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F
APPENDIX I - 1

I PACFMD BD REACTOR MODEL

In this section, a detailed description of the packed bed

reactor model is given. The method of numerical solution of the

ordinary and partial differential equations is also treated.

Model Development

The model for the packed bed reactor is based upon material

and energy balances for the system. By considering an annular ring

of differential size, the following ordinary and partial differential

equations for the concentrations and temperature at every point in the

reactor may be written:
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A

The definition of the variables used in these equations can be found

. in the List of Symbols included at the end of this section.

Equations (1), (2), and (3) are the material balances for

guanidine nitrate, urea, and ammonium nitrate and describe the

variation in mole fraction for each component in the. axidJ, dL'uion.

The molc fractions have been assumed uniform ih tVLe radial direction.

This is a reasonable assumption in packed bed operations since the

catalyst particles contribute to a lateral movement of fluid leading to

mixing in the radial direction. In addition, the time associated with

convective transport of material in the axial direction will far outweigh

any contribution due to radial concentration gradients. The first cerm

on the right-hand-side of Equations (1), (2), and ()) accounts for the

production or removal of material by chemical reaction. The rate

expressions used here and defined by Equations (7), (8), and (9) are

those obtained through the analysis of the kinetic experiments of this

project as presented in last mooth's report. The second term in the

material balance equations ac.couiuLs iot.he uficct of 'he change in melt

volume due to chemical reaction on the variation in mole fraction with

axial position. Equation (4) is obtaircd by summing Equations (1), (2),

and (3) and recalling that Equation (12) also applies. Equation (5)

describes the rate of production of gas as a funcTion oi iA,•,A" •±,,

and assumes that the gas is qenerated only by thos;o roactions that
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produce guanidine nitrate, and that an insignificant amount of gas is

generated by side reactions. This is in keeping with the experimental

results of this project in which no gas other than that going to ammonium

carbamate was detected.

,JU~i��( •() is L..c • c•rr-•, halanrc for the packed bed reactor and

describes both the radial and axial variation in temperature. Axial and

radial temperat-ure profiles are important, since the reaction rates are a

strong function of temperature. The yields, conversions, and concentration

profiles will be directly affected, In addition, the maximum allowable

radial temperature difference will determine the maximum diameter of the

packed bed reactor.

The first term in Equation (6) accounts for che energy transfer in

the radial direction by conduction. All resistances to heat transfer in

tlie radial direction inside the bed are included in the effective thermal

conductivity, KE. These resistances include thermal resistanrce at the

wall, thermal resistance of the particles and of the contact area between

the particles, thermal resistance of the liquid and gcas between particles,

the thermal resistance from the particles to the liquid, thermal resistance

from the liquid surrounding the particles to the bulk of the gas, and the

thermal resistance of both liquid and gas at rest and in motion. In a

system such as the guanidine nitrate system, in which gas is generated

continuously along the length of the reactor, the effective thernmal

I-4
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I
conductivity will vary with axial position. A correlation due to Weekman

and Myers (Ref. 4) is used to predict the effective thermal conductivity

at each axial position and is discussed below.

The second term in the energy balance, /, ,.i j Z, accounts for

the thermal energy transported by flow in the axial direction. An exoression

Sfor 0 is given in Equation (10) as a function of the specific heats of the

liquid and gas and the niolar flov rates per unit cross-section for the

* liquid and gas. The third term of Equation (6) describes the contribution

to the temperature change due to the change in volume of the melt and

gas because of chemical reaction. For this term, the datum temperature

was selected for convenience dS the reed temperature. An expression for

1J is given in Equation (11).

The final term of the energy baP'nce is the heat generated by

chemical reaction. The heat of reaction and the rate are assumed to be

those ass~ociated with the guranidinc nitrate reaction.

Te evaluate thc reaction rate exprcssions for u:;r in the material

balance equation, the average radial tmemperature -t eaich axial position

was calculated by Eqoiation (13).

. . ...



The set of boundary conditions necessary for the solution of

-thesc equations is:

1. at Z = 0

f
XGN = XGN

f
XU XU

f
xAN P _N

f
L L

0

T (rl = Tf for all r"

where superscript f refers to feCd oonditio!,:.

2. at V 0

0 for Oll Z

3 . , - -
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The presence of the flowing gas phase in the guanidine nitrate

system greatly increases the effective thermal conductivity in the packed

bed reactor when compared to the effective thermal conductivity thIat

would be expected from the liquid phase alone. The primary effect of

the gas is to increase the velocity of the liquid phase. Weekman and

Myers (Ref. 4) have proposed and tested the following correlacion for

predicting the effective thermal conductivity of a packed bed with

concurrent gas-liquid flow:

//

7.03 + 0.J00285 ( REi (NI
kI k1

where (NpE) is the Reynolds number based on tbc actual cross-section

area available for flow:

(NRE) Dt L

I /I RL

RL is the fraction of the vcid volume occupied by the liquid. This definition

of Reynolds number follows directly from the liquid mass velocity based

on the actual area available for flow of the li•ui d:

LACT L

CR
L

Weekman and Myers have tested this correlation for various size spherical

packings ranging from 0.149" to 0.255" diameter and over a wide range of
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gas and Xiquld flow rat,,s They found that tx,is single correlation satis-

factorilv predicted the thermal behavior ot the packed bed. They o)serCveŽd

that the amount of heat transferred did noL appear to be a function of the

tube to particle diameter ratio when this ratio was varie-d Fern 11. 8 to

20.0. The Reynolds number was therefore based upon the tube diameter.

For the Houdry silica beads used in this project, the tube-to-diameter

ratio for a 4" column would be approximately 16, which is within the

range tested in Ref. 4.

To complete the model, RL, the fraction of void volume occupied

by the liquid must be predicted at all axial positions. This can be done

by utilizing the correlation proposed by Larkins et al. (Rýf,. 3). In this

wovk, they were able to relate the two-phase friction loss for flow of a

liquid ane gas through a packed bed to the single phase losses and the

fraction of the crocs-sectioei occupied by the liquid. For a variety of

packings arnd with gas-liqui.d systems having a wide rlnge of flaid

properties, the follcwing equation was found to appl&,.:

"2
1O~- o (-u .ý R' 74 +- 0.525 (l1w X): 10 1 ~.1. C,~

W1 0er

The t(,.im:s 11.t.11 ,t are the frichtion f. c' .. i... 1-.

of the lI.quid and (as. Th. c~n bk. predicted by th(, ruu, ,',!UI11



t (flaf. ~)for pressure drops- in packed beds:

where '

The r~tiu of the liquid to gas phase lo~ses wvill -then equal:

NumericalSol~vttosi

J, ,e matheatatical mý.Kcl eý.4'.ations wer, oldved on an FINMR C1,30

digital computer. The ozi itary 01,i Žrenta,;Ll equia-tious, 12&,"uations (1)

throuc-h (5) .were Integrated by utili-intj a folurth-OrderRunq -Ku-

1routine (Ref. 2). The energy equation ow i e is a partial diffcrer~tial

equation and a flinite difference method rnusL be wsed.. A Crank- Nicholson

6-point implicit form (Ref. 2) wab utilized 0in qenero t tnq tile. sohitiori

to the distributed para meter system. This te(cli(ique wva se octe over



the singyular explicit methods because of its inicreased accuracy and

because of its property of guaranteeing numerically stable solutions.

The step sizes and mode identifications are defined in Figure

A-1. In using the Crank-Nicholson method, the temperature derivatives

are defined as follows:

__-,,7;.-

J.4

-77-

"When these differnnce equations are substituted into Equation (6)

and the boundary conditions at r = o and Y'= V-T included, a set of

tridiagoina linear equations is obtained of the form:

1, 10
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This tridiagonal matrix set of equations is solved at each axial

position by the Thomas (Ref. 2) algorithm.
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SYMBOLS
FOR

PACKED BED REACTOR MODEL

2

A = cross-sectional area of the reactor, inches

CG = specific heat of the gas, calories/(mole)-(1K

CL = specific heat of the melt, calories/(mole)-(°K)

D.. = tube diameter, inches

Dp = diameter of catalyst particle, inches

d ( •) = first derivative in the axial direction

dZ

Ei = activation energy for component i.

G = molar flow rate of gas, moles/minute

G = molar flow rate of gas based on the empty tube area,

moles/(inch) 2 _ minute.

HR = heat of reaction; taken here as the heat of reaction for

guanidine nitiate production, calories/mole

KE = overall effective thermal conductivity, calories/(min)-

(in)- (OK)

0
kt = specific rate constant for the formation of component i,

moles/(gram of catalyst) - (minute)

L = molar flow rate of melt, moles/minute

1L = molar flow rate of melt based on the empty tube areaa,

2moles/(lnch) - minute

1-14



NPR = Prandtl number

N = Reynolds number

Ri rate of formation of component i, moles/(g:am of

catalyst) - (minute)

RL = fraction of the void volume occupied by the melt.

•!r = radial position, inchnes

r log mean radius (-OD - W T)/n OD/ T)

r OD =outside radius of tube, inches

tepeatT reradius of the reactor tube, inches

T =temperature, OK

T1 reference temperature; taken here as the feed

• temperature,

: Tavg = area weighted average radial temperature,

Tj = jacket temperature, OK

-w wall temperature, OK

U = overall heat transfer coefficient at wall calories/

(in 2 ) - (min) - (00)

xi =mole fraction of component i.

Z axial position, inches

= fraction void space in the bed

density

S =bulk packing density of catalyst, grams/cu.in.

1 = viscosity of the liquid

( ) first partial derivative in the i dire• tion

cha nge in melt and n , ja, ',olum ýuc to chem0.ical
reaction - cal/mmn
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Appendix 1-2. LISTING OF PROGRAM

CONTINUOUS PACKED BED REACTOR MODEL
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APPENDIX 1-3

CONTINUOUS STIRRED TANK MODEL

A detailed description of the continuous stirred tank

model is presented in this section. The method of solution of the

discrete difference equations is also given.

Model Development

Consider the series of stirred tai.ks depicted in Figure

B-1. The mater'al balances for guanidine nitrate, urea, and ammonium

nitrate can be written for the nth tank:

A- - / -

The notation is defined at the end of this section. Notice

that both sides of each eqcuation have been divided by the molar feed

rate to the first vessel, F), so that the factors F(n), 1 An-l) and

are all expressed on the same basis of one mole/minute of feed tc the

first reactor. The rate expressions are given by:
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By summing Equations (1), (2), and (3), the following equation relating

the flow rates results:

Equations (1) through (7) are solved simultaneously for each tank in

sequence.

Numerical Solution

If Equations (5) and (7) are substituted into Equation (2),

the following cubic equation results:
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r ) (-"i.7),'- (-k - ,' .. , / ,., =,

All terms with superscript (n-1) are known and those terms with super-

script (n) are unknown. Therefore, before Equation (8) can be solved

(n) (n)for xu , an Equation for xAN must be provided in order that M can

be specified. By subsLitUting Equations (6) and (4) into Equation (3),

the following quadratic expression results:

/1-"30)"/s--")il 5)
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iI
where

F U2-

(n)Equations (8) and (9) are simultaneous functions of the unknown XAN

(n)and x) These equations for the nth reactor were solved by the

following iterative algorithm:

n
1. Assume a value for xAN . A convenient first

n _ (n-l)
assumption is XAN (XAN

(n)2. Solve the cubic equation, Equation (8), for xu

(')
3. Using this value for xu , solve the quadratic equation,

(n)
Equation (9), for XAN

I-31
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4. Check whether this value of (N)i qa ota

assumed in step 1. If it is, the solution for xA N and
(n)xu for the nth reactor is complete. If not, repeat this

procedure ~rxorp step 2 using this newly generated value

(n3)

Of XAN

Using this procedUre, "to corivergence difficulties were
encountered for any of the cases tre~ated. AL listing of thr, cninPuter
program for solving the stirred tank model is included in Appendix 1-4.
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SYMBOLS

J •FOR

,TIRRED TANK REACTOR MODEL

i
Ei = activation energy for component i.

F = molar flow rate of stream (n) per mole/minrte of feed

i ki specific rate constant for th. formation of component

i, moles/(grarn of catalyst)-(minute)

(n)
AR =.ate of formatio., of compoi,-ýnt i in reactor (n);

moles/(gram of catalvst)-(minute)

(n) weight of catalyst in r(dctor (n-

(n)
1xi mole fraction of cctnponent i in stream (n).

I - 33•



APPENDIX 1-4. LISTING OF PROGRAM

CONTINUOUS STIRRED •_ýAN_ j.CTOR, MDEL
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APPENDIX 1-5. COST STUDIES

Tv
y- q .j •, •.t , Basic Case

• *, Ifl Basis: Cont. Piocess; 1 hr. reaction

AN/U/Cat. = 2/2/1.7
U Yld. 80%; U Conv. = 64.5%
AN Yld. 100%; AN Cony. = 32%

Gov't

-,\' I V5 -V .-. ' . Acctg
IN .'V TY. E XT C £i. $ )

S Y LIMIT 6.42
O()F';IT'F IANP ACLLGC'•TFD 'AX. 1.20

""u1'{ -aL (vy , ..• f,) I ;1! -'T6

.24
v .. •;~' •••L jI >jr'. T I U *4<[ . .l1 .)! ,/{' - ° (]'. '

_,P."IICAL Cvr{tOL l/•i, );, ,.,.; ; l,)'•.f) -,/., \ ... ~'. ''/ '" .17

i r;n'. ,'*i t',0{j 1, IL' L !1, 7 ,. .30

" rL .111 (11%,L/L'A 7l I 0( 1/ 'i . ' .10

TOT ýL (CFNTS/LR) . 1.22

r'!F% !.q:ol), u},'t• ," ,,, :: /i, .): )4.93
•~ ",''{Xl It' . I A l: tIr- .G)5K{' t.: .u' , / ,., ', 1.64

r(_,T•:• (C !•1 /L,) ,' v,,6.72

It '; f L .'i1 L (7'1;T (C1\'IS/I ) Gx 1 S I- ,I I ft .' 1 8.12
Fringe 1.69

Price 0% Return 9.81€/lb
I') Y1U} PLANT LIFF, FYITTII'.2 'I 1'.
15 PCI'" IifltPECT

PFPrCFNT CHA N GF .%FYFDFP Tfj 4) F", , """ P'I QI',

(1) 50% is maintenance material
I~.•. 1 \ '" ,' 1 .,','

', "; I " . .,I .

