles, and 

removing organic hydrates so far.  

New Business Aspen-MEKazine Reaction Issues 

Issues with R-101 heat of reaction, no longer matching hand calculations. Vapor was a problem 

before. Now there is a stoichime 

PFD, BFD-Updated to reflect flow rate and process changes 

New and improved, lower flow rates with approximately 2.5 L/min of HZH production and       

.25 L/min HEH production 

Making  212 tonnes/yr HEH, 960 tonnes/yr 

Solar Heater  

Action Items  

-google images of plants in england, japan (joanna) 

-patent office 

-Assume a higher flow rate so that pumps aren’t so small. Will operate HEH section part of the year and store the 
hydrazine hydrate produced in a holding tank for the rest of the year. (Joanna) 

-purification methods, chromatography column, melting points/viscosities, molecular siv,  (ivann) 

-figure out R-101 aspen dHrxn problems (phillip) 

-executive summary (Andrew) 
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Meeting 8 

3/3/2009 

11:00 am -12:00pm 

Attendees: Joanna Emerson, Ivann Hsu, Greg Ogden, Andrew Wong, Phillip Zinsli 

Open Issues Purification of HEH from HZH  

 Separation of HZ from HEH does not seem like an easy prospect on large scale.  

Emailed Purolite asking about chromatography column & absorbent packing. 

Molecular sieve works like a chromatography column.  

MP Hydrazine Hydrate -50*C, MP HEH -70*C. 

Aspen-MEKazine Reaction Issues 

Issues with R-101 heat of reaction does not match up with heat duty, sent to ASPEN Support 

New Business Flow Rates 

Operating HEH production 15-16 days/year, ~207 MT flow rates from 6.3-66 l/min (1.64-17.4 

gpm) 

Hydrazine Production operates for 243 days, 0.83-15.3 gpm 

Size of tank to store hydrazine hydrate ~1,532,160 liters. 

Demand 

3000 MTPY HEH from Greenwood & Earnshaw (1995) 

Optimization of hydrazine purity & distillation costs 

Intro/Exec. Summary Written 

US Govt. Procurement for HEH 

Process Description, Rationale, & Economic Analysis in the Works 

Solar Heater Info on Solar Sensors 

Action Items  

 

-google images of plants in england, japan (joanna) 

-patent office 

-figure out R-101 aspen dHrxn problems (phillip) 
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Meeting 9 

3/11/2009 

12:30 pm -1:30pm 

Attendees: Joanna Emerson, Ivann Hsu, Greg Ogden, Andrew Wong, Phillip Zinsli 

Open Issues Purification of HEH from HZH  

 Molecular Sieves – HZH would be absorbed in pores (difficult to regenerate)  

gel  filtration,- HEH comes out first, than HZH 

Aspen-MEKazine Reaction Issues 

- got feed back from ASPEN, looking at heats of mixing in aspen and then moving with hand 

estimations 

New Business Making  212 tonnes/yr HEH in a 16 day time frame, 960 tonnes/yr HZH in a 241 day time 

frame 

PFD, BFD-Updated to reflect flow rate and process changes 

Residence time of 6.9 hrs in recirc. loop, leads to a 10.9 m
3
 storage tank 

-reactor R-301 6.3/1.2 m
3
 ~5.8 metric tonnes 

-looking at storage for HEH and HZH 

Purification Columns for HZH and HEH 

-entrained HEH ~69L when recharging column every 4 hrs. Nitrogen purge and a holding tank 

so that purity of product isn’t lost. 

Solar Heater Did you want us to look up the fuse to purchase? 

Action Items  

-google images of plants in england, japan (joanna) 

-patent office 

-purification methods, chromatography column, melting points/viscosities, molecular siv,  (ivann) 

-figure out R-101 aspen dHrxn problems (phillip) 
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Meeting 10 

3/30/2009 

2:15 pm -3:00pm 

Attendees: Joanna Emerson, Ivann Hsu, Greg Ogden, Phillip Zinsli 

Open Issues Aspen-MEKazine Reaction Issues  

Used hand calculations & heat of mixing from CRC 

PFD, BFD-Updated to reflect flow rate and process changes 

Residence time of 9  hrs in recirc. loop, leads to a 14.2 m
3
 storage tank 

Purification Columns for HZH and HEH 

-entrained HEH ~154L (T-401) when recharging column every 8 hrs (7 hr recharge with 30 min for 

each nitrogen purge).  

