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ABSTRACT 

Two models are developed for characterking the hydrothermal decomposition of 
municipal solid waste (MSW) in a pilot scale facility. The process modeled 
involves the use of high pressure steam to directly heat surrogate MSW, 
newspaper, to temperatures and pressures where decomposition reactions 
breakdown the organic matter to form a coal like solid having properties which 
make it suitable as a feedstock for a commercial gasifier. One model uses the 
ASPEN steady-state simulator. This model is only capable of computing a limited 
number of process variables. To more adequately deal with the transient 
behavior of the inherently batch process a second transient model is formulated. 
The model allows important process temperatures, pressures, gas flows and 
compositions to be calculated as a function of time. The model has been used to 
scope possible operating scenarios for proposed pilot scale experiments and these 
results are presented. Based on computed results a recommendation is made that 
the first pilot experiment use a dampened feed material containing a water-to-dry 
newspaper ratio of 0.5 to 1. The transient model predicts that this will result in a 
slurry product in the reactor vessel after cooldown containing 57 wt.% water. 

INTRODUCTION 

It has been suggested that Muniapal Solid Waste 0 could be used as an 
alternative feedstock to coal in a commeraal slurry fed gasifierl. The proposed 
commercial gasification scheme uses a liquid feed system to introduce feedstock 
into a pressurized gasifier. Consequently, any feedstock must be pumpable, and 
at the same time contain enough fuel value to allow suitably efficient operation of 
the unit. For slurries made of biomass derived materials, which MSW is for the 
most part, the fuel value of a pumpable sluny is low. This is primarily due to the 
cellular structure of the solid material which leads to the sequestering of water 
and as a result this water does not contribute to the fluidity of the slurry. For 
example, paper pulp slurries are pumpable up to a solids loading of no more than 
10%. Therefore, to make a slimy feed with solids content on the order of 50% or 
more, required by the gasifier, something must be done to break down the 
physical cell structure of the MSW. In addition, biomass has relatively a lower 
energy value than coal because of its high oxygen content. So it is also beneficial 
to remove oxygen from the solid to boost its energy value per unit weight. 

One means of accomplishing the required transformation of the raw MSW into a 
sluny suitable for gasification is to treat it hydrothermally. This involves heating 
the raw slurry to temperatures of 250-350°C at pressures suffiaent to maintain the 
water phase. At these temperatures the organic matter in biomass begins to 
breakdown in a process very much paralleling the formation of coal in natural 



settings. The cell structure is destroyed and the oxygen content is reduced by the 
evolution of carbon dioxide and water. One option for heating MSW to the 
required temperature is to use high pressure steam. 

As a first step in looking at a steam heat option for preparing a suitable slurry 
from MSW some pilot scale experiments using shredded newspaper as a 
surrogate for MSW are planned. The planned pilot facility is shown schematically 
in Fig 1. The processing would be accomplished in a batch mode. First the 
newspaper would be loaded into the reactor vessel. The vessel would thm be 
sealed and steam inboduced into the reactor. As the temperature increases the 
pressure in the system would increase. At some point the upper pressure limit for 
the system would be reached. At this p in t  the steam injection would be reduced 
and gas and steam would begin to exit through the back pressure control valve. 
After a suitable reaction time, steam injection would be terminated and the 
system pressure would be relieved by gradual opening of the pressure control 
valve. During the reaction and blowdown phase, water vapor would be 
produced from the system and pass through a downstream condenser. After the 
pressure letdown some water would also remain in the reactor and the dropout 
vessels. The drop out vessel is linked to the reactor vessel by a 5 an line. 
Scrubber and charcoal filter units in the downstream line insure that the 
noncondensable gas, primarily carbon dioxide, is suitable for discharge to the 
atmosphere. 

Steam 
Generator Water 

Control 
Valve 

I Steam I 

Drop Out 
Pot 

4 

+-, Kk-1 Charcoal ScNbber b- 

y 

Figure 1. Schematic of pilot pmess. 
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In order to adequately plan future pilot runs it is useful to do some preliminary 
modeling of the system to help elucidate the influence of operating parameters on 
operational performane, particularly with respect to the quantities of steam 
required and the final amounts of water present in the system. Two modeling 
approaches have been used. In the first, a simple model of the system was put 
together using the ASPEN process simulator. The ASPEN process simulator is a 
general purpose chemical process simulator aimed primarily at modeling of 
continuous systems. However, certain a s p  of batch operations can be 
computed with this type of model. In order to look at more details of the 
proposed operation a second, transient model, was constructed which explicitly 
follows important aspects of the time history of the operations. 

In the following, typical results obtained from the ASPEN simulation are 
presented. This is followed by a detailed description of the equations used to 
construct the transient model. Finally, results computed using the transient 
model in a variety of operating scenarios are presented. 

,ASPEN MODEL 

The ASPEN model of the process considers the operation of the reactor and the 
condenser systems. The simulation assumes complete reaction of the newspaper 
feed according to the overall reaction (from reference I) stoichiometry given in 
Tables 1 and 2. As described in the reference the heat of reaction is estimated to 
be 0.27 kJ/kg. 

Table 1. Composition of newspaper and newspaper solid decomposition product on an ash-free 
basis. 

I WLYO Atom/C 
NewsDaDer 

I C' 49.9 1 . .  

H 6.2 1.49 
0 ' -'43.69 0.66 
N 0.05 O.OOO9 
S 0.16 0.0012 

Solid Product 

28.8 0.33 
0.07 O.OOO9 
0.22 0.0013 
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Table 2. Assumed decomposition stoichiometry on a per kilogram of ash-free newspaper basis. 

Wt. Moles 
Solid Product 

Carbondioxide &% 2.05 
Carbonmonoxide 0.0028 0.10 

Hydrogen O.OOO36 0.18 
Methane 0.0037 0.23 
Water 0.19 10.5 

Computed results for the ASPEN simulation are given in Fig. 2 The model 
actually allows some influence of the reactor wall heating/cooling to be 
incorporated into the simulation. For the case shown however, it is assumed that 
the newspaper effectively insulates the contents of the reactor from the walls 
during the blowdown phase and that the reactor walls are preheated to the 
reaction temperature prior to introduction of the steam. The results show flow 
rates based on a characteristic time of 60 minutes. If approximate rates are 
needed for particular aspects of the process a ratio can be used. For instance, if it 
is assumed that the reactor will be depressurized over the course of two hours at a 
constant flow rate then that flow would be 60/120*(1.95+0.13)=1.0 mol/s. The 
cooling water flow rate is estimated from computed cooling rate, 93 kW, and a 
20 C temperature rise of the cooling water. 

This simulation of the batch process with a continuous model gives useful 
estimates of total amounts of materials. However, it is difficult to use such a 
model to explore the details of the operation of the unit. For instance, the actual 
process will involve initial steam injection at a fairly high rate, followed by 
smaller rates after the reaction pressure has been reached. This continuous model 
can not be used to explore the influence of these rates on the heating and 
pressurization of the system. Also, questions about the timing of the release of 
the noncondensable gases and their influence on system pressure can not be 
readily addressed. Consequently, a transient process model was developed to 
explore the time evolution of the process and is described in the following 
sections. 

4 



! 

t 
SLURRY 
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CH4 (mol %) 
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0 
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0 
0 
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0 
0 
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0 
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40 
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1.95 
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99.96 
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0.1 

0.0047 
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17 
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3.7 
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8.4 

holinq Water Flow (qprn) 18 

Figure 2. Results from the ASPEN simulation, all rates are computed assuming a 
60 minute characteristic time. 

TRANSIENT MODEL EQUATIONS 

The transient model was formulated to allow estimates of the time history of the 
reactor and dropout vessels and their contents to be made. The system modeled 
is shown schematically in Fig. 3. It consists of the two vessels connected together. 
Gas can exit out of Vessel 2 depending on the position of the control valve. Steam 
is introduced into the main reactor, Vessel I. Heat can flow to/fiom the vessel 
walls and the environment or the vessel contents. An initial charge of newspaper 
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is assumed to be present in the main reactor Vessel 1. Air is assumed to initially 
fill the void space in each vessel. 

Steam & 
Gases Out t 

Steam In 

Vessel 1 
(Reactor) 

L, 

H eat e 

Figure 3. Schematic of the two vessel system used in formulating the transient 
model. 

Material and energy balances are written for the two vessels and energy balances 
for the vessel walls. It is assumed that the newspaper present in Vessel 1 
undergoes a first order reaction to produce solid product, noncondensable gases 
and water. Three gas phase species, one liquid are two solid species are assumed 
present in the system. The gases are assumed to consist of air, noncondensable 
gas products from the decomposition and water vapor or steam. The only liquid 
species considered is water and the solids are newspaper and the solid product of 
the hydrotheqal decomposition reaction. An overall decomposition reaction, 

Newspaper + a, (Solid Product) t a, (Water) t aG (Noncondensable Gas) 
is assumed, where a ' s  are the stoichiometric coefficients for the assumed overall 
reaction. The solid product coefficient is assumed to be expressed on a weight per 
weight of newspaper basis while the water and gas coefficients are assumed to be 
expressed on a mole per weight of newspaper basis. 

Vessel 1 Mass Balance Equations 

Six differential material balances are written for Vessel I, one each for the 
following materials: newspaper, solid product, noncondensable product gas, 
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steam, water, and total gas. The solid phase species, newspaper and solid 
product material, are created or destroyed by the hydrothermal reaction leading 
to the two simple balances 

dzv 
dt -rN, -= 

= a,rN.  dS 
dt 
- 

Here f is time, N is the mass of newspaper, S is the mass of solid product, and rN 
is the hydrothermal reaction rate. The reaction rate is assumed to be first order 
and given by the simple Arrhenius' form 

- -Tu 

rN = Ae N . (3) 
where A is the pre-exponential factor, T, the activation temperature and Tl the 
temperature of Vessel 1. 

