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APPENDIX I-1

PACKED BED 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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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 palances for
guanidine nitrate, urea, and ammonium nitrate and descrike the
variation in molc fraction for each component in the axtat dueciion.

The mole fractions have heen assumed uniform in tle radial direction.
This is a reasonable assumption in packed hed 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 {5) accounts for the
preduction or removal of material by chemical reactior.. The rate
expressions usea here and defined by Equations (7), (8), and (9) are
those obtained througl the analysis of the kinetic experiments of this
project as presented in last monrth's report. The second term in the
aterial balance equations accounis [or the eficet of vhe change in melt
volume due to chemical reaction on the variation in mole fraction with
axial position. Equation (4) is obtaired by summing Eguations (1), (2),
and (3) and recalling that Equation (12) also applies. Equation (5)

describes the rate of production of gas as a functlon O dawus poeutiiGn

and assumes that the gas is generated only by those reactions that




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 ir which no gas other than that going to ammonium
carbamate was detected,

Dguation {6 is U.c onercv halance for the packed bed reactor and
describes both the radial 2nd axial variation in temperature. Axial and
racdial temperature 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 the encrgy transfer in
the radial direction by conduction. All resistances to hecat transfer in
tiie radial direction inside the bed are included in the effective thermal
conductivity, Kg. These resistances include thermal resistance at the
wall, thermal resistance of the particles and of the contact arca between
the particles, thermal resistance of the liquid and gas bctween 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 cffective thermal
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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, . .,T/.3Z, accounts for

the thermal encrgy transported by flow in the axial direction. An expression

for ¢ is given in Equatioa (10) as a function of the specific heats of the
liquid and gas and the molar flov. raies per unit cross—-section for the
liquid and gas. The third term of Equation (6) de<cribes the contribution
to the temperature change due to the change in volume of the melt and
For this term, the datum temperature

gas because of chemical reaction.

was selected for convenience as ine recd omperaturce. An expression for

V/ is given in Equation (11).
The final term of the energy balancce is the heat generated by

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

those associated with the guanidine nitrate reaction,
To evaluate the reaction rate expressions {or use in the material

balance equation, the average radial temperature at cach axial position

was calculated by Equation (13).
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The set of boundary conditions necessary for the solution of

thesc equations is:

1. at Zz =0
f
XGN T *GN
f
XUZXU
’ o f
*AN T *an
f
L = L
G =a6"=0

T(e) = Tf for all v

where superscript f refers to feed conditions.,

2. at Y = 0O
—.‘—’-‘-—?-m = 0 for all 2
I o
3. ST S B
2.’}7 o K ) T = - [J(T - T V277 b
T E A W y e brr-

oY
LE}

for all 7




The presence of the flowing gas phasce in the guanidine nitrate
system greatly increases the effective thermal conductivity in the packed
bed reactor when compared to the effective thermal conductivity that
would be expected from the liquid phase alone. The primary effect of
the gas is to increase the velocity of the liguid phasc. Weekmran 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  + 0,000285 (Npg )y Wpg )

P

/
where (NRE) is the Reynolds number based on tho actual cross-section

ar=a available for flow:

/ s
(NRE)~ = Dt L .
O E Ry

RL is the fraction of the veid volume occuwviod by the liquid., This definition
of Reynolds number follows dircctly from the liguid mass velocity based

on the actual area available for flow of the liguid:
s W
Lner =L
€ Ry

Weekman and Myers have tested this correlation for various size spherical

packings ranging from 0.14¢" to 0.255" diameter and over a wide range of

-
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gas and liquid flow rates. They found that this single correlation satis-
factorily predicted the thermal behavior ol the pacied bad. They ohserved
that the amount of heat transferred did now appear to be a function of the
tube to particle diameter ratio when this ratio was varied from 11.8 to
20.0. The Reynolds number was therefore based upon the tukbe diameter.
For the Houdry silica kbeads used in this project, the tubu-to-diameter
ratio for a 4" column would be approximately 16, which is within the
rang~ tested in Ref, 4.

To complete the model, Ry, the fraction of void volume occupied
by the liquid must be predicted at all axial positions. This can he done
by utilizing the correlation proposed by Larkins et al. (Ref. 3}. In this
work, they were akle to relate the two-phase friction loss for {low of a
liquid ana gas through a packed bed to the single phase losses and the
fraction of the cross-—section oocupied by the liquid. Tor a variety of
packings and with yas-ligquid systems hoving a wide range of flaid
properties, the fallcwing cquation was found to apply:

5

l()\}lo RL = =0 o ;?‘] + O . L 25 (lf)ljlo X ) - . l U Y ( 1\';')‘\ llu '1’ )

whefre

X - Wers

i N
The teims ‘3 anc .\ are the {riction fosses {or the single phase tlows
. l ._}(} -

of the liquid and aas. Those can be predicted by the Lroun covation
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(Ref. 1) for pressure drops in packed beds:

3 = )
S(pk) (2] =l o

el
where e A

—
(=)
o = // SD

B= A8

4

The ratiuv of the liquid td gas phase losses will then equal:
e / § =2 2k 2
A e V)T

Numertical Solation

The mathematical model equations were selved on an MR €130
digital computer. The oidinary differential cquations , Fyuations (1)
throuch (5), were integrated by utilizing a fourth-order Runge=-Kutta
routine (Ref. 2). The energy cquation howe ver is a wartial differertial

equation and o finite difference method musi be used, A Crank~Nicholson

6-point tmplicit form (Ref. 2) was utilized in gencrating the solution

to the distributed parameter system. This technique was selected over

TS T T



LA Sk PR st L

the singuiar explicit methods because of its increased accuracy and
because of its property of quaranteeing 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:

Jz A -
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When these differance equations are substituted into Equation (6)

and the boundary conditions at = 0 and Y= Y'T included, a set of

tridlagonal linear equations is obtained of the form:
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e ST AW T T A oY




WW"“W“"’"\ TR ERITS NPT T TR N
i A R : hARAEN

Tolbe Wo//

I....” . %sﬂg»l,&» 7 ﬂ
t

§_‘7;N',8

—
3

- e

— el

=0 o~ e

Figure A-~l. Descriptioon of Nomenclature for Cranfe-Nivholson

Numerical Intepration Method
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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
cross-sectional area of the reactor, inches

specific heat of the gas, calories/(mole)—(OK)
specific heat of the melt, calories/(mole)-(°K)
tube diameter, inches

diameter of catalyst particle, inches

first derivative in the axial direction

activation energy for component 1i.

molar flow rate of gas, moles/minute

molar flow rate of gas based on the empty tube area,
moles/(inch)2 - minute.

heat of reaction; taken here as the heat of rcaction for
guanidine nitiate production, calorics/mole

overall effective thermal conductivity, calories/(min)-
(in)-(°K)

specific rate constant for the formation of component i,
moles/(gram of catalyst) = (minutc)

molar flow rate of melt, moles/minute

molar flow rate of melt based on the empty tube arca,

moles,/(inch) ¢ - minu te
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Prandtl number

Reynolds number

rate of formation of component i, moles/(gram of
catalyst) - (minute)

fraction of the void volume occupied by the melt.

radial position, inctes

log mean radius = (" op = V" )/In (Vop/ V)

outside radius of tube, inches

radius of the reactor tube, inches

temperature, OK

reference temperature; taken here as the feed
temperature, k.

area weighted average radial temperature, OK

jacket temperature, 9K

wall temperature, %K

overall heat transfer coefficient at wall calories/
(in?) - (min) - (°C)

mole fraction of cemponent 1.

axial position, inches

fraction void space in the bed

density

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

viscosity of the liquid

first partial derivative in the o dircction

change in melt and gas volume fue to chemical

reaction - _cdl/’mm
(mj) ('is\’)
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Appendix I-2., LISTING OF PROGRAM

CONTINUQUS PACKED BED REACTOR MODEL
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APPENDIX I-3

CONTINUOUS STIRRED TANK MODEL

A detailed description of the continuous stirred tank
model is presented in this section., The method of sclution of the

discrete difference equations is also given.

Model Development

Consider the series of stirred tai:ks depicted in Figure
B-1. The material balances for guanidine nitrate, urea, and ammonium

nitrate can be written for the nth tank:

() ety e
R = A L, ey -
r\m' b‘) Lo~ (; - ) PN , RS (/'") \A !
(N'?) r‘- ////d/V - /7' //""',.'/\x L B '/x/C

The notation is defined at the end of this section. Notice
that both sides of eazch equation have been divided by the molar feed
rate to the first vessel, Fo, so that the factors P(n), }‘(“'U, and Wc(;n)
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:

) ,r‘:n")

(ot ~1) {
©) F‘M) ~ - Ko A

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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(n)

for xy

, an Equation for XXII\)I
be specified. By subsiituting Equations (6) and
the following quadratic expression results:

o (o)
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All terms with superscript (n-1) are known and those terms with super-
Therefore, before Equation (8) can be solved

must be provided in order that M can

(4) into Equation (3),

(1)
P,a/,-fm/
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Equations (8) and (9) are simultaneous functions of the unknown x

These equations for the nth reactor were solved by the

and xfln)

following iterative algorithm:

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

n-1
assumption is xAnN = xAl(\I )

(n)

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

3. Using this value for x‘f‘“), solve the quadratic equation,

Equation (9), for x;fg)
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(n)
4. Check whether this value of XAN 1s equal to ihat

n
assumed in step 1. If it is, the solution for Xpn and
(n)
Xu for the nth reactor ig complete. If not, repeat this

procedure irom step 2 using this newly generated value

{n)
of xpAN »

Using this procedure, no convergence difficulties were
encountered for any of the cases treated. A listing of thne computer

program for solving the stirred tank model is included in Appendix I-4.
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SYMBOLS
FOR

>TIRRED TANK REACTOR MODEL

activation energy for corponent 1i.
molar flow rate of stream /n) per mole/minte of feed

specific rate constant for the formation of component

i, moles/(gram of cctalyst)-(minute)

.ate of formatio. of compor..nt i in reactor (n);

moles/(gram of catalvst)~ (minuto)

weiaht of catalyst in rcacior (1)

= mole fraction of component i in streamr (n).
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APPENDIX I-5.
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) CHUANTI DT vw
N Aue 1N

Nl AT

COST STUDIES

Basic Case
Cont. Process;

Basis:

DL

AN/U/Cat.