* 1)', " ' . 11 , .

1-40i * * 1. 1
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N'O*'11D GJNIIF Basis: Cont. Process; 1 hr. reaction

AN/U/Cat. = 2/2/1.7
U Yld. 80%; U Cony. =64.5%
AN Yld. =100%; AN Cony. = 32%

1t(ANT CAPACITY 20.0 M.'ý Le3/YH * I * I IT I V IT Y
rCT Gov't

')NITS ~ ~ 'J\ F LIA'JL'( CH A N G Acctg
IAVESrMFNT (Mv S)
13A~TTFRY LIM~IT e.78 2.78
OFF~SITE AND ALLOCATED ArX. -9 0 .90

TOTAL (MM s)3 ~ 1 3.68

PRUCFc;SING COST (CCNTS/LBi)
rEPR EC IATrI ON 1090 r PCT N~ I P /I(,X X. (A ND rL S00 F3Ci T I cT *9p( .46
OPF'HATING LAROR i?00MN 1 0 t" No~ ~Ž-~' y .R I .52
CUF'MICAL CONTROL /1.(10 .NF' 100I0o0r).0 tF / .Aý -y - 3 ý 1 .20
qfJpPFJISc;ION ;0 0 MEXJ 1!?000rn.0 r) i~ 2370 .24
FL C T R IC I TY .00( WK'-1/LV 1 .0 rC\;,r' /i .ý)"020

cr FA M /1.10 LR /L" 7~ .0 -,) . r/,, 1n 0 ?7 0 .30
74A T F. 10.00 (AL /L-3 IF 1.0 (T1~ .1 ý) 1ý 1 .10
FrTF:L 90 1 G AL / L 7.') C.\/ \L, *. 1 7 771 .10

TO(TAL (CFQTS/LB)/'h) 2.12

i'n-* MATERIAL COST (17:ENiT9/L*-3)
1 0F1 -P'4',00 LB3/LB 4FI>~T~ 16 4.93

,V*yX.NJIrgM NITRAT1F e.c)S0n L-3/L-- 6 i >ý/~ ~ 1.64
(2c TAL Y ST .0o0)10 0 LR;/ LPR 1 5i.f xTL 520 .15

i(NFUiWHFAT) (CCEXT7/Lo .45
IlTAL tý'ULL COST (C' L )EX -9-Pd.-29 I 1

ýwMGIthil CAYI o3rAMT F * 60~1010 LBL.*)2' *00

TOPbiL (C1ýTq/LH), .00
1UrAL L'i ILL (0'- ýT (CFtI /L ) I NC tiY-p,.,, ii r Ci' lil 1,- 11 0, 9. 29

fringe -2.02

* 10 YFAR PLI)Nr LIF.'j, P'(ISTING d11T Price 0% Return 11.314/b
15 PCT INFIRFCT

SPFPCFNT CHAqIN7 k)LFD)`P TO (\FFW~l' I'dl ' Y ~' '

(1)50% is ri~aintenance material

Pmý' 3 0 PC, I ''*I 1-41~'~



, r - r•:lIrnl '• :. ;.wi.' Basis: Cont. Process; 2 hr. reaction
, .AN/U/Cat. = 2/2/1.7

U Yld. = 87%; U Cony. = 88%
Yld. on AN = 100%

,:,, A• P. A G, I[ I Y /11. -l0 .' t•'-',/Y -" 1 ! .. . .. "lyt

Gov't
:•\J I'•,:s ~ i ' I } :,l .... •' : ,•!, Acctg

1,::; I': Iv.F. vTr (;'yj ,ý f

F!? Y LIt.'l .I 1 4.84
f'U , , 4L C\ F) A ),• .:CA F 1.00

g a ,'g qql".; C{}qT (CF,\•T1'; L'+

9 -P1 W( I I I ON 1'3.D PCi I .
AND 1\LP .t+.rl P 1 , F .37

C"* 1 ICAL CLnraTPOL . ' !oo.n -/f' ,-" .I .V .10
Sct1•p f ,I I ;I.O(" II." t'I')' .' i/.A " * 1 nx'V* .12

WL. PCT T ICITY .I'] '€ .1/L ,' 1 * r'/\ L... I n,' .20

,;T Fr,. /J,.l0 l L . ýiJ .1• I ,, C, ' " ,'' .30

Fr; 1-L *fI 1 `;'4L/L "1.0 C,.T/ L.. ' .10

!'N1WDIAL COST (CXTq/LH•)
"1 .1301! L tL /.H) " /• *,'-, 4.53

.. , i r1v rF:, .sý(r) L6/L. "• - , ., ,/... .5, 6 , 1.64
C,'' L YLY T *O0fl );) Lli/L:i 1 1)O.OTh , /L .Th 1 ' .30

I'CYTAL (C!NrS/La) • ,I 6.47

rt, r,. VILL CtL, f (C),.'•I /L.:) 'X "i---•, llCI C,'!' 1'.! 8.30

, '.'(is•[; I; (•'('•I•'• 1 VLt ] *. .. '-,'•+')' L.'/ •'. I it .'• .00
, , .00

I. AL C tr .Ci 8.L30)
SIt ['L *",ILAL r,[t.' ('p jC ,/jl.l.') ',( ',Y l:-P (+I) •[C[' *'"' t .1 ' 8.30

Fringe 1.78,

LPrice 0% return 10.08€/1b

I i W, r I \ 1 1[;

(1) 50% is mcainterance material

2 0

: I .. . ! 1 . ,• " . " .

:3 30 '1 0 * . /I
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C Cý- 5 T fl) ] U LIANJI I.LI . I JI AI Basis: Cont. Process; 3 hr. reaction
O)SF NO-POO0 AN/U/Cat. = 2/2/1.7

U Yld. =88%; U Cony. = 98%
Yld. on AN 100%

FLAWr CAPACITY hiO.0 -Xv "LL/Y!J*'ý'~1T Ih

PC] Gov't
U I) 1 i's /f 1 V I ~ L CHANG1W Acctg

INJVF9TMF~NT (MM $)

9ATTFRY LIMIT 5.61
OFFSITE AND 4LLOCA.TFI IVI~f. 1 .1 .0-0

TOTAL (ivkM $) 11 6.61

FPOCFSSING COST CCFLNTS/L-R)
DFPRFCIATI ON 101.0 1, T I V~ ;':T 1 rN

MM' AND RL 5.0 PCT I'I~ r ,R .42
OPFRATING LAROR FAe~ S. ~6fl0 0 0*"0r r, 00 .26
C~4FMICAL CONTROL 4.1 &0 M FA~ I00or) ..1 ¶/'Aj Y .10 9 .10
Sn ~~I I I ORV1 0N 4.00 M F N, I 1om 10 i *) iI y eý /IR .12
ELFCTHdIcTY .20 * %H/LB * i31 90 (_I, r j : 6 .20
STFAM 14.0() LH /Lr3 71.' CK".' a ~ (130 0,/!/ .30

WT910000 GAL/Lwl 1 10.~ Ci) ' * 11 11 1
FrTEL .0 1 tA L /L13 fe' (>J C -~ .0 1 q .10

T0TAL (CENTS/LB) 4 . 46 6.56

rfk., fvATE.NIAL COST F'TL)
1.1U4I 18~00 LR/L' ~ '~' :.i/' '' 4.47

* AIMMONIrUh NITR~ATF .65600 L.H/Lq IY 'All. /1 1.64
CA I'ALYST .00300 L'I/Lqi I Y).1 1;. /1 1-,~ 1) '-45

TOTAL (CFNTIS/LR) 9 r.' 6.56

HA-NT OVFPHFAD (CEN~rs/L') 1 .3
'TLTA1. MILL COST (CEt\rS/,L0 F~x BR(-P-ornm f C-* ifw 8.47

ýý-PRontjc~r CRF.DIT CCF'-JVfS/L13)
AMMONI 1Ji CARRAi."IF I I L,4/Lti 1 .00

TOTAL (CFNJrS/L'3) . .00
Iv rAL. MILL COST (C CNTý-/LH ) I NC A-Py-pcw 'IC 1 r*

Fringe L~L
Price 0% return TOl7347Tlb

4 1 Y K:cv, PLA NI' L I I ".: I~ I.'.. II F.
19) PCT INDIRFCr

PFRCFNT CHANGFl NFE)F~I) TO AýýC. P.~ Wr~ -o I vrs

5%is maintenance material. jv1 1

I, I I. C * 1 7

F 01C FI ý20 )~'I I(

P3 [(I 0 '~'[.1-43



IMY WIAr )i,\J %1 r4'In)l "I--c Basis: Cont. Process; 1 hr. reaction
~ ~- *AN/U/Cat. =2/2/1.7

U Yld, 80%; U Cony. 64.5%
Aqueous Workup

A.*.O (,I:1P El \ f R

Gov't
* '* *- Acctg

LIMIlT '.-3.69

OFFc;TIrF AND) ALLOCATE[) Afm'. .9

~UC~'N~COST (CENTS/LR3)
1) JF P-7T-CI~rtON 10l P 3C I." I n
fX. ANJf PL LN* a C I:-.; p (1 .29

CHý,s CAL CONTROL ~ 11 1!I ('*Cl ./d\ -.1 t) f1' ;10
,j *0r Lv. I'. c, I~j ON 0 0. -v 00 1 oil . 12

wL2 rT c I c I 'r Y 1 () H/JS - 1l .0 ~ /' C,' .~ 7 /,N .10I R onn qfAL/Lrl P1. 1) ' 0' n ~ C .08

Vo VA L ( C E %4I'S /LH ) 1 1.37

41 1 ,, IA IL Cu';T ( Gv rV/-.i)

I ."~Ž'1 L.'/L~ /'. ) '' '.I I4.93

4 ;jr.Yr 010 ./R f.01) if'* ~'i.15
I 0'aAL C1, 0 FNT.S/ L H b.72

RtA yr Wir'HFAD' (CFNTc'/Ln) .24
loi)L. ý[LL. CLY;*T (CF?4'Tq/L13) -f',~I(' ' CF Ff-Fr ¼/ 8.33

-Y-P ())P"CT CiýFDIT (F~L~

F~lALCCF~'/L~ , 4.00

RuTfýL vILL GO--'A(F' l/.)1~ J~Pu:~' >~I4
Fringe 1.73

I() YWAP PLANT LIFF, F'Ir ~ ~~Price 0%0/ re tu rn 10.0Wl/b
I 'ý PrT \PlC

(150% is maintenance mateedal ~ ~ ~ ~:U'

Muti'-J ALL(,('*

1-44 20I ~ '' '-4
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CUST S3TUDY -G!JANIflIN-i- 'ITQATF Basis: Cont. Process; 1 hr. reaction
LI\S NO501AN/U/Cat. =2/2/1.7

U Yld. = 80%; U Cony. = 64.5%
Agitating reactor; melt workup

PLANT CAPACITY /10.0 t~L13/YfB N!*CI I f y

PC r Gov't
IT~ NT I T L I F1LY C HA'V'G F Acctg

INIJESTMENT (Mivj S)

BATTERY LCIMIT .00 3.00
OFFSITE AND ALLOCATED AIJXo .1.00 1IL00

TOTAL (MiM $) -O 11 4.00

i+ýOCESSING COST (CENTS/L9)
DFPREC IAfI ON 10.00 PCTI 1.0

AM~ ANDP . PCT I'T ~ ().25

OPERATING LA9OR 1?.90 M KN V 60 0 0 5; Aý-y F 0 . - 1/13 .26
CHEMICAL CONTROL 4.00 M FN 1010006f , .,,Y- 10 3711 .10
1; TP FRVIJIS ION '4.00 MEN 12000.la0 $ /I,' -Vv I .*If 30p .12
ELFCTRICITY o P3 KT-H /LRI 1 (" O/ -, 6,13 P")1 .23
STEAM h.fl0 L9 /LR: 75*0 (.r/ Li- .310 15/1 .30
'A!ATER 10.00 GACL/L83 10.o0r C./:.ý *, 10 P" .10

.01E o) GAL/L'3 7 *1, C 1/'-.*10 ~/J .10

TOTAL (CENj'5/LB) 2.71 1.46

:AW MATERIAL COST (CCNTS/LF3)
FIRFA 1 .?3300L,1R/L9 11sil) C!NI/Li4 /1 09,4 9 4.93
AMMONIUM~ NITRATE -65600 LB/L13 :1*5' Cxij/L.-' 1.6/i ý 1.64
CATALYST 900100 L9/LIB 1 J.( -k /*1 5 311

TOTAL (CFNTS/LR) 6.19ý 6.72

1-LANT OVFRHEAI) (CFNTS/LB1) *!ý .' 3
'IUTAL MILL COST CCFkNTS/LQ) FX lly-P;uni'IN Ic; V ; q.41.

