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Viscous MixiNG UNDER VACUUM
1,000,000+

CENTIPOISE

DouBLE DECOMPOSITION

NS/ SPACE LAUNCH SYSTEM (SLS)

+ |RON OXIDE
(BURN RATE CATALYST)

+ ALUMINUM METAL
(METAL FUEL SOURCE)

+ IsoPHORONE Di—-IsOCYANATE
(CURING AGENT)

« NASA seeks to carry payloads from 70 up to 130 metric tons. The NASA
Space Launch System is the world's most advanced space delivery system.

o It is capable of lifting and transporting payloads and human astronauts .

much farther into ourgsolar system thai any other launch vehicle in history. AREA 1 00- SAI-T & WATER PURIFICATIUN — AREA 200 ELEGTRUGHEMIGAI— OXIDATIUN
RN Feed: Sodium Chloride (NaCl) + H.0

Product:  Sodium Perchlorate ( NaCle) + Intermediates

Reactors: 8 Electrolyzer Tanks, Two Sets of 4 in Parallel

Electrolysis: 2 Electrochemical Cells per Reactor

Anodes:  Graphite Lead Dioxide, 36 per E.C. Cell, 7.84 sq. ft each

Cathodes: Stainless Steel, 12 per E.C. Cell, 7.84 sq. ft each

Current: 1,300,000 Amps, 288 A/ ft’ current density

+ HYDROXY-TERMINATED POLYBUTADIENE
(PLASTICIZER)

Water & Sodium Chloride sent into the manufacturing process must be
as clean as possible in order to produce the desired 99.99% purity for
Ammonium Perchlorate required for space grade rocket propellant.

APC P SU I_I D RUCKET B DUSTE RS After Sodium Chloride undergoes caustic wash to remove impurities,
brine water is filtered and reclaimed via distillation in a salt evaporator.

The washed salt is collected, centrifuged, and re-dissolved.

« Current goals include landing on asteroids, and a manned mission to Mars.

The solid rocket motor is the largest component of the SLS booster. 8 Frustum

Q?f Skirk  The booster will use a 5 segment solid propellant motor.  rorward Skirk ‘l Nese Cap

J 7 This must occur regardless of whether salt is obtained -
ﬂ;! )Igi]BMﬁi ' 1 ® 10 O ) i) .b- from a supplier or reclaimed from double decomposition Time: 24-hr Batch Electrolysis Run Time per Reactor
-~ reaction of NH, Cl and NaCl0, taking place in in Area 300. Burinel withimputios gy hona? e s e s 3-hr charge / discharge offset per reactor
Once assembled, each booster will weigh Each booster will produce u . . . . .
. N emiinn jr A‘ A_’ . Mi"ionppounds :‘f Before leaving Area 100, the brine is topped up with el & Batch Vol: 71278 gallons (water + feed + product)
as much as 4 blue whales combined. w A‘ thrust. #SLSFIREDUP ‘ 2 g/l_ Of NaF. ThIS pI‘OVides a mUCh needed bOOSt in Précipitation Chemidals ReaCtantIn: 1880 lb NaCl (aq) + 278 gal Hzo (l)
current efficiency oxidizing NaCl all the way to NaClO, s Product Out: 3940 [b NaClO, (s) + 260 lbH, (g)
DETERMINING SCALE OF PRODUCTION [-' nput:  NaCl+ H,0 + Impurities e GasEffuent: H,0+H, + Trace Cl,
. 2 Solid Rocket Boosters produce 7.2 million Ibf (total thrust) nL @&g\ Output: NaCl + HZO (clean) + NaF . Precipitate @ X::’Z FTB’ 0 When operating at high currents, using multiple reactors in parallel
| | 10 §§§" _ I with longer 24-hour runs maximizes current efficiency. This also
 Burn Time = 124 seconds, Specific Impulse = 269 seconds A4 TH—w Purified Brine doubles as a robust system redundancy in case there is a problem
e Thrust x Burn Time / Specific Impulse = Propellant Mass orce T T@—Hmm rced‘i?.'i.i”::'-.’:n“’év"a’,’mt.._Qﬁ y i with any given reactor.
p ﬁ p p ,;ircul:tion : ' A1°°'F%E'1°°°
o ’ Evaporator | W phay PrROCEss FLow
e 3.3 million lbs rocket propellant (APCP) req'd per launch! T ™ Wi N LG Liquid Waste
. E> ArREA 200

e Recycle
i‘ Stream 9 :
. %7/ Gas Se, g or
10 \ /o 14 embrane[—<Q02 4 Clean Gas to Ve
, Purified Salt ] A2 GSM- ¥ :