In dealing with the water and steam mass balances the change in phase is not 
treated explicitly as an equilibrium process, but rather as a rate process. This 
allows the formulation of the defining balance equations to be posed as a 
differential equations and not a mixed differential/algebraic system which can be 
more difficult to solve. By formulating the rate process of steam/water 
interchange appropriately, a system can be arrived at which retains the 
equilibrium character of the steam and the water. The water balance in Vessel 1 
using a rate based condensation/evaporation expression is, 

where wl is the mass of water in Vessel 1 expressed in moles, r, is the rate of 
steam condensation (negative rates are water evaporation), p is a transport 
constant for condensation/evaporation, Pwl is the partial pressure of steam in 

Vessel I and P(T1) is the vapor pressure of water evaluated at the temperature of 
Vessel 1 (see Appendix I for correlation used). P is set large enough to simulate 
near equilibrium conditions (Le. Pwl = P(T,))  consistent with stability of the 
solution scheme. It is assumed that Raoult's law holds and the ideal gas law is 
valid. 
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The final three mass balances for Vessel 1 are for two of the three gas components 
and the overall amount of gas. The component balances are written in terms of 
their mole fractions. The third gas mole fraction is obtained by difference. The 
overall gas balance in Vessel 1 is 

where g, is the moles of gas in Vessel I, f, is the flow rate of steam into the 
vessel, andf is the flow of gas from Vessel 1 to Vessel 2 (positive direction from 1 
to 2). The vessels are connect by a fairly large diameter pipe (5 an) and to a very 
good approximation the pressures in each vessel should be equal. However, it is 
most convenient to use the fact that the flow between vessels is pressure driven. 
A relation for the flow, fis written as 

where 
vessel nearly equal, but not so large as to cause undue computational difficulties. 
The vessel pressures are obtained from the computed moles of gas, the ideal gas 
law and the void volume. The void volume in Vessel 1 is computed simply by 

f = q p ,  - P , ) ,  (7) 
is a constant. It is chosen large enough to maintain the pressures in each 

Wl N S v1 =Vo1 ------, 
P W  P N  P S  

where Vol is the vessel volume and the p 's are densities. The species balances for 
noncondensable product gas and steam are 

where y ,  is the mole fraction of steam in Vessel I, yq is the mole fraction of 
non-condensable product gas, bG is the molar flow of noncondensable product 
gas between vessels, and b, is the molar flow of steam betwen vessels. The 
positive direction for the flow between vessels is taken as out of Vessel 1 into 
Vessel 2. The flow terms, bG and b,, are obtained from the total flow, f, and the 
gas mole fraction in the vessel from which the flow is exiting. Since the flow is 
nearly always from Vessel 1 to Vessel 2, these are nearly always the Vessel 1 mole 
fractions . 

Vessel 2 Mass Balance Equations 

In Vessel 2 only water and gas species are assumed to be present. The differential 
mass balances used are 
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where f e is the molar flow rate of gas exiting Vessel 2 through the pressure 
control valve. The rate of which gas exits Vessel 2, f, is determined in one of two 
ways depending on the phase of the experiment. During the heatup and reaction 
phase it is assumed that the flow from Vessel 2 is controlled by a pressure 
controller set to maintain a desired maximum vessel pressure. The relations 
during these periods are given by 

f e = o ( P 2 - P r )  for P 2 2 P r  and (15) 
f, = O  forP2 P,, (16) 

where P, is the maximum desired reactor pressure and 0 is a constant picked 
large enough to maintain P2 reasonably close to Pr without causing 
computational difficulties. During the pressure blowdown phase of the 
experiment the flow is assumed to be controlled by the Cy of the valve using the 
relations from WaIas2 

for - p ,  2 0.5 and 
p2 

p, 

f, = 4.9~10” Cy 

for - < 0.5, 2.44~10” CvP2 
Im p2 

f e  = 

where Pm is the downstream pressure, and y is the specific gravity of the exiting 
gas relative to air at the same conditions. The flow is in mol/s, pressure in pascals 
and temperature in Kelvins. During the blowdown phase the value of Cy is 
assumed to be a function of time. 

Energy Balance Equations 

In writing energy balances for the system it is assumed that in each vessel the 
gas, solid and liquid phases have the same temperature and a single temperature 
characterizes the wall. 

Energy balances for the two vessel walls are simply given by the equation 
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where Twi is the wall temperature of vessel if  mi is the mass of the wall of vessel i, 
c, is the heat capacity of the metal wall, Qi is the heat transfer rate from the wall 
of vessel i to its interior and qi is the heat transfer rate from vessel i to the 
surroundings. This formulation assumes that the metal wall heat capacity is 
constant. The heat transfer rates are given by simple overall heat transfer 
coefficients and an appropriate area 

Qi = HiAi (Ti - Twi ) and 

qi = h i ~ Q W i  - T - ) ,  

(20) 

(21) 
where Hi and hi are heat transfer coefficients for vessel i, Ai is the wall area of 
vessel i, and T- is the ambient air temperature. 

The energy balance for Vessel I, assuming constant heat capacities, is given by __ 

where AHw (TI) is the heat of steam condensation at temperature TI, AHN (TI) 
is the heat of reaction of newspaper decomposition at temperature Tl, Bl is an 
inflow correction term defined below, cN is the heat capacity of newspaper, cS is 
the heat capacity of solid product, cw is the heat capacity of water, cpw is the heat 
capacity of steam, cpG is the heat capacity of noncondensable product gas, and 
cPa is the heat capacity of air. This formulation assumes constant heat capacities. 
The inflow correction term, Bl is defined to be 

The negative signs on the reaction terms are.required because of the convention 
used in defining the heats of reaction, endothermic reactions having a negative 
heat of reaction. The heat of reaction is given in terms of the heats of formation 
and heat capacities of involved species by 

Mh'(T1)=asHfs +aU'Hfw + a G H f G  - H f N  + 
(a,cs + awcw + a,cpG - a N c N ) ( ~ ,  - 298), (25) 
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where the Hz's are heats of formation at 25 C. 

The energy balance for Vessel 2 is 

Valve Opening Algorithm 

During the pressure blowdown phase the steam production rate needs to be 
controlled. In practice, this could easily be accomplished with a valve controller 
tied to a flow meter. The experimental setup does not include this capability so 
the valve opening will be hand controlled. To approximate the desired constant 
flow rate a simple algorithm based on the exponential nature of the temperature 
water vapor pressure curve has been incorporated into the model. The algorithm 
is 

C, = Cv0 exp[-4666( T ,  -kt  - 1)1 T, for C,, C,, max, 

C, = C  otherwise , 
%ax 

where Cvo is the initial C, of the valve, C %UX is the maximum C, of the valve, Tr 
is the final reaction temperature and k is the desired rate of temperature decrease. 
To a first approximation a constant rate of temperature decrease corresponds to a 
constant flow of steam out of the vessel. Cv0 can be estimated using Eqn 18 and 
some reasonable values for T, and y, 

f. c =  
"O 1.42x1O6P, 

where f is the desired exit flow rate. 



SOLUTIO N OF TRANSIENT MODEL EOUATIONS 

Equations. 1,2,4,5,6,9-14,19,22 and 27 represent 14 nonlinear first order 
ordinary differential equations describing the system to be modeled. This system 
is solved as an  initial value problem through the use of a FORTRAN computer 
program which uses the ODE solver TSODE3. The solution of a typical problem 
representing 3-48 hours of experiment takes less than a minute on an HP- 
9000 / 730 workstation. 

The solution of the ODE'S with time are influenced not only by the initial 
conditions of the specific problem but also by the way inputs and outputs to the 
vessels change with time. The two of the most important of these are the steam 
injection rate and the gas production rate. 

The steam flow rate is allowed to vary with time. In the current model version 
changes in the steam flow rate are made stepwise. The stepwise changes were 
chosen because this is the natural way flow rates would be controlled in practice 
and this mode, based on some initial testing, resulted in more robust and rapid 
solutions. The detail of the method of implementing the flow changes has some 
small effect on the solutions and consequently are outlined here. The LSODE 
software allows solutions to equations to be integrated forward a selected amount 
of time, which is designated here as the adjustment time interval. In the model 
the adjustment time interval is a parameter, generally set at five minutes. After 
each adjustment time interval the model checks the solution and determines if the 
maximum pressure has been reached. If it has the injected flow rate is changed 
according to a schedule in which time is measured relative to the time at which 
the maximum pressure was reached. A flow reduction which is associated with 
reaching the system pressure will occur no later then one adjustment time interval 
after reaching the maximum pressure. 

In a similar manner the beginning of the blowdown period will occur within one 
adjustment time interval and changes to the outlet control valve are only made 
once every adjustment time interval. 

The program has been written to include a variety of options in terms of initial 
conditions and type of wall heat transfer. In the next section a variety of 
computed results are described and model options are discussed. 

TRANSIENT MODEL COMPUTED RESULTS 

The transient model equations have been solved for a variety of possible 
experimental conditions. The computed results have all used the set of model 
parameters listed in Table 3, except where noted. The flow adjustment time 
interval for the base case is five minutes. 
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Table 3. Base case model parameters 

Parameter Value Units 
lo00 mol/s-Pa 

1.ox10-4 moUs-Pa 
l.oxl0-2 mol/s-Pa 

0.1 MPa 
2 mol/s 

0.4 mol/s 
275 C 
6.3 MPa 

11 mol K0e5/Pa-s 

0.33 mol K0.5/Pa-s 
25 C 

loo00 K 

0.72 k@g-newspapeI 

6.3X104 u s  

10.56 mol/kg-newspape 
2.38 mol/kg-newspape 

0.725 MJ/kg 

0 Jbg 

-44 kJ/mol 
0 J/mol 

H f G  ’ H f w  

Parameter Value Units 
lo00 
lo00 
7524 
420 
30 
40 
34 

lo00 
lo00 
4444 
1.42 

0.13 

3553 
1033 
1.17 

0.13 

0 
10 
25 
0 

lo00 

J/kg-K 
J/kg-K 
J/mol-K 
J/kg-K 
J/mol-K 
J/mol-K 
J/mol-K 

kg/m3 
kg/m3 

m3 

m3 

kg 

m0vm3 

kg 
m2 

m2 

W/m2-K 
W/m2-K 

C 

W/m2-K 
W/m2-K 

This base set of parameters assumes that Vessel 1 is insulated, and effectively has 
a zero heat transfer coefficient to the surroundings. It also assumes that the walls 
of Vessel 1 will be preheated and thus no steam condensation will be necessary to 
heat them. The coupling of the wall to its contents during the pressure relief 
phase is assumed to be poor. The reasoning is that as water turns to steam the 
material near the wall will dry out and effectively insulate the bulk of the material 
in Vessel I from its walls, consequently the internal heat transfer coefficient has 
been taken as zero. 

Vessel 2, on the other hand, is assumed to be uninsulated and a heat transfer 
coeffiaent typical of natural convection cooling has been used. (Estimates over a 
range of temperatures for natural convection cooling of this vessel are given in 
Appendix II.) Because this vessel contains only water and gases it is assumed that 
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the heat transfer between its walls and contents is very good. This would be 
especially true during the heatup phase when the primary heat transfer 
.mechanism would be steam condensation at the walls. During the blowdown 
phase the coupling of walls and interior would be poorer but for simplicity one 
large heat transfer coefficient value is assumed for both phases. 

The relief pressure was chosen because of limitations of available reactor vessels. 
The value of 6.3 MPa will allow maximum temperature of about 275 C to be 
reached. 