lY-PrOD1JCT CREDPIT (CF\7T1'/LH)
A~~rr1CAFRAMATF .60000 1,PLtL .0M) .~v/ ~ *101 .00

TOTrAL (CFNTr,/LR) o 10( .00
IuTi)L. MILL. COST (CFCNI'S/L',) INC I3Y-P"t)PIICT C-VI' I i' 0 r6 8.41

Fringe 1.74

S10 YEAR PLANT LIFE* .. 1TV ;T Price 0%6 return 10.15I/1b
15S PCI' INDtI PFCT

~'PFJCFVT CHAN11;E NFEEPPP To AFVFCT PC1.O. '~ fl.INAF

('50% is maintenance material LT~~~~I~Aj

CLOW ALL0C f, -I .
'U! kK I N G CA~ P t * 6

priICF F 30 1PUT !I':" 1 - :/ 1-45



~T r:' C, (A1A I FI V' W.Ir Basis: Cont. Process; 1 hr. reaction[ 1 * SliAN,'U 0.75; aqueous workup
U Yld. = 71%; U Cony. =66.5%

Gov't
1NII~ "~I~'/1 '1 .Y ~Acctg

*i EANDU ALLOCPAiED AUX . * .90

ý'AYX'-SNG COSTr (c.Fr/L'3)

A' 5~i RL' I Cr 1. () .28

L~A~~.C4L c.ROL / 19C .ý\ v fl1- 4:~* -. .10

f I -.!r'9CITY i *-HL', I *1ý r (7 ' '- .10
~rA ~.~~f' /~ 1 1 0~ C l /* .37

!IT/L (~'~J'S/'3)1.36

I .2((~V L'/L - -~ 5 54
*~~~~~ ~ ~~~~~~ ~*I ~ ' 6-'; .1Li* ~ -' .64

T, I L r' r C CF-Jr),7.33

P~~j~~f 1(_1L CrC-i5L) 1 p(VIT 1: - 8.92

AY'f-')1 1-TICT (:hwr'ITV (~ T-/'

10T41. (C;:ATc,/L-) .. 00
I) `%\. X:I.LL .C'O!T (c2);,\ rc,/LA") I T*'* *' I I~i '6.92

Fringe 1.86

" li) YFj'Th PL(\N 4 LIRFh )~.I\ I Price 01x return 10.7801Ib
SI V-C r I.,JDIK(C I

'~- Pý( M 'J` T (HA:'Jr Nýr~ T- 1'1) 1 , w; C *. :Y

(0)50% Is maintenance rndterial - -*

1-46 10



-)S'T STUDY -GU'tJlijjijtNF' *- Bss Cont. Process; 1 hr. reaction
WS?.:U = 0.56; aqueous workup

U Yld. 62.5%; U Cony. =68%

ýLANM~T CAPACITY 4&).) :0 L13/YP *~.~(ji j

Gov't

I1WES-TIYFNT (Mvi 5) FxITs , ' ct
ý3ATTFRY LIMIT 

2tl36
OFFqITF AND ALLOCATIEP ArX. .90TOTA4L s)~i /I 11 r

RýOCF'SS>Ic' COST (C:-'[S/LvA)

~ AN ~L ~*fl~ N I '2 ~ (1).28
U~P FF (.T I N1 LRU a00' i n'0~i -oi)'?. LxF\i .21(;HF,,,IcAL CONYTROL 110 IrV' V.l11. ~ Y. .10I TPFR VI SIO10N /I or)01 tFN C 1mr)~ f) -1' .' (I .12~LFC T I C ITY * 0F- J/- . '. V- .10

'i it LA L i/ L .37

f;I'~./o/ 
;,/*i .10-TOTA'L 

1.36p;L) '.

70V ,ATFR1IAL CGST C>Ir,'
1 I lp-0 LK3LA 1 :~~i- . 6.30f`\V1ý,0j\J I `j~ Ni TRATF~*~'~s UL I 116

CATA~LYST *J)01 fill n 1 '> V * /TUrAL (CFNT5/L14 
0. 8.09

FILtNT OVFPHY'AP- (CFNTFý/LT 
.' .24ICrcAL M~ILL COsTr ( cF~vrc,/L,) Fx l-T ~'p1.)96

,`1 -P'PGDHCT CRFVI T(CFJ~L)
II IM CA1,RAM1.'*flmlL/L )A I' F r010` .00

i'.-TAL MILL COSiT (CF01\lp;L10 INC !~''w III oi 9,59

Prrnge 1.99
10 YEARu PLANT' L1 ' ' TNVv'i} Price 0% return 11.68~k

(5%Is maintenance material

T I *\1,

30 ~''



i ,. r cj Sii:Y - Ct1 JNIDINF •iIT •L\'L' Basis: Cont. Process; 1 hr. reaction
17"'. L0ID. a6 O AN/U = 0.5; aqueous workup

U Yld. = 59%; J Cony. = 68.5%

Fx CA P A CI T Y /n x( 1z/yp 
I 1 71 Gov't,•_ I'C 'f•!:•/• ,, : ,[ , .iY (:;,,.jq ., Acctg

5' -t'( I'i.RIY LIv'iI T IS 
3.57OFF•.; IrT " AND ALLOCAT ED A tI × ..JX 

._._TOTAL (O•,', S) ... /vI4 .47

P(C FR:3.1ING COST (CE. 'N1/LI)l ,I':P ýZFC I AT I ON' ~.) i C! I .. ;• !
,.'X ND PL 5.1) 7CF I1 1 '.)

( J P A .T 'IN\j ( : L- 0O0 I n. O .; F \ j ý r, . n , , * 0 . 2 1
SCH -,-: [CAL C OW'FI ,OL 0 1J') > 'FN 10 W0(1 * .I) 1 '' 1 1 ,, t/ .10

C I C I5 . L : / L "i 7 ' Ž . ' i ( 2 i , , / , 1 , . ' / 1 1, . 3 7
,I•' •,A O ) • ,~ t .•n~." C..'. i / ,,'i " "- .08

,. ( / : ,t "1 " " .10
":")T :`lL (C bT'SJ!"/L;3) 

i. ý3 r "b

E,, .. I I L C ' q I ' ( C v . ! 7 / L l ' )
IV • .F ,') a L q/L" / ,.! i " /!. •/ 6.67

C),.- I 9 ,ui > l't', v: .•c •'fl I N I 'L••" , : . 1 . 1.64
f ;JY S[" .Ilfl in L3,/L~* .i* r . o ,' ! .15

(,I IL (C ; /Lr; ) '1 8.46
•:L,•.• ~ j (..I .,H •r) ( ('•' w S , 

• ,2

Y r• , T C iF(T FI;IT 

.00•'~ 
/!':

I: '-.IL (C 1'x (Cl l i ./ ;/L ) I -. 10 .05

Fringe 2.03

, Yr , Pi A. , l rF'., •- 4 ', IIPrice 0% return 12.08 €/1b

(1)509(, Is maintenance :naterb l ,1.

, 1 . ', I... b

-8 .30 :



U(ST ETUDJY - GIPJ'V\lh10.1 -' , iwAi I Basis: Cont. Process; 1 hr. reaction
,y_%: 4O.6110 AN/U = 2; aqueous workup

U Yld. 99%; U Cony. = 55.5%

C!
'-tiox'r c' )1)Por CI 1 i I I y

4A\jh'r C'hPAC I 'Y ,I'';.fl .* k LWH/. •.i .'..J l'I;;i IY

"Govt
." I " 1. 1;1- Y I/). v Accty

,'I'TF'RY LIM'IIT 5.16
OFFqITF AND ALLtWCATiPD ' . 1.00.T•l(VrgaL (KiV £) ,I • 6.1F

t .1

i'(JC..cqlNV3 C(ST (CF T';N/!-)
D~iP1L'1i~I UNlw) t1.H'(1) -

.-t AND HL I.2 [ . i • ;/ .39SU1-PE'RAfTING LAHOF" 19."10 ,v•\ I•'" , -,., -•'. l • :
S(HFMICAL CONTHOL /,.Hi I: x l,!i), l. /,Z', . . I -j', .10

r. • " -. " 1i Fj VI; j .12
iLFCTR I CITY .f) ti'Oi/L i1. 1', . , .20
STiE •." LP /i 7.-.1 1i,/, 1.,, 1 45

AT lFr. 10 iL, I I ( P /- , .4 .' .,1 .10
-'F ALr 1.71

J -- l;¢•f%*•) ,l~ q ) l 'l/ .'t':. , 1, . J ! Y3 .98

L,' .,). N rll 1.' V 1.64
C A f- LYY I . ')f l L/L I"I V C . .30

F' JT- !L ((-: K\rTA,,l_ L, ' 5.92

SFLA.JI' (Ju}.; MMD.] ((FY\ I /L, ) • ".28

".- C I'•L MILL (liw F (W.\T',L-.) 'DT ¼Y-},,.t w ? : 1 . 7.9'I

C-};;.fll Ar C W'F .I I' ( :-. r /;_ )

rFOTAL (CEIN'Fq/J-10.I, .00
It,''•i_. YIllL CU';'T (C ;.,•''.1 /..i) l,'C i•'C-l,.t~L1;~I 7..,' I ;, ,-, 7.91

Fringe __-1frn

10 YFW. PLAgNT LIFF, b.XI TI2 I I'l Price 0% return 9.67¢/lb
I ' PCT INrVI T'
P F ;'ý YN J C H A N ; . ' F H L F : r AF F ' " , , , , " , . \ I, AC

(1) 50% is maintenance material

30 f -9i



p er~jy -'~~ifl~KP'uT~1F Basis: Con(. Process; 1 hr. reaction
AN/U =1.5; aqueous workup
U Yld. 92.5%; U C~onv. =60%

Govt
1 U' I .1 -Yr Acctg

'U FL,: h L .Ii j' 4.26
OF-:T li D LOC5~'

TUTi)L (~4~6 i 5.21

*l -:'J~ CU7RT (CEN'TI;/L-ý)

.33
F, F;? A TI N (3 LA ' 0O 10.0 0 N,~> '9(I j ±/' ý. .21

CH)-.LICAL CU1:'NfUL 4 0 0 K LI hP)i( 00 i/. 1 i 1, .10
(7TTpF~tjIc;ONI hO.fl X P N 10')0.)1 *0Y* " .12
ý*L, ~' T R 1C ITY .15 A)IH/ L- I .0Cr/~ .15

S9 Alý.0 0 Lq /1,9 i.qCv~ .37i .37
AAT-V'9.0 0 fl-L/L-3 10) .~C ' ... ,09

"A~~I~L C 'T CP'~c,/.') 1.1 V /' 14.26
I ~ ~ Ir;q Tq 16

iLF" , 'I).L uU,-F CC'1CL) V. uYAuHI~'1' "7.83

b..','j (j,A'?V''cXrATF * 1)f'L~i/L. Ah V ' *i00

Fringe

~ ~*' vi.~ U rvPrice 0% return 9. 48 ý/lb

'C~I CHA.- A \'iK'* , **''

()50% Is maintenance material

2 0

3o ,..' K



WST 5ST(IDY -GHTANIDINE c.I IYi_.4'I Basic Case
MSF NO-810 Basis: Cont. Process

AN/U/Cat. = 2/2/1.7
U Yld. =80% U Cony. 64.5%
AN, Yld. =100% AN Cony. =32%

*P~i~,C'1(\I 1~ By-Prod. Credit =1ý/1b.

POT~ Gov't
f.X:1 5 i A .1 1 *i 14, CýP4 Acctg

I'\)V'SrM~i\'Jr G ~

CiioFSITF AND ALLOCATEED A"V-X I 'W I-.
T UT AL (01M~ 1. ".' 11 5.22

P46CF:SSI NG Cos;T (CF.\'T'/L,
T'EP7REC I Al I ui1 I 1

OPFPATING LABCH 1P a00 MFZ N 600.0 14.` P. -: 1P 18 ? .26
CHF.MICAL CONTROL /I.*3 0 L :N, 10000.' ) i./ .1-'x 1)yU : /4 69 .10
C')FJP FFV I C;IOCN /. 00 M 12'000.*0 */ - 119 1 .12
FLECTPICIrY .. 30 ~H L; I.fl C!/0 1ih 13 .20
S I F4I1I 14 9:11) LPl /Lf! 75.fl 2'5 ~ .30

j FP10 C) .0 '30L/L`S ", .(1.1j .10
FiF'FL .01 G iL/L ~ 7 .* 1~.10

1_#ý.- MiATEP<AL COSTC 7J''/L)
1 .'~0' L~L¾ 7 * ' /..' -~I ' 4.93

'A TALYS Tr ni 101) f/. ( 1 U 2 ~~
TOTAL (CVNTS/LI1') C."6.72

aAL\T CIPOF~r C CNT;L )*-y.27
&i(T0L IILA, C0`,T (CFNI T/I* EKi tY-V if-j -1'1 1 8.50

.*k- P'~uE~1CI C;1'FDI F ( C Ix I Li-f
t-i.& ~iUJI U.MJ , I . # * (iiii.) L /lI 1/j* .60

TOT'AL (CFNT'ý/Lll) .60 f

'IU)T1L MA!LL CCSL T~-~ 1 /')'(yI-~~I' '1*'' 7.90
Fringe 1.6.L&

1C) YF111 PLON."T LIFP,~kIi0CT Price 0% return 9.58W/b
15 PCTI>P'C
PF!)CFAxT C.HfAN';F. NFPP'Ii) To'AI":J*~. I~\ I II

()50% is maintenance material ~ w~r-jr

jzýX I n - 1)-

T(JT 0I- Ac'J. ' I .

12(12 ~ o Pi: -1
p-ie F'U220 r, c i. I-./'C/~l

pf I :1F~ FfOt 3G ipC'I '< - I -. f 'Ll 1-51



1) - ,i ITJ DY G 1AAI) 11DT1.ýJE N, I'' F Basis: Cont. Process
* ~ d..'Th1AN/U/Cat. = 2/2/1.7

U Yld. =80% U Cony. =64.5%

AN Yld. =100% AN Cony. =32%

BY-Prod. Credit 24ý/ib.