« LOCKHEED MARTIN requests a feasibility study for
. . . (solid) Filtef
manufacturing 150% of required solid propellant mass srean ; - ——" - | o g B st
° A300 - RVD - 10001@_, $rt Drscomtiln Tank Storage A200 - ST - 1002
for 3 SLS launches per year over the next 10 years. B:M[ T AL00- PAT- 1000 o ol =
. , 4:; FEED ' Dﬂo;:“') 0 From Salt DissolverTan Ele:ge;:‘t:r}kal
. . é : A100 - DT - 1000 A200 - EC -
« The SLS Ammonium Perchlorate Composite Propellant (APCP) =, . : 1001 tru 1008 e
. . . S\ ) lon Exchange Filter <Yy St:r:\:zg:nk Titg;ﬂlfiZT::‘d
recipe contains 69.8% Ammonium Perchlorate (AP) by mass. o O o
A100 .H}:(Ec -1000 To Electrochemical Cells

A200 - EC - 1000

Dilute NaOH

To Crystallizer
for AP production
A300 - CR- 1000

Dilute HCI
Storage Tank
A200 - ST - 1000

Storage Tank
A200 - ST - 1001

« LOCKHEED MARTIN requests that our plant /

process design study incorporate manufacture of the

AREA 300: GRYSTALLIZATION

ammonium perchlorate required to produce APCP

ather than simply buying it outright Feed:  Sodium Perchlorate (NaCl0,) (= & . Process Fuow AREA 400: PROPELLANT MIXING & COMPOSITING
6M Ammonia** (NH)) " AREA 300 0 :
« Only ONE manufacturer of Ammonium Perchlorate PR @ Feed: 69.8% Ammonium Perchlorate (NaClO4)
6M Hydrochloric Acid** (HCl) | S . , ,
in the USA: AMPAC Western Electrochemical, Utah. Product:  Ammonium Perchlorate (NH CI0 ) | . “wen” ¢ "33“ e 16.0% Atomized Aluminum (Al)
Sodium Chloride (NaCl) “©o e ot {% = 12.0% Hydroxyl-Terminated Polybutadiene (HTPB)
Reactors: 2 Crystallization Reactors (Jacketed) — et 1m—| | 2.0% Isoph orone Di-Isocyanate (IPDI)
Separation: Filter Press m ‘ A 4 0.2% Iron Oxide (Fe,0.)
Drying:  Fluidizing Spray Dryer o] i Product:  Ammonium Perchlorate Composite Propellant (APCP)
|

ReactantIn: ~3750 Ib NaClQ, + 1640 |b NH Cl
Product Out: ~3600 b NH CIO, + 1790 b NaCl
ReqdPSD: ~50 - 400 um diameter

class 1.3 explosive

¢ Output: 600 Gal APCP / batch
To AP Storage/Wing >

Reactors: 4 Double Planetary Polymerization Mixers (vacuum)

Pressure: 0-2 PSia *Note: Viscous Mixing generates a LOT of heat! Cooling control

Vi SCOSit\/' 1.000.000+ cP* is EXTREMELY important to safety of the process. Also, mixing is
! ! done under vacuum because bubbles/voids inside the propellant

can result in inconsistent burn patterns and even a faulty launch.

**Mixture of NH, + HCl prior to combining with NaClO,
generates heat. Once combined, our reaction mixture

MixING OPERATION

ArREA 400 N

gets close to the ideal start temperature of 80 - 82°C. - ﬁr} QDM ,

Our process requires tight cooling and mixing control. Reactor hydrodynamics and Q,IDM =
rate of temperature drop are absolutely crucial to selectively crystallizing NH CIO,. %4—@

s |

- o p
Mixing, curing, and solid casting for solid rocket motors.