The reaction rate parameters were chosen to yield a time constant of 10 minutes 
for the newspaper decomposition at 300 C and have a relatively low activation 
temperature. This means for an isothermal case about 50 minutes would be 
required to react 90% of the newspaper at 275 C. These reaction parameters are 
educated guesses at this point based on limited experimental work In reality, the 
decomposition reactions are much more complicated than the simple reaction 
modeled here. If it is necessary to model the reaction more completely the current 
model framework can easily be modified. 

The base set of initial conditions assumes that Vessel 1 has an initial charge of 
189 kg of newspaper at a temperature of 30 C. Vessel 2 is assumed to be empty. 
The wall temperature of Vessel 1 is assumed to be 275 C, although for the base set 
there is no coupling to the process so its value is not relevant. Vessel 2’s wall 
temperature is assumed to be 25 C. All the void space in both vessels is assumed 
to be initially filled with air at 0.1 MPa and 30 C. The pressure blowdown phase 
is assumed to continue until the internal pressure reaches 0.1 MPa. 

Base Case Results 

Computed results for the case using the base case parameters indicate that the 
reactor vessel will reach the maximum pressure of 6.3 MPa in 53 minutes. After 
holding at this pressure for 60 minutes the blowdown phase takes about 90 
minutes, for a total time of 210 minutes. The computed conversion of newspaper 
is 95.8% and the maximum temperature reached is 272.3 C. If the system 
instantaneously reached 272.3 C the 95.8% conversion would occur in 77.3 
minutes based on the assumed kinetics. 

The compute pressure of the system as a function of time is shown in Fig 4. The 
steam injection begins at time zero and continues at 2 mol/s until the maximum 
reactor pressure of 6.3 MPa is reached. Soon after reaching the maximum 
pressure the steam flow is reduced to 0.5 mol/s. The slight sag in pressure soon 
after reaching the maximum pressure is caused by a slight cooling of the reactor 
as a result of the small endotherm assumed for the decomposition reaction (0.27 
MJ/kg) and the reduction steam injection rate which occurs soon after reaching 

14 



the maximum pressure. As time goes on the accumulation of gases compensates 
for the temperature sag and pressure returns to a point where gas begins venting 
again. 

0 50 100 150 200 
Time (rnin) 

Figure 4. Reactor pressure for base case 

In Fig. 5 computed temperatures for the base case are shown. The wall temper- 
ature of Vessel 1 is omitted because the nature of the base case assumptions result 
in no change to this temperature. The highest temperature in Vessel 1,272.3 C, is 
reached just after the maximum pressure is reached. The slight reduction, as 
mentioned above is a result of the slight endotherm of the reaction and the 
reduction in steam injection rate. 

_-  
The temperature of the contents of Vessel 2 and its wall are essentially the same. 
The actual difference in these two temperatures is a result of the size of the heat 
transfer coefficient used. A value of 1000 W/K-m2 has been used. This number 
was chosen to represent close coupling but not so close that undue computational 
difficulty would occur. The value of 1000 W/K-m2 appears to couple the two 
temperatures adequately. Unlike the Vessel 1 temperature, the Vessel 2 
temperatures continue to rise during the reaction period. This temperature is 
largely dictated by the relative amount of noncondensable gas in Vessel 2 which 
tends to decline as venting from the vessel continues. The temperature of Vessel 2 
remains less than Vessel 1 during the heatup and reaction phases because of the 
assumed close coupling of content and walls in Vessel 2 and the assumption that 
Vessel 2 is uninsulated and loses heat to the environment. 
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Figure 5. Vessel 1 and 2 internal temperatures and Vessel 2 wall temperature for 
base case. 
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Figure 6. Injected steam and produced gas flow rates for base case 
A simple steam injection scheme is used, see Fig. 6, in the base case. The flow rate 
is constant flow at 2 mol/s until the reactor reaches the maximum working 
pressure and then it is reduced to 0.5 mol/s. Higher steam flows after the start of 
venting would result in a slight increase in the system temperature but most of 
the steam would simply be vented from the system. Some flow, however, is 
needed during this period to help sweep out the produced noncondensable gases 
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so that partial pressure of steam remains fairly high and condensation can 
effectively maintain the desired reactor temperature. 

Also shown in Fig. 6 is the exit gas flow rate. The first blip of gas exiting the 
reactor occurs at the time the vent pressure is reached. This initial flow of gas 
exiting the system is a pulse rather than a gradual increase from zero because of 
the exact timing of the arrival of the system at the maximum operating, or gas 
relief pressure, and the reduction of the steam flow rate. In this case the heatup 
steam flow persists for several minutes after the vent pressure is reached. Shortly 
after this initial gas pulse the gas buildup in system does result in a smooth 
increase of exit gas flow at a relatively low flow rate. At the end of the reaction 
period the steam flow is turned off and the outlet control valve is opened in 
accordance with the simple valve opening algorithm described above. As 
mentioned previously, the outlet control valve is opened in steps, in this case once 
every five minutes, see Fig. 7, causing the spiky nature of the outlet gas flow rate. 
The valve opening algorithm was chosen to maintain the outlet gas flow rate 
within reasonable limits. In this case less than 4 mol/s. It takes about 90 minutes 
for the venting to sufficiently cool the vessel contents to drop the pressure to one 
atmosphere. 
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Figure 7. Programmed increase in outlet control valve C, for base case. 

During the venting operation the superficial gas velocities within the reactor 
should be relatively small. Estimates based on results from the model indicate 
that the highest veloaties will be present during the blowdown phase and that 
the superficial velocities in Vessel 2 will be ten times higher than those in Vessel 1. 
The superficial velocities were estimated from the vessel cross sectional areas the 
flow rate out of each vessel and the conditions within each vessel. The computed 
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velocities during the blowdown phase in Vessel 2 are shown in Fig. 8. The max- 
imum computed superficial velocity in Vessel 1 was computed to be 0.002 m/s 
and in Vessel 50.055 m/s. These velocities are quite small and should lead to 
little entrainment of solid or liquid. 
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Figure 8. Average superficial gas velocity inside of Vessel 1 for base case. 

Flow rates between Vessel 1 and Vessel 2 are computed to be modest over the 
entire course of the operation, see Fig. 9. The maximum computed flow is 4.3 
occurring at the start of the blowdown phase. 

The vessels are assumed to initially contain air at one atmosphere. As the system 
is pressurized and heated the air is compressed and its mole fraction rapidly 
declines, see Fig. 10. As the contents of Vessel 1 heat sufficiently to begin the 
decomposition reactions production of noncondensable product gases begins and 
their mole fraction climbs. The increase in mole fraction of product gases is 
reduced by the presence of the continued steam feed. As the blowdown begins all 
gases except steam are rapidly swept from the system. Just prior to the 
blowdown phase over half of the 431 moles of product gas computed to be 
produced from the newspaper decomposition remain in the vessels, 210 moles in 
Vessel 1 and 53 moles in Vessel 2. 
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Figure 9. The flow between vessels for base case 
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Figure 10. The mole fraction of noncondensable gases (air and product gases) for 
base case. 

The computed amount of water in each vessel increases with time, Fig. 11, up to 
the point at which the blowdown phase begins. After the blowdown the final 
water in Vessel I is about 60% of its maximum amount and in Vessel 2 about 40% 
of its maximum. As a result of water accumulation, each vessel is at its minimum 
void volume just prior to the blowdown. In Vessel 1 the void volume is estimated 

19 



to be about 1.2 m3 and in Vessel 2,0.08 m3. The void volume is computed 
assuming a density of 1000 kg/m3 for the solids remaining in Vessel 1. 
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Figure 11. The amount of water in Vessels 1 and 2 for base case. 

Figs. 12 & 13 show the computed change in newspaper, solid product, water and 
percent water in Vessel 1. The water content of the solid/liquid slurry in Vessel 1 
is about 45 wt. % during most of the reaction phase. After the blowdown phase 
the final water content in the mixture is only 29 wt. %. 
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Figure 12. The percent water in Vessel 1 and Vessel 1 internal temperature for 
base case. 
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Figure 13. The amount of newspaper, solid product and water in Vessel 1 for 
base case. 

Most of the important results for the base calculations are summarized in Table 4. 
The "Steam out" entry refers to the amount of water vapor exiting the vessels and 
presumably captured in the condenser system. This represents nearly 75% of the 
injected steam. These overall results agree quite well with those obtained from 
the ASPEN model. The total steam required is 154 kg from the ASPEN results 
compared to 148 kg in the transient model. The produced steam is computed to 
be 100 kg in both results. The maximum temperature of 272 C is very close to the 
270 C computed in the ASPEN results. The water content in the hot reacted 
contents of the Vessel 1 is computed to be 45 wt.% by the transient model and 48 
wt.% by the ASPEN model. The final water content of product computed by the 
transient model is 29 wt.% and 32 wt.% for the ASPEN model. 
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Table 4. Selected results for base case. 

Value Units 
189 

FinalN 
Final S 

Maximum W, 
Final W, 

Maximum W 2  
Final W2 
Steam in 
steam out 

Maximum TI 

Time to P, 
Time at P, 
Total Time 

Maximum f 
Maximum f, 

7.9 
130.4 
93.9 
56.8 
61.4 

25.1 
1483 
100.0 
272.3 

53 
60 

206.7 
4.1 
3.8 

In the remainder of the report selected results are presented for model 
calculations in which various process parameters are varied from their base case 
values. Additional model features are also described. Among the parameters and 
conditions varied are: steam injection rate, degree of preheating of Vessel 1, 
insulation of Vessel 2, presence of Vessel 2, amount of water in initial feed, 
amount of produced noncondensable gas, magnitude of the heat of reaction of the 
newspaper decomposition, and the size of the initial newspaper charge. In 
subsequent sections the model equations are extended to deal with the possible 
development of a dried layer near the Vessel 1 wall. Also, the consequence of 
extending the operations beyond the point at which the internal reactor pressure 
reached one atmosphere are explored. In a final section, the base case 
assumptions are modified, based on the results of the parametric calculations, to 
reflect the most likely operating scenario for initial pilot experiments. 

Steam Injection Rate 

The rate of steam injection during the reaction phase has an  influence on the 
temperature of the contents of Vessel 1 and thus on the computed extent of 
decomposition of newspaper. Calculations have been done for various flow rates 
during the reaction period, expressed as a percent of the heatup steam rate. All 
other parameters are those of the base case. Results of these calculations are 
shown in Table 5 and in Fig. 14. 
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Table 5. Computed maximum temperature and extent of newspaper 
decomposition for different steam flow rates during the reaction phase, 
the initial steam injection is 2 mol/s in all cases. 
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Steam Flow During T, 
Reaction Phase FinalN FinalN I 

(% of Initial) (0 0%) (% original) 
100 277.5 4.0 2.1 
75 276.6 4.3 23 
50 274.5 5.4 29 
35 272.3 6.5 3.4 
25 272.3 7.9 42 
12.5 272.3 11.0 5.8 
5 2723 16.4 8.7 
0 272.3 20.7 11.0 

The maximum computed temperature is highest for the highest reaction phase 
steam rate. This temperature decreases as the steam flow is increased until the 
flow drops to 35% of the heatup phase flow. At this point the maximum 
computed temperature plateaus at 272 C. At this point, which corresponds to a 
flow of 0.7 mol/s of steam, the temperature is a maximum just after the reaction 
pressure is reached. For the higher flows the maximum temperature is reached at 
the end of the reaction phase just prior to the blowdown phase. 