-recharge rates ~606 L/min through 728 L column  

New Business Purification of HEH from HZH  

 Gel filtration residence time (BSA is 8 minutes) 

Heat Exchangers 

Water vaporization across coolers with process temperatures over 373 K? 

Solar Heater  

Action Items  

-patent office 
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Appendix I: Communication Logs  
 
I.1 MP Biomedicals Representative: Ron Deviso & Zaid Hamid 

 
Date: 04/21/2009 

Phone Number: 1-877-672-2436 ext. 2278 

Time: 10:58 A.M. 

 
Asked for bulk pricing for technical grade 70 % acetamide in the MT qty. Ron said he would 
check and get back with me in a couple of business days. 
 
Date: 04/27/2009 

E-mail Communication 

 
Dear Mr. Wong,                        
 
Thank you for your interest in MP Biomedicals product. This is in reference to your online quote 
request CAT#204619, CAS#60-35-5.  
 
Reference is made on the caption subject:  
 
ACETAMIDE . MP Biomedicals current list price is $30 /100 GM available in stock. 
However,we regret to inform you,  we can not accommodate to supply in Metric Tons.  
 
I am please to inform, as of 4/22/2009 I am the new sales representative to your company.  
Please add me on to your list for future pricing and ordering. My goal is to provide the highest 
quality service to all my customers. Your savings and satisfactions are the highest priorities.  
 
Zaid HAMID 
MP BIOMEDICALS Sales 
3 HUTTON CENTRE DRIVE #100 
SANTA ANA , CA 92707 
PH 949-833-2500 EXT 4515 
FAX 949-859-5010 
zaid.hamid@mpbio.com 
www.mpbio.com 
 
I.2 Air Gas Representative: Harry Hendrickson 

 
Date: 04/21/2009 

Phone Number: 908-797-3111 

Time: 11:50 A.M. 

 
Henry gave me a price of $ 0.35 - $ 0.50 per 100 feet cubed of nitrogen.  He said he would 
provide a more concrete price in a couple of days because he was currently on the road.  He also 
mentioned that typically a nitrogen tank is needed on site to store the nitrogen and the tank is 
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generally refilled.  He said the tank usually costs around $ 500 - $2000 per month depending on 
the size.  He told me to e-mail him at harry.hendrickson@airgas.com with more details.  I e-
mailed him. 
 
I.3 Galladechem Representative: Kathleen 

 
Date: 04/21/2009 

Phone Number: 1-714-546-9901 ext 124 

Time: 12:38 P.M. 

 
Kathleen gave me a price of $ 0.21 per pound for kiln dried technical grade sodium chloride. 
 
I.4 Charkit Representative: Mike Lyon 

 
Date: 03/27/2009 

Phone Number: 1-800-245-5858 

Time: 9:44 a.m. 

 
Called Arkema’s customer service line listed on MSDS: 100 % HZH. Laura answered and 
transferred me to Eileen. Eileen answered and direct me to call Mike Lyon at 215-859-0882. 
 
Date: 03/27/2009 

Phone Number: 215-859-0882 

Time: 9:47 a.m. 

 
Called Mike Lyon and left a voicemail indentifying myself, asking for a quote for 100 % HZH 
and leaving my contact information. 
 
Date: 03/27/2009 

Phone Number: 215-859-0882 

Time: 9:54 a.m. 

 
Mike Lyon returned my call. Asked for what purpose I was requesting the information. I shared 
with Mike that I am a student at the UofA doing a research project into propellants. He gave me 
a high and low end quote of $ 25 per pound and $ 4500 per metric ton, respectively. This price 
includes shipping from the east coast to Arizona. Bulk quantities are shipped via truck. ($ 55.12 
per kg or $ 4.5 per kg) 
 

Date: 03/27/2009 

Phone Number: 215-859-0882 

Time: 1:26 p.m. 