Vacuum Pump

The SLS Solid Rocket Boosters
generate just 8% more thrust

The required rate of cooling increases as reaction temperature drops.
Also, the cooling occurs in two stages, with two different cooling fluids;

12% HTPB S 401
16%AtomizedAIuminum\ } il 69.8% Ammonium Perchlorate
80 - 40°C : (cooling water only) — ¢ & L \ -
40 - 10°C: (ethylene glycol + water) Himoie ) ‘ ) —‘< T L R

.f I\‘J Outlet cooling liquid
Cooling Liquid> ,%l Inlet cooling liquid .
The filter press cake is washed with water to displace residual brine. | Qb %@J ( % ;
| Ammonium Perchlorate

I
Excessive presence of sodium chloride (>100ppm) in Area 400's mixing | & _ N
operation can make a batch of solid rocket fuel unfit for a NASA SLS Launch S \{_ B omposite Propelian

at launch but carry over

®®

3x greater a payload than

the original Space Shuttle!

NASA is seeking to increase

this factor to about 6.5x, or

130 metric tons of payload!

Double Planetary Mixer

LOCKHEED MARTIN
ECONOMICS / COST ANALYSES / PROFITABILITY

Annual Cost, Raw Materials: $6.2 million
Annual Cost, Operating Labor: $18.1 million
Plant operation: 24/7/350

(2 weeks/year for scheduled maintenance)

® Aluminum Powder
® [ron Oxide (black)
® HTPB

m |PDI

m 12 MHCL

12 M NH3

m NaCl

m 6 M NaOH

u NaF

® 12 M NaOH

u Barium Chloride

Operating Labor Costs

Operators Foreman
51% 9%

Foreman
Supervisor
2%

Maintenance
9%

u Sodium Bisulfite

Purchased Equipment By Area

Area 100

Maintenance
Supervisor
2%

Area 400 5% Area 200
35% 24%
Non-Operational +

Maintenance Overhead
5%

Sanitation
2% Laboratory Engineering
5% 15%

Direct Costs: S 40 million
Indirect Costs: S 46 million Annual Utiity Costs
Working Capital Cost: S 10 million 6%
Land Acquisition: S 30 million R
Start-Up Costs: S 9 million
Total Initial Investment: $135 million lectrici
(@ Time = Year Zero) 1000000 ectricity
SR vear = Water

Breakdown of Direct Costs

Breakdown of Indirect Costs

Service Facilities (installed) | 7.795 |

Yard Improvements 1.114
Buildings (including services) =2.004 ) 4.900 \_
2.450 30
Electrical Systems (installed) 2250 3675 4565 - 0.445

7.572 ) 0 10 20 30 40
(Cost, Millions SUSD)

Piping (installed)

\
Instr.GControls(installed) | o ' ® Engineering / Supervision  m Contractor's Fees
Equipment installation | 5.234 ’ m Construction Expenses ® Contingency
Purchased Equipment | 11.135 ) Legal Expenses Property acquisiton
0 2 4 6 8 10
Millions SUSD

PROFITABILITY ANALYSIS, YEARS 0 - 4

PROFIT

$500

Break-Even Point:
~14250 Metric Tons APCP sold

>400 Payback Time: 2.4 years J \
$300

VARIABLE
COSTS

-=Total Revenue

- FIxed Cost
Total Cost

Millions SUSD

$200
_/
<\
$100 FIXED COSTS
>— [TOTAL CAPITAL
INVESTMENT]
60 el o S B 7
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APCP Demand (Metric Tons of APCP sold, Selling price of $22000/MT)

PRELIMINARY SCOPE OF POTENTIAL FOR INVESTMENT

Total Initial Investment: S 135 million  ote Project financiats were calcutated
[ @ Time = Year Zero, incl sta rtup cost ] from mostly conservative estimates.