U Yld

AN Y1d.

FOOCNICTIGY (LATT

HoONT CAPACT VY K el v dn/
TINETS

INOWSTYMENT (M §)

ALTTERY LIMIT

CFFSITE AN ALLUCATED Afike«
TOTAL (v $)

AR ESINGR TUOST (CENTO/ZLE)

Povriep CIATION

R ,"1..\‘!') 'u_’_‘

(RN TTING LAaRGR 1A N1 7

CHPCICAL CONTHOL
IS SRUSETE NSl URY
PL=CTRICITY
GiEAY
LEACT Ry
Wit
TOTAL CCENTS/ZLR)

I R UL IAN

e B
e At /Ly
21N Lkt /LR
10NN AV /LR
«N1 SaL/7LY

CUST (CFNTS/LY)

1 ¢330
o SR
«DN 1NN

Oy o IR TAL
TTaRA
YORACAN R
ecATALYST

ToTAL (CRNTSZ7Le)

L/l
IS NS
Lz

NI 1A Th

Ao T CUFRAFAD (CFNTS /L)

merni, ILL CUST (CRFNTA/ZLY X By =R aniity i Ly
Y= DOCT CHEDLT (CRNTSZE )

Ay NI DIy CATRANMATE AN X VAR ')t 1Y Vg

TUTAL COFNTS /LD

Al «wILL COST (ChaTS/zEbx) [

PLANT LIFF,
INDIRECT

@ 11 YRAR
15 BCT

“  PFRCFENT CHANGF NEEDED 70 AFRFCT™

(1) 50% is maintenance material
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32%
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. Gov't
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Ve 1.20
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e .20
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QOeT STUDY - GHNANIDINE NITwATE

CASE NDe.!1 N2

Cont. Process; 1 hr. reaction

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

Basis:

64.5%
32%

¥RPLONLCTIONY COSTES

FLANT CAPACITY 200 MM LWB/YH ¥RSGENSITIVITY
PCT Gov't
IINITS RATE/DNI T LIKFLY CHANGE Acctg
INUESTMENT (MM $)
BATTERY LIMIT Do TH 2.78
OFFSITE AND ALLOCATED AlX. e .90
TOTAL (MM %) Te Y 10 3.68
PROCESSING COST (CENTS/LW)
DFPRECIATION 10«0 PCT INUST e84 -
%Y, AND RL 5.0 PCT 10UST .9o(1) 46
OPFRATING LAROR 1200 MFN KA =) S/0AN=Y B0 126 .52
CHFMICAL CONTROL AeNO NFN 10000 e0 $/8AN=Y 20 355 .20
SHPERUVISION feNN) MEN 1200060 &/6aN=¥R 24 270 .24
FLECTRICITY « 2N KIH/LR Vel CNT/A - H . 1) noA .20
STFAM AHe1NY LB /LR TReN) CN Iy L0 « 30 290 .30
YATFR 19.00 GAL/LS INeN (CuTLNAAL, 10 R11 .10
FIIFL N1 GAL/LR Te) CAT/ AL ot 773 .10
TOTAL (CENTS/LWD) et “2.12
iN+J MATERIAL COST (CENTS/L})
HREA 123200 LB/LR #e0N CNTrLY HeIr 16 4,93
AMMNONIUM NITRATE e ASAND LAZLR DB CNT/LE Lei/ s 1.64
CATALYST «O01N0 LR/LRE 150« 10 T /LY 15 530 .15
TGTAL (CENTS/7L3) Neld 6.72
H.ANT CUERPRHEAD (CENTS /LT RS .45
fTAL ILL COST (CENTS/LMY EY  BY=P~OMICT Gk |~ 11es 5.29
A -PRODOICT CRELIT (CENTS/ZLIYD)
NSMONTU CARBANMATE  «40 1010 LY/Ln ISR MNRIPAIRE TN .00
TUTAL (CFNTS/ZLM) AT
TCTAL MILL COST (CENTS/LA)Y INC HMY=P=OIIICT CRY Nl " 1158 9.29
fringe 2.02
% 10 YFAR PLANT LIFF, FXISTING GITF Price 0% Return11.31¢/1b
1S5 PCT INTIRFCT
W PFRCENT CHANGE NFEDED TO AFFRFOT RETIH U 0y 0 L0k ITAGE Dofa e
(1)50% 1s maintenance material _ ‘
B8 PTG DY FURDARYDY S () G
FLANT INGEG Tel v
Comdpr gLy, + P
wOARTING At } o1y
FUT LR ASSETS B el oo
PWLCE Ry o PCT et 1 el (TR NS /L0
PelCH FUr 20 PCYT vw e Vet (R Fe /LR
PT0w Fon 30 PO s e d (IRNTS/LM I1-41




i 43 eTony - BHANINI sk Glienyw Basis: Cont. Process; 2 hr. reaction
3 P NGe0EN AN/U/Cat. = 2/2/1.7

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

L NI CAPACILY A e ¥ sy MR LR A R
e Gov't .
WIS AT T ;.1 .y ... Acctg

Y INUECTURENT (o $)

S SA P ERY LIvI Tt 4.84
3 Op k<[ TE AND QLLCCATED Ay, Peidi) 1.00
] TUTAL (o $) Lesn i1 5.84
4 ; ST RASINA COST (CFNTS /L)

E: ! DEPERCIATION 1De5 PCH Lrond Venr -

: S wx AND 1L Sef) POT L . 17(1) .37
S UPFIATING LOARBUR 1900 “EN KANN N &/ oA =y e o .26
! £ CHEvICaL, CONTWOL NeNN v W 1NN e Spvn =y - o 1) i) .10

SO EYUISION MeNQ) v WA 100N ) Sy Ay o1 Lo .12
WLEOTRICITY 2N K orLn Fend NI e o0 A .20
STFA™ N1 Lt /i 78eN) Gz Lo e Dy .30
4 NTwWa 10607 SAL/L S b e U0 T/ AL 10 SN .10
e FriwL, oNY AL /sLN Ty CNTy/ it « 14 £ .10
3 1UTAL (CFNTS/LR) et T.55
v eATERTAL COST (CFNTS/LR)
A Lol 00N Lii/Ln ey D il o ta 4.53
AsoUnItig NITRATE eASAN LG/LY RIPLY TR Ve RN i 1.64
% CoTALYST NN LI3/LY 18000 (/0 o SRR .30
: roTAL (CENTS/LR) o 6.47
5
; LANT CUFRHFAD (CFNTS/LTD) o .28
T AL wlLh CUST (ChNES/ZLE) » X nf=2thNCT Croslat Pired e 8.30
=00 UBICT CVRDIT (ORGS0
A ON TG CARBAMA T o 0000 i il oL e .00
: [01AL CoraTS/Ls) o .00
3 Al wlli, COST COFNTG/ZL) N0 Yy =RaGhIeT O o Lol 8.30

Fringe 1,78

S 10 YEMw PLANT LISk, ¥vl-1lw <frs Price 0% return  10.08¢/1b

1S PCT IvInrer

i Ve R 9] CHANCE LR, ot NpbkpPod b e Brerte o
(1) ai terial
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S ORARRTIORT A

QUST STUDY = GUANIDINE NITRATHE Basis: Cont. Process; 3 hr. reaction
CASF NQe272D AN/U/Cat. = 2/2/1.7
U Yld. = 88%; U Conv. = 98%
Yld. on AN = 100%