1.f(r.:r C1APA.CITY 40-0 ~ L-I/Y.' r~'1. I I '1 lY
Gov't

;1Wl-T-PY LIMIT "4.22

FI 'ITF AN~D /\LL0C4TTE'- AJ * .W 1.06
uuAL £) *~ 1 5.22

u C F' I N G C U.-;r C F&'TS/L )
;-C - CFP I' ATC 10II0j 11) 1) P *

P~k.IALCONTIOL /I -0O .. N 1 OflO " 0 / * 0/( .10
1.f .TF\ F'))'~f I'* -z Ii :iN z, n)01 1 .12

FL WC> 1 C'I TY 0 x'hL0 I 10 C> ; 2.20

*0 LCB 7 5L *'1 1 C,',' L, :m 30
10.00 '2CL./L; 10~ 80 G/.' *L i

* ~ iy~.I~hCOqT (I'WiýTS-'LtJ

i,, I -on w4.93
1) F,4 , [(LY ~T .O O L L~ ))0 I/1, 1 1 15'

i' C1"Frl. C ) f- /L 13' 5.72 '

2-F~. kVfCT CREDIT (CF9QT'/L,4)
* 4~AG.t 4i'j AeBA~IF 0611000O 1-L~ ' ,.~20

TOTAL (CFiNTS/L'3) 2. 'Q
KGTAI. X.I LL ("OS'T ( CFNTS)/L.) I i\C r'-lY-Fi;LDrJT Vi'47.30

Fri nge 1 L

10 E~P~ L~W LIFFi F/IYI NC i 1i. RCe 0% return S. 88ý,/hb
15 PCT 1:4DIHECXT

5%Is maintenance mater~al .,*

1-5 30. I * '(



51*T11IDY fAJD\J I ~T Basis: Cornt. Process
LYISF NC'fý30AN/U/Cat. = 2/21/1.7

U Yld. 80% U Cony. =64.5%

AN Ylid. =100% AN Cony. 32%

BLY-Prod. Credit =3ý/Ib.

9-1N'T CAPACITY 4("o 0 ~..L9/YQ V. *T.'~J NT ,I '.hl V tfy
PCT Govt

r~i,ý I TS :;1 1'! /lll r q A~ '.i'j CNA 3!G Acctg

'3ATTERY LIMIT ' 4.22
OFFSITE AND) ALLOCATFD . 1.00

TOTAL rMN 1) T.''2 12

PGCESrING COST (CENTS/Lil)
DEPR EC IATIO I 0.0 P21 60\ *) 1 r f
M V ANIT) R L .~ii*c: 6()33

CHEM"ICAL CONTi'3OL A a Of) MVF:ý 11)n *)n 0 .0 .10
FUPRkI q I ON 4.0£~~'f ~'' ~ *~. 12

FLECTRICITY .T W-&n-/L~3 1 Co ýi, ,T 1 4?Ž' 9 .20
'teflO0 L13 /LL4 75*1) (2.! /. .d 9 .30

*)~~~~TER~~ 1?.0f4/3 . n~ . 10
FfJEL .0n1 C'L /LCý .I #I ( 1 , ~5',

TOTAL (CFCN'S/L9) ."15

fV litiTFiIAL COST (CFNJTý/'1-)f

,vV0NI~NITRATF -65600 LR/LI" '1."/~ I.(. 5 1.64
(IATALYF5T -00 1 (10 Llý/Ul 1. :)1 ~ 3C15

TOTAL. (CENTS/L13) *6.72

H-LANT (A)ERH-EAD (CE:NI'SLB) .Y1.27

'1UTAL MILL cosT (CENTS/L',) Fx I Y- P LiTC I G f-!; 1 .I 8.50

~i'-~pERflhCT CREDI~r (CFN'P[S/Ln)

TOTAL. (CFNTCI,/LV3) .

iUTAL MILL COST 4CFN)15"/L13) I NC 'dY-PhUf(_2T 12 C 1 6.70
Fringe 1.4

10 YEAR PLANr LIFF.9 EXIqTINJG ;iPrc0%etn 818/b
IS PCT INDIRECT

PERCFNTr CHAN(r' \)FFTr) TO' Wý1;PIT Pf)Y2' ~ ~XT~~ ~IN 'r

()50%is maintenance material ~ T M~ '

1UT UP 1- ti* .1

PT ICE FOP' 20 C 'Fr;..

P .i'I C f 3 0 P C~'': 1, .
7

;i1X-53



*-. -1 , I Y Basic Case
r> ,4'.910 Basis: Cont. Process

AN/U/Cat. = 2/2/1.7
U Yld. = 80% U Conv.= 64.5%
AN Yld. = 100% AN Conv. = 32%

" I q ,'• 'J~' Urea = 2€/ib.

*iL::."., C;APACI !'y /j * . .1."1/'f ' I -,;I TY
Govt

" x i r •'~~ . n • / t I • l L y • • • A c c t g

IV•rTI' .Y L IMIT ' 4.22
. WFF"ZI]TF AND ILLOC1IFD /ýf) . 1.00

TOIAL (ilw, $) . 3 5.22

.', } ' 11ýi(7 cOSTi (CF,''/ •
Iv;•JP,ýe CI ATI ON 11.1 C' >(i I'.;: I"•)1S.'") C 1, .33

OP) TI i"TI f2 L A (ý0F 1 0 0.'O 1 r'). -t /.'; "" "'- I ' .26
Cr-(l. !CAL .... CNTROL 0J.*Ir) I lfl,).1 E/,2 - .1 "l ' .10*ij I J' ;IOw 'O.'q ,>,.,. .1 , " .12
.£ C ,ICITY .I1 . . C' (>' / " "' .20

:-,% '. 0 L'• /Lf.,, : 0, >j 1 1 .30
.- ;Ir.0 , ,, L/Lf I•.,, !: ,* .10

f (AL C(C NrF;/ ) L - 1.51

" " I!F;iv L C A ql (C W\ T'(/lU )

"1-�I ." ,' , L,/ • -. ,• ,2.46
.'.N'..'•Iry' hITRATIF , ' L.i/j ,' '- . .- " 1.64

C L ; ý',I ' I 1 &00100 Lli/L11 1 5(* " 0' (1.. . ' '. • 1

TroIAL ,CENT"3/L'3) ".'-' 4.25

IA~vl" OJT ,IIAD (( 'I'S/L'4) • ,.27
', IL-,I: :fI LL GO)S r (CHNT•/Lq) V'x Hf-paUJ)0;r ' ':V1-I'r ./ ,: 6.03

'Y- Pr,,OI)rUCT CHf,["I I' (C t,/i'/Lr•

*' rI C)~~~ ! .'')"l' L(/L )*.1' .00

!5 PCf' F.n I ' (C T

* PHHCF.VT eH,%N:;L' NVFIDt.*I) 1 u "&p'RC ji .. 1 ;v,',,"• :' ; . ' i'•

(1) 50% is maintenance material ",;, r,,. >W,,&. (I. , fl S(,

j; , ( C I / L" I- I A

t' • . • , I ,* .. .

tll • . * - ,.

1-54 .'. ' 2 F Q " ... .- /

*3 C -, **



U I ;TU )Y - G 1) I h,11)I, _ I I .rx Basis: Cont. Process
c•' : •o. 920 AN/U/Cat. = 2/2/1.7

U Yld. = 80% U Conv.= 64.5%
AN Yld. = 100% AN Conv.= 32%
Urea = 30/1b.

* *i~)L•UflL1CI I'I6v f'.i';t"'

a£NI" CAPACITY 40-0 M"'; L.--/Y'ý * q..'ITi~ji H'

PC-i Govt
L\OITS i•T1 / IT ..I F-LY CHA \!3F Acctg

INUFSTiMENT (MM•J $)
3'rTTFRY L.IMIT * 4.22
OFFqITE AND ALLOCAIED AX*. ._1.00

TOTAL (MM $) ).o 11 5.22

FROCESSING COST (CENTS/Lq)
DFPRECIATION In.9 CT In or)i' I0
•*x, AND RL 9.0 PCT I1 . (1) .33
OPERATING LAIBOR I P..} - } 'J 0!fl .. l F/..\,-Y, ./o 180 .26
CHFMICAL CONTROL 4.0) MF, 1N000.n .0 /.... .1)0 ,6/I .10
.UqPER VISION 0 .)O iv, F9.N o .n p/.,* -,,,,, • 19 T " .12
FL FGTHICITY .- 0 r.a-/LH 1 ."U .i/. ... 2.),j .20
c-T•AM 4.00 L';3 /L . .} /., i., 0:0) 19:; .30
""ATFP 10.f00 G0AL/L9 10.0 h-)/."', L; 8;*) .10

.f I ýL *01 GAL/LH '.' (., / ,_. 55'- .10
TOTAL (CENTS/LB) EST li

_!4.. MATE'IAL COST (CFNTS/LB)
1 :-HL/LR . 70 15 9 70

(A.'iONIrJM NI'TRPATE .65600 LO/L13 . "..f/.' 1 C 35 1.64
CATALYST *00100 Lli/Ltl I ,") *2 I/L" * 15 '179

TOTAL ( CENTS/LB•) },./' 5.49

kLAT OVFERHEAD (CFNTS/L3) .7.. ,27
TOTAL MILL COST (CF(NTq/Li1) WX fY-PP.7'ruy: C L IL' " 7.27

ýY-PP.ODICT CREDIT (CFAX1TS/L'))
X'MO)NI 21. C4N~-1A 'ICV1FF @6000(1 LP/Lv3 * . ; /. * 'V .00

TOTAL (CENTS/LB) "iL .00
IUfmL MILL COST (CFNTS/L;}) I.\C 7nY-PR.UCT C '' 1 ,2 . * i

Fringe 1. 61
- 10 YE.Af? PLANT LIF -. six 'l SI '; Price 0% return 8.88€/1b

15 Pc'r IN•IIRECFT
PFHCFNT CHANGE NF )'1)Fl) TO £AFFFCT A I;. Y r~ (~ ~

(1) 50% is maintenance material . . 'J'Pi' ..

S. '1-55



(L,ý[ C;IiJY - (3rJIDINF: 'VIIAL.F Basis: Cont. Process; 1 hr. reaction
(7)", NO*710 AN/U/Cat. = 2/2/1.7

Aqueous workup, 3-stage agit. reactor
u Yid. =80%; U Cony. =64.5%

~LV''CAPACITY iA1.J "ýX L 3 1 1~, 1[ k) iI I Y

IAPJ)H;TM'FNJT (~~
ývvrr~FRY Lli~I r *. 2.49
COgF';IT-F AND1 ALLOCATFT) A'1X.

TOTAL (MA1 S) 1*.3.3

PWUCF`"c*INd CUST (CF*Tq/Lq)
rlf):AZýC I AT I ON 10.0) I~

SANDr aL i * .21
OPý:*4ATI NG( L4IHUl 10 .fl, 1/P q.~I .21

cHwrwC4L CONWU /10 i*ý' F r"flOP) 000 0~*'Y * /.-. .1
(~f-Pý'IS7kI'ON I10 Y 'r~l~~' -'- . .12

n? Cfi c rY .Vi ýý(4HILII 1'~ .13
Til. 5e00 Lvi /L 3 7l.' C * , Ia' .37

1 rH~AL OSr (CFttTc,/Ll0
1 '0I L. I/ LH /ýie I'; C. 493

TOTA~L (C~ týT.5/Li) * "6.72

.. 0

-I. ~LL Co';T ((:ý`Ic;,L. )1~ fa-I: 8.24
Fringe 1,618

Price 0% return 9. 9 2 /lb

-- ~ 'OCKVI HA.\J',P .\4FFr.&r-i il AjFý,-CjI .

()50% is maintenance material -';' .i

20
1-56 - 30 I
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APPENDIX II

PILASE III, PART I

GUANIDINE NITRAME PILOT PLANT OPERATIONS
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TABLE 11-3

SAMPLE CALCULATIONS FOR DETERMINING REACTOR YIELD AND PRODUCTIVITY

I Step y tep

Basis: Moles Nitrate are consumed.

2 U + 1 AN = I GN + 2 NfH3 ,f 1 OC2

(For every mole of AN consumed, one mole of guanidine
nitrate is formed.)

Data: Reactor Steam Pressure = 225 psig
0

Feed Rate - 90 lb/hr

Feed Product
j ho . Mole " Lbs. 'Moles

Urea 25. 8' 25. 8 430 1i. 9 W. 9 .282
Amnionium Nitrate 63. 63.:", 7791 62. 4 62. 4 .780
Guanidine Nit rate 7.4 7.4 .0606 18. 4 18, 4 . 151
Insolubles - - - 0. 38 0. :38 .003

Arbitrarily based on 100 lbs. of total material
'- (Xi] (.1 Ui'td llolk's bastid on al ' t t .a 100 lbs. mate iical

oral lo!,' of Njtratc ill Feud/ 100 lbs. l .c' 1d (\oles AN -f Nloles GN

- 0. 8a 16;

oI.al Molus (if Nil rate ill 1 10htt/ 100 lb,. ihvoducl 0.9331

Moles of t,, ' U in I'Fec ,/A lct. Nit 1-aeC ill 1"I'-Cd /Ioles, Urea

!\Io,= •..U505

S430 50

Moic'-; U r~- u ii ' 1,1L Id I ot To I] i't> In 1 1ro0 c .430e - . s

1)0 721.Pv~I 100 1lb,. 1,~~lh fiti IN i ti

.282-ouc
2H2 :40



TABLE [1-3 (Continued)

Similarily:

G N) E=. *.0606 =0.0712 = .151 ::0. 162

N feed -8516 " Product .. 1 6

_ =0 AM00 0.0032
( feed N,, )Product 0.0032

During the Reaction, then -

A 9 AU11)M~ (U i 0. 505 - 0. 303 0. 202
Feed Product

NM -M =- 0.0712 - 0. 162 = - 0.0G1

W)Fe ~'N ) Poduct
Or a loss of 0. 202 moles urea per nitrate mole and a gain of 9. 061 moles
GN per nitrate mole.