TOtal. Proﬁt: After 3 Yea rS] $ 22 mil lion Costs were generally overestimated and

revenues underestimated as a precaution.
[@ 35% Tax Rate] vendes u / precadti

After5Years] S 151 million
] R This project has ample room for process
Pla Nt LIfEtImE] $ 3 5 a mllllon optimization and profitability improvement!
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STREAM # 101 102 103 104 105 106 107|
Description process reclaiimed removal of Brine solution steam from salt reclaimed water from |Process water Process water from
brine solution impurities(s) from filter evaporator condensor from storage tank |ion exchange filter
Temperature (oF) 55 55 250 60 50 50|
Pressure 14.7 14.7 15.1 14.7 17.7 17.7
H20 4029.6 2000 2000 2303.7 2303.7|
NaF 0 0 0 0 0 0
NaCl 0 0 0 0
NaOH 8.15 0 0 [o) 0 0|
NH4CI 10.9 0 0 0 0 0
NH40H 0 0 0 0 0 0
Total Mass Flow 4633.0 4579.9 2000 2000 2303.7 2303.7]
Total Volumetric Flow
(GPM/CFM) 9.3 9.1 2.4 4.0 4.6 4.6
STREAM # 108 109 110 111 112 113 114
Description process water from Brine into Centrifuge |water reclaimed |NaCl(s) to be added to |NaF feed (s) (variable, [Brine solution to  |6M NaOH feed to
heat exchanger from centrifuge  |Brine mixing tank unresolved) Electolytic cell Brine Settler
(variable, unresolved)
Temperature (oF) ~113 250 110 ~113 ~55
Pressure 17.7 14.7 14.7 14.7 14.7
H20 2303.7 1995.6! 400 2303.7 34
NaF 0 0 0 4.6 0|
NaCl 0 0 627.7 0|
NaOH 0 0 0 0 8.15
NH4CI 0 0 0 0 0
NH4CIO4- 0 0 0 0 0
Total Mass Flow 2303.7 2579.9 400 2936.0 42.2
Total Volumetric Flow 46 52 0.8 5.9 0.1
STREAM # 113 201 202 203 204 205 206
Description Purified Sodium GAS evolved from H2 GAS and Null (Removed) Electrochemical Cell |Electrochemical  |Electrochemical
Chloride Solution ELECTROCHEMICAL |Trace CI2 gas pH Control 1, Dilute  |Cell pH Control 2, [Oxidation Product
FEED from AREA 100 |CELL HCI Dilute NaOH Solution TO
MIXING TANK
Temperature (oF) ~113 ~113 ~113 ~68 ~68 ~113]
Pressure (psia) 14.7 14.7 14.7 14.7 14.7 14.7
H2 (Ib/hr) 0 81.62 81.62 0 0 0
H20 (Ib/hr) 2303.7 54.36. 0 [o) 0 1569.11
NacCl (Ib/hr) 627.65 0 0 0 0 0
NaClO3- (Ib/hr) 6.1
NaClO4- (Ib/hr) 0 0 0 0 0 1248.85
Cl, (Ib/hr) 0 0.24 0.24 0 0 0
HCI (Ib/hr) 0 0 0 As needed 0 0|
NaOH (lb/hr) 0 0 0 0 As needed 0
Total Mass Flow (lb/hr) 2931.4 136.2 81.9 0.0 0.0 2824.1
Total Volumetric Flow 5.85 405.43 243.63 0.00 0.00 5.64]
(GPM), (CFM for gas)
STREAM # 207 208 209 210 211 212 213]
Description Sodium Perchlorate Precipitated Solids Aqueous Aqueous NaClO4 HEATED NaClO4 Sodium Bisulfite  |Barium Chloride
Slurry FEED TO Disposal NaClO4 Solution |Solution TO HEAT Solution TO AREA Precipitation Precipitation
FILTRATION TO STORAGE [EXCHANGER 300 Chemical TO Chemical TO
TANK MIXING TANK MIXING TANK
Temperature (oF) ~110 ~100 ~100 ~68 179.6 ~68 ~68
Pressure 14.7 14.7 14.7 14.7 14.7 14.7 14.7
H2 (Ib/hr) 0 0 0 0 0 0
H20 (Ib/hr) 1677.11 108 1569.11 1569.11 1569.11 36 72
NaCl (Ib/hr) 10.06 0 10.06 10.06 10.06 0 0
NaClO4- (Ib/hr) 1248.85 0 1248.9 1248.9 0 0
NaClO3- (Ib/hr) 0 0 0 0 0 0 0
NH4CI (Ib/hr) 0 [o) 0 0 0 0 0
NH4CIO4- (Ib/hr) 0 0 0 0 0 0 0
NaHSO3 (Ib/hr) 0 0. 0 0 0. 17.92 0|
BacCl2 (Ib/hr) 0 0 0 0 0 0 35.86
BaS04 (lb/hr) 40.19 40.19 0 0 0 0 0|
Total Mass Flow (Ib/hr) 2976.21 148.19 2828.07 2828.07 2828.07 53.92 107.86
Total Volumetric Flow 5.94 5.65 0.11 0.22]
(GPM), (CFM for gas) 0.30 5.65 5.65
STREAM # 211 301 302 303 304 305 306 307
Description Sodium Perchlorate 12M Ammonia Feed |12M Ammonium Chloride  |Ammonium NaCl Brine Filter [Ammonium Ammonium
Feed from AREA 200 Hydrochloric Feed to ION Perchlorate Slurry Press PERMEATE |Perchlorate Wet Perchlorate Dry|
Acid Feed EXCHANGE & FEED TO FILTER TO AREA 100 Solids FEED TO  [Crystals TO
CRYSTALLIZATION PRESS SPRAY DRYER AREA 400 /
STORAGE /
MIXING
Temperature (oF) 176-180 71 71 275 50 55 50 60
Pressure (psia) 14.7 14.7 14.7 14.7 14.7 14.7 14.7 14.7
H20 (Ib/hr) 1569.11 1254.0 1254.0 2508.0 4077.1 3995.6 81.5 0.0
NacCl (Ib/hr) 10.06 0.0 0.0 0.0 596.3 584.3 11.9 0.0
NaClO4- (Ib/hr) 1248.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0
NH4CI (Ib/hr) 0 0.0 0.0 546.2 10.9 10.9 0.0 0.0
NH4CIO4- (Ib/hr) 0 0.0 0.0 0.0 1198.8 0.0 1198.8 1198.8
HCI (Ib/hr) 0 0.0 372.4] 0.0 0.0 0.0 0.0 0.0
NH3 (Ib/hr) 0 173.8 0.0 0.0 0.0 0.0 0.0 0.0
Total Mass Flow (lb/hr) 2828.07 1427.8 1626.4 3054.2 5883.0 4590.8 1292.2 1198.8
Total Volumetric Flow 5.65 2.85 3.25 6.10 11.75 9.17 1.03 0.96