®PLODNMCTIUN CLSTS

F.ANT CAPACITY a0 e) M LMY FESRNSTTIVITY
PG| Gov't
Owvlts by g R sONT T LIWFLY CHANGW Acctg
INVESTMENT (MM $)
BATTERY LIMIT Sehl 5.61
OFFSITE AND ALLOCATED Afiv, 1019 1,00
TOTAL (M $) Aol 10 6.61
PROCFSSING COST (CENTS/LR) |
DFPRFECIATION 1Def) ©CT Vv Ii€T 1eA5 -
MM AND RL SeN PCT IWUAGT e 87 .42 ;
OPFRATING LAROR 1200 MFN BANN e §/5A =Yk «Oh no7 .26 |
CHEMICAL CONTROL 413 MFN 10000 e} $/58N=Y - e 10 545 .10 |
SHPERVISION fe00 MFN 1900 e) d/uAN=Ye «12 nef .12 |
ELECTRICITY «20 KiuH/LB leli Calrn n e ) 365 .20 '
STFAM 4.00 LY /LB THeNN CNT/i it 30 D .30
WATFR 1000 GaL/LNY 109 Cwlv/e oL o 10 731 .10
FHEL a1 BGAL/L1 feid NI/ i, e 10 AY A .10
TOTAL C(CENTS/LRB) Y 6.56
My MATERIAL COST ~CENTS/LE)
UnrEa 111800 LB/LY neNY (G TsL e t'f 1A 4.47
AMMONIUM NITRATE «ASAKN0 LR/LY I I SRV VAR 1ok 7 1.64
CATALYST s 00300 Lu/Ly 159e01) NI/l RN 199 245
TOTAL (CENTS/LR) fe &l 6.56
H.ANT OUFRHFAD (CENTS/LT) PCH| .31
TOTAL MILL COST C(CENTS/L3) FX  BY=pxODUCT C-wnlTw 11} en? 8.47 i
{
W =PRONDUCT CREDIT (CFNIS/LIY) ' i
AMMONI UM CARRBAMATE  «ANNI) Lu/LR TR LR INY 1) .00 !
TOTAL (CFNTS/LR) e ) 00 !
IUTAL MILL COST CCENTS/ZLY) INC SY=PROVICT Cwri e 11 e 81 —8.47 :

Fringe
Price 0% return .34¢/1b -

@ 10 YrEAY PLANT LIFr, #XLSTLNG SLIE
15 PCT INDIRFCT

#*  PFRCENT CHANGFE NFEDED TO AREFCT QFT/Bn sy 2 Bk Ok y1AGE rOINTS
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PLoaNy Lok H el
Cloen apr ~
\...‘(J(nf\[ (IR B i i ./ .y,
[OT L ot i fetn e

RS NS N T ST B ST PR Pien Un o] L

PobCw K220 POV b 1 UECT RS N AT

Po 0O wee 30 w00 0 e Vet N ITe 143

PP TN R PRV T ST PPV ETE VP SR




P RTITIII S S IR R T ST I T § A LT A (P Tt + s T s ¢ ey o e

U - RO TP G e e ot e . o T R L G VT NN 1 DA 1 AT A o ALY ot P b b

UST SNy - GURANIRIAE 8l TrATE Basist Cont. Prccess; 1 hr. reaction

SR \eRN) AN/U/Cat. = 2/2/1.7 ~
U Yld. = 80%; U Conv. = 64.5%
Aqueous Workup

L OPRDCTIO COSTS
H.ANT CARACETY G0 et i L/ ofn R TN IR B .
TN GOV"C
BalTs AR Wi L0 vy & Acctg
INOFSTYENT (MM $)
BATTERY LIMIT et 3.69
OFFSITF AND ALLOCATED AfiX. ST .90
TOIAL (MM §) ) 11 4,59
“ . MOUCFSSING COST (CENTS/LR®)
1 DEPRFCIATION JNeid PO Liltiey el -
LY AN RL Setl POV Lo . (1) .29
QRRFRATING LAMOR 1000 Mk FLANIY o) g /0 i =y o 1 oes .21
CHyeICAL CUNTROL el E RN 19NN £ /00 = o 1) SRR ¢10
CrpPweygIsTON Lo} VBN 1O el H/p N =y o ) s .12
FLECTRICITY 1N K-H/LR Vel (INT/Zm o 10} Nevn .10
ST EAW S.00 LW /L3 Tael) Cyisze 1, o iy U] .37
CATR e0N NAL/LR 1V« CN/zen) R AR .08
ETEL SRR WIRS Ted Cals rin 1 .10
[OIAL CCENTS /LI e 1.37
s mapeclAl CUST CCRNTS /L)
r EA 1eP32N0) Lo/l Hel)) 1l gt 1 4.93
L aisoN1x NITRATE CARKAT L1/ LR Vel N o .| 1.64
g- CATALYST «GN1ION /LN 1800 Unt s ol sy .15
E TUTAL {CENTSZLH) Ze i b.72
E ALANT OUVRHFAD (CENTS/LT) . .24
F wTal »ILL COST (CENTS/LI) %>  nyYy=-pry'or CrF0) el 8.33
) X=p2NICT CWFDIT (CENTC /L)
. ALY CVTIY CAJCIANATE  «AQNND Lots/Le R RN et .00
3 roral, CCFNTS/ZLYD . 00
TOTAL wILL COST (CRNTU /L) LaG Qy=pouliiCy oeengr fe (4 “B8.37

Fringe _ 1.73

! “ 10 YRAR PLANT LIFF, FYISTIAG GLTF Price 0% return  10.06¢/1b
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ST STUDY - GUANIDINE NITRATE Basis: Cont. Process; 1 hr. reaction
(ASE NOe5C1 AN/U/Cat. = 2/2/1.7
U Yld. = 80%; U Conv. = 64.5%
Agitating reactor; melt workup

FPROMICTION CusTS

HLANT CAPACITY A0 N MM LB/YR FRCUNSITIVITY
PCT Gov't
UNITS AT /T T LIKFLY CHANGF  Acctg
INVESTMENT (MM $)
BATTERY LIMIT e )0 3.00
CFFSITE AND ALLOCATED A'l%e 100 1,00
TOTAL (MM $) 2ed0) 11 4.00
PHOCESSING COST (CENTS/L®)
DEPRECIATION 1Nel) FCT INURY 1eD) -
MM AND 3L 5S¢0 PCT IS8T .50(1) .25
OPERATING LAROR 12.00 MEN R0 60 H/5AN=YR « 26 113 .26
CHEMICAL CONTROL 440N MEN 10000« H/0ON=Y7 10 310 .10
SUPERUISION 4400 MEN 1200000 §/70AN=YD o172 308 .12
FLFCTRICITY «23 KWH/LR 1) CVT/R A 03 o0t .25
STEAM 4.00 LB /LR 750 GoT/Z0 LR * 30 154 .30
WATER 1000 GAL/LR 100 ChT/0 AL «10 nen .10
FLEL «01 GAL/LH Tet CUT/ ‘hu «10 440 .10
TOTAL (CENTS/LB) 2e71 1.46
AW MATERIAL COST (CENTS/LB)
LIREA 123200 LRB/LR Ae)) CN I /Lt /fre 9 4.93
‘ AMMONIUM NITRATE «65600 LB/LR DeB) Coly sl 1660 DY 1.64
CATALYST «00100 LRBR/LRB 000 CHE/ZLY s 15 302 .15
TOTAL (CENTS/LRB) fa'fta 6.72
H.ANT OUFRHEAD C(CFNTS/LW) «P3 —a 3
TOTAL MILL COUST (CENTS/L:Y) F¥Y  RY=PHUDUCT Corplin Je A ?,.41
W-PR0ODUCT CREDIT (CENTS/LE)
AMNMONLUM CARBANATE  «60000 LR/LA o) NP L « 10 .00
TOTAL (CENTS/LR) o (10 .00
JUOTAL MILL COST (CENTS/LA) INC BY=PRWQPRIICT Cvknl (< Je 68 8.41
Fringe 1.74

2 10 YFAR PLANT LIFE, *¥ISTING ©ITF Price 0% retun  10.15¢/1b

15 PCT INDIRFCT

W PRERCENT CHANGE NFEEDFD TO AFFFCT WDz <0 0 5e 0o NTATE DOINTS
(1) ST . .
50% is maintenance material FFTHRS CALCHLATIONS
PLANT LaJEST § 0 A6
CuRP ALLOC 5 o] i
WUHKING A b3 oA M1
TUT OP ACGE S 2 e Mo
PRICE FOr 0 POT 2R ey 1led CRUTHZLA
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PHICF Fua 30 PCT v Pmes DR TR/ 1-45




N . AT @ TR ST s S SRR s Rt

(U7 9TIRY - GIANTIDIvE N7 AT K
A O eR1N

Basis:

U Yld. = 71%;

AECCTNETICN COSTY

H.oni CAPACTITY TATN TR D BRI IR L
N[ rs
INUWSTEHENT (v $)
BATT WY LIvIT
CEFSITE AND ALLOCATED ANXe.
Turalk (&> $)

WOLCERSING COST (CwNTS/ZL™)
OFPReCIATION

x.o AND RL
UPRERATING L4&10K
Crr1CAL CONTROL ASA LRI Y
CPLL2aTISION NeNY TN
VIO TVICITY o1 A HdZLY
GTEA ReINY LR 10
LR Feldih /b
el «i) 1 nllzr,n

TUTAL (CRENTS/ZLY)

10«39 e

A cAaTEATAL CUST (CRNTS 7LD

AT 1 e RHADN Lo/,

Aot [, v Ligag K e ARANT L/

LATALYS T «NNINN Liriffie
Tulnl (CFNTSsLI)

AT UUFHHEAD (CFNTS /LT
oAl ILL COST (CUNTS/ZL) e

AR UDNICT CPREDIT CCRNTOZLM)
Al TUNTD S OAVRAMATE P TRNETR BRNURE A PRK
TOTal, (CFNTR/ZLR)