Fejed Mole Ratio ANM') 0. 791/0/430 - 1.84

(UM ) Feed
Yield

Basis: 2 U + 1 AN 1 GN + 2 NilI 3 1 CO2

or 2 moles U consumed per mole of (N iuad'e.

Yield Moles GN made
Moles U consumed/2

. x 200 - - 200

yield 0.0910.0 x 200 :89. b•'.,0. 202

Pruductivity,

'I'oduetivity!/lb. ,ed (1lbs. GN NMade/lb. lb. d

- lole., (N M;I x lo A•uio t N i Ia ttin l:'Cd x NI.,.
"k1 1l',u Ial NiUlt, 100 lb. ,.,-eG (N

//

11-25



TABLE HI-3 (Continued)

Productivity/lb. Feed = LGNM NF~eed; J.22

N 100

0.091 x 0.8516 x 1. 22

Productivity/lb. Feed = Lbs. GN Made/Ib. ,e'd - 0.0945

Plant Productivity

Plant Productivity Lbs. GN Made/lIour

Lbs. GN Made x Lbs. Feed /Ili%
Lb. Feed

- 0. 0945 x 90 lbs. /hr.

Plant Productivi = 8. 5 lbs. /hr.

Insolubles Formation

Insolubles Productivity = AAM x Nl,'eed x Md. \V. X Feed Hate

N 100 lbs. Feed

- 0.00:32 x 0. 8516 x 1. 28 x !10 lb/hr

- 0.314 lbs/hr.

Prodiictivi ly Intsolubf.s /;u8,idi i Nitrate t - 0. :,1.4/3. 5 0. 037

!I-2b



TABLE 11-3 (Continued)

II. Alternative Calculation Procedure

Nomenclature

.e. S

L e - = +,-p,,'t

11-27
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TABLE 11-3 (Continued)

Sample Calculations (using data from prior method)

1. (3: AlL_ ,, I "'.S 'V... ,=' ~

C) -1 4 3-a

•. 9 -.,. € ,, _ - . .......
()C, f3 q

II-2•i



APPENDIX III

PHASE III, PART 2

RESOLUTION OF CATALYST POISONING PROBLEM
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TABLE 111-3

LABORATORY BEAKER TESTS

Run #1 - X2121-36-1

Procedure - Added 10-15 grams dry'. s:hc zgi ((Trade grade 59) to

275 grams of molten AN/U at 3:00o'. (2/1 AN/U mole ratio.)
- Hand stirred f~r It-i,
- Allowed catalyst to settle
- Poured off moli
- Spread wet silica gel on paper towel.
- (Dried at 165°F overnight)

Observations -

- Bubbling on Kirst contact presumably dic to venting
of entrained air.

- Wet silica gel on paper towel was very soft. It
fractured with the slightest touch.

- Estirmated attrition was 5-1002.

J Run #2 - X2121-37-I

Procedure - Same as X2121-'3(;-1 except melt contained 51'o liquid water.

Observations - Same as Run 0 1 but with a higher percntage of attrition
(10- 2(2",,).

Run #3 - X2121-37-2

Procedure - l)ropp01 d (' dry siiic a g1 ((, Wract grade 5!)) into boiling water
(212 [').

-Stirred fol. Itn ]iiiul-es

- Allowed catalyst ton settle
- Poured off Water

- Spreod we" silica gel on ialpr towel.

Observations -
- Bubbling on first c:ntct prcsumably due to venting of

enxraintid air.
- \\ et silica gel was roft•v ha ri the dry silic a gel but much

hard'd th0.mn i'e()v red ( at al vyst fromn Huns #1 and #2.
- "I~stimated attr ition wyas s ( 5s ) than ill the two

p) I' o]U ls runs.

I1-3



TABLE 111-3 (Continued)

Run #4 - X212 1-38- 1

Procedure - Dropped dry Houdry beads into a melt of AN/U as in
Hun # 1.

Observations -
- Houdry beads floated on top of the melt for about five

minutes before sinking. After sinking, the beads con-
tinued to release vented air for an additional 5-10
ininutes.

- Recovered beads appeared to be harder than the original
beads. Phere was no appareni catalyst attrition.

Run #5 - X2121-39-1

Procedure - Same as Run #1 but using preheated silica get (350-4009F)

Observations - Same conclusions as not( d Lor Run #13.

111-4
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!IAZA ZVALUATION AND RISK CONTROL FOR KENVIL GUANIDINTE NI1TRATE

(Reprint of Summary Report)
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Summary Report

This is a final summary report on the work completed during Phases I
through -Ii of the Hazards Evaluation and Risk Control on the Kenvil pilot
plant for the productioe of guanidine nitrate via the Boatwright-McKay-
Roberts (BMR) nrocess.

Ob•ectives

Phase I

1. Assure safety of bench scale operations.

2. Secare basic sensitivity data (initiation, transition, propagation)
fr pilot -lant design, for engineering analysis anc. pilot plant Fault Tree
Analysis.

3. Construct preliminary Logic Model (Fault Tree) of the pilot plant.

4. Coordinate safety data 4ith en'gineering design.

Phase II

1. Perform a preliminary engineering analysis on equipment chosen for
pilot plant operation with regard to potential hazards and safety margin.

2. Determine transition capability of tha reactor mixture in a 4 inch
by 12 foot reaction tube.

3. Refine logic model for simulation.

Phase III

i. Final engineering analysis of selected pilot plant equipment.

2. Perform a risk analysis of the pilot plant operation and conduct
trade-off design modifications should an unacceptable risk be encountered.

Summary and ConclusionrF

Data from sensitivity tests indicate that materials in the pilot plant
process are relatively insensitive to impact, friction, ESD and thermal
gstiw'li.

It has been determined that no material in the pilot plant equipment
will transit from burning to explosion. In other wordi, the pilot plant
system is not capablc uf acting as an explosive shock donor to process
materials,

IV-I

iW



Krupko, Jones- Author 3 December 19, 1972
Summary Report

Two materials (reaction mixture and guanidine nitrate) will propagate
an explosive reaction if sufficiently boostered. The critical diameter
for each is less than one inch. Other materials in the pilot plant will

not sustain an explosive reaction in the one inch interconnecting pipelines.

A detailed engineering analysis of selected pilot plant equipment for
possible nazards and safety margins has shown no hizards for normal operating
conditions. Abnormal occurrences; such as, metal/metal contact between
impellers and pump caýes or mix blades and tanks would cause initiation.

However, trznsition data show that only a fire would result.

Computer simulation of the logic model (Fault Tree) yielded 152 potential
initiation modes, 21 of which were considered to bo critic,il or most probable
of occurring. The simulation was performed over 800 hours of operation with
no maintenance or repair and resulted in a probability of initiation of 4.o x
10-3 or a corresponding probability of no initiation oi 0,,L953. TýIis is an
acceptable risk (initiacion only) since the losses due to initiation during
operation of thc pilot plant would be minimal when compared to the cost of
reducing the probabilitv of initiation by (1) scheduled maintenance, (2)

replacement of designated equipment on a regulir basis, or (3) :edesign of
equipment. However, if the presently desiened pilot plant ,:kre Lo be scaled
up to a production plant o:erating over a span of ye:irs where any downtime or
interrupt ion of the process, would have a significint effect on the safety,
cost and productivity of the facility, a recommendation for scheduled main-
tenance, repair or redesign might be warranted.

DISCUSSION

Material Sensitivitv

Initiation testing of materials was completed d(ring, Pihases I and II of
this contract. Thoese tests consisted of SLbOoctini, i,-pro.,>s m.terials to
impact, friction and L[SD disch(irc)) ;t. i ', . i ,: oht ndlt,
threshold initlitLon let'o' '. 's) o- ":W tk >su
are summiri:,' d in Tibl- I. n.-.ion, f . , -,. hat thie L i ttj!it l..
in the BMR process an .,i cted coýi1,,0tions , -re 1Alt i'.clv nsonsit ',.,
Many ot the samplos [.,•te, could not ,. 1iti I,'i ,!Lt t!;c 1 'Itl s oI the

standard test machines in, are , iitn icited ,,hn .. r itr than or equal
sign (.,) precedes a1 data i.inc. £or itaipact, theC Iiilure tO initiateC a Ž.iS, ple

by dropping a 2 k4 weiht :rom , hei :hI! t .m (over .1" r,)OW1 imp Ct

is the limit of the imp •c ,•iachino. I en r inht-ut ie c.mii ra', !,crio, .1iv' !..

(1) Level above %hi h iTit ittion can occur .my• , r t':,ult LI .>k) conse;tcL-uLtiv',e

failures at that level.
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A friction TIL value was obtained for AN/GN/U = 45/40/15, all others
exceeded the limits of the test. The maximum pressures tested at a given
velocity (1 inch slide distance) are in Table I.

The TIL values for ESD ranged from 0.075 to 1.26 joules, a spread of
only two test levels, and are considered to be high. They are above the
energy region that could be available from a human being (0.013 joules max).

In all sensitivity testing, the Model 300 Lira Analyzer was used to
determine if initiation occurred. The Lira is a precision instrument that
analyzes selected components of a gas mixture to determine their presence
and concentration. The Lira analyzes a sample gas by comparing its infrared
absorption characteristics with the constant infrared absorption character-
istics of a known gas. The Model 300 is modified to operate as a detector
of the decomposition gases CO, C02 , NO2 and NO. Therefore, initiation does
not necessarily mean that a flash fire oi smoke (visual indication) will
result, but rather that some decomposition occurs which produces gaseous
products detected by the Lira. This is a much more critical definition of
initiation.

Results of the Differential Scaaning Calorimeter tests are shown in
Table 11. Relatively high temperatures (266 to 295'C) had to be reached
before any exothermic reaction occurred.

All samples (except the pure ingredients) subjected to the various
initiation sources were stoichiometric mixtures (balanced to C0 2 , H20, N2 )
that represent the "worst case" conditions that could occur in the process.

Transition Testinp

Transition tests were performed to determine the effect of initiation
on the ability of a material to transit from flame initiatio.i to an explo-
sive reaction in terms of material height under specific environmental
conditions.

Critical height (transition) rest results are shown in Table III. Tests
on the reactor mixture were performed at both ABL and Kenvil. Initial tests
were run in containers smaller than pilot plant reactor tubes with the
intent of extrapolating data to determine if the reactors would transit to
an explosion if the material was initiated. However, no reaction occurred
in a I" x 48" container. Therefore, a 2" x 12' test was performed at the
Kenvil Plant in which no explosive reaction occurred. Since material height
required for explosion to occur increases as the diameter increases, it was
concluded from the Kenvil tests that an explosive reaction would not occur
in the 4" x 12' pilot plant reactors If initiation occurred.

IV--
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Transition tests wer- also performed on guanidine nitrate and no
explosive reaction occu' in a 1" x 24" container. Again after con-
sidering pilot plant eq it dimensions, it was concluded that no
transition hazard exist pilot plant equipment handling guanidine
nitrate.

Propanation T'Cts

Propagation tests dt ine the *eplosive propagation characteristics
of a material in terms of t erial diameter when subjacted to a shock
stimuli. Results of thes:. sts are shown in Table IUI. The results show
that guanidine nitrate arn e material in the reactors will propag-te -n
explosive reaction, sinc:c - of their critical diameters are less than
one inch. However, it n-ý e remembered that the transition tests demon-
strated that these mater' under the pilot plant conditions, would not
transit to an explosion. a other words, the pilot plant process materials
are not capable of supplyiig a shock stimuls for propcigation to occur.

Propagation tests performed on other samples show that no propagation
will occur in the one inch piping used in the pilot plant.

Dust Explosibility

Dust explosibility tests were performad in an effort to determine the
minimum concentration and minimum energy required to tnitiate guanidine
nitrate in a dusty atmosphere. The guanidine nitrate was screened to < 53
micron and two different sources of initiation were used. Initially a
continuous sparking electrode was attempted, however, no initiation of a
GN/air dust cloud could be obtained. The test was rerun using fibrous
nitrocellulose as an ignition source which is a more -.-iolent source of
initiation than the sparking electrodes. In both cases, the guanidine
nitrate dust/air mixture could not be initiated at the standard test limits
of the machinL (4.1 oz/ft 3 ).

A possible explanation of this unexpected result can be obtained by
an interpretation of the DSC data and applying it to .,i dust cloud ignition
sequence. In order for a dust cloud to ignite and su.stain ignition, dust4 particle(s) must be raised to their ignition tem:at rtt.:re and tho heat
released by their ignition must be sufficivnt to ignictc adjacent particles
and thus result in a sustained reaction. From the DSC trace, ýN ielts in
the range of 210 to 220 0 C while absorbins 30-35 cal/gri. An exotherm occurs
in the range of 285-316 0 C liberating 90-120 cal/S"ý. (By comparison, RDX
and nitroglycerin burn and liberate about 1200-1500 c.ý.i/gm at first exo-
therm). The amount of heat released is enough to raiý'e the teripera-
ture an additional 1000C or to approyimatelv 385 to 4450 C. QN dust cloud
ignition temperature ranges from 390 0 C (ABL data) to Therefore,
it could be reasoned the igniticn of GN dust partic-le ,- not rt-su)t in
the liberation of enough ).e i to nnite a2jEat !:st :,irt Ie; eIo sus 1in

ignition in the dust cloud.
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Based on the inability to igtite or sustain ignition of a GN dust cloud
up tu the concentration limits of test apparatus (4.1 ozjft 3 ), it was con-
cluded that no dust explosion hazard existed.