Based on these results a flow rate of 25% of the initial steam rate, or 0.5 mol/s, 
appears to be a reasonable compromise between steam use and extent of reaction. 
The choice of the this flow does not appear critical. Even if the steam is turned off 
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during the reaction phase nearly 90% of the newspaper is computed to 
decompose. Also, the ultimate extent of reaction can be influenced by the length 
of the reaction phase. 

The maximum delivery rate of the steam generator available for use in the pilot 
operation is 4.9 mol/s. The base case used an assumed initial steam rate of 2 
mol/s. Selected results for computations using other steam rates are given in 
Table 6. If higher rates are used the total time of the processing can be reduced, 
but more total steam is needed. The maximum temperature goes up slightly at 
the higher rates, primarily because the steam rate during the reaction phase was 
set to 25% of that used in the initial phase and thus at the higher flows more inert 
gas is swept from the reactor during the reaction phase. The computations 
indicate the amount of water in Vessel 1 is essentially constant at the end of the 
process over the range of flow rates given in Table 6. 

Table 6. Selected model results for heatup phase steam flow rates achievable 
with the available steam generator. 

steamRate Timeto P, TotalTime Maximum TI SteamIn 

(mob) (min) (min) (c) &g) 
1 107 257 269.2 131.7 
2 53 207 272.3 148.3 
3 37 190 274.0 169.8 
4 27 180 275.0 181.6 

No or Partial Preheating of Vessel 1 

In the pilot reactor the vessel walls, Vessel 1, can be heated electrically. In the 
base case it was assumed that the process would be run with the Vessel 1 walls 
preheated to 275 C. Computations were done to explore the consequence of 
heating the vessel walls less, or not at all. At the same time the influence of the 
assumed heat transfer coupling between the vessel walls and interior were 
explored. The assumed coupling between walls and interior is important because 
of the large mass of the vessel walls. 

Selected results of the computations are given in Table 7. Results are given for 
two extremes in heat transfer between the walls and the interior. In the "Total 
Coupling'' results it is assumed that heat transfer between walls and interior is 
very good during both the heatup phase and the blowdown phase. Since the 
walls would be heated by steam condensation during .the heatup the assumption 
of good heat transfer is probably not unreasonable. However, during the 
blowdown phase when the waUs are hotter than the interior the coupling is more 
in doubt. As the blowdown starts the walls would transfer their heat to wet 
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material and cause steam formation. In this early phase the effective heat transfer 
would be good. However, later as the material near the wall begins to dry the 
transport rate could decrease substantially. In a later section an approximate 
model for the way in which the coupling may change with time is proposed, but 
in this section the limit of a zero heat transfer coeffiaent is used. This is labeled 
'No Coupling During Blowdown" in the table and is the same'heat transfer 
assumption made in the base case. 

Initial TW1 Timeto pr SteamIn 
(C) (min) &PI 
27 137 329 
100 113 278 
150 93 235 
200 77 199 
275 50 142 

Table 7. Selected model results for cases in which heat transfer coupling of Vessel 
1 interior to it walls is high and for cases when coupling is only good 
during the heatup phase. 

Total Coupling 
TotalTime Final Wl 

(min) &g) 
323 903 
300 49.4 
277 21.1 
250 0.0 
203 0 

No Coupling During 1 
Blowdown 

193.7 
153.3 

96.7 
200 562 

Since both cases assume good heat transfer during the heatup phase the 
computed operation of the process during this phase is identical for a given wall 
temperature. The amount of total steam injected and the time to reach the 
maximum pressure are therefore the same for both cases. 

For colder walls the time to heat the interior, and thus reach the maximum 
pressure, goes up as the initial wall temperature goes down. Similarly the 
amount of total steam increases. Nearly twice as much steam is required for the 
100 C wall case as is needed for the 275 C wall case. 

Insulated Vessel 2 

The current pilot system has no insulation on the Vessel 2. In the initial design of 
the pilot Vessel 2 was not intimately connected to the main reaction vessel. 
However, in the current proposed operations it is connected to the main vessel 
with an open 5 an line. A model run was performed to determine whether 
insulating Vessel 2 would lead to some improved performance of the system. 

Computed results for insulated and uninsulated operations are given in Table 8. 
Interestingly, very few of the important results change from uninsulated to 
insulated operation. The largest difference, as expected, is in the amount final 

25 



water in Vessel 2, which increase from 54.8 to 61.4 kg. Even with this increased 
water Vessel 2 is stil l  over half empty at the end of the operation. 

Based on these computed results there appears to be no incentive to insulate 
Vessel 2 However, if it is advantageous to insulate it for other reasons it appears 
that this would have little impact on process operation. 

Table 8. Selected computed results for operations with and without insulation on 
Vessel 2. 

Insulated Uninsulated I InitialN(kg) 189 189 
Final N (kg) 7.0 7.9 
Final S (kg) 131.0 130.4 

Final Wl(kg) 57.1 56.8 

Maximum w2 (kg) 54.8 61.4 
11.0 25.1 

steam in (kg) 148.8 148.3 

Maximum Tl (C) 272.3 272.3 

Maximum Wl(kg) 94.2 93.9 

Final w, (kg) 

steam out (kg) 114.5 100.0 

Time to P, (min) 53 53 
Time at P, (min) 60 60 
Total Time (min) 223.3 206.7 

Maximum f (moys) 2.9 4.1 
Maximum f ,  (mays) 3.8 3.8 

No Vessel 2 

The base calculations include Vessel 2, which functions as a dropout vessel to 
protect downstream equipment from entrained liquid and solids. It is not clear 
whether this vessel is actually needed, although current experimental plans call 
for it to be in place. The need for it can not really be directly addressed by the 
models since they involve complicated issues of droplet formation, codescence 
and entrainment. However, the model can be used to indicate how the basic 
operating parameters would change if the vessel was removed. 

Without Vessel 2 the maximum pressure is reached more quickly; 30 minutes 
rather than 53. However, the average temperature during the reaction phase is 
slightly cooler, about 4 degrees. These changes cause the computed 
decomposition of newspaper to be slightly less without Vessel 2. This is easily 
compensated for by increasing the reaction phase time, see Fig. 9. 
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For a 90 minute reaction time the total time is still less than the base case, because 
of the reduced heatup and blowdown times, yet the steam consumption is 
essentially the same as the base case. The final water content of the reactor is 
computed to be 33% compared to 29% for the base case. 
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Table 9. Selected results for cases in which no Vessel 2 is present. 
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As the reaction time is increased, the computed undercomposed newspaper 
amount decreases, primarily because of the increased time at temperature, 
however, the longer reaction times also lead to higher average temperatures, see 
Fig. 15. The recovery of the temperature with time show in Fig. 15 is a result of 
the continued steam feed compensating for the reaction endotherm and reducing 
the amount of noncondensable gases. For the 120 minute reaction time the steam 
mole fraction climbs to 0.92 before pressure reduction begins. This leads to a peak 
final temperature of 277 C. 

Figure 15. Computed temperatures and steam mole fractions in Vessel 1 when no 
Vessel 2 is present. Results are presented for three different reaction 
phase hold times. 
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Fig 16 shows base case Vessel 1 temperature and steam mole fraction compared to 
results computed for the case in which Vessel 2 is absent and the reaction time has 
been extended to 90 minutes to compensate for slightly reduced newspaper 
dec6mposition. Notice that the no Vessel 2 case always has a lower steam mole 
fraction since Vessel 2 is not present to act as a reservoir for noncondensable 
gases. This reduced steam mole fraction keeps the temperature slightly depressed 
for the no Vessel 2 case compared to the base case. 
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Figure 16. Computed temperatures and steam mole fractions in Vessel 1 when no 
Vessel 2 is present compared to base case results with Vessel 2. The 
reaction time in the no Vessel 2 has been extended to 90 minutes to 
r e m  newspaper decomposition levels to those of the base case. 

Water in Initial Charge 

The base case computations assume that the feed newspaper is dry. In some cases 
the newspaper may be wetted to control water content in Vessel 1 during the 
reaction phase, to change the final product mix or to simulate wet MSW. 
Consequently, calculations have been done to investigate the influence of initial 
water content on important process variables. Results for initial water to dry 
newspaper mass ratios from zero, the base case, to slightly more than one-to-one 
are listed in Table 10. 
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Table 10. Selected results for varying amounts of water present in the initial 
charge to Vessel I 

Xtial wl 0 0 50 100 150 200 

-umw1 (kg) 93.9 170.2 247.7 323.8 399.9 

Initial N (kg) 189 189 189 189 189 
Final N (kg) 7.9 7.9 6.6 6.9 7.0 
Final S (kg) 130.4 130.4 131.3 131.1 131.1 

FinalWl (kg) 56.8 111.4 166.4 221.0 275.5 

Maximum w2 (IC& 
61.4 61.1 63.3 62.9 62.9 

Final w2 (ks) 25.1 25.6 26.6 27.0 27.4 
Steam in (kg) 148.3 170.1 198.7 220.3 242.3 

steam out (kg) 100.0 116.8 139.7 156.3 173.4 

Maximum T1 (C) 272.3 27 1.6 270.9 270.1 269.0 

Timeto pr (mh) 53 63 77 87 97 
Timeat Pr (min) 60 60 60 60 60 

Maximum f (movs) 4.1 4.6 4.4 4.7 4.7 
Total Time (min) 206.7 220.0 240.0 253.3 266.7 

Maximum ft(moVs 3.8 3.9 3.8 3.9 4.0 

Since water initially in Vessel 1 represents an additional heat load to the system, 
the amount of steam and the time required to heat the Vessel 1 contents increases 
steadily as the initial water load increases. This increases the water content of 
Vessel 1 during the reaction period and after cooldown. Over the range looked at 
the increase in water in the vessel, see Fig 17, is linear. Little change in the water 
in Vessel 2 is found over the entire range and the computed newspaper 
decomposition remains essentially constant. 

The amount of water present in the system is important for several reasons. First 
the amount of water present in Vessel 1 during the high temperature phase of the 
process must be sufficient to allow good interaction between the water and the 
newspaper. Secondly, the desired final product of the process is a slurry 
containing the maximum fuel value. Obviously, one important factor which 
dictates the fuel value of the final product is the amount of water present. Finally, 
from an operations standpoint it is important to minimize the amount of waste 
water generated. 
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Figure 17. The computed amount of water in Vessel 1 as a function of the amount 
of water in the initial charge. The amount of newspaper is held 
constant at 189 kg. 