 
Called Mike Lyon and left a voicemail requesting a quote for 85 % HZH. 
 
Date: 03/27/2009 

Phone Number: 215-859-0882 
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Time: 1:33 P.M. 

 
Received a text message from Mike Lyon that read: “Multiply by .85” Therefore, HZH is 0.85 
the price of 100 % HZH and the same can be assumed for all other lower qualities of HZH. 
 
I.5 Charkit Representative: Linda Crosby 
 
Date: 01/16/2009 

Online Form Submission 

Time: 5:00 P.M. 

 
From: wangsta4@email.arizona.edu [mailto:wangsta4@email.arizona.edu] 
Sent: Friday, January 16, 2009 5:00 PM 
To: Sales 
Subject: Charkit Quote Request 
 
Quote Request on 1/16/2009 4:59:59 PM 
 
Student 
2127 W. Painted Sunset Circle 
Tucson, AZ 85745 U.S.A. 
Contact: 
Andrew Wong 
wangsta4@email.arizona.edu 
(602) 295-2318 
 
Main Business of Your Company: 
Company Website: 
How did you find out about Charkit Chemical? Other Not Listed Here 
 
Product #1: HYDROXYETHYL HYDRAZINE, 2 CAS - 000109-84-2 
Quantity: 200 kg 
Send Product Information: Yes 
R&D: No 
Scale Up: No 
Pilot: No 
Commercial: No  
 
Quoting Linda Crosby <LCrosby@charkit.com>: 
 
Dear Andrew:  Thank you for your inquiry for Hydroxyethyl hydrazine (HEH).  This is not a  
product that we keep in stock, but need to bring it in for an order.  It is also a hazardous product 
(corrosive liquid), so 200 kg is not something that I would expect to be requested by a college 
student.  Can you give me an idea of what this chemical would be used for? 
 
Regards, 
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Linda 
Linda J. Crosby 
Executive Vice President 
802-967-8005 (new direct phone) 
802-967-1011 (direct fax) 
203-299-3220(main office) 
203--299-1355(main office fax) 
 
Date: 01/20/2009 

E-mail 

Time: 4:40 P.M. 
 
From: wangsta4@email.arizona.edu <wangsta4@email.arizona.edu> 
To: Linda Crosby 
Sent: Tue Jan 20 16:40:00 2009 
Subject: RE: Charkit Quote Request 
 
Hi Linda: 
I don't actually need the chemical.  I just wanted a quote so that I could get an idea of the market 
price of the chemical.  If you can't give me that information, could you point me to where I might 
be able to find the supply and demand for HEH. Thank you for the assistance and have a terrific 
day. 
Regards, 
Andrew Wong 
 
Quoting Linda Crosby <LCrosby@charkit.com>: 
 
Ok, Andrew.  Pricing would vary between $130/kg to $250/kg, depending on quantity.  Small 
quantities, like 10 kg would be the higher price and multi ton quantities would have the lower 
price.  Can I ask how this chemical came up? 
 
Linda 
 
Date: 01/25/2009 

E-mail 
Time: 12:33 A.M.  
 
From: wangsta4@email.arizona.edu [mailto:wangsta4@email.arizona.edu] 
Sent: Sunday, January 25, 2009 12:33 AM 
To: Linda Crosby 
Subject: Re: Charkit Quote Request 
 
Hi Linda- 
Thank you for the quote.  The chemical actually came up b/c I was doing some research into 
rocket propellents and this chemical and hydrazine came up during my research.  Do you have a 
spec sheet that you could send me on HEH as noted on your website?  Thanks and I hope you 
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have a great weekend. 
 -Andrew 
 
Quoting Linda Crosby <LCrosby@charkit.com>: 
 
Hi Andrew:  Here it is.  Also, remember that the hydrazine used in rocket fuels is anhydrous 
hydrazine, not the hydrazine solution that is commonly sold as an oxygen scavenger or reducing 
agent. Are you doing this as part of a chemistry class or physics? 
Regards, 
Linda 
Linda J. Crosby 
Executive Vice President 
802-967-8005 (new direct phone) 
802-967-1011 (direct fax) 
203-299-3220(main office) 
203--299-1355(main office fax) 
 
Date: 02/05/2009 

E-mail 

Time: 10:58 A.M. 
 