Shipping and Storage Classification Testing

Testing in accordance with TB-700-2 was conducted on guanidine nitrate
by ABL. The data from these tests are shown on Table IV. The governmenti
has used a combination of these data and its own in-house data to tentatively
classify guanidine nitrate (less than 25% water wet) as Class 7 for storage
and as an oxidizing agent for shipping.

Hazard Evaluations

The engineering analysis performed on selected equipment was performed
from equipment drawings, specification and maximum operating parameters
furnished by Kenvil and the Research Center. Since no on-site measurements
(i.e., forces, pressures, and velocities) were made, tensile strengths or
yield points of materials involved(1"3) were used to obtain oafety margins.
In general, the safety margins found on equipment are representative of
"worst case" condition, so the analysis would be conservative from a safety
point 3f view.

In the process where equipment handles a water slurry, the analysis
was based on water-free matprial response data, since testing was not done

L with water slurries. The use of water-free material values would render

conservative results, since the water would most likely act as an extin-
guisher for any initiation. This type of an analysis, using water-free
sensitivity data, would apply to start-up or shut-down modes of operation
or a process "upset condition" in which a sufficient amount of water would
not be present.

Some of the items in the process were not analyzed. The densitometer
and evaporator had no mechanical or moving parts. The pump in the cooling
system of the crystallizer was not analyzed since it will pump water con-
tamining only a small amount of ammonium nitrate (0.1% of AN). Finally,
the level controllers were not analyzed, since they had low velocity mov,-
ment (_ 0.06 ft/sec).

A hazards evaluation was performed on pumps, mixers, reactors, valves,
*.entrifuges, a crystallizer and a dryer in which in-process potentials and
matezial response data (expressed in similar engineering terms) were compared
to obtain quantitative safety margins for normal and abncrmal conditions.
As an example, a 3450 rpm centrifugal pump with a carbon/ceramic mechanical
qal wag qelectcd to punr ,i•terial to the crystallizer. T1,_ ;elocity of the
rotating seal parts was calculated to be 16.9 ft/sec with a normal pressure
of 30 psi (manufacturer's specification) ani an abnormal pressure of - 8000
psi (yield point cf carbort). Figure s: .,-,s a triction profile of the
material being pu77.ped (less water). 2y a straig:ht line extr.apolation, no
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positive safety margin is realized at 16.9 ft/sec. The straight line extrapo-
lation is conservative since friction profile curves take an asymptotic form.
To obtain a positive safety factor, a data point at 17 ft/sec would have to be
obtained or the pump speed reduced by reducing the rpm rating. Since testing
above 10 ft/scz would result In damage to the friction machine, it was recom-
mended that a pump with a reduced rpm be used. Such a change did not adversely
affect the pilot plant operation and a 1750 rpm centrifugal pump with a teflon
pack gland was selected. The in-process potential for the pump was 24 psi
(normal) to - 5,000 psi (abnormal) at a velocity of 8.6 ft/sec. By referring
to Figure 1, material response at 8.6 ft/sec is - 43,000 psi. By comparing
the in-process potential to the material response data safety margins of
8.6 to 1797 are realized.

A similar analysis has been completed on designated pilot plant equipment.
A detailed discussion with summary tables of all engineering analysis has beer,
previously reported.( 4 "b) In general, all normal and some abnormal operations
have adequate safety margins. Abnormal occurrences such as impellers or mix
blades breaking and hitting metal parts would cause initiation (no safety
margin), but as discussed in the risk analysis of this report, such events
have probabilities 5 x 10-4 to 5 x 10-3 of occurring over the time of pilot
plant operation.

Logic Model (Fault Tree)

The logic model is a concise and orderly description of various combina-
tions of events that can lead to a predefined "undcsired" event. The logic
model is presented in a diagram or blueprint form and results in an engineering
capability to identify and evaluate the overall effect of component failure,
controls or human actions on the system.

To understand and follow the logic model, a basic knowledge of the symbols
used is required. A list of the symbols used and their meaning is illustrated
in Table V. The use of transfer symbols (triangles) deserves some comment
since they are used in two ways: (t) for transferring a section of the model
that has been previously developed under identical circumstances from another
section, and (2) transfer similar logic from one piece of equipment that
applied to another piece of equipment. Use of transfers in this second
method means that unly the lojic or events are the sz-e but probabilities
of the events may be different since it is a different piece of equipment
handling different materials.

The uses of trar.nfcr symbolt ,,ay bl best explained by using an example
for each of the ways they are employed. On pace A-4 of the legic model, an
event for possible friction initiatior "Impeller hits tank wall" is developed.
Under this event a transfer symbol S is shown. On the same -aLe for
possible impact initiation, the same event in the sa~e tank "Impcller hits
tank wall" is shown. Si'le the event was already developed, it is transi.'rrcd
by use of the symbol

IV-6
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On page A-8, another event "Impeller hits tank wall" is shown. The
logic to develop this event is the same as that on page A-4, but applies
to a different mixer. Therefore, a transfer • is used to show
such a transfer. Table VI lists all transfer usM and their origination
point in the logic model.

Risk Analysis for Guanidine Nitrate Pilot Plant

The logic model constructed in support of this analysis yielded a total
of 152 potential failure modes. Of these, only 21 of the modes were con-
sidered to be significant or critical. These failure modes would result in,
at most, initiation and not transition to explc,.on.

These failure modes and their respective probabilities of c~ccurrence
are given in Table V11. Thz basic failure modes are impeller, shaft, and/
or alignment. As noted, the probabilities of failure are not the same
throughout Table VII. rhese differencea arise from a careful engineering
analysis of the potential failure modes and the utilization of known failure
rates. Also, the probability is calculated such that 800 hours of continuous
operation have been assumed.

The probability of initiation then becomes the product of the probability
of failure, times the proportion of operating time the failure rate applies,
times the material response probability. For example, the impeller, shaft
and shaft packing for the Goulds Pump (mixing system) had a combined failure
rate of seven per million operating hours (7.10"°). Thus, after 800 hours,
the probability of failure becomes 7.10"6 times 800 or 5.610-4 as given in
Table VII. Multiplying this probability of 5.6o10-4 times the proportion
of operating time it applies, times material response probability gives an
overall probability of initiation, or 5.6"10-4 times 1.0 times 0.9d or
5.6.10- as given in the last column of Table VII. The other probabilities
of Table VII were derived in it like manner. Thus, Table VII gives the
probability of initiation for each failure mode plus the overall probability
for the pilot plant, which is 4.6 x 10-3. It must be emphasized that this
probability assumed 800 hours at continuous operation without repairs or
maintenance. Any such action within the 800 hours would tend to reduce this
probability to a much smaller quantity,

It has been shown that n3 transition is possible for guanidine nitrate
material. Thus, the maximum expected losses to be experienced are those
related to a localized initiation.

The question immediately arises, are there cost advantages to having a
preventative maintenance program to reduce the potential of initiation? The
answer to the posed question lies in a trade-off study between the cost of
such a program versus the exected loss should initiation occur.
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Expected Loss

As Indicated, if initiation occurs, it remains local as no transition
to an explosion is possible. Thus, the expected loss becomes the product
of the probability of initiation times the sum of the following cost:

(1) Pump or equipment replacement cost.

(2) Labor necessary to replace the pump, and clean-up from
the deluge system.

(3) Production losses while the equipment is being replaced.

"For the pilot plant, a liberal estimate of total coat to be incurred, if
initiation arises, is $5,000. This times the probability of initiation
anywhere in the pilot plant gives an expected loss of 5-103 x 4.6"10-3 or
approximately $25. It must be pointed out however, that if initiation
were to occur, then the minimum loss ($5,000) would be experienced. The
"expected loss concept" is a well recognized means at normalizing cost data
in a risk analysis study.

With the minimal expected loss of $25, any preventative maintenance
cost would far exceed the estimated loss. Thus, the answer to the question,
is there a cost advantage to a preventative maintenance program is obviously,
no. Therefore, over the operating interval of 800 hours, no preventative
maintenance program 'L reoommended or warranted. Again, this conclusion
arises, primarily, from the iack of potential for transition.

EA-*'J.Krpký

M. L."Jones

EJK:ML.J:mjs

Attach.
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TABLE II
DIFFERENTIAL SCANNING CALORIMETER (DSC) TEST RESULTS

AN/U
1/1

Heating Rate

2040 Endotherm at 2400C
40 

-80

AN/U/Sil Gel
2/2/1.7

Heating Rate
(°C/min) ,Exot'rm Began_ Peak Value

20 266 0 C 280 0 C40 2760 C 290°C80 295 0 C 320 0 C

GN

Heating Rate(°C/udn) Exotherm Began Peak Value

10 285 0 c 307°c20 2920 C 316 0C
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TABLE IV

HAZARD CLkSSIFICATIO0N TESTS
FOR GUA1NIDINE NiTRATE

BY
TB 700-2 CRITEIRIA

Test Result

Detonation Test N4o deformnation of pressure plate
(No. 8 Blasting Cap) or cylinder

Ignition and Unconfined Burning reaction only
Burning Test

Thermnal Stability Test No color or visible change in
48 hours at 750C

Card Cap Test Failure at zero cards

lImpact Sensitivity Test No ignition at 47.3 inches (120 cta)
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TABLE V

GLOSSARY OF SYMBOLS COMMONLY EMPLOYED
ON FAULT TREE DRAWINGS

Event Representation

The rectangle identifies an event that
results from the combination of fault

SRectangle or hazard events through the input
logic gate.

The diamond describes a fault or hazard
that is basic in a given fault tree, but

Diamond undeveloped at this level. The reasons
for it being undeveloped are, necessary
information not available, insufficient
consequence or 14raite•- scope of analysis.

The house indicates an event that is
normally expected to occir.

Cil The circle describes a basic fault event
that requires no further development.

Logic Operat[ions

Output O -

"And Gate" describes the logical operation
and whereby the coexistence of all input events

Gae is required to produce the output event.

Inputs

V.-13



TABLE V (CONTINUED)

Output

O"r)r Gate" defines the situat 4 on whereby
the output event will exist if one or
more of the input events exist.

Input

Output

Inhibit Inhibit gates describe a casual relaticn-
teCondition ship between one fault and another. The

Gate input event directly produces the output
Input event if the indicated condition issatisfied.

The triangles are used as transfer symbols.
Triangles A line from the apex of thv triangle

indicates a "trainsfer in" and a line from
the side denotes a "transfer out."

Similarity transfer t d, otc: the transfcr
of l onlv from .3nother part of the tree.
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TABLE VI

ORIGINATION POINT FOR TRANSFER SYMBOLS IN THE LOGIC MODEL

Origination Origination
Transfer (page) Transfer (page)

1A A-2 4F A-iO

1B A-2 4G A-9
ic A-2 5A A-i1
iD A-2 5C A-1I
2A A-4 5D A-1i
2B A-4 5E A-1I
2C A-4 5F A-12
2D A-5 6A A-13
2F A-5 6B A-14
2G A-5 6C A-15
2H A-3 6D A-15
23 A-3 6E A-13
2K A-3 6F A-15
2L A-3 7A A-16
2M A-3 7B A-16
3A A-6 7C A-17
3B A-7 7D A-17
3C A-7 7E A-18
3D A-6 7F A-l8
3E A-6 7G A-i7
3F A-7 7H A-18
3H A-7 8A A-20
3J A-7 8B A-20
3K A-7 8C A-20
4A A-9 8D A-20
4B A-8 9A A-19
4C A-10 9B A-19
4D A-10 sC A-19
4E A-10

IV-15



..... .
. , . . , .- - -4t - ~ . 4 . . -T -n -n n i n n 4n -) -n 4n - -F.4 M ) 0

0'r x~ xX XX XX XX x x x x x I x xx Xc
.0

0) JJ

W Q...o 0%0a ~ ~ OO% O.% Ch o(7% a% 8N r

w 5c C C; oC dc; C; C; 5115

.0

0 .1 .6 . 1

o toLn0" "4 02 " )00 C n n L n0 1
9X -- 

94ý- .0
00 S'