In the absence of any filtering or post process drying the minimum water content 
achievable from a run will be simply that of the final contents of Vessel 1. Also of 
interest from a waste minimization standpoint would be the water levels which 
would result by recombining condensate with the final content of Vessel 1. Two 
sources of condensate are present in the process. One is the water which collects 
in Vessel 2 and the other is the water from operation of the downstream 
condenser. From a waste standpoint the water in Vessel 2 is more likely to 
contain undesirable contaminants than the condenser water. 

Table 11 and Fig. 18 have been constructed to allow the various possible product 
slurry water contents from runs using different initial charges water to be 
compared. Also included, as a measure of the water content of Vessel 1 during 
the time the newspaper is decomposing, is the weight percent water in Vessel 1 at 
the end of the reaction period. From the table, it can be seen that the computed 
minimum possible final water content of a product slurry is 29% when dry 
newspaper is used, and for this same case, which is the base case, the water 
content of the slurry in which all water produced during the operation was added 
back to the final product slurry would be 57 wt.%. In this same case the 
maximum water content in Vessel 1 during the reaction phase is only 40%. This 
amount of water may be too little to insure that all the newspaper remains 
adequately wetted during the high temperature phase of the process. 

30 



Consequently, it may be necessary to add some water to the initial charge to 
insure a slightly higher water content during the reaction phase. 

Table 11. Computed water content of Vessel 1 and product slurries as a function 
of the initial water charge for different assumptions about addition of 
condensate to the final product. In each case the initial newspaper 
charge is constant at 189 kg. 

Initial WI (kg) 0 50 100 150 200 
With Maximum Vessel 1 Water 40% 55% 64% 70% 74% 

With Find Vessel 1 Water 29% 45% 55% 62% 67% 
With Final Vessel 1 & 2 Water 37% 50% 58% 64% 69% 

With Final Vessel 1,2 & Condensate Water 57% 63% 69% 74% 77% 
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Figure 18. The computed percentage of water in the final slurry with/without 
adding condensate, and the water content of Vessel 1 just before 
pressure relief as a function of the initial water charge to Vessel 1. 
The amount of newspaper is constant at 189 kg. 

Reduced Gas Make 

The exact stoichiometry of the decomposition reaction as a function of 
temperature and other conditions is not certain at this time. The stoichiometry 
used was obtained from small lab scale runs at 300 C. Since the amount of 
noncondensable gas produced plays a role in determining the temperature history 
of the process a case was run in which the amount of gas produced was reduced 
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to half of its base case value. The amount of solid product was held constant as 
was the standard heat of reaction at 25 C. 

Fig. 19 shows the computed Vessel 1 temperature and steam mole fraction during 
the period of peak temperatures for both the base case and the reduced gas cases. 
As expected, the steam mole fraction is higher in the reduced gas case and this in 
turn results in slightly higher temperatures during the reaction phase. This 
slightly higher temperature leads to a slightly higher decomposition fraction of 
newspaper, see Table 12. 
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Figure 19. The computed temperature and steam mole fraction in Vessel 1 for the 
base case and the case in which the amount of gas produced in the 
decomposition reactions was set at one half the base case value. 

The heatup phase for the two cases is very similar, except that the reduced gas 
case reaches its temperature plateau slightly after the base case. This is a direct 
result of the reduced gas make retarding slightly the pressure buildup rate and 
thus causing a slight delay in reaching maximum pressure at which time the 
system begins to produce exit gas to maintain the selected pressure. The start of 
the temperature plateau, of course, corresponds to the time of the start of the 
pressure plateau. 
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Table 12. Selected results comparing the base case calculations with a case in 
which the amount of gas produced in the decomposition reactions was 
set at one half the base case value. 

238 1.19 

Initial N (kg) 189 189 
Final N (kg) 7.9 4.6 
Final S (kg) 130.4 132.8 w1 (kg) 93.9 95.8 

FinalW1 0 56.8 57.0 
61.4 65.4 

a, 

Maximum w, (kg) 
Final w 2 0  25.1 25.9 

steam in (kg) 148.3 155.6 
steam out (kg) 100.0 107.0- 

Maximum 2-1 (C) 272.3 275.1 

Time to Pr (min) 53 57 

Timeat Pr (min) 60 60 
Total Time (min) 207 210 

Maximum f (mob) 4.1 42 
Maximum f ,  (mol/s 3.8 3.8 

Change in Heat of Reaction 

No actual measurements are known to be available for the heats of reaction for 
the newspaper decomposition reaction. The value which has been used, 0.39 
MJ/kg at 275 C, was obtained from heat of combustion data for newspaper and 
computed heats of combustion of the solid product'. The value is relatively small 
when compared to heats of combustion, but it is of some significance in relation to 
the heating of the material and the maintenance of the temperature inside Vessel 
1. 

Since there is considerable uncertainty as to the true value of the heat of reaction, 
several pses have been run in which the heat of reaction has been changed from 
its base value. Two cases have been run in which the heat of reaction, at 275 C, is 
set first to 0 MJ/kg and then to 0.78 MJ/kg, twice its base value. This has been 
done by altering the heat of formation of solid product. The solid product's base 
heat of formation is 0, to get a zero heat of reaction at 275 C the solid product 
needs to have a heat of formation of -0.675 MJ/kg, and to get a heat of reaction 
twice the default value the solid product needs to have a heat of formation of 
0.605 MJ/kg. 

This change in heat of reaction has a substantial influence on process variables 
since the change in assumed heat of reaction is on the same order as the energy 
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needed to heat the newspaper. In Fig. 20, the Vessel 1 temperature and water 
content are plotted as a function of time. As the heat of reaction increases, 
becomes more endothermic, the time to reach maximum temperature increases 
and the amount of water condensing in Vessel 1 increases substantially. 
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Figure 20. The computed temperature and steam mole fraction in Vessel 1 for the 

base case and the case in which the amount of gas produced in the 
decomposition reactions was set at on half the base case value. 

The computed water content in Vessel 1 at the end of the process is the most 
important variable that changes substantially with changes in assumed heat of 
reaction, see Table 13. From the base case value of 29% water in Vessel 1 the 
water content increase to 38% for the high heat of reaction case and only 19% for 
the zero heat of reaction case. There is little computed change in the final water in 
Vessel 2 and only a small change in water condensed in the downstream 
condenser, "Steam out" in the table. 
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Table 13. Selected results comparing the base case calculations with cases in with 
different heats of reaction, the base case heat of reaction is 0.39 MJ/kg 
(endothermic) at 275 C. 

AHN at 275 C (MJ/kg) 0 0.39 0.78 

Initial N (kg) 189 189 189 
Final N (kg) 7.5 7.9 7.8 
Final S (kg) 130.7 130.4 130.4 

wl (kg) 52.1 93.9 1342 

I 

Time to Pr (min) 
Timeat P, (min) 
Total Time (min) 

Maximum f (movs) 

262 
672 

24.8 

126.8 
1095 
274.1 

43 

60 

193.3 
2.8 

56.8 

61.4 

25.1 

148.3 
100.0 
272.3 

53 

60 

206.7 
4.1 

86.5 

58.3 

25.8 
177.1 
98.5 
270.2 
67 

60 

220.0 
4.9 

Maximum fe (mol/s 3.7 3.8 4.0 

Newspaper Charge 

The size of the initial charge of newspaper used was based on the assumption that 
dry newspaper can be relatively easily compacted to a density of about 160 
kg/m3, about five times its uncompressed density, and that the Vessel 1 would be 
filled to the top of its cylindrical portion, a volume of 1.18 m3 (the total volume of 
Vessel 1 is 1.42 m3). It may well be that more newspaper could be loaded then the 
base case assumption, particularly if it is slightly moist. 

Table 14 compares computed results for a newspaper loading 50% larger than that 
of the base case. The results indicate the amount of steam required would only 
increase about lo%, however the amount of water condensing in Vessel 1 would 
increase almost in proportion to the increase in newspaper loading giving a final 
product in Vessel 1 containing 29% water. A very modest decline in the extent of 
the newspaper decomposition was computed and this could easily be 
compensated for by a slightly longer reaction time. 

Interestingly, the amount of condensate in Vessel 2 and the downstream 
condenser, "Steam out", changes little. This means that a final slurry product 
containing all the final process water would have a water content of 50 wt.% with 
the higher newspaper loading compared to 57 wt.% for the base case. 
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Table 14. Selected results comparing the base case calculations with a case in 
which the newspaper charge to the reactor is assumed to be 50% 
greater. 

Initial N (kg) 189 284 
Final N (kg) 7.9 19.0 

Extent of Reaction (%) 95.8 93.3 
Final S (kg) 

Maxinun y (kg) 
Final y 0 

Final w2 0%) 
stfxm in (kg) sream out (kg) 

Maximum W2 (kg) 

Maximum TI (C) 
Time top, (min) 
Time at Pr (min) 
Total Time (rnin) 

Maximum f (mob) 

130.4 
93.9 
56.8 
61.4 
25.1 

148.3 
100.0 
272.3 

53 
60 

206.7 
4.1 

190.8 
136.1 
84.8 
57.1 
25.1 
162.6 
102.4 
268.0 
60 

60 

216.7 
4.1 

Maximum f, (moys 3.8 3.9 

TRANSIENT MODEL REACTOR COOLING 

As described above the model equations allow a heat transfer coefficient to be 
defined between the vessel walls and their exterior and interior environments. In 
the above calculations a model provision which allowed for different values 
during the heatup and cooldown phases has been employed. In each case the 
transport Coefficient was assumed to be constant during each phase of the 
process. This assumption, for the most part, is probably consistent with the level 
of simplification made in developing the model. However, it is probably least 
justifiable during the blowdown/cooldown phase in Vessel I. 

During the post reaction phase, as the pressure is relieved and the temperatures 
in the vessels decline because of evaporation of water, there is a possibility of 
developing a dried layer of material near the walls of Vessel 1. This excessive 
drying near the walls would be a result of the large amount of heat stored in the 
reactor walls. Part of this heat would be dissipated by transport to the interior. 
The material would first dry right at the wall and as time progressed the dry layer 
would expand away from it. At the same time, however, the growing dry layer 
would act as an insulator reducing the effective heat transfer between wall and 
interior. A model describing this wall region would be useful in defining one 
possible scenario for the manner in which the energy stored in the reactor walls is 
transported to the interior. 
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The extent of any dry layer near the wall would depend on the integrity of the 
material inside the reactor vessel at the time, the amount of water present, the 
way steam would leave the wall region, effective conductivities and mobility of 
water within the reactor. A comprehensive model describing the wall region, and 
thus the manner in which the heat is transferred between walls and interior, is 
beyond the scope of the present work, however a simplified wall layer model can 
be constructed consistent with the complexity of the current transient model. 