From: wangsta4@email.arizona.edu [mailto:wangsta4@email.arizona.edu] 
Sent: Thursday, February 05, 2009 10:58 AM 
To: Linda Crosby 
Subject: RE: Charkit Quote Request 
 
Hi Linda: 
Sorry for the delayed response.  I was busy the last week with tests in my psio classes.  It's part 
of a project b/w my business and physics class. I'm trying to combine a project from both my 
areas of study, so I'm trying to get a look at the market for HEH.  I know HEH isn't the primarily 
used monopropellant, but do you know how much anhydrous hydrazine is used each year as 
rocket fuel? Also, I was wondering how the HEH was shipped?  What type of containers are they 
usually delivered in and by what means?  Thanks so much for the help. I really appreciate it. 
Have a terrific day! 
Sincerely, 
Andrew Wong  
 
Quoting Linda Crosby <LCrosby@charkit.com>: 
 
Hi Andrew:  I hope your exams went well. 
I can't help you on the amount of anhydrous hydrazine, as Charkit has never been involved in 
this market.  Arch Chemical, formerly Olin, is the manufacturer of it. HEH is shipped by sea 
from either Europe or Japan in 200 kg steel or plastic (HDPE) drums.  The primary producer 
now is European. 
Regards, 
Linda 
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Linda J. Crosby 
Executive Vice President 
802-967-8005 (new direct phone) 
802-967-1011 (direct fax) 
203-299-3220(main office) 
203--299-1355(main office fax) 
 
Hi Linda: 
Sorry to bug you again, but I just had a couple more questions.  Are they 
pressurized with Helium or Nitrogen when they're packaged and delivered? and 
Could you also give me the name of the European producer who produces the HEH 
that you guys sell? 
Thanks again! 
Sincerely, 
Andrew Wong 
 
Date: 03/05/2009 

E-mail 

Time: 11:59 A.M. 

 
From: wangsta4@email.arizona.edu [mailto:wangsta4@email.arizona.edu]  
Sent: Thursday, March 05, 2009 11:59 AM 
To: Linda Crosby 
Subject: HEH & Hydrazine Hydrate Storage 
 
Hi Linda- 
I'm sorry to bug you again, but I had a quick question about 100 % hydrazine hydrate and HEH 
storage.  Do you happen to know what the limits are on how much of the chemicals can be stored 
in a single container and at a single place or where I might be able to go to find that out?  Thanks 
again for the help.  Have a terrific day! 
Sincerely, 
Andrew Wong  
 
Hi Andrew: Both products are available in 200 kg drums, so that is a typical package 
size.  Storage facilities have to be licensed by local authorities to handle hazardous materials, in 
this case corrosive solids and liquids.  Since HH 100% is a product that Charkit stocks for 
customers we often have 20--30 drums at our warehouse.  HEH we sell only to order. 
 
Regards, 
Linda  
Linda J. Crosby 
Executive Vice President 
802-967-8005 (new direct phone) 
802-967-1011 (direct fax) 
203-299-3220(main office) 
203--299-1355(main office fax) 
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I.6 Dowex Exchange Resins 

 
Date: 02/09/2009 

E-mail 

Time: 12:22 P.M. 