C14 4 i

S.-4 
CO 4%-,. x x x x x ' x M X X XX x 0

;t kn i) c r

00 4D% %0o 0 % %0 D0 %Q 0t0o
oJ 

-4 0ý c 0ID >0) 14 ~ kn tn. 4J.f. AJM. L,;- 4..; 4. .4 .~ 4 . 2

LjQj

-4 " .4 A
I uQ4.1 U .&ja 1-4

0-4-

004 444. W~ 44

(~ ~ - ~ 0'4 C) C)4- a U.)' k.- 0~J

C.. 0. a.. C1 C i

- ~~~~~~ ~ ~ ~ -
1- - 0 1 4 - - 0 ~ - D~ ~-4 0.

ci E o

a) C i44 L.

0) C) C) C)
C .~~~ V ,~. -

- Ct ~ 'j ~ 
-.4 --.

IV-1 C.U



'*" - I i' I '" . . I I ...

120 -

100

K 80-

S60

___ 45/40/15 at 600C
AN/GN/U a

20

0\

4 8 12 16 20

Velocity (ft/srec)

Figure 1,, Friction Proiile (Pressure vs. Velocity)

IV-17



-0 
0

ON.- 0 
0.

o a j) c n a j 
0

I.'0 

0

C 

C )j0 

:3 u
24 04 

C4

x 0 *J2

0 tn.c r 

00.4~1 441IQ 

(

10~ 0 

0 = -

"4 D w4 

W~

0) 0CL 
to0 0z Cý - x .

014
04 -ý4 <0c

C'.
CUC

41

C- I

-. i------

IV_ 18



-"'.�'f'�'V � -- . -� .�'

43�§Ei:
N

-\

V-:

N.

1!U L.J...�. �

Z�I�s�

* I&LJ L�4J
- I

I 1.. f-i-il I *1
7! � jt�r

�ji �.2j.

!IAI

'I
I'

'I *i�i 7

ill!, 1/ -.

,*��; 1 * ri JTE F-L&�J LI �
(ii Irt�7� 8L

L'. K3i;��1� *�7 /

I -�

IV-19

*1 *jj



"'�' 'T�A!WW�r'�t�r W �'Wr�r��w -

-

�1� -.

I
�

-t C-I
r -

I
I.

ii c��j A

I

-:

I

7

C -.

I- (T.
Iv- zo ���K1IIJ



A'A
L

IV-2



*~~~ - - "UNI-NOWWWW"'

2 S.

P1 iII

1- 5 *- -- 5.

IV-22 5



"* I v i \ /
a -a 2

~71

.11

~A t

"i jJ

- I F-_

,I-I� -I-i=3i \.

v 'Tii • • ' I • - i ''-

I --- ll -f - '* :•- ,:-,t • . 1

__ ,; I 'K-'

Ki,
F,



I z)

1-r

F4>

IV-24



71 OD

XV-25



t; I

-!-

Ii - •-'•i 7

i "/

I . I ' - l" - -



1;°

IV-2



-774

77N

-. 

F

4~ ~ _3 I'

-*&"ho

IV-28



"- .4

J L

Bi-

IV2



-Cil

I N&I

IV-30



V-
4

J
K�D

a-?
! .�S
�0- -

�b.

iii a
-3

!.. j
-I-
Si.. V. 0

A F
Ii�

-

V. 2�N
-,

- 7
L�1� 1 AK��f

XV -31



Li,

I--4

VIA

IV-32



. . ........

Iiir

IV-33



U 8  
KrlN� '-4

- - - I
4--

C. .C.
C. CS - -

-3

C. .

C-. C

- C 2-
-Ct C,

8.

I
tv� C�

I

I

U

Ci: - -. Cl .4-C
A. -� C

-� - .
ICA CC.

4--

C., -

__ C. 'U)

7-'
-1!

-.- �. /.. N

4- C - 4--

4 C

S /
-- " /4i�

rr�i\J�*J l77�

S

4- EU/I LC.,

F: -

I'! - 4T�>

IV-34



IV3



I

'-4

U

: i� .� I
.� . -5-

1-
-21

�

�
I

A

1- j1��
i� )

/

�i�K-i
'IJ�9

-4 r�

-V

IV-36



1C4

04

:"r I

£11.

f!13V

• " - !' -E /J-i~ll

f 
IVI-

--



APPENDIX V

LITERATURE SEARCH - RELATED TO PRODUCTION OF
GUANIDINE NITRATE FROM UREA

i



APPENDIX V

LITERATURE SEARCH

RELATED TO PRODUCTION OF GUANIDINE NITRATE FROM UREA

by John T. Hays
Hercules Research Center

Introduction

Work in progress at Hercules Kenvil Plant and the Research Center
on production of guanidine nitrate from urea led to a request for
a literature search on this general subject. The objectives of
this search were: to make certain that recent literature on the
basic process has been covered, and to develop information relative
to production of by-products and their possible effects on catalyst
performance. Chemical Abstracts was thoroughly checked from 1956
through October 16, 1972 and in some areas from 1947. The information
is divided into four general categories: (1) Production of 2 uanidine
nitrate from urea. (2) Reactions of urea at temperatures from 100*C.
to 2001C. This subject is of interest in connection with formation
of by-products in the urea-anmuonium nitrate feed, which is held at
about 1100 C. for extended periods, and in connection with formacion
of by-products under the reaction conditions for production of
guanidine nitrate. (3) Formation of melamine from urea. This
subject is of interest because ithazs been an active area of research
in recent years and because it represents an cxtension of the type
of catalytic reaction involved in production of guanidine nitrate.
(4) Silica-ohosnhate reactions. This subject is of interest because
of teiQndic-ations from Hercules work that the diarimonium phosphate
used commercially to stabilize prilled ammonium nitrate decreases
the activity of the silica gel catalyst used in production of
guanidine nitrate from urea.
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I. Guanidine Nitrate from Urea

Little information was located in this search which was not
already available to those working on the Hercules study of
preparation of guanidine nitrate from urea. Nevertheless it seems
worthwhile to consider the available information to get an under-
standing of the factors affecting the reaction.

One of the best sources of information is a report forwarded
to us through the British Embassy and Picatinny Arsenal written
by F. Armstrong and R. T. M. Fraser'. This report not only gives
new experimental work but also gives a list of 40 references.

A. Reaction Characteristics

Guanidine nitrate is formed from urea and ammonium nitrate
by an unusual reaction:

2NH2 CONH 2 + NH 4 NO3 -P NH 2 C(=N11)NH 2 11N0 3 + 2NH 3 + CO 2

The reaction occurs over a specific temperature range given as
175-225oC. 2 , with 190-200 0 C. preferred 3 , and as 160-2000 C. with
180WC. giving best yields but at less than rnaximum rates4
Similar information is given by Russian workers'. A catalyst is
required, with silica gel being preferred, althouah broad classes
of related silica or oxide catalysts are also claimed 3 - 5 . Small
scale batch reactions indicate an optimum ratio for urea:ammonium
nitratc:silica gel of 1:1:13 or 2:2:11.

The importance of the catalyst is seen when it is realized
that uncatalyzed thermal decomposition of urea gives biuret and
triuret at 120-1600C. 6 9 , . At hagher temperatures
cyanuric acid is formed in increasing cuantitiesl 0 1-l' H2eating
biuret and triuret in the presence of ammonium nitrate but with
no catalyst gave cyanuric acid's. With silica gel, ammonium nitrate,
and urea at 1950C., the main product reported was guanidine nitrate
along with 5-12% arxnelide and some melamine ". Biuret and triuret
are also converted to guanidine nitrate on heating with silica
gel and ammonium nitrate3, . There are thus two types of urea
decomposition controlled by temperature and the presence of catalyst:

Thermal which gives mainly cyanuric acid at temperatures
of 160-200 . IBiuret is the main product at lower temperatures
(120-160'), but its formation is reversibl•,2 ;. Anumelide and
ammeline are formed in the thermal reaction but at much higher
tcmperatures (>250 0 C.) 19,20

Ca_•a tic, with silica gel and ammonium nitrate, at 180-
200'C., gives mainly guanidine nitcate with s;ma lI anounts of the
triazine by-products, cyunuric acid, ammel da, ammeline, and mela-
mine. Intermediate biuret and triuret are largely broken down
under these conditions.
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The action of the silica gel catalyst ha! thus led to
formatiL'•n of guanidine nitrate and snaJl amounts of t.riazine by-
products at temperatures which give cyariuric acid as the main
product in the straight thermal reaction.

B. Reaction Mechanism

The first step in the thermal decomposiLion of urea is
generally considered to be 21 :

NH 2 CONH 2 -" HNCO 4 NH3

This is more than a hyoothetical picture of the reaction, as
proved by isolation of the HNCO product 2 1-24 direct conversion
of urea to alkali cyanates 2 5-27 and trimerization of UNCO from
urea to cyanuric acid'-• 2 . Formation of HNCO allows ready forma-
tion of the products of the thermal decomposition of urea, i.e.,
formation of biuret and triuret by reaction of HNCO with urea
and wit-h biuret and trimerization of HNCO.

The products of the catalytic reaction require some other
mechanism. One attractive scheme is dehydration of utea to form
cyanamide'. , 1, known to form guanidine derivatives readily:

NH2 CONH2 -* Ni2CN + H20

Interaction of N1 2 CN and HNCO would give airumelide and ammelizne 1 7 
1

and cyanamide is also known to give nelamiiei .

Differential thermal analysis (DTA) data were interpreted
to show the presence of cyanamide in urea pyrolysis r:rodicts,2 8

but more recent pyrolysis work has led to the conclusion chat
cyanamide is not a primary product ol urea pyrolysis 2 . Infrared
work has also led to the conclusion that fornation of cyanamide
is improbable"o. Mackay 3 has stated tbkat dehydration of urea
does not occur, on the basl: that carbon dioxide would have no
effect if dehydration were the key reacticn in forrati'on of guanidine
nitrate from urea and anrmonium nitrate. Actually, he found that
it was important to avoid C02 build-up, whi-1i led him to --ostulate
a splitting off of CO-. Schmidt?, considerLing the analogous
formation of melamine from urea, formulates it as a disproportion-
ation of HNCO into CO 2 and carbodiimide, C(=NH2)2:

NH2CONT.2 -- ) HNCO + NF'3

2IINCO -* (HN=C=Nlf) + CO2

This would fit the observed effect of CO 2 and the anstabl• inter-
mediate would give melamine on trimeri.ýation.
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Schmidt 3 ' rrnulates the reaction in the fashion:

-Si" + HNCO -- > b.l + CO 2S• s •%NH s,

S0
-Si + HNCO -4 Si C=NH
' 'NH- 'NH"

Reaction of the complex with NH4NO 3 could then give guanidine
nitrate.

% ,O O"0

Si C=NH + N1 4NO3 -? -Si' + (NH2 ) 2 C=NHHNO 3
' -NH"

The formation of guanidine nitrate would thus depend on reaction
of ammonium nitrate with a catalyst complex. Molecular size of
the ammonium salt reactant might be important in reaction with
a complex with a specific steric arrangement. Kazarnovskii and|S

Spasskayas state that NII 4 Cl and NH4Br also form guanidine salts
in this reaction but that ammonium phosphates, sulfate, carbonate,
tungstate, vanadate, and salts of organic acids do not form
guanidine salts in the presence of silica gel without excess
pressure. The type of catalyst complex postulated could allow
rationalization of this observation. The Boatright-Mackay patent 2

claims ammonium salts broadly, however.

It was also reported 5 that where best yields of quanidine
were obtained with a 1:1:1 rdtio of urea:N114WO3:silica gel, decrease

of silica ael to less than 0.8 led to formation of cyanuric acid
along with guanidine salt. Thus it seems necessary to provide
sufficient active catalyst sites to complex the HNCO in order toSavoid the "the-rmal" trimerization to cyanuric acid. Blocking of

active -OH groups by estexification completcly deactivated the
catalyst'. Formation of -OR groups on silica gel by this method
has been reported in detail 3 2 . Decreasing the ammonium nitrate
to stoichiometric proportions also decreases yield5 as might be
expected on 41e assumption that dissociation of the catalyst-HNCO
complex must oe avoided.

Experiments' with 1 5 NH4N0 3 and (N]i 2 ) 2 C=1 8 0 showed consider-
able "SN in the ammonium carbamate recovered but less '80 than
would be expected if all the C02 were derived from urea. The
15N result suggests that the reaction: NH3 + 1 5 NH4NO3-* 1 5 NH3 + NH4NO3
occurs, presumably through catalyst interactions. The loss of 0
sugqests exchange of surface oxygens of the catalyst through
HNC• 8 0 in the manner postulated for the disproportionation to CO 2 .

Although the specific mechanism accepted may not be
critical, it is apparent that production of ouanidine nitrate
from urea-ammonium niitrate, depends on the specific function of
the catalyst to direct the reaction of the initial decomposition
products of urea toward formation of guani*dinc nitrate and to
avoid thu therinal conversion of these intermru:diates to triazines.

AddiLiunal referonces on this subject were noted 3 •• 5



i1. Reactions of Urea

The reactions of urea have been discussed in the first section
as thcy pertain directly to the preparation of guanidine nitrate.
Specific reactions will be discussed in more detail here in relation
to by-product formation.

A. Hydrolysis

Hydrolysis of ure., I: the most impuLtant reaction of
urea in the presence of water at elevated temperatures:

NfI 2CONH 2 + H2 0 `k C02 + 2NH 3

This reaction will generally be superimposed on other urea reactions I
if water is pzesent. Thus the formation of guanidine nitrate:

NH2 CUNH 2 + NH4 NO3 --+ (NH2 ) C=NH•HNO 3 + H2 0

becomes:

2NH 2 CONH 2 + NH4 NO3 --b (NH2 ) 2 C=NH-i.HNO 3 + CO2 + 2NH 3

Hydrolysis is more rapid than biuret formation at 800C.38

and this is also undoubtedly true at the somewhat higher temper-
atures' (ca. IlJ2C.) at which the urea-ammonium nitrate feed is
stored in current Hercules work on production of gu&_.i,&Le nitrate
from urea. The hydrolysis reaction causes yield loss but reactions

* to form urea condensation products could cause product contamination.

General references to urea hydrolysis are listed•-'

B. Cyanic Acid and Cyanates

The dissociation of urea into cyanic acid and ammonia
has been discussed as the first step in reactions of urea at
elevated temperatures. This section will discuss references more
specific to cyanic acia and cyanates.

The structure HNmC=O in straight line arr:-rg rnt was
indicated by Raman sp..ctra". Existence of HOCN has also been
shown 4 9. Hydrolysis of HNCO and NCO- to give N114+ and C02 and
NH3 ard kiCO3-, respectively, has been studied'6,47

Conversion of urea to alkal metal c anates has been cited
earlier 2 7',' a as has isolation oZ 11NCO0 2 - . Initial formation
of HNCC from urea and subsequent reaction to produce biuret and
triazine products will be involved in discussions of these materials
in subsequent sections.
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C. Biuret and Triuret

Formation of biuret from aqueou.s urea solutions' on heat-
ing was showns5 but this reaction was accompanied by hydrolysis.

The rate of formation of biureu from urea irceases
with increasing temperature up to 170 0 C. 7,'8 A maximum was
reached initially at 200'C. aft&• which a decrease in amount of
biuret occurreds~ At 1701C. biuret was reported to begin to
decompose to urea and cyanic acida2 . The decrease in biuret .as
observed at 180 and 1931C. 5 3 and U;uret fcrmation was reported
to be reversible above the melting point, i930C. 1 6 , 1 7

An important reference summarizes the changes which occur
in the thermal decompositicn of urea I. Infrared spectra showed
that a new band appeared at 2170 cm- at the melting point of