To allow an estimate of the growth of a drying layer near the wall of the reactor 
vessel a new dependent variable can be added to the transient model describing 
the dry layer thickness. In Appendix IV, a simple moving front drying model is 
developed and solved for the case in which the wall and drying front 

effective average heat transfer coefficient from the walls to interior, in the 
presence of a drying layer, would be somewhere in the range of 1 to 7 W/mzK. 
This simple model is recast in the following as an equation for the dry layer 
thickness, I ,  in terms of previously defined parameters and variables of the 
transient model 

temperatures remain constant. Results presented in the appendix indicate 

dl k(Tq --TI) -= 

I( 0.0 Y 18 Vo1 )(-Mw)- 
(33) 

This formulation uses the current wall temperature and the current interior 
temperature as the driving force for the movement of the drying front. 

The base case assumes that the Vessel 1 walls are preheated and that no heat 
transfer o c m s  between the walls of Vessel 1 and its contents during the 
blowdown phase. Results from the base case are compared in Table 15 to results 
calculated using the drying front model for heat transfer in Vessel 1 during the 
blowdown phase. The conductivity of the dried material was assumed to be low, 
a value of 0.04 W/m-K was used. This is essentially the conductivity of gas at the 
process conditions. The computed dried length was 2.8 an. The computed 
.results for the two cases are very similar. The two primary differences are in the 
total time and the final water in Vessel 1. At the end of the blowdown phase the 
internal temperature of Vessel 1 is computed to be 100 C and the wall 
temperature for the case induding the drylng layer is 264 C indicating only a 
small portion of the energy in the wall was transported to the interior. 
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Table 15. Selected results comparing the base case calculations with calculations 
in which a drying front model is used in Vessel 1 during the blowdown 
phase. The computed dried length was 2.8 an. 

BaseCase 
Initial N (kg) 189 189.0 
Final N (kg) 7.9 7.8 
Final S (kg) 130.4 130.5 

Maximum y org) 93.9 93.9 

Final W2 (kg) 25.1 26.1 

Final W, (kg) 56.8 50.2 
. MaximumW2(kg) 61.4 61.6 

steam in (kg) 148.3 148.3 
steam out (kg) 100.0 105.6 

Maximum T ,  (C) 272.3 272.3 
Timeto f', (min) 53 53 

Timeat P, (min) 60 60 
Total Time (min) 206.7 233.3 

Maximum f (moys) 4.1 4.1 
Maximum f, (moys 3.8 3.8 - 

TRANSIENT MODEL - EXTENDED COOLING 

The previous calculations have been done with a termination point determined by 
the time at which the pressure in the system reaches one atmosphere. At this 
pressure level the reactor could theoretically be opened and emptied. However, 
as a practical matter further cooling of the interior would probably be necessary to 
allow the contents of the reactor to be more easily handled. 

In order to determine the possible behavior of the system, when longer cooldown 
periods are present, a series of runs were performed. All cases run were assumed 
to extend for a total time of 24 hours, rather than terminating when the internal 
pressure dropped to 1 atmosphere. In the first run, case Cl, system parameters of 
the previous base case were used except that the cooldown time was extended for 
24 hours. In the second run, case C2, the drying front model was invoked during 
the blowdown phase. In case C3, it was assumed that Vessel 1 cold be externally 
cooled by gas flow during the blowdown phase. Estimates of an effective heat 
transfer coefficient for this external air cooling are discussed in Appendix III and 
in the calculations used here a value of 6 W/mzK was used. The final case, case 
C4, is equivalent to case C3 except that a small bleed, 2 mmol/s, of inert gas is 
introduced during the blowdown phase so that the internal pressure of the 
system never drops below one atmosphere. 
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Results from these four cases are summarized in Table 16. Only in the case in 
which external cooling of Vessel 1 is assumed does the wall temperature cool 
significantly. With external cooling the calculations indicate that the internal 
temperature of Vessel 1 can be brought down to 50 C, and its walls to 57 C, in 24 
hours. The results also indicate that the cooling of Vessel 1's interior will be 
significantly slowed if an inert bleed is used to maintain the system pressure. 
Since the assumption about the blowdown phase does not influence the heatup 
phase all cases use the same amount of steam injection and consequently have the 
same amount of total water accumulated, vessel water and downstream 
condensate, at the end of the 24 hour period. 

Table 16. Selected computed results for four cases representing various 
assumptions about cooling of Vessel 1 walls for an assumed experiment 
duration of 24 hours. Case Cl assumes no wall cooling, C2 wall cooling 
based on internal drying layer model, C3 includes internal drying layer 
cooling and forced air external cooling, and C4 is the same as case C4 
except a 2 mmol/s inert purge is assumed during the blowdown phase. 

case c1 c2 c3 c4 
Initial N (kg1 189 189 189 189 
Final N (ki) 
Final S (kg) 

Maximum Wl (kg) 

Final W1 0%) 
Maximum w2 (kg) 

Final W2(kg) 
steam in (kg) 
steam out (kg)  

Maximum T1 (C) 
Time to Pr (min) 
Timeat Pr (min) 
Total Time (min) 

Maximum f (movs) 
Maximum fe (movs 
Final Pressure &Pa) 

Final Tl (C) 
F i  q(c) 

FinalT, (0 
Final T2 (C) 

7.9 
130.4 
93.9 
48.0 

61.4 

34.6 

148.3 
100.0 
272.3 

53 

60 
1440.7 
4.1 
3.8 
8 
43 

275 
41 
41 

7.7 
130.5 
93.9 
28.4 
61.6 

48.5 

148.3 
105.6 
272.3 
53 

60 
1440.7 
4.1 
3.8 
21 
62 

238 
60 
60 

7.8 
1305 
93.9 
36.6 

61.6 
40.9 

148.3 
105.1 
272.3 
53 

60 
1440.7 
4.1 
3.8 
12 
50 

57 
47 
47 

7.7 
1305 
93.9 
42.4 

61.6 
32.7 

148.3 
107.3 
272.3 
53 
60 

1440.7 
4.1 
3.8 
100 
78 
59 
38 
38 

For the extended base case results, case Cl, the system pressure, the temperature 
of the contents of Vessel 1, and the amounts of water in Vessels 1 and 2 are shown 
as a function of time in Figs. 21 & 22. After the pressure drops below one 
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atmosphere and gas ceases to exit the system, the temperature decline slowed 
considerably. In this extended cooldown period the water slowly evaporates 
from Vessel 1 and accumulates in Vessel 2. This flow of water is driven by the 
external cooling assumed present for Vessel 2. At the end of the 24 hour period 
the computed temperature in Vessel 1 is 43 C and the system pressure is only 
8 ma, or 0.08 atmospheres. 
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Figure 21. The computed pressure and temperature in Vessel 1 for the base case 
parameters during an extended cool-down period. 

Figs. 23 & 24 show Vessel 1 temperature and pressure histories for cases C3, and 
C4. The behavior of case C3 is very similar to that of the base case, but the 
character of the case C4 result are different in that there is no pressure decline 
after reaching 0.1 MPa. This is due to the assumed presence of Bn inert bleed flow. 
The presence of the inert gas reduces the cooling rate because it reduces the 
transport of steam from Vessel 1 to 2, see Fig 25. 
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Figure 22. The computed water in Vessels 1 & 2 for the base case parameters 
during an extended cool-down period. 
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Figure 23. The computed pressure and temperature in Vessel 1 for case C3 
parameters during an extended cool-down period. 
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Figure 24. The computed pressure and temperature in Vessel 1 for case C4 

parameters during an extended cool-down period. 
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Figure 25. The computed water in Vessels 1 & 2 for cases C3 & C4 during an 
extended cool-down period. 

In an actual operation it may be that the system gas production is huned off at 
some system pressure other than the one atmosphere assumed in the four cases in 
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this section. If this is done it would be expected that the final wall and interior 
temperatures after 24 hours would be affected. In Fig. 26 it is seen that final 
interior temperature of Vessel 1 increases considerably more than the wall 
temperature as the assumed shut-in pressure is increased. 
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If lower system temperatures are required, the cooling period can be extended. 
For C3 case parameters both the interior and wall temperatures of Vessel 1 are 
computed to be below 35 C after 48 hours, see Fig. 27. The rate of water transfer 
and thus the rate of temperature drop in Vessel 1 becomes very slow after about 
2000 minutes (33 hours). 
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Figure 27. The computed wall and interior temperatures for C3 parameters for a 
cooling period extending to 48 plus hours. 

TRANSIENT MODEL - PREFERRED OPERATING STRA'IXGY 

The best operating mode for the pilot process would be one in which no waste 
water was produced. That is, all condensate would mixed with Vessel 1 contents 
to produce the final slurry. Cmently, it is planned to initially produce a sluny 
with no more than a 65 wt.% water content. For a given set of physical 
assumptions the final total water is most strongly influenced by the assumed 
water initially loaded with the newspaper. It is also necessary to have sufficient 
water in the Vessel 1 reactor to allow the decomposition reactions to proceed in 
optimum fashion. Preliminary laboratory work has shown that dry newspaper 
decomposes, at a given temperature, far less than wet paper. The tradeoff 
between extent of decomposition and water content is not known quantitatively 
at this time, but it is believed that a 1/1 ratio is sufficient to promote reasonably 
effiaent decomposition. 

The desire for high water content during the reaction phase and a suitably 
concentrated final slurry product which includes all condensate water are 
obviously at odds. To further explore the tradeoff between adding water to the 
initial charge to increase average water content in Vessel 1 during the reaction 
phase and minimizing waste water a series of calculations were performed. In 
these calculations an operating strategy close to that which would be employed in 
the real experiment and the best available estimates for heat transfer coefficients 
were used. 
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The calculations used all the base case parameters with the following changes. It 
is assumed that the system is left to cool for 24 hours and the exit gas flow stops 
when the system pressure reaches one atmosphere, no bleed flow. Vessel 1's 
exterior is assumed to be actively cooled by air during the blowdown phase and 
the effective heat transfer coefficient is 6 W/mzK. It is assumed that the drying 
layer model for heat transfer best represents the real system when it comes to heat 
transfer in Vessel 1 during the blowdown phase. These assumptions are the same 
as those made in case C3 in the previous section, In the following this new 
composite set of assumptions will be referred to as the BOP (base operating 
parameters) case. 