 
From: Rees-Nowak, Diana (DR) 
Sent: Monday, February 09, 2009 12:22 PM 
To: Rodgers, Matthew 
Cc: Marston, Charles (CR) 
Subject: CIG Call - Follow-up Required 
 
The following customer needs your assistance: 
Andrew Wong called or emailed our Dow Customer Information Group (CIG) and CIG placed 
the call in our Specialty ion exchange dropbox. 
Contact:  Andrew Wong 
Telephone:  (602) 295-2318 
E-Mail:  wangsta4@email.arizona.edu 
Account:  The University of Arizona 
Address: 2127 W Painted Sunset Circle 
Tuscon, AZ 85745 
Country: United States 
Comment/Question: I'm a university student and I am working on a project that may utilize an 
ion exchange column. I was looking for a resin that would be suitable for removing heavy metal 
ions, in particular, iron, from hydroxyethylhydrazine (HEH), which is a substituted derivative of 
hydrazine. I was also wondering if you could give me some information on your weakly acidic 
chelating resin, H+ loaded Dowex A-1, which I found in a textbook by Schmidt about 
Hydrazine. I would like information on how the process works, how big the unit would be to 
process about 1000 MTPY and how much it would cost. Thank you for the assistance and have a 
great day. 
Please follow-up. 
Thank You, 
Diana  
 
Quoting "Rodgers, Matthew" <MRodgers3@dow.com>: 
 
Andrew, 
Thank you for you interest in DOWEX Ion Exchange Resins. Unfortunately DOWEX A-1, an 
iminodiacetic acid functionalized resin, is a product that Dow Water Solutions no longer offers. I 
apologize for any inconvenience.  If you have any other questions please let me know. 
Thank you again. 
Matt 
Matthew Rodgers 
Lab Technician - Dow Water Solutions TS&D 
On Assignment to The Dow Chemical Company 
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Kelly Services Inc. 
Larkin Lab 124 
(989)636-2779 
MRodgers3@dow.com 
 
 
Date: 02/15/2009 

E-mail 

Time: 6:13 P.M. 

 
From: wangsta4@email.arizona.edu [mailto:wangsta4@email.arizona.edu]  
Sent: Sunday, February 15, 2009 6:13 PM 
To: Rodgers, Matthew 
Subject: Re: DOWEX A-1 
 
Hi Matt: 
I was wondering if you had any other recommendations for an ion exchange resin that could be 
used to separate heavy metals, in particular iron, from a liquid organic known as 
hydroxyethylhydrazine (HEH). HEH is a propellant ingredient and is similar to hydrazine.  It has 
a density similar to water, low vapor pressure at ambient conditions relative to hydrazine, and a 
boiling point at atmospheric pressure of 220 C. Also, would you be able to tell me the exact 
formula for the resin that was used in the Dowex A-1 or if you had any spec sheets on that 
product that you could give me, that would be great too. Thank you for the assistance.  Have a 
great day. 
Sincerely, 
Andrew Wong  
 
Andrew, 
I doubt that a cation resin would work for you in the HEH.  Also, any resin that you use is 
probably going to be a single use as the HEH is likely to chew it up.  The only product that we 
have that may work for you is DOWEX M-4195.  This is a bispicolylamine functionalized resin. 
I have attached a datasheet for this resin.  Samples of this resin can be purchased from Supelco 
by filling out a request form on our website at: http://www.dow.com/liquidseps/prod/order.htm. 
Supelco would also have samples of IDA (iminodiacetic acid) type resins from other 
manufactures if you are interested.  Unfortunately we have no information about DOWEX A-1 
that I can send to you since it is no longer a product that we offer. 
Matt 
Matthew Rodgers 
Lab Technician - Dow Water Solutions TS&D 
On Assignment to The Dow Chemical Company 
Kelly Services Inc. 
Larkin Lab 124 
(989)636-2779 
MRodgers3@dow.com 
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I.7 Mentor: Dr. Greg Ogden 
 
Tues, 24 Feb 2009 
----- Forwarded message from gogden@email.arizona.edu ----- 
    Date: Tue, 24 Feb 2009 17:29:29 -0700 
    From: Greg Ogden <gogden@email.arizona.edu> 
Reply-To: Greg Ogden <gogden@email.arizona.edu> 
 Subject: viscosity 
      To: pazinsli@email.arizona.edu 
 
try this viscosity equation: 
1000*EXP(-0.072*T) 
where T is C and viscosity is cStokes 
Greg 
 