SRS ISPARIN O

10e VUT T v i
59 PCT I ¢ .31
AN N v /Ny -7y

1NN ) ¥ /700 =y

1279000 F/00n =y

19 O 170

FQefl (ol 4l

Toved 0 by

el i 1

Neti) '3 Y /iL
RIS B DA I

1S v b (70 7y

AY=FECINCT e s 0

1AL YILL COST CORATSZLY 1o oy s iy ek ] o
] 10 YFARR PLANT LIFFs FYT 0 Int S s
15 FCT LaDIRFCH
Mo PRRUFNT CHANGFE NFEDFD To ANRRCT ok 10 0y !
(”50% is maintenance material o
L,
R U ! o .
(R B t &
I-A() ) ]QL LS 30

Cont. Process;

1 hr. reaction
AN/U = 0.75; aqueous workup

U Conv. = 66.5%

R N VI B §

e N

LA

o1

o 7
o I

o ¥

Price 0% return 10,78¢/1b

- () 28

(ST | GOV't
e Acctg

3.57

Ll 4.47

141 .21
AR .10

8.92

.00
.0y
8.92

Fringe . 1.86




WST STHDY =~ GUANIDINF NITHRATK Basis: Cont. Process; 1 hr. reaction
(WSE N0 620 An/U = 0.506; aygueous workup
U Yld. = 62.5%; U Conv. = 68%
FRRODMICTIUN COSTS
HLANT CAPACITY 4060 Moy LBI/ZYR e WS I VILY
PO Gov't
NNITS NATIZ N LIWMLY  CHawGE  Acctg
INVESTYENT ¢MM $)

SATTERY LIMIT 340 3.60
OFFSITE AND ALLOCATED AliXe o) .90
TOTAL (MM &) /e &0 11 .

MOCFSSING CCST (CENTS /W)
DEPRECIATION 1A« P e 1l -
o AND L Se) BT T wiaT .56(1) .28
CPFEATING Lan(» 1000 MEN HENN e Freniva=g. » 71 194 21
CHE=ICAL CONTROL e RN 1000 ey /-0 =7y o N Y .10
SHPFRYISTON NeNN NMEN 190000 Sy A0 =y, ol CRARY] 12
VLFCTRICITY o1 KWW /L 1e 000 s o) G0 .10
ST ke, Sae o) Livogi, Tei 1Ly Ry [ .37
CATER Redld GALZLW T Ui itZe AR AN .08
FUFL N1 Bal/Ln Tert Lty i, o1 JU R .10
TUTAL CCENTS/ZL'D Se M 1.36
N YATERIAL COST (CRNTS/L1Y)

. nRkQ 157400 L3I/L1 L R TR £ a0 #4 6.30
ACMONTI Y NITRATE fASAN00 L/ Dbl g 1ers 31 1.64
CATALYST «NO1NN Liz/LR T'mbettit st RN KVR|

TUTAL CCENTS/LW) “ath 8.09
FLANT CUFRHFAD (CFENTS/LA) « 4 .24
[CTAL MILL COST C(CRENTS/ZLN) EX  By-puonaer frev gy 1111 3,69
H=PrODUCT CRFDIT (CENTS/LY)

AMMONTIIM CARRAMATE s AONIN Y3 /L0% IS TR R A RS I X .00

TOTAL (CENTC'/LR) elji . '.Q
TTAal MILL COST (CRNTS/ZLY) INC DY ~PROiiCyT et Thel) 9.59

I'ringe 1.99
“ 10 YEAR PLANT LIFV, WYICTING C]7F Price 0% return 11.€8¢/1h
1S PCT INDIRECT
¥ PRBRCENT CHANGF NEEDRED TO AFRECT 0RTINy 3y ATATR porN Y
(1)50% 1s maintenance material CETIN A N,
PLANT Loionen S
CONE AL ‘ .
PENEEN TN BN (SRR ' .
TGO 0P Acqw e X e
LA BN AR [T Lo i [ A
R 20 1. ! 'y
"I"V" s 30 o Yod A I..Aﬁ‘;,—




(LS STIMY ~= GUANIDINE MITwaTw Rasis: Cont. Process; 1 hr. reaction
Mmaw N0 «630 AN/U = 0.5; aqueous workup
U Yld. = 59%; J Conv. = 68.5%

FRLuUpncTIoN chela

Ayl CAPACITY AN N N LLNYP EEROWNCI T 1Y
IEIN Gov't
i lTe PR T L1,y Cheyos  Acctg

INUESTMENT (My %)
a TlerY LIMIT N 3.57
OFFSITE AND ALLOCATED AUX. a el .90
TOTAL (M %) e ltl 1! 4,47

PIOCKESSING COST (CENTS/LR)
DEPRECIATION 1idef) G Ty, Pel -
MY AND RL 5¢0 DCF Lo, eor (1) 128
UPREIATING LAROF 10,00 xEN BENN O s /une =y .ol 1o .21

SH==ICAL CONTRUL Ne) MFN 10000 et} w/mn =Y o1 ay .10
THRFRYISTON e R LONNN N A/ oiizy - S T W12
FLECTRICITY s 10 1 THZLY Lo NT/ZA o o SEEr .10
GTRAY 5010 Lt /L0 Treth Gt ze o 1 .37
TANELBY S ATO AT WA Y 10«0 G i o R .08
PN, a1 Poi o /. (Y /0 tah ot e 10

TOATAL (CENTS /L3 A T.3%6

N SATERTIAL COST (CinTzZLYD

A RN 1 « AAKAD i3zl Aald) AT Te 4 6.67

AN O N PRa T CASANN [ 3L Dt g Pe S 1.64

CanbYsT «NOLINN LIS 196t (Do s ol n i) .15
FOTAL CCENTS ALY et 8.46

v WIFHFAD (CENTS AL o« .23
WAL S TLL Cosy {OFATO/LRY b Y =i G ek 1 Vet 10.T5

Y- T CREDIT CCFUTS /10
PGS TATIANATE  WA0G G Lo o .o .00
TOTAL (CHITS/LS) v .00
POTSL e L COSNT COREMSTSIZ0LYY L Y= SUDICT ks 11 ety 10.05
Fringe 2.03
Ly =Y
LOOYEAT BLANG LIsFs FALSIIN CITH Price 0% return  12.08¢/1b
L ER S0

S SRenNEMT CHANGE NERDED O AFFRST SETO Dy o e e e e e e
(1)5 % is maintenance material R SR TV D R SRR BN A
RN I B S e
Copp asLae o
oG Can . .
i T AT B . Y e
RN b S S R S O . /
1 Wi 20 ril ! Voo s




e o Y 7 . "m
3
; QIST STUDY =~ GUANIDINE DL imALF Basis: Cont. Process; 1 hr. reaction
CASE NU /A0 AN/U = 2; aqueous workup
U Yld. = 99%; U Conv. = 55.5%
wPRRCHECTION (o o
HUANT CAPACITY A RS .z ysn eSS T ITIL LY
T Govt
nIe AN VA RN I LLTwwly cHANGE Acctg
INUFSTMENT (¥ $)
RATTFRY LIMIT AR S 5.16
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COST (CRNTS/L)
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tpfl STIDY = GUANINDINE WITRATE Basic Case
ASE NO«810 Basis: Cont. Process
AN/U/Cat. = 2/2/1.7
U Yld. = 80% U Conv. = 64.5%
BBROBICT IO AN] Yld. = 100% AN Conv. = 32%
AR By-Prod. Credit = 1¢/lb.
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U Yld. = 80% J Conv. = 64.5%
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DSl STULY = GDANLDINe ~Ifnle Basis: Cont. Process
Sw NO. 920 AN/U/Cat. = 2/2/1.7
U Yld. = 80% U Conv. = 64.5%
AN Y1d. = 100% AN Conv. = 32%
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FLANT CAPACITY 40 en) MG LoAsYw FUHILANSITIVITY
PC1 Govt
GVITS ATk T T WIMFLY  CGHANGE Acctg
INUFSTMENT (MM $)
BATTFRY LINIT /oD 4.22
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DEPRECIATION INeN DCT INI"ST 130 -
M AND RL 560 PCT Iv a7 A5 (1) .33
OPFRATING LABOR 1200 wFN HANN N T/Av=y. « 26 140 .26
CHFMICAL CONTROL feN) MFN 100NN K/whrN -y o 10 PY-Y7) .10 !
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Cont. Process; 1 hr. reaction

AN/U/Cat. = 2/2/1.7
Aqueous workup, 3-stage agit. reactor
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APPENDIX I

PHASE III, PART 1

GUANIDINE NITRAYE PILOT PLANT OPERATIONS
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TABLE II-3

SAMPLE CALCULATIONS FOR DETERMINING REACTOR YIELD AND FRODUCTIVITY

I Step by Step

Basis: Moles Nitrate are consumed,

2U+1AN=1GN+2 NHz +1 COq

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

Data: Reactor Steam Pressure = 225 psig

Feed Rate = 90 ib/hr

Analy:—; es

Fecd Product
o Lbhu. v Moleg:ws T Ibs.* Moles:=
Urea 25.8 25. 8 . 430 16,90 16, 9 .282
Ammoniwm Nitrate 63,3 63. 3 L7911 62, 4 62,4 .780
Guunidine Nitrate 7.4 7.4 L0606 18, 4 18, 4 . 151
- - - 0, 38 U. 38 . 003

Insolubles

- Arbitrarily based on 100 lbs. of total material
- Calcuiated moles based on arbitrary 100 lbs. material

otal Moles of Nitrate in Feoed/ LoO Ws. Feed = Aloles AN + Aoles GN
=0, 8516
Total Moles of Nitrate in Product/ 100 Wbs. Product = 0,931