In Table 17 results of these calculations are listed, focusing primarily on the issue 
of water amounts. The column labeled "Net Water" is the net water remaining 
after a run assuming the amount of water used in the charge is taken away from 
the total water amount left after the reaction. The final column in the table gives 
the water content of a final slurry product in which all the "Net water" is mixed in 
with the contents of Vessel I. I 
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Figure 28. Computed water content of process slurries as a function of the water 
content of the feed, at the in end of the reaction phase in Vessel 1 
labeled "End of Reaction", in Vessel 1 at the end of experiment labeled 
"After Cool Down", and adding all condensate to the final product 
slurry labeled "No Net Water". These calculations used the BPO 
assumptions and assumed the Vessel 1 walls were preheated to 275 C. 
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Data from Table 17 in conjunction with other computed results were used to 
construct Fig. 28 which shows the water content for solid/water mixtures of 
interest to the process as a function of feed water/*-solid ratio. The "After Cool 
Down" line represents the water content of the Vessel 1 mixture at the end of the 
process. The "End of Reaction" line represents the water content of Vessel 1 right 
at the end of the reaction phase. This value is characteristic of the water content 
in the vessel during the active decomposition of newspaper. The final line labeled 
"No Net Water" is the water content of the slurry product in which no net water is 
produced. 

The results of the calculations predict that the lowest water content slurry that can 
be made contains 20 wt.% water, but would result in the production of 148 kg of 
waste water. The lowest water content of a final product slurry in which no net 
waste water would be produced is about 57 wt.% . These results are for the case 
with no water charged to the reactor. If a final slurry containing 65 wt.% water 
and no waste water is desired, then the feed should include about 150 kg of water 
or a ratio of about 0.8 water to dry newspaper. In this case the water content 
during the reaction period would be about 70 wt.% and about 56 wt.% in Vessel 1 
after cool down. 

Table 17. Selected computed water contents for varying amounts of water in the feed. 
The computations were done using the BPO assumptions with the Vessel 1 
walls preheated to 275 C. In all cases 189 kg of newspaper feed was assumed. 

WaterIn Feed Final wl Final Water ~ h d  w2 Condenser Netwater Mix with 
Water/ Dry in Vessel 1 Water No Net 

Water 
&d ox) (wt. %) &d &d (wt. %) 
0 O.Oo0 34.7 20.1 42.9 105.1 148.0 56.9 
20 0.106 53.0 27.7 45.5 111.9 137.4 57.9 
40 0.212 71.9 34.3 48.8 124.8 133.6 59.8 
60 0.3 17 91.1 39.7 50.5 130.7 121.2 0.6 
80 0.423 110.2 44.4 52.2 136.4 108.6 61.3 
100 0.529 129.8 48.5 54.7 148.8 103.5 62.9 
120 0.635 149.4 52.0 56.2 155.0 91.2 63.5 
140 0.74 1 169.1 55.0 57.5 161.1 78.6 64.2 
160 0.847 188.9 57.8 59.9 174.2 74.1 65.6 
180 0.952 209.0 60.2 60.9 179.6 60.5 66.2 
200 1.058 229.1 62.4 62.0 185.9 47.9 66.7 
250 1.323 279.7 67.0 66.0 211.1 27.1 69.1 
300 1.587 330.6 70.6 68.5 228.0 -3.5 70.4 
378 2.000 411.1 74.9 71.1 251.9 -55.0 72.1 

In the previous results it was assumed that the walls of Vessel 1 would be 
externally preheated to 275 C to reduce the amount of steam needed in heating 
the contents. This preheating would tend to dry out the region near the wall and 
this dried material may not resaturate during the steam heat phase because of its 
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elevated temperature. Consequently it would probably be better to preheat the 
walls to a temperature somewhat below the final desired reaction temperature. 

' 

As the amount of preheating of the Vessel 1 walls is reduced the amount of water 
which will accumulate in the process will increase. Using the BOP case 
assumptions and assuming good heat transfer coupling of the Vessel 1 contents 
and wall during the heatup and reaction phases a series of calculations were done 
to determine the influence of wall heating on the net water and thw on the final 
product composition with no net waste water. These calculations were done 
assuming dry feed and the results are listed in Table 18 and plotted in Fig 29. 

Initial FW w Finalwater ~ i n a l  w2 Condenser Netwater Mixwith 
1 invessel1 Water No Net 

Water T W l  

(c) &f?) (wt. %) &E) &E) &E) (wt. %) 
275 34.7 20.1 42.9 105.1 148.0 56.9 
200 68.8 33.3 485 116.5 165.0 63 .O 
150 92.9 40.3 51.4 125.5 176.9 662 
100 118.0 46.2 54.7 140.2 194.9 69.5 
27 154.8 52.9 57.1 15 1.7 208.8 72.5 

Table 18. Computed results showing the influence of wall preheating on 
important water parameters of the process. 
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Figure 29. Computed water content of process slurries as a function of the 
preheat temperature of Vessel 1 walls, at the in end of the reaction 
phase in Vessel 1 labeled "End of Reaction", in Vessel 1 at the end of 
experiment labeled "After Cool Down", and adding all condensate to 
the final product sluny labeled "No Net Water". 
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The results indicate that if the walls are heated to only 150 C the final product 
made with all condensate added back would contain about 66 wt.% waterf which 
is close to the 65 wt% target for initial slurries. The additional water in Vessel 1 
computed for this case would tend to be concentrated near the walls and insure 
moisture would be present at the walls during the reaction phase. 

Another set of calculations for the BPO assumptions with varying amounts of 
initial water in the feed were performed with the walls of Vessel 1 assumed to be 
preheated to 150 C. Resdts from these calculations are presented in Table 19 and 
Fig. 30. Contrasting these results with those above for Vessel 1 walls preheated to 
275 C it is seen that the water content calculations indicate that the colder walls 
lead to as much as a 20 wt.% increase in water content and as little as 2 wt. 
depending on the feed and the product considered. For a water/% feed ratio of 
0.5 the final water content in Vessel 1 at the end of the cooldown period would be 
about 57 wt.% and the no-net-water product would be about 70 wt.% water. 

Table 19. Selected computed water contents for varying amounts of water in the 
feed. The computations were done using the BPO assumptions with 
the Vessel 1 walls preheated to 150 C. In all cases 189 kg of 
newspaper feed was assumed. 

Water Feed Final wl Final Water Final w Condenser Net Mixwith 
In Water/ in Vessel 1 Water Water NoNet 

Dry Water 
(kg) (kg) (wt. %) (kg) (kg) (kg) (wt. %) 
0 O.OO0 92.9 40.3 51.4 125.5 176.9 66.2 ~~ 

20 0.106 1125 45.0 54.2 137.8 172.0 67.4 
40 0.212 131.8 48.9 55.7 143.8 159.5 67.9 

80 0.423 1713 55.5 63.9 162.5 146.4 69.8 
100 0529 191.1 58.2 60.8 169.1 129.9 70.0 
120 0.635 211.0 60.5 61.7 175.0 116.7 70.4 
140 0.741 231.0 62.7 62.9 182.1 105.0 71 .O 
160 0.847 251.9 64.7 645 193.6 98.1 71.8 
180 0.952 271.4 66.4 65.8 199.6 85.4 72.2 

60 0317 151 3 52.4 573 151.0 148.3 68.5 

200 1 .OS8 291.6 68.0 665 205.2 71.7 72.5 
250 1323 342.4 71.3 693 224.4 43.7 73.7 
300 1587 3933 74.0 70.4 236.9 7.3 74.4 
378 2.000 4742 77.4 72.0 260.6 -45.4 75.6 
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Figure 30. Computed water content of process slurries as a function of the water 
content of the feed , at the in end of the reaction phase in Vessel 1 
labeled "End of Reaction", in Vessel 1 at the end of experiment labeled 
"After Cool Down", and adding all condensate to the final product 
slurry labeled "No Net Water". These calculations used the BPO 
assumptions and assumed the Vessel 1 walls were preheated to 150 C. 

The First J3periment 

Considering all the above results it appears that the first experiment will probably 
use conditions which are consistent with the BPO assumptions. To insure 
adequate water present during the reaction phase in the reactor and at the wall 
the feed will be moistened to give a 0.5 waterldry material and the walls will be 
preheated to 150 C prior to introduction of the steam. To insure the product is 
cooled enough to be easily handled an extended cooldown period lasting two 
days will be used. In summary the targetoperating conditions and experimental 
setup will include the following: 

Vessel 2 will be connected to the gas space of Vessel 1 and remain 
uninsulated. 
Vessel 1 will be configured so that it is insulated during the heatup and 
reaction phase but air cooled during the blowdown/cooldown phase. 
Vessel 1 will allow for external heating of the vessel walls 
At least 189 kg of newspaper feed will be used. 
2 mol/s of steam will be used in the heatup phase and the flow will be 
reduced to 0.5 mol/s after reaching the maximum system pressure of 
6.3 MPa (914 psi). 
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After reaching 6.3 MPa the pressure will be maintained for 60 minutes. 
The blowdown/cooldown phase will last at least 48 hours. 

Computations done for this case are summarized in Table 20 and Figs. 31-35. 
Only the first 5 hours of results are plotted in the figures. The minimum water 
content of the product slurry available from the run is calculated to be 57 wt.%. 
The water content during the reaction phase is computed to be about 70% which 
should insure plenty of water to keep the newspaper moist during the high 
temperature phase of the run. 

Table 20. Selected computed results for the proposed first experiment. 

Value Units 
Initial Wl 94.5 
Initial N 

Initial Wl/N 
Final N 
Final S 

Maximum W, 
Final W ,  

Maximum W ,  
Final W2 
Steam in 
steam out 

Maximum Tl 
Timeto Pr 
Time at Pr 
Total Time 
Maximum f 
Maximum f, 

Water percent (End of Reaction) 
Water percent (After Cool Down) 

Water percent (No Net Water) 
Finalpressure 

Final Tl 
Final TW1 

189 
0.5 

5.7 
132.0 
332.9 
185.3 
62.1 

59.5 

277.9 
162.4 
269.2 

113 
60 

3003.7 
5.4 
4.0 
71 
57 
69 
7 
39 

31 
Dried zone 2.3 cm 
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Figure 31. Computed pressure for the first 5 hours of the proposed first 
experiment. 

Figure 32. Computed temperatures for the first 5 hours of the proposed first 
experiment. 
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Figure 33. Computed water amounts in Vessels 1 and 2 for the first 5 hours of the 
proposed first experiment. 
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Figure 3 4  Computed noncondensable gas compositions in Vessels 1 and 2 for the 
first 5 hours of the proposed first experiment. 
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Figure 35. Computed Vessel 1 water content and temperature for the first 5 hours 
of the proposed first experiment. 