urea; it disappeared at 1600 and thcn reappeazed at 180 0 C., the
temperature at whir'h biuret begins to decompose. This band
disappeared at higher temperatures and reappeared at the melting
point of triuret. This band was assigned to cyanate ion thus
deduced to be present at the melting points of urea, biuret,
and triuret. Formation of the cyanate ion (or HNCO) was con-
firmed by amination of biuret and triuret in an autoclave at
19 0 °C. to gi.ve urea as the sole •roduct. UNCO was found !-z the
gas phase over melts of all three substances. The authors suggest
the followins course of the reaction:

NI12CONII2 + NCO- -- ý NH2C-N!I-C=NH
it I

N| 12C ONHCOCN1 2

Triuret is postulated to form similarly.

P yrolysis of triuret yielded only 15-202 of irea. It
was suggested that the energo-tically i,.,ore favorable ring closure
to cyanuric acid occurs instead of complete reversal (t the
condensation.

NIICO•NH 2  Nh-C=0
-":--0 O--C NH + NH 3

10.1,ýON12 N - C=O
-- H

triuret cyanuric acid

The reaction of guanidine wi.th biurit to form auviekide
waS postulated, supported by increased ammnelidc yiell on addi.ti)r,
of guanidine.
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H2 / NH2
/ N1

NH2 NH 2  N=C

O=C + C=NH -- HO-C N + 2NH 3
NN //NH-CO-NH 2  \NH 2  N-C

OH

biuret guanidine ammelide

Triuret is formed on pyrolysis of urea in thin films1 3', 6

but more readily in the presence of acid catalysts 1 7 , 5 4' 5 5 .

Thus any biuret and triuret formed in the guanidine
nitrate process could be converted back to urea and cyanic acid;
the work cited suggests the additional possibilities of conversion
of biuret to ammelide and of triuret to cyanuric acid. If apprec-
iable amounts of biuret or triuret build up in the Hercules urea-
ammonium nitrate feed, there would be a possibility of yield
loss by formation of ammelide or cyanuric acid. However at the
temperature of 1100 C., build-up of more than a few percent of
biuret is unlikely8 . Appreciable triuret would not be expected.

Processes of preparation of biuret from urea are described
97-62in a number of references , - Suppression of biuret formation

in urea cn stora;e by the use of NH4 molyhdate or NH4H2PO4 as
additives has been reported6 . Biuret has been eliminated from
urea by ammonolysis 6 4 ,6 5 . Urea increases the solubility of biuret
in the system water-urea-biuret 6 6. Biuret forms a borate with
H3BO3 6 7 . Use of biuret as a fertilizer for turfgrass is described;
it causes injury for a short time then is a useful source of
nitrogen 6 8 .

D. Cyanuric Acid

As stated earlier, cyanuric acid is formed by thermal
decomposition of urea at about 200*C. through the trimerization
of HNCO.

NH2CONIJ2 -- * hNCO + NH3
OH

N-C
Jq 1

3HNCO -- HO-C N
N=C

OH

cyanuric acid

Formation of cyanuiic acid is facilitated by removal of ~inonia.
Specific preparations involved: an ammonium halide with urea•,
H2SO4 as a catalyst'',70, a phenolic solvent °, a fi.•dized bed



reactiorn7', use of HCI to lower the partial pressure of NH 3
7 2

and mixturcs of cyanuric acid and urea 1 2 ,' The reaction was
carried out in vacuo at 280-300'C.26,73 By-products, ammelide,
ammeline, and melamine decreased with decreaseing pressure. These
by-products were stated to be formed by reaction of cyanuric acid
with NH 3 . This has been verified by reaction of cyanuric acid
with NH 3 at 270 0 C./80 atm. 7 5

Above 3000 cyanuric acid will decompose 1 2 . Temperatures
in the 270 0 -300 0 C. range for urea ?Yrolysis give ammdlide and
ammeline rather than cyanuric acid . Temperatures above 350 0 C.
are used in the synthesis of melamine to avoid cyanuric acid
formation74.

E. Ammelide and Ammeline

The cyanuric bases have frequently been assumed to be
formed by amidation of cyanuric acid

HN 0~ (NH2 *h, H NH.~ N 3  H2N , \\ NH2
____( "(NH 3)l lb C.NH N N N

1C C

0 0 0 NH2

cyanuric acid ammelide ammeline melamine

These relationships can be demonstrated at temperatures
of 2500 and above. Ostrogovich and Bacalogu1 7 , however, demonstrated
the independent formation of each of these triazines at temperatures
in the range 160-200 0 C. It thus seems likely 5 that intermediates
such as the postulated cyanamide, or preferably a carbodiimide complex,
react to form the amnnelide, ammeline, and melamine at lower temper-
atures.

Direct formation of ammelide and ammeline from urea at
270-30 0 C. is reported"•. In pyrolysis of urea at 280-320 0 C.,
yields of ammelid3 and ainmeline decreased with decreasing pres-
sure 2,1?. Preparation from cyanuric acid is described"5 . Useful-
ness of ammelide as a slow-release fertilizer has been demonstrated 7 6 .
Spectrophotometeric methods of analysis have been reported 7 7 7

8.

F. Aixmtonium Nitrate-Urea Systems

SInasmuch as a urea-amnonium nitrate feed is used for
Guanidine nitrate )reparation, referenices were sought which would

• i!,dicate possible effects of one component on the reactivity of
the other. The system NH4NO3--0(NH2)2-H20 was studied7 . Compounds
NNH4NO3.CO(NH 2 ) 2 and NH4N03"2CO(NH2)2 appear to exist in solution.
Phase diagrams for Nhi4NO3"CONtf 2 )2 were reported".
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Addition of urea decreased the aciditý of ammonium
nitrate and decreased nitrogen losses 300-500% . Thermal
decomposition of ammonium nitrate during its preparation is
reported to be inhibited by urea 8 2 . Urea (0.1-0.3%) added
directly to HNO 3 in the preparation of NH4 NO3 from NH3 and IIN03
eliminated the harmful effects of nitrogen oxides and C1- ions
and inhibited the thermal decomposition of NH4 NO3 during evapor-
ation". The presence of <0.7% urea in NH4NO3 had no harmful
effect on physiochemical or mechanical properties. Amounts of

* urea >1.5% increased hygoscopicity and decreased particle strengthom .

The presence of NH4NO3 in the pyrolysis of urea led to
* an increase in the content of cyanuric acid and a decrease in

the amounts of ammelide, ammeline, and melamine The effect
was attributed to formation and pyrolysis of urea nitrate.

G. Boric Acid Systems

The presence of boric acid in stabilizers for ammonium
nitrate led us to note references of possible interest.

In the H3BO3-CO(NH2)2 system, a compound was formed,
H3 BO3.2CO(NH2)2, melting point 79.1C. 8 6

* Heating 1 mole of H3BO3 and 2 moles of urea at about 60 0 C.
gave a glass which decomposed above 165 0 C. to give BNO, stable
to 1300 0 C. Passage of NH3 over BNO at 500-950*C. gave relatively
pure boron nitride, BN87 .

A melamine synthesis catalyst, more or less equivalent
to silica gel, termed boron phosphate, was made from 100 g. boric
acid and 210 g. phosphoric acid'. The mixture solidified on
standing at room temperature and was converted to catalyst by
heating to 350 0 C.

III. Formation of Melamine from Urea

In recent years, undoubtedly the most active area cf research
on reactions involving thermal decomposition of urea has been on
processes for melamine from urea in eventually successful attempts
to get away from dependence on calcium cyanamide and dicyanodiamide,
"dicy". The first phase of this work from about 1950 to 1965
involved pressure reactionse8-99, 104,105. Ther low pressure reactions
we.:e developed, first in two steps involving formation of HNCO and
leading this over a catalyst' 0 ', 01,1*3,106, In, Direct utiliza-
tion of urea then foliowed3 1 ,°,', 0 2'° 0 7 138o,09il,, -116.

As mentioned earlier, this reaction is analogous to guanidine
nitrate production from urea, with the differences of higher
temperature and substitution of NH3 for N114N0331'11' . Thus it
utilizes a catalyst such as silica gel (also A120 3 , Al silica gel,
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and B, Al, Fe, and Si phosphates) which must contain free hydroxyl
groups at high temperatures. The first step is formation of HNCO
which is complexed with the catalyst. The HNCO then undergoes
disproportionation to form C02 and the reactive carbodiimide inter-
mediate (HN=C=NH), which trimerizes to melamine.

The initial breakdown of urea and disproportion of HNCO on
the catalyst are apparently the same for the melamine and guanidine
nitrate processes. Then in the guanidine nitrate process, a large
excess of ammonium nitrate and a carefully controlled temperature
direct the reaction of the catalyst complex to guanidine nitrate.
In the melamine processtemperatures >3501C. are used. The high
temperature assures completeness of the urea breakdown and the
HNCO disproportionation reaction, presumably increasing the
concentration of the reactive carbodiimide intermediate. The high
temperature also prevents formation of cyanuric acid and ammelide.
The net result is trimerization of the intermediate to melamine
with only traces of by-products.

IV. Silica Gel-Phosphate Reactions

It has been determined empirically that decreases in catalyst
activity observed in the course of the studies at Hercules Kenvil
Plant can apparently be attributed to the presence of diamnonium
phosphate in the stabilizer for the ammonium nitrate used. A
brief search of the literature was therefore made in an attempt
to determine whether such effects are known.

No specific references were found to interactions of phosphates
with silica gel in the type of system involved. There are, however,
numerous references to reactions of phosphates with mineral surfaces
but generally with aluminosilicates rathier than silica gel. Phos-
phate fixation by kaolinate (an aluminosilicate) was observed
and explained in terms of a two-step precipitation of an aluminum
phosphate1 1 7 . Silica-alumina gels absorbed both NH4+ and HP0 4 =
from (NH4 ) 2 HP0 4 solutions"1 '. Adsorption of phosphate on kaolinite
was in other examples attributed to Al or Fe'-' 1 2 1 .

Phosphoric acid impregnated silica showed infrared spectra
attributed to phosphate interaction with surface hydroxyl groups 1 2 1.
Adsorption of orthophosphates on metal oxides was demonstrated;
it was concluded that chemical bonds were formed at the reactive
metal oxide sites' 2 3 . A study of the nature of active sites con-
cluded that silica gel acquires ion-exchanq! capacity and catalytic
properties exclusively as a result of suostitution of Al for
protons in active -OH groups' 2  Surfacey droxylation of silica
and the nature of the gro':ps was reported1  .

Russia-, workers1 2 5 studied reaction of PC1 3 with -OH groups
on sýlica gel at 180*C. Each PC13 reacted with a;wproximately
3 hydroxyl groups, wit;h about 90% of the surface hydroxyls being
susceptible to this reaction. This reaction is the closest to
the type of reaction we would postulate to explain the effect of
diammonium phosphate on catalytic activity. In fact, it diammonium
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phosphate were as reactive as PC1 3 , we would have a satisfactory
explanation. However, in the present status of our information,
we can only conclude that the literature is not inconsistent with
surface reaction of the phosphate with -OH groups to inactivate
the catalytic sites on the silica gel.

V. Summary and Conclusions

Little new information was found on the process gor guanidine
nitrate from urea and ammonium nitrate, but reaction characteristics
and reaction mechanisms have been reviewed. The catalytic reaction
with silica gel leads to the formation of guanidine nitrate and
small amounts of triazine by-products at temperatures which give
cyanuric acid as the main product in a straight thermal reaction.
The mechanism appears to involve: (1) formation of HNCO from
urea; (2) complexing of HNCO with the catalyst, followed by
disproportionation to CO 2 and a reactive carbodiimide-catalyst
complex; and (3) displacment of thC •biiiiie by ammonium nitrate
to give guanidine nitrate.

The current Hercules procedure of holding the urea-ammonium
nitrate feed at about 110*C. for extended periods can be expected
to involve the reactions: (1) 1,., drolysis of urea to give yield
losses and (2) formation of biuret. An experimental.check should
be made of the biuret formed, but amounts in excess of 5% would
not be expected. Formation of biuret is readily reversed at
reaction conditions so that its formation in small amounts would
not be a serious problem. Significant amounts of triazine products
would riot be formed at the feed temperature.

Cyanuric acid, ammelide, ammeline, and melamine can all form
at the guanidine nitrate process tempereturc. Maintenance of
catalyst activity, optimum reactant ratios, and temperatures
as low as compatible with practical rates can be utilized to
minimize these by-products.

Recently developed processes for production of melamine from
urea and ammonia appear to involve the same initial steps as
production of guanidine nitrate from urea and ammonium nitrate,
namely, formation of HNCO from urea and disproportionation on
the catalyst. The melamine process is run at temperatures >350*C.
which avoid formation of cyanuric acid, ammelide, and ammeline
and give high concentrations of the reactive intermediate which
then trimerizes to melamine.

Information on possible reactions of phosphates with silica
gel was sought in view of the finding at Hercules Kenvil Plant
that diammonium phosphate in the ammonium nitrate stabilizer
decreases the activity of the catalyst. Adsorption of phosphates
on mineral surfaces has frequently been reported but generally
appears to involve Al or Fe in the mineral clays. Phosphoric acid-
impregnated silica showed evidence of chemical reaction of phos-
phate groups with surface hydroxyls. Chemical reaction between
PC1 3 and hydroxyl groups of silica gel has been demonstrated and
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offers an analogy to what appears to happen with diammonium
phosphate. Specific references have not been located for
reaction of phosphates with silica gel under conditions of the
guanidine nitrate reactions. However, the information in the
literature is not inconsistent with surface reaction of phos-
phate to inactivate the catalytic sites on silica gel.
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