,
Moles Urea
Moles Nitrate/ peeed

Moles of Urea in freed /Mnlo.: chNttrate in beed

100 hs, {ee / 1M i e

Ung ar .
. 430 1 h05
N7 8510

Moles Ureaar: Poosdudt /M oles of To al Nitrates n Product /f'\‘()hr:-: Urea
100 1bs. Drodu ¢ 100 The, Dot \;’\h,lvs Nitrutgy,
roduct

¢
‘ U\F\ S 1 A T 5

pl-




TABLE 1I-3 (Continued)

Similaxrily:
(_GN@ - 0606 -4 o710 GNNb - 151 .0 162
N /feed . 8516 : N Product .931
(AM‘.\ -0 ‘AM_ - .008 = 0,0032
N feed ‘N Product 931

During the Reaction, then =

a (?M.) UM) -Cfl‘.k) = 0. 505 - 0,303 = 0,202
N N Feed N Product

GN GN GN .
A/ M )- M ‘(——N—[> =0,0712 - 0,162 = «0.091
\ N N Feed N Piroduct

Or a loss of 0.202 moles ureca per nitrate mole and a gain of 9, 081 moles
GN per nitrate mole,

JTwed Mole Ratlo (ANM = 0.791/0/430 = 1. 84

Um / reed
Yield

Basis: 21U + 1AN 1GN+2 N, + 1 CO»

or 2 moles U consumed per mole of GN made,

Yield = 2Aloles GN made
Moles U consumed/2

(lN]\} .9 ((IN )
X < 200

ll\j (UM>

N 100

vield = 0.091y »g4 - go. oo,
0,202

Productivity

Productivity/1lb, Feod = 1bs, GN Made/Ib, Feed

floles GN Mowde X Iy\_lu]vs Noitrate in Feed x M, W,
AMoles Toral Nin':nw/ 100 1bhs, Weed GN

11.25




TABLE II-3 (Continued)

Productivity/lb. Feed = LGNy  Nypced 192 =
N 100

0.091x 0,8516 x 1, 22

Productivity/lb. Fecd = Lbs. GN Made/Ib. Feed = 0.0945

_1__°1ant Productivity

Plant Productivity = Lbs. GN Made/Hour

* = Lbs. GN Made x Lbs. Iced /Hr.
I.b, Feed

i1

0. 0845 x 90 lbs. /hr.

8.5 lbs. /hr.

1t

Plant Productivity

Insolubles Formation

Insolubles Productivity = AAM x Niceed x M. W, X Feed Rate
N 100 1bs. reed
= 00,0032 x 0,8516 x 1.28 x 90 Ib/hr
- 0,314 1bs/hr.
Productivity Insolubles /Guanidine Nitrate = 0, 314/8.56 = 0,037
3
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TABLE II-3 (Continued)

i k- S

v R R

II. Alternative Calculation Procedure
Nomenclature
Xj 't otall weqs‘Ht
iy weight Lvaction
M moles
L = feed 2= liaud outevt
3 \ 2 3 “
Cameound GN AN @) TosoLugLES
Mw \1 2 8o Lo UNKNOW N
2. TR P LA Y ['Xu . ')Ln _ X1 =-ju+\j_“‘
_l\,‘w\ WLJ M\UL
3. Xv = B X |
M..,./
L\J‘\(«rt'. !q - ln*’ﬁ‘r\. Moy - r)Lu'*' "525- x‘l—
' ’Y_l\ *YIL N\w'/i"‘w‘ ’X\.\ + .82y X1
Yietd. = =200 (2, =¥ 8) /Mu, - 48.3¢ (Yu=Yrs B)

CAig =~ ¥y RB) /Muw, Yy =Yy 3
GN fropoeTinr ffare = (v = Ay B) '7‘(,
TusorvBiy Formamow Rarc = Xaw 8 X, (”L,.,:o}
INSuuuBLé Produer ReaTio - z't;ﬁ T xa. (¥ =°)
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TABLE II-3 (Continued)

Sample Calculations (using data trom prior method)

Ky ¥ 1 SLE K 81 v 1.851s 6

. (3 z %y o+ 1.51S % _ 074 + 151850 633) o . 9i52

2. Y = —-49e.3% (x..‘Yuﬁ) - 'q8-’5<o<-°7'4‘ . IBQ(«‘]’S&\\I 2 89.9‘2
’l|3 - %\»‘5 (3 .’258 -‘o”oq COQ'S"L)

3, Gn Pﬂ-OOUCTIVlTY ﬁﬂﬂ: = (')(.,-'X-H B) )2,
Frowm (), (% =%a @Y = . 09+
o 6N = o944 (30) = 8.5 “%%/wr

‘c .
4. Trsorvere Fopmamon [Cans = Yay BX= .0038(.4i5) (o ‘--3!3‘-;?—,-;’
- - - Yay _ :
S, Ratis = - ~.0038 = « 0369
Yh /e ¥ '.h\ ,0‘)‘-//\?!5'1 - /84

I1-28




APPENDIX III

PHASE III, PART 2

RESOLUTION OF CATALYST POISONING PROBLEM
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TABLE YII-3

’. - LABORATORY BEAKER TESTS

Run #1 = X2121-36-1

Procodure = Added 10=15 grams dry - silica gei (Grade grade 59) to
275 grams of molten AN/U at 300%. (2/1 AN/U mole ratic)

- Hand stirred for iviciaiiatios

~ Allowed catalysti to settie

,‘_ -~ Poured off melt
K - Spread wet silica gel on paper towel,
= (Dried at 165°F overnight)

QObservations -
« Bubbling on "irst contact presumably due to venting
] of entrainced ajr,
¥ - Wet silica gel on paper towel was very soft, It
| fractured with the slightest touch,
‘ - Estimated attrition was 5=-109.,

f"f ’ Run #2 - X2121-37-1

Procedure - Same as X2121=36-1 except melt contained 5% liquid water,

Observations = Same as Run #1 but with 4 higher percentage of attrition
(10~2C"0).
Run #3 -~ X2121-37-2
Procedure = Dropped dry silica gel (Grace grade 59) into boiling water
(2120,

= Stirred tor ten minutes
o - Allowed catalyst to settle
. - Pourced off water
z - Sprecd wet silica gel on paper towel,

) Observations -
" - Bubbling on first contact presumably due to venting of
cmrained air,
- Wet silica gel was softer than the dry silica gel but mwuch
harder thon recovered catalyst from Runs #1 and #2.
« fstimated attrition was less (99 ) than in the two
previous runs,

II1-3
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TABLE III-3 (Continued)

Run #4 - X2121-38-1

Procedure - Dropped dry Houdry beads into a mell of AN/U as in
Run #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
ialnutes,

= Recovered beads appeared to be harder than the original
beads. There was no appareni catalyst attrition,

Run #5 - X2121-39-1

Procedure = Same as Run #1 but using prcheated silica gel (350=4009F)

Observations = Same conclusions as noted for Run #3.
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APPENDIX 1V

HAZA LVALUATION AND RISK CONTROL FOR KENVIL GUANIDINE NITRATE

(Reprint of Summary Report)
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Krupkec, Jonecs =~ Authors 2 December 19, 1972
Summary Report

This is a final summary report on the work completed during Phases I
through Iii of the Hazards Evaluation and Risk Control on the Kenvil pilot
plant for the productio: of guanidine nitrate via the Boatwright-McKay-
Reberts (BMR) nwocess.

Objectives
Phase 1

N
1. Assure safety of bench scale operations.

2. Secure basic sensitivity data (initiation, transition, propagation)
for 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 vith engincering design.

Phase 11

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

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

3. Refine logic model for simulation.

Phase III

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 Conclusions

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

It has heen determined that no material in the pilot plant equipment
will transit from burning to explosion. 1In other words, the pilot plant
system {s not capable of acting as an explosive shock donor to process
materials.
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Krupko, Jones = Author 3 December 19, 1972
Summary Report

Two materials (reaction mixture and guanidine nitrate) will propagate
an explosive reaction if suiriciently 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 nc huazards for normal operating
conditions., Abnormal occurrences; such as, metal/metal contact between
impellers and pump caces or mix blades and tanks would cause initiation.
However, trinsition 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 considerecd to be critical 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 4.0 x
10-3 or a corresponding probability of no initiation o1r 0.%933. Tuis is an
acceptable risk (initiacion only) since the losses due to initiation during
operation of the pilot plant would be minimal when compared to the cost of
reducing the probability of initiation bv (1) scheduled maintenance, (2)
replacement of designated equipment on a regular basis, or (3) redesign of
equipment. However, if the presently desiened pilot plant were to be scaled
up to a production plant oprerating over a span of years whore any downtime or
interruption of the process would have a sipnificant etfect on the safety,
cost and productivity orf the facilitv, a recommendation ror scheduled main-
tenance, repair or redesign might be warranted,

DISCUSSION

Material Sensitivity

Initiation testing of materials was completed durine Phases 1 and I1 of
this contract. These tests consisted of subiecting in=procoss miterials to

impact, friction and ESD (elegtrostatic discharee) sticoali and obtaining

. . . too - . . N “
threshold initiation leve: © o TIL'S) for eadn tatoril b. Resuils o6 the tosts
are summarized in Table 1o Sn “»oenecrion or T.0 00 T soos that the waterials

in the BMR process and scli cted combinations are relatively ansensitico,

Many ot the samples tested couid not Heodnitiared ot the Limits ot the
standard test machines and are ~o {ndicated when o areater than or equal

sign (&) precedes a data point. For dapact, the failure to initiate a sample

B

by dropping a 2 kg weight from 2 heicht of 123 on (over g knewn Impact adread)

is the limit or the impacy aachine.  The enercv input i calibrated periodicilly,

(1) Level above whith initiation can occur as o4 result of 20 consecutive
failures at that level.
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Summary Report

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 J3.075 to 1.26 joules, a spread cof
only twe test levels, and are considered to be high. They are above the
energy region that could be available from a human being (0.0l3 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 sclected 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 coastant infrared absorption character-
istics of a known gas. The Model 300 is modified to operate as a detector
of the decomposition gases CO, CO,, NOy and NO. Therefore, initiation does
not necessarily mean that a flash fire or smoke (visual indication) will
result, but rather that some decomposition occurs which produces gaseous
procducts detected by the Lira. This is a much more critical definition of
initiation.