Wed, 11 Feb 2009 
----- Forwarded message from gogden@email.arizona.edu ----- 
    Date: Wed, 11 Feb 2009 14:31:50 -0700 
    From: Greg Ogden <gogden@email.arizona.edu> 
Reply-To: Greg Ogden <gogden@email.arizona.edu> 
 Subject: flows 
      To: pazinsli@email.arizona.edu 
 
I see one estimate of AH production at under 200 tons/year...from a few years ago 
total hydrazine and realted fuels under 400 tons 
Gregory E. Ogden, Ph.D., P.E. 
Associate Research Professor 
Department of Chemical & Environmental Engineering 
The University of Arizona 
Tucson, AZ  85721   USA 
Phone: (520)621-4422 
Fax: (520)621-6048 
Email: gogden@email.arizona.edu 
----- End forwarded message ----- 
 
Thu, 05 Feb 2009 
 
here is some info I found on your sr design projec 
Basic Properties for HEH . Hydroxyethtylhydrazine . CAS#--109-84-2 
Colorless liquid, slightly viscous D 1.123 g/ml @ 25 C - BP - bp@17.5 is 110 -130 C  , bp@25 is 145-153 C , 
bp@32 is 155-160C - Melting Pt given as -70 C . Enthalpy of vaporization 56.48( + or -) 6.0 KJ/mol .Refractive 
index 1.4961 . Flash Pt 73.9 C . 
US major supplier of high test peroxide (HTP) > 80% is FMC corp.  They also provide lower grades.  probably a 
good place to check out 
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I.8 Purolite Absorption Packing 
 

Date:  Sun, 8 Feb 2009 18:47:11 -0700 [Sunday February 08, 2009 06:47:11 PM MST] 

From:  pazinsli@email.arizona.edu  

To:  info@puroliteUSA.com  

Subject:  chromatography packing 

Headers:  Show All Headers  

To Whom it May Concern, 
I am a chemical engineering student at the University of Arizona. I am designing a process to purify a 
hydrazine derivative and hope that you can provide me with some product specs and pricing. I am 
looking for the following: 200 -500 micrometer diameter polystyrene-divinylbenzene copolymer beads 
pore volume of 50% avg pose diameter of 20 to 300 Angstroms and a specific surface between 100 and 
1000 m2/g 

Thank you for your help. 
Phillip Zinsli 
Department of Chemical and Environmental Engineering 
University of Arizona 
pazinsli@email.arizona.edu 
520-869-2456 

 

 

Date:  Mon, 9 Feb 2009 11:44:01 -0500 [Monday February 09, 2009 09:44:01 AM MST] 

From:  Steve Soldatek <ssoldatek@puroliteusa.com>  

To:  pazinsli@email.arizona.edu  

Subject:  Purolite information 

Headers:  Show All Headers  

Phillip, 
I received your request for a specific resin regarding your hydrazine application and would like to 
get more information as it relates to this process. What are some of the goals you are trying to meet 
in purifying hydrazine? What are you looking at removing? Are you looking at regenerating the 
resin at some point? What is the application? The answers you provide will help me select the 
proper resin. 
 Thanks 
 Best Regards, 
 Steve Soldatek 
Western Regional Sales Manager 
Purolite Company 
Ph: 925-212-8496 
website: www.purolite.com 
 

Date:  Mon, 9 Feb 2009 12:31:53 -0700 [Monday February 09, 2009 12:31:53 PM MST] 

From:  pazinsli@email.arizona.edu  

To:  Steve Soldatek <ssoldatek@puroliteusa.com>  
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Subject:  Re: Purolite information 

Headers:  Show All Headers  

Mr. Soldatek, 
Our goal with the resin is to reduce the concentration of TOC from approximately 1000 ppm to 
228 ppm. We would like to regenerate this resin. Also we want un-functionalized packing. The 
information I found is that this regeneration could be done with water or an alcohol or ketone. 
The application is to achieve military grade 2hydroxyethyl hydrazine. Thank you very much for 
your help. 
Sincerely, 
Phillip Zinsli 