SUMMARY 

A transient model of proposed pilot tests of the use of steam to heat surrogate 
MSW, newspaper, under pressures and temperatures at which hydrothermal 
decomposition of the newspaper occurs has been outlined. The model allows the 
time history of important process variables to be explored as a function of 
changes in assumptions about the nature of physical process occurring in the 
process and controllable process variables. The model is based on the assumption 
that two vessels will form the reactor system. One will contain the newspaper to 
be heated and the other, smaller vessel, will serve as knockout pot to protect the 
systems pressure control valve. The model is capable of tracking the process 
through its three stages, the pressurization and heatup phase, the reaction phase 
where the system pressure is maintained constant and the blowdown/cooldown 
phase when pressure is relieved and the product slurry is cooled. The model is 
implemented in the form of a FORTRAN computer code and has been exerased 
on a HP-9000/730 workstation and generally takes less than one minute to 
complete a full simulation. 

In addition, a much more limited model of the system using the ASPEN steady- 
state simulator has been developed and run. This model can compute a few 
important features of the process, such as final water content of the slurry, but is 
not capable of simulating the actual time variation of the process variables. 
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Results from the ASPEN simulation compare very well with those from the 
transient model. 

The transient model was used to explore many operating options and 
assumptions about the nature of the processes which would actually occur during 
a pilot run. The results of the calculations indicate that the available pilot system 
should allow a slurry of suitably high solids content to be produced. Under 
certain operating conditions the possibility of producing a product slurry with no 
net waste water production was also indicated by the calculations. 

It was found that using a flow of 2 mol/s steam and a programmed reduction of 
pressure in the blowdown phase would yield modest velocities within the reactor 
system. The model indicates that because of the high heat capacity of the vessel 
walls it would be advantageous to preheat the walls of the primary reactor vessel 
externally to reduce the total amount of water which would be present in the 
vessel at the end of the process. At the same time to adequately cool the material 
and vessel walls after the decomposition external cooling of the reactor walls will 
be necessary. Calculations indicate that forced air cooling using 6 mol/s 
(300 scfm) of air should be adequate to cool the system in a reasonable time. 

Calculations indicate that there is probably no need to insulate the knockout 
vessel. Although the computed amount of condensate in the vessel does increase 
slightly, the total amount of condensate in the full system is not affected. Further, 

accumulate. If no knock out vessel is present the model predicts shorter heatup 
times with little change in the water content of the primary reactor vessel and a 
reduction of approximately 20% in the overall condensate production. 

the knockout vessel volume, 0.16, seems adequate to hold the water that should 

Uncertainties in the energetics of the decomposition reaction translate into 
uncertainties in computed estimates of the amount of water accumulating in the 
reactor vessel for a given set of conditions. The computed results indicate that for 
a doubling of the assumed 0.39 MJ/kg heat of reaction the amount of water in the 
reactor vessel &t the end of the process would increase by about 50%. 

The model results indicate that the total amount of condensate resulting from a 
run per unit newspaper declines as the amount of newspaper processed increases. 
For typical conditions, an increase in 50% in the newspaper processed was found 
to decrease the final sluny product by 7 wt.% water, when the final product is 
assumed to contain all the condensate from a run. 

During the cooldown period the pressure within the reactor will fall below 
atmospheric as the temperatures drop below 100 C. A small purge flow of inert 
gas, about 2 mmol/s, can maintain the pressure at one atmosphere. However, 
this purge flow was found by the model to retard the cooling of the product and 
probably should be avoided if possible. 



The manner in which heat transfer occurs between the reactor vessel walls and 
the interior can have a substantial influence of the final water content of the 
reactor vessel. Model calculations indicate that the amount of water remaining in 
the reactor can change by a factor of two depending on the assumed heat transfer 
coupling between wall and contents. A drying front model was developed and 
incorporated into the model to try to address the heat transfer coupling issue. 
Computed results indicate that actual system will probably exhibit poor heat 
transfer between wall and reactor interior during the cooldown period in the 
absence of water movement within the reactor. 

Based on the calculations performed an operating strategy and scenario was 
suggested for the first pilot test. This test would use an uninsulated knockout 
vessel and a reactor insulated with its walls preheated to 150 C, but providing a 
means to externally air cool the walls during the cooldown period. A maximum 
reactor pressure of 6.3 MPa was assumed. Model results for this case using a 2 
mol/s steam flow during the heatup phase indicate that the heatup time would be 
113 minutes, the maximum temperature 269 C and the final contents of Vessel 1 
would be 57 wt.% water. After a 48 hour cooldown period the contents of the . 

reactor should have cooled to 39 C while the reactor walls should have cooled to 
31 C. This initial experiment is tailored to insure a relatively high water content 
in the reactor during the decomposition of the newspaper. A feed which has a 
water to dry newspaper ratio of 0.5 was assumed in the calculations. This leads to 
a computed water content of about 70 wt.% during the reaction phase. 
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NOMENCLATURE 

fieexponential constant in newspaper decomposition 
Wall area of vessel i 
Heat capaaty of walls 
Heat capaaty of newspaper 
Heat capacity of solid product 
Molar heat capaaty of water 
Molar heat capacity of air 
Molar heat capacity of noncondensable product gas 
Molar heat capacity of steam 
Inflow energy term for vessel i 
Flow rate of steam between vessels 
Flow rate of noncondensable gas product between vessels 
Flow rate of air between vessels 
Cv of gas outflow valve during pressure letdown phase 
Gas flow between vessels (positive 1->2) 
Gas flow rate exiting vessel 2 
Moles of gas in vessel i 
Relative heat of formation for noncondensable product gas 
Relative heat of formation of newspaper 
Relative heat of formation of solid product 
Relative heat of formation of water (liquid) 
Relative heat of formation of steam 

hi 
Hi 
mi 
N 
Pi Pressure in vessel i 
P, Relief pressure 
Pwi Partial pressure of steam in vessel i 
P, Pressure downstream of letdown valve 
P(T) partid pressure of water at temperature T 
4i Heat transfer rate from vessel i walls to surroundings 
Qi Heat transfer rate from vessel i walls to contents 
rN Rate of newspaper decomposition 

Heat transfer coefficient from vessel i to surroundings 
Heat transfer cueffiaent from vessel i walls to contents 
Mass of wall of vessel i 
Mass of newspaper in vessel i 
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Rate of steam condensation in vessel i 
Mass of solid product in vessel i 
Time 
Temperature of contents of vessel i 
Activation temperature for newspaper decomposition 
Steam injection temperature 
Wall temperature of vessel i 
Ambient air temperature 
Void volume of vessel i 
Total volume of vessel i 
Mass of water in vessel i 
Mole fraction of steam in vessel i 
Mole fraction of noncondensable product gas in vessel i 
Mole fraction of air in vessel i 

a, 

a, 

aG 

Stoichiometric coefficient for solid product from newspaper 
decomposition (kg / kg-newspaper) 
Stoichiometric coefficient for water from newspaper 
decomposition (mol/ kg-newspaper) 
Stoichiometric coefficient for noncondensable gas from 
newspaper decomposition (mol/kg-newspaper) 

Heat of reaction for newspaper decomposition at temperature T (J/kg) 

Heat of reaction for steam condensation at temperature T 
Constant in condensation rate expression 
Specific gravity of gas relative to air at same conditions 

Mass density of solid product 

Constant in gas oufflow expression 
Constant in inter-vessel gas flow rate expression 

A H N  ( T )  

mu (0 
p 
P N  Mass density of newspaper 
p s  
pw Molar density of water 
0 
&2 
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APPENDIX I 

WATER VAPOR PRESSURE AND HEAT OF CONDENSATION 
CORRELATIONS . 

The following correlation has been used in the model for the vapor pressure of 
water, expressed in Pa, as a function of temperature in kelvins 

-5114.6 

P(T) = 8.88888~10" e for T < 410.57 and (1-1) 

-46663 

for T 2 410.57 . (1-2) 
10 P(T) = 2.9929~10 e 

Values obtained from this correlation are compared to literature values over the 
range of interest in Table 1-1. Below 150 C deviations are 5% or less and above 150 
C the deviations are less than 1%. 

Table 1-1. Correlation Water vapor pressure estimates used in modeling 
compared to literature values*. 

Vapor Pressure (MPa) 
T (C) Literature Correlation 
20 0.0023 0.0023 
50 0.01 23 0.01 18 
80 0.0474 0.0453 
100 0.1 01 3 0.0986 
125 0.2321 0.2333 
150 0.4760 0.4828 
180 1.003 1.002 
200 1.555 1.549 
230 2.798 2.791 
250 3.978 3.979 
270 5.505 5.527 
280 6.41 9 6.456 
290 7.445 7.500 
300 8.592 8.668 

In the current model structure simple temperature independent heat capacities 
have been used. This impliatly leads to the following relation for latent heat of 
condensation for water 

AHw =-44+0.041(T-25) [kJ/mol] , (1-3) 
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where the temperature, T, is expressed in Celsius. The convention of negative 
heats of reaction representing exothermic reactions is followed. 

The heat of condensation computed from this relation is compared to data over 
the temperature range of interest in Table 1-2. At the high temperature end the 
heat of condensation is over estimated. This largely a result of using a constant 
heat capacity for steam. 

Table 1-2. Latent heat of condensation of water computed from simple model 
equation compared to data from the literature*. 

-AHw 
T (C) Literature Model 

30 43.7 43.8 
50 42.9 43.0 
100 40.6 40.9 
150 38.1 38.9 
200 34.9 36.8 
220 33.4 36.0 
240 31.8 35.2 
260 29.9 34.4 
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APPENDIX I1 

NATURAL CONVECTIVE COOLING 

The possibility of natural convection cooling of process vessels and piping exists. 
The size of the heat transfer coefficients can be estimated using standard heat 
transfer correlations. For vertical surfaces in fluids with Prandtl numbers greater 
than 0.5, Kriethl suggests the following correlation for systems in which the 
product of Grashof and Prandtl numbers is greater than lo9 

where is the average Nusselt number over the surface. 

In Table II-1 the average heat transfer coeffiaent, %, is computed for a vertical 
surface in air having a length of 1.5 m, typical of the reactor vessels. In the 
calculations an ambient temperature of 25 C is assumed and properties are 
computed at the average of the wall and ambient temperatures. 

Table 11-1. Air properties and average estimated average heat transfer 
coefficients as a function of wall temperature for a vertical surface 
1.5 m in length. 

- 
h Air Air Air 

Wall T Driving Heat Conduc- Viscosity Gr - 
Force Capacity tivity xlO-5 ~ 1 0 - l ~  Nu 

(C) (C) U/kg-K) (W/m-K) (Pas) (W/m2-K) 
100 75 1008 0.029 2.07 2.10 245 4.7 
150 125 1009 0.032 2.15 2.82 276 5.9 
200 175 1012 0.033 2.22 322 291 6.4 
250 225 1015 0.034 2.29 3.43 298 6.8 
270 245 1017 0.035 2.32 3.48 300 7.0 

Any uninsulated pipes can also lead to cooling by natural convection. Vertical 
runs of pipes can be treated as vertical surfaces using the above correlation. 
Horizontal pipe average heat transfer meffiaents can