Results of the Differential Scaaning Calorimeter tests are shown in
Teble 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 COp, H20, NZ)
that represent the "worst case' conditions that could ocecur in the process.

Trangition Testing

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

Critical height (transition) test results are shown in Table III. Tests

on the reactor mixture were performed at both ABL and Kenvil, Initial tests
were run in contsiners smaller than pilo: 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, nc reaction occurred
in a 1" x 48" container. Therefore, a 2" x 12' test was performed at the
Kenvil Piant 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 1f initiation occurred,

B T et
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Krupko, Jones - Authors 5
Summary Report

Transition tests wer~ also performed on guanidine nitrate and no

explosive reaction occur 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 hamdling guanidine
nitrate.

Propacation T~cts

Propagation tests d«t. ine the éiplosive propagation characteristics
of a material in terms of 1 erial diameter when subjected to a shock

stimuli, Results of thes: sts are shown in Table ITI. The results show
that guanidine nitrate ar’ e material in the reactors will propagzte za
explosive reaction, since 1 of their critical diameters are less than
one inch. However, it e remembered that the transition tests demon-
strated that these mater: under the pilot plant conditions, would not

transit to an explosion, n other words, the pilot plant process materials
are not capable of supplyiig a shock stimuls for prop.igation 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 fnitiate 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 -wiolent 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 machine (4.1 oz/ft3).

A possible explanation of this unexpeccted result can be obtained by
an interpretation of the DSC data and applying it to = dust cloud ignition
sequence. In order for a dust cloud to ignite and sustain ignition, dust
particle(s) must be raised to their ignition temperctuire and the heat
released by their ignition must be sufficient to ignivce adjacent particles
and thus result in a sustained reaction. From the DSC trace, 5N 1elts in
the range of 210 to 220°C while absorbing 30-35 cal/g. An exotherm occurs
in the range of 285-316°C liberating 90-120 cal/em. By comparison, RDX
and nitroglycerin burn and liberate about 1200-1500 c.2l/gm at first exo=
therm), The amount of heat released is encugh to raixe the tempera-
ture an additional 100°C or to approrimatelv 385 to 43u5°C. GV dust cloud
ignition temperature ranges from 390°C (ABL data) to buOOC.\’) Therefore,
it could be reasoned the igniticn of GN dust parcicle: dhes not result in
the liberation of enouuh hLeac to fgnite adjacent dust particles to sustain
ignition in the dust cloud,
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Baged on the inability to igiite or sustain ignition of a GN dust cloud
up tu the concentration limits of test apparatus (4.1 oz/ft3) it was con-
cluded that no dust explosion hazard existed.

Shipping and Storage Classification Testing

Testing in accordance with TB-700-2 wac conducted on guanidine nitrate
by ABL. The data from these tests are shown on Table IV. The governmeut
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
furnislied by Kenvil and the Research Center. Since no on-site measurements
(i.e., foxrces, pressures, and velocltles) were made, tensile strengths or
yleld points of materials involved(1=3) were used to obtain cafety 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 >f view.

In the process where equipment handles a water slurry, the analysis
was based on water-free material response data, since testing was not done
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 wator-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-
taining 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,
ventrifuges, a crystallizer and a dryer in which in-process potentials and
material response data (expressed in similar engineering terms) were compared
to obtain quantitative safetv margins ror normal and abncrmal conditions.

As an example, a 3450 rpm centrifugal pump with a carbon/ceramic mechanical
seal was celectcd to pump waterial to the crystallizer. The velocity 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
pst (vield point ¢f carbon). Figure : shows o triction profile of the
material being pumped (less water)., 2y a straight line extrapolation, no

Iv.5
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positive safety margin is realized at 16.9 ft/sec. The straight line extrano-
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 testine
above 1C f:/sc: would result in damage to the friction machine, it was recom-
mended that a oump 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
(ncrmal) 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 been
previously reported.(%=2) 1In 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 1074 to 5 x 1073 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 "undcsiced" 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 18 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: (1) for transferrinz 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 logic or events are the sz—e, but probabilities
of the events mav be different since it is a different piece of equipment
handling different materials.

The uses of trancifer symbols way uLe best explained bv using an example
for each of the wavs they are emploved. On page A-4 of the legic model, an
event for possible friction initiatiom "Impeller hits tank wall" is developed.
Under this event a transfer svmbol —2 is shown. On the same page for
possible impact initiation, the same event in the same tank "Impcller hits
tank wall" 1s shown. Singce the event was alreadv developed, it is transterrcd
by use of the symbol £§§§

1v.6
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On page A-8, another event "“Impeller hits tank wail! 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 <§27 is used to show
such a transfer. Tatle VI lists all transfer used and their origination

point in the logic model.

Risk Analysis for Guanidine Nitrate Pilot Plant

The logic wmodel constructed in support of this analysis yielded a toral
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 explcsion.

These failure modes and their respective probabilities of cccurrence
are given in Table VII. Tk basic failure modes are impeller, shaft, and/
or alignment. As noted, the probabilities of failure are not the same
throughout Table ViI. These differences 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 proebability. 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 (7107%). Thus, after 800 hours,
the probability of failure becomes 7¢10°° times 800 or 5.6°107% as given in
Table VII. Multiplying this probability of 5.6+10-% times the proportion
of operating time it applies, times material response probability gives an
overall probability of initiation, or 5.6+10"% times 1.0 tiwes 0.98 or
5.6+107% as given in the last column of Table VII. The other probabilities
of Table VII were derived in & 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 16-3, 1t 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
probabiliry to a much smaller quantity,

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

The question immediatelv 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 verst.s the expected loss should initiation occur.

Iv-7
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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 ioss 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 cost 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°107° or
approximately $25., It must be pointed out however, that if initiation
were to occur, then the minimum loss (55,000) 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 ioss. Thus, the answer to the question,
is there a cost advantage to a preventative maintenance program is obviously,
no. Therefore, cover the operating interval of 800 hours, no preventative
maintenance program f; recommended or warranted. Again, this conclusion
arises, primarily, from the lack of potential for transition.

EJK:MLJ:mjs
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TABLE I1I

DIFFERENTIAL SCANNING CALORIMETER (DSC) TEST RESULTS

AN/U
1/1

Heating Rate
(°c/min)

20
40
80

AN/U/Si1 Gel
2/2/1.7

Heating Rate

(°C/min) Exotherm Began
20 266°C
40 276°¢C
80 295°¢

GN

Heating Rate

(°C/min) Exotherm Began
S - o
10 285°¢
20 292%

Endotherm at 240°¢

- v

Peak Value

280°¢C
290°¢
320°

Peak Value

307°0¢
316°¢
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Test

Detonation Test
(No. 8 Blasting Cap)

g
33
]
i
1
4
XA

j ~Ignition and Unconfined
i Burning Test
. Thermal Stability Test
: Card Cap Test
Impact Sensitivity Test
iv-12
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TABLE 1V

HAZARD CLASSIFICATION TESTS
FOR GUANIDINE NITRATE
BY
TB 700-2 CRITERIA

Result

No deformation of pressure plate
or cylinder

Burning rcaction only

No coior or visible change in
48 hours at 75°C

Failure at zero cards

No ignition at 47.3 inches (120 cm)
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3 TABLE V
1 GLOSSARY OF SYMBOLS COMMONLY EMPLOYED'
! ON FAULT TREE DRAWINGS
‘; . . -
}5 . Event Representation
'ﬂ; - The rectangle identifies an event that
results from the combination of fault
Rectangle or hazard events through the input
; logic gate.
fa The diamond describes a fault or hazard
3 that is basic in a given fault tree, buat
B Diamond undevelopad at this level. The reasons
ji . for it being undeveloped are, necessarv

information not available, insufficient
consequence or !iwited scope of analysis.

The house indicates an event that is
House normally expected to occur.

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

Logic Operations
Output

X ]
- ' "And Gate' describes the logical operation
» And ,
E Gat whereby the coexistence of all input events
€> ate is required to produce the output event.
ﬁi : Inputs
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e TABLE V (CONTINUED)
=jf Qutput .
3 or YOr Gate' defines the situation whereby
T Gate the output event will exist if one or
3 n more of the input events exist.
- Input
i Output
3 b
- Inbibit Inhibit gates describe a casual relaticn-
: Gate Condition ship between one fault and another. The
input event directly produces the output
Input event if the indicated condition is

satisfied.