 

 

Date:  Mon, 9 Feb 2009 15:13:52 -0500 [Monday February 09, 2009 01:13:52 PM MST] 

From:  Steve Soldatek <ssoldatek@puroliteusa.com>  

To:  pazinsli@email.arizona.edu  

Subject:  RE: Purolite information 
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Phillip, 
Not knowing the type of TOC, I would probably recommend the MN-202 synthetic resin. 
If you could provide your mailing address, I will send you a sample. Also, please keep me posted 
as to your results. 
Best Regards, 
Steve Soldatek 
Western Regional Sales Manager 
Purolite Company 
Ph: 925-212-8496 
website: www.purolite.com 

 

Mr. Soldatek, 
Thank you for the help you gave last month with regards to my groups planned process to purify a 
HEH stream. I have another question about which resin you would recommend, that is related to 
our previous correspondence. I would like to purify a stream of hydrazine hydrate to remove 
mostly 2-hydroxyethyl hydrazine (HEH), and to a lesser extent ethylene oxide. The purified 
hydrazine hydrate will go primarily towards agro-chemicals, and blowing agents. We would like to 
reduce the HEH content from about 2 wt% to about .5 wt%. I appreciate 
any recommendations you can give. Thank you. 
Sincerely, 
Phillip Zinsli 
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Date:  Mon, 2 Mar 2009 17:30:00 -0500 [Monday March 02, 2009 03:30:00 PM MST] 

From:  Steve Soldatek <ssoldatek@puroliteusa.com>  

To:  pazinsli@email.arizona.edu  

Subject:  RE: Purolite information 

Headers:  Show All Headers  

Phillip, 
Purolite has not really completed any work with the application you mentioned below. Resin may 
not be a good fit, but I would still start with the MN202 to address the TOC and HGH. Lab tests 
with be the only way to validate this resin. 
Best Regards, 
Steve Soldatek 
Western Regional Sales Manager 
Purolite Company 
Ph: 925-212-8496 
website: www.purolite.com 

Date:  Fri, 27 Mar 2009 12:44:48 -0400 [Friday March 27, 2009 09:44:48 AM MST] 

From:  Dave Larose <dlarose@puroliteusa.com>  

To:  pazinsli@email.arizona.edu  

Subject:  Purolite MN202 

Headers:  Show All Headers  
  

  

Phillip, 

 It is my understanding that you need pricing on 2000 kg of MN 202? What is the application, 
flow rate and objective of the treatment? 
 David LaRose 

Purolite....Ion Exchange Resins 

11484 Fuerte Farms Road  
El Cajon CA 92020 
619.212.0626 
Fax 619.956.7007   
dlarose@puroliteusa.com 
www.purolite.com 

 

 

Date:  Fri, 27 Mar 2009 12:13:02 -0700 [Friday March 27, 2009 12:13:02 PM MST] 

From:  pazinsli@email.arizona.edu  

To:  Dave Larose <dlarose@puroliteusa.com>  

Subject:  Re: Purolite MN202 

Headers:  Show All Headers  

Mr. LaRose, 
I do need the pricing on 2000 kg of MN 202. the total flow rate is approximately 28 L/min and 
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the application is the removal of organics from streams of hydrazine hydrate and 2 hydroxy 
ethyl hydrazine. the organics are comprised of hydrocarbons and ketones, among others. Thank 
you. 
Phillip 
 
Quoting Dave Larose <dlarose@puroliteusa.com>: 
 
Phillip, 
It is my understanding that you need pricing on 2000 kg of MN 202? What is the application, 
flow rate and objective of the treatment? 