(GPM)
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From Salt Dissolver Tank
A100-DT - 1000

From Dilute HCI Storage Tal
A200-ST- 1000

From Dilute NaOH Storage Tank
A200 - ST - 1001

Gunjan Patel
Elena Holyakova
Brett Redding
Jobylyn Pineda

REVC
AREA 200

-

PRV

ah

Cirqulating Pump
60 GP
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Sampling
Valve

J:

To Gas Separating Membran
A200 - GSM - 1000

>

T
—

Electrochemical
Oxidation Cell

Lockheed Martin ChE165 Plant Design Team

PIPING & INSTRUMENTATION DIAGRAM
ELECTROCHEMICAL OXIDATION CELL

S8
AREA 200

B
\

H
MIJ/ Electrochemical Cell

A200 - EC- 1000
Circulating FC

FC,

Cold Water

FC
Cooling Air
Vacuum Pump

MANUFACTURE OF SOLID ROCKET PROPELLANT

03/16/2015
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Cooling Tower

To Mixing Tank
A200 - MT - 1000



AREA 300
Spray Dryer
A300-SP-1000

PRV1

From NETZSCH filter pre
A300 - TFP - 1000

Instr. Description
FSC Fan Speed Controller
FST| Fan Speed Transmitter

FT| Flowmeter/Transmitter
HT Humidity Transmitter
PT Pressure Transmitter

SC Speed Controller
ST Speed Transmitter
T Temp Transmitter
TC Temp Controller

PRV| Pressure Release Valve

Product

A 4

@é)

Spray Dryer
A300-SP-1000

F'S

Air

Fan

BagFilter

Product

Vibrating Screen Conveyor

Heater

;

Filter

Fan

»
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