4 The triangles are used as transfer symbols.
i Triangles z{/\‘r—- A line {rom the apex of the triangle
. — indicates a "transfer in" and a liae from

the side denotes a '"transter out."

f Similarity transfer . t d.wtes the transter
f 3 of logic onlv from another part of the tree.
3
34
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TABLE VI

ORIGINATION POINT FOR TRANSFER SYMBOLS IN THE 1.0GIC MODEL

Originaticn Origination
Transfer (page) Transfer (page)
1A A-2 4F A-10
1B A-2 4G A-9
1¢c A-2 5A A-11
1D A-2 i 5C A-11
2A A-4 5D A-11
: 28 A-4 SE A~-1ll
: 2¢ A-4 5F A-12
; 2D A-5 6A A-13
; 2F A-5 6B A-14
| 2G A-5 6C A-15
i 2H A-3 6D A-15
’ 27 A-3 6E A-13
* 2y A-3 6F A-15
2L A-3 7A A-16
o 2M A-3 7B A-16
. 3A A-6 C A-17
s ! 3B A-7 7D A-17
ac A-7 7E A-18
_ﬁ'ilé 3D A-6 7F A-18
e . 3E A-6 7G A-17
3F A-7 7H A-18
3H A-7 8A A-20
3J A-7 8B A~20
3K A-7 8C A-20
LA 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 o
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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 guanidine
nitrate from urea. (2) Reactions of urea at tempcratures from 100°C.
to 200°C. This subject is of interest in connection with formation
of by-products in the urea-ammonium nitrate feed, which is held at
about 110°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 1t has becn an active area of research
in recent years and because it represents an extcension of the type
of catalytic reaction involved in production of guanidine nitrate.
(4) Silica-nhosphate reactions. This subject is of interest because
of the 1indicaticns from Lorcules work tiaat the diammonium phosphate
used commercially to stabilize prilled ammonium nitrate docreases
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. Ncvertheless it seems
worthwhile to consider the available information to get an under-
standing of the factors affecting the reaction.

‘ Cne of the best sources of information is a report forwarded
to us through the British Embassy and Ficatinny 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:

2NHpCONHp + NHg4NO3 «» NH,C (=NH)NHj*HNO3 + 2NH3 + CO,

The reaction occurs over a specific temperature range given as
175-225°C. 2%, with 190-200°C. preferred®, and as 160-200°C. with
180°C. giving best yields but at less than maximum rates".
Similar information is given by Russian workers®. A catalyst is
required, with silica gel being preferred, although broad classes
of related silica or oxide catalysts are also claimed®~®. Small
scale batch reactions indicate an optimum ratio f[or urea:ammonium
nitrate:silica gcl of 1:1:1° or 2:2:1!'.

The importance of the catalyst is scen when it is realized
that uncatalyzed thermal decomposition of urea gives biurct and
triuret at 120-160°C.°"?(!®, At higher temperatures up to 200°,
cyanuric acid is formed in increasing quantities!®~'%,'%_  Heating
biuret and triuret in the presence of ammonium nitrate but with
no catalyst gave cyanuric acid!®. With silica gel, ammonium nitrate,
and urea at 195°C., the main product reported was guanidine nitrate
along with 5-12% ammelide and some melamine'®. Biuret and triuret
are also converted to guanidine nitrate on hecating with silica
gel and ammonium nitrate®r!®, There are thus two types of urea
decomposition controlled by temperature and the vrescnce of catalyst:

Thermal whicn gives mainly cvanuric acid at temperatures
of 160-z00°. Biuret is the main product at lower temperatures
{120-160°), but its formation is reversible ®s'’. Ammelide and
ammeline are formed in the thermal recaction but at much higher
temperatures (>250°C.)'%¢2°,

r

Catalytic, with silica gel and ammonium nitrate, at 180-
200°C., gives mainly guanidine nitrate with small anounts of the
triazine by-products, cyanuric acid, ammel:idce, ammeline, and mela-
mine. Intermediate biuret and triuret are largely broken down
undexr these conditions.
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The action of the silica gel catalyst has chus led to
formation of guanidine aitrate and smali amounts of triazine by~
products at temperatures which give ~yanuric acid as the main
product in the straight thermal reaction.

B. Reaction Mechanism

The first step in he thermal decomposition of urea is
generally considered to bhe

NHCONH, = HNCO + Nij

This is more than a hypothetical plcture of the reaction, as
proved by isolation of the HNCO product?!”2*  direct conversion

of urea to alkali c;anates 3727 and trimerization of HNCO from

o urea to cyanuric acid!®-'?, Formation of HNCO allows ready forma-
B tion of the products of the thermal decomposition of urea, i.e.,

' formation ¢f hiuret and triurel by reaction of HNCO with urea

and wiith biuret and trimerization of HNCO.

; The products of the catalytic reaction reguire some otherxr
¥ mechanism. One attractive scheme is dzhvdraticon of viea to form
4 cyanamideS: !7/ 18, known to form guanidine derivatives readily:

NH2CONH =3 NECN + H20
1 Interaction of NH2CN and HNCO would give ammelide and ammelinel!?, '8,
and cyanamide is also known to give melamine”

Differential thermal analysis (DTA) cdata weare jnterpreted
to show the presence of cyanamide in urea pyrolysis rcroduc ’
but more recent pvrolySLG vork has led to the conclusion \hat
cyanamide is not a primary product of urva pyru1y<1sz Infrared
work has also led to the conclusion that fornatioa of cyanamlde

: is improbable?® Mackay® has stated that dehydration of urea

. does not occur,on the bas.:- that carbon dioxide would have no

effect if dehydration were the key reacticn in forration of guanidine

nitrate from urea and ammoaium nicrate. Actually, he fourd that

‘ it was dimportant to avoid CO3 bUlld -up, whi~i Jed him to -ostulate

) a splitting off of CO2. Schmidt’!, considering the analogous
formation of melamine from urea, fcrmulates it as a disproportion-
ation of HNCO into COj; and carbodiimide, C(=NHZ)2:

NHOCONE2? =3 HNCO + NH3
2HNCO = (HN=C=Nl; + CQ3

This would fit the observed effcct of CO2 and the unstable inter-
mediate would give melamine on trimerization.

V-4
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Schmidt?' f~rmulates the reaction in the fashion:

v ~

~

-5i7 + HNCO = 51 | ‘ + COp
’ “NH 4 y

Ay N .IO\

-Si + HNCO => si C=NH

/ “NE- “NH’

Reaction of the complex with NH¢NO3 could then give guanidine
nitrate.
IO O’

A Y
Si C=NH + NIi4NO3 =3 “Sl + (NH3) pC=NHHNOj
SNH? )

The formation ¢f 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
Spasskaya® state that NH4Cl 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?
claims ammonium salts broadly, however.

It was also reported® that where best yields of guanidine
were obtained with a 1:1:1 ratio of urea:Nli4jNO3:silica gel, decrease
of silica agel to less than 0.8 led to formation of cyanuric acid
along with guanidine salt. Thus it seems necocssary to provide
sufficient acitive catalyst sites to complex the HNCO in order to
avoid the "thermal"” trimerization to cyanuric acid. Biecking of
active -OH groups by esterification completcly deactivated the
catalyst!. Formation of —OQ groups on silica gel by this method
has been reported in detail®?. Decreasing the amwonwa nitrate
to stoichiometric proportions also decreases yield® as might be
expected on ilie assumption that dissociation of the catalyst-HNCO
complex must De avoided.

Experiments' with '°NH4NO3 and (NHp) 2C="!%0 showed consider-
able '5N in the ammonium carbamate recovered but less '®0 than
would be expected if all the CO2 were derived from urea. The

'5N result suggests that the reaction: NH3 + VSNH4NO3=»' SNH3 + NH¢NO3

occurs, presumaply through catalyst interactions. The loss of '8
suggests exchange of surface oxygens of the catalyst through
HNC! %o in the manner postulated for the disproportionation to CO3.

Although the specific mechanism accepted may not be
critical, it is apparent that production of cuanidine nitrate
from urea~ammonium nitrate depends on the specific function of
the catalyst to direct thce recaction of the initial decomposition
products of urea toward tormation of guanidine nitrate and to
avold the thermal conversion of these intermediates to triazines.

Addiiional references on this subject were noted?® =3’
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iX. Reactions of Urea

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

to by-product formation.

A. Hydrolvsis

Hydrolysis of ureu: iz the most impustant reaction of
urea in the presence of water at elevated temperatures:

NH,CONHp + Hp0 =& CO, + 2NHj

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

NH2CONH2 + NH4NO3 = (Nﬂz) C=NH-HNOj3 + H30
becomes:
2NH,CONHy + NH4NO3 =} (NH3)2C=NH.HNO3 + COp + 2NH3
: Hydrolysis is more rapid than biurct formation at 80°cC.?®
and this is also undoubtedly true at the somewhat higher temper-
atures® (ca. 11:°C.) at which the urea-ammonium nitrate feed is
stored in current Hercules work on production of guanidiue nitratce
from urea. The hydrolysis reaction causes yield loss but reactions
to form urea condensation products couid 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 HN=C=0 in straight line arrarqgemont was
indicated by Raman spectra“®, Existence of HOCN has also been
shown"®, Hydrolysis of HNCO and NCO~ to give NH4% and CO2 and
NH3 and HCO3~, respectively, has been studied“®:"’

Conversion of urea to alkal metal cyanates has been cited
earlier?’=27:,%® ag has isolation of HNCO*!=?*_  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 aqueocus urea solutionsg on heat-
ing was shown®? but this reaction was accompanied by hydrolysis.