David LaRose 
Purolite....Ion Exchange Resins 
11484 Fuerte Farms Road 
El Cajon CA 92020 
619.212.0626 

Fax 619.956.7007 
  

  

 

 

OK, I understand the process but do not understand the 2000 kg request.  
According to my calculations and your flow rate of 28L/min (7gpm) you will need 7 cubic feet 
and a minimum bed depth of 40 inches.( flow rate would equate 1 gpm/cf or 8 BVs/hr) Pricing is 
$550.00 per CF plus tax fob PA 
David LaRose 
Purolite....Ion Exchange Resins 
11484 Fuerte Farms Road  
El Cajon CA 92020 
619.212.0626 
Fax 619.956.7007 
dlarose@puroliteusa.com 
www.purolite.com 
 
From: pazinsli@email.arizona.edu [mailto:pazinsli@email.arizona.edu]  
Sent: 27. March 2009 12:13 PM 
To: Dave Larose 
Subject: Re: Purolite MN202 
 

To Whom it May Concern, 
I am a chemical engineering senior at the University of Arizona and I am currently working on a 
senior design project. I have looked at using your MN202 absorbent in the process for our project 
and would like to get a quote for it. We estimate that we will need approximately 2000 kg of your 
product given the products density. I would also like to know if you could give me a random 
packing density for this material if it dumped into a column. Thank you very much for your help. 
Sincerely, 
Phillip Zinsli 
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Mr. LaRose, 
I do need the pricing on 2000 kg of MN 202. the total flow rate is approximately 28 L/min and 
the application is the removal of organics from streams of hydrazine hydrate and 2 hydroxy ethyl 
hydrazine. the organics are comprised of hydrocarbons and ketones, among others. Thank you. 
Phillip 
 
Quoting Dave Larose <dlarose@puroliteusa.com>: 
 
Phillip, 
It is my understanding that you need pricing on 2000 kg of MN 202? What is the application, 
flow rate and objective of the treatment? 
David LaRose 
Purolite....Ion Exchange Resins 
11484 Fuerte Farms Road 
El Cajon CA 92020 
619.212.0626 
Fax 619.956.7007 

 
 

I.9 FMC Corporation 
 
Date: 03/05/2009 

E-mail 

Time: 4:20 P.M. 
 

fromivann hsu <ihsu18@gmail.com> 
toOlena.Demyda@fmc.com 
subjectPrice of 70% Hydrogen peroxide 
 
Hi, 
Can I get quote of the cost of 70% hydrogen peroxide? 
Thanks, 
Ivann Hsu 
 
fromOlena Demyda <Olena.Demyda@fmc.com> 
toivann hsu <ihsu18@gmail.com> 
dateFri, Mar 6, 2009 at 7:22 AM 
subjectRE: Price of 70% Hydrogen peroxide 
 
Hi Ivann, 
Can I have the name and the address of your company, your phone number for someone to 
contact you, the application for the product and the annual quantity you would need? 
Thank you, 
Olena Demyda 
Inside Sales Project Manager 
FMC Corporation, ICG 
Office:  215-299-6772 
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Mobile: 484-343-0686 
Visit us at: http://www.fmcchemicals.com/ 
 
fromSteve Gibson <STEVE.GIBSON@fmc.com> 
to"IHSU18@GMAIL.COM" <IHSU18@gmail.com> 
dateMon, Apr 13, 2009 at 9:45 AM 
subjectPeroxide project follow up 
 
Hi Ivan, 
Just checking in on your peroxide project. Can we help you with any more information? What is 
your application and how much do you think you would need? 
Steve 
Steve Gibson 
Account Manager 
FMC Corporation 
FMC Peroxygens 
Bus # 610-458-5559 
Cel#   484-364-1233 
Fax#  610-458-7044 
 
 
PHONE CONVERSATION- Steve Gibson  610-458-5559 April 13th 11:37 am  
Obtained quote for 70% hydrogen peroxide  $.60/lb. 
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Appendix J: Specification Sheets 
 

J. 1 Hydrazine Hydrate Specifications.  
The same specifications hold for all concentrations of HZH. 
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J. 2 Military Specifications for Anhydrous Hydrazine (United States Department of Defense 

[USDOD], 1997). These same specifications were assumed for HEH. 

 