The rate of formaticon cf biuret from urea ircreases
: with increasing temperature up to 170°C.7.3%%, A maximum was
. reached initiall¥ at 200°C. aftev which a decrcase in amocunt of
3 biuret occurred®!. At 170°C. biuret was reported to begin o
decompose to urea and cyanic acid®?. The decreasc in biuret was
B observed at 180 and 193°C.°? and biuret fcrmation was reported
4 to be reversible above the melting point, 193°C.!%,%7

An important reference summarizes the changes which occur
in the thermal decompositicn of urea’’. Infrarcd spectra showed

L that a new band appeared at 2170 cm~! at the melting point of

- urea; it disappeared at 160° and then reappeared at 180°C., the

3 temperature at whirh biuret begins to decompose. This band

disappeared at higher temperatures and reappeared at the melting

.Y point of triuret. This band was assigned to cyanate ion thus

-3 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
19C°C. to give urea as the sole product. HNCO was found i the
gas phase over melts of all three substances. Tiae authors suggest
the following course of the reaction:

" ]

o s Sl s

4 G | o
3 NllszONkiCCNl*Iz
 § Triuret is postulatced to form similarly.
L , _
5 Pyvrolysis of triuret yielded only 15-20% of area. It
was suggested that the cnergetically more faverable ring closure
to cyanuric acid occurs instcad of complete roversal ot the }
ccndensation. !
1 NICONH2 NH-C=0
/ ! \
[ L0 -nu) O=C NH + NH3
\ \ ’
ik ONHQ N -C=0
H {
¢
triuret cyanuric acid

The reaction of guanidine with biurct to form ammeiide
was postulated, supported by increased ammelide yield on addition
of guanidine.
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’NH?
FHZ ‘FHZ ﬁhq\
0=¢ + C=NH  w=—p HO-C N+ 2NHj3
NH--CO-NH5 NHZ Y-
\ LJ
OH
biuret guanidine ammelide

Triuret is formed on pyrolysis of urea in thin films!3,%¢
but more readily in the presence of acid catalysts'!7:%%,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 110°C., build-up of more than a few percent of
biuret is unlikely®. Appreciable triurect would not be expected.

Processes of pregaration of biuret from urea are described
in a number of references r®+'%77%2  guppression of biuret formation )
in urea con storage by the use of NH4 molyhdate or NH4H2PO4 as

additives has baen reported®?., Biuret has been eliminated from

urea by ammonolysis®“s®%, Urea increases the solubility of biuret

in the system water-urea-biuret®®., Biuret forms a borate with

H3B03%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®?®,

D. Cyanuric Acid

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

NHRCONH2 «~p» HNCO + NH3

PH

25

JHNCO iy HO*Q N

cyanuric acid

Formation cf cyanuric acid is facilitated by removal of ammonia.
Specific preparationg involved: an ammonium halide with urea®?,
HyS04 as a catalyst''+’%, a phenolic solvent!®, a fluidized bed




reaction’!, use of HCl to lower the partial pressure of NH372,
and mixturecs of cyanuric acid and urea'?r'*. The reaction was
carried out in vacuo at 280-300°C.26+/73 ny-products, ammelide,
ammeline, and melamine decreased with decrcasing pressure. These
by-products were stated to be formed by reaction of cyanuric acid
with NH3. This has been verified by reaction of cyanuric acid
with NH3 at 270°C./80 atm.’?

Above 300° cyanuric acid will decompose!?, Temperatures
in the 270°-300°C. range for urea ?Xrolysis give ammelide and
ammeline rather than cyanuric acid'’. Temperatures above 350°C.
are used in the synthesis of melamine to avoid cyanuric acid
formation’*.

E. Ammelide and Ammeline

The cyanuric bases have fre?uently been assumed to be
formed by amidation of cyanuric acid’’,

NH NH NH N
O‘C’ \C,O Q 2 \ NH2 L!ZN\Q; ‘b,NHZ Hzl‘{c/ N ,NHZ
[ N ¢ N L R}
HN NH H32 N N (NHy) N N (NH3) N N
N/ [ N < — N4 o« N7
G G G ¢
) ¥ 0
0 0 0] NH,
cyanuric acid ammelide ammel ine melamine

These relationships can ke demonstrated at temperatures
of 250° and above. Ostrogovich and Bacalogu", however, demonstrated
the independent formation of each of thesc triazines at temperatures
in the range 160-200°C. It thus scems likely'® that intermediates
such as the postulated cyanamide, or preferably a carbodiimide complex,
react to form the ammelide, ammeline, and meclamine at lower temper-
atures.

Direct formation of ammelide and ammeline from urea at
270-300°C. is reported!®, 1In pyrolysis of urea at 280-320°C.,
yvields of ammelide and ammeline decreased with decreasin? pres-
sure?®+73%, Ppreparation from cyanuric acid is described?®. Useful-
nesg of ammelide as a slow-release fertilizer has been demonstrated?’$.
Spectrophotometeric methods of analysis have been reported’’ .78,

F. Ammonium Nitrate-Urea Svstems

Inasmuch as a urea-ammonium nitrate feed is used for
guanidine nitrate preparation, references were sought which would
indicate possible effects of one component on the reactivity of
the other. The svstem NIigNO3-CO (NH2) 2~120 was studied’®. Compounds
NH4NO3.CO{NH2) 2 and NH4NO3-2CO(NH2)2 appear to exist in solution.
Phase diagrams for NlgNO;-CO(NHp) 2 were reported®?.

V-9

stk B, A kaiets




g - et .. D P U ITIIRE It
o T i g Y Sl G R gt i S e gl e e
7 Y Adi i R A 3 A Babiil. |

2 P e TR ST TR N TP VIR T T e

Addition of urea decreased the acidity of ammonium
nitrate and decreased nitrogen losses 300-500%°!., Thermal
decompositicn of ammonium nitrate during its preparation is
reported to be inhibited by urea®?. Urea (0.1-0.3%) added
directly to HNOj in the preparation of NH4NO3 from NH3 and HNO3
eliminated the harmful effects of nitrcgen oxides and Cl~ ions
and inhibited the thermal decomposition of NH4NO3 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 strength®‘,

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 teo 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,
H3BO3-2CO(NH2) 2, melting point 79.1°C. %%

Heating 1 mole of H3BO3 and 2 moles of urea at about 60°C.
gave a glass which decomposed above 165°C. to give BNO, stable
to 1300°C. Passage of NH3 over BNO at 500-950°C. gave relatively
pure boron nitride, BN®7.

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°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 reactions®8=%%,104,105 = Then low pressure reactions
weire developed, first in two steps involving formation of HNCO and
leading this over a catalyst!®?,101,103,106,110  pjrect utiliza-
tion of urea then foliowed3!,?0,102,107,138,109,111=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 NH4NO33!'/}!! | Thus it
utilizes a catalyst such as silica gel (also Al203, Al silica gel,
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and B, Al, Fe, and Si phosphates) which must contain frce 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 CO2 and the recactive carbodiimide inter-
mediate (HN=C=NH), which trimerizes to melaminec.

The initial breakdown of urea and disproportion of HNCO on
the catalyst are apparently the same for the melamine and gquanidine
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 process,temperatures >350°C. 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-preoducts.

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 diammonium
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 rather than silica gel. Phos-
phate fixation by kaolinate (an aluminosilicate) was observed
and explained in terms of a two-step precipitation of an aluminum
phosphate!!?, Silica-alunina gels absorbed both NH4t and HPO4™
from (NH4)2HPO4 solutions!'®., Adsorption of phosphate on kaolinite
was in other examples attributed to Al or Fe!i%-121,

Phosphoric acid impregnated silica showed infrared spectra
attributed to phosphate interaction with surface hvdreoxyl groups'!??,
Adsorption of orthophosphates on metal oxides was dcmonstrated;
it was concluded that chemical bonds were formed at the reactive
metal oxide sites!??®, A study of the nature of activc sites con-
cluded that silica gel acquires ion-exchang>» cupacity and catalytic
properties exclusively as a result of substitution of Al for
protons in active -OH groups'?* Surfaca2 h{droxylation of silica
and the nature of the groups was reported!?®%,

Russia~ workers'??® studied reaction of PCl3 with -OH groups
on silica gel at 180°C. Each PCl3 reacted with approxinately
3 hydroxyl groups, with abcut 90% of the surface nydroxyls being
susceptible to this recaction. 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, if diammonium
V.11




phosphate were as reactive as PCl3, 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 for 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
dispropertionation to CO2 and a reactive carbodiimide-catalyst
complex; and (3) displacement of the cuarbodiimide 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) iLydrolysis 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 not be formed at the feed temperature.

Cyanuric acid, ammelide, ammeline, and melamine can all form
at the guanidine nitrate process temperzture. 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 formaticn of cyanuric acid, ammelide, and ammeline
and give high concentrations of the reactive intermediate which

then trimerizes to melamine,

Informaticn 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 reacticn of phos~-
phate groups with surface hydroxyls. Chemical reaction between
PCl3 and hydroxyl groups of silica gel has been demonstrated and
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offers an analogy toc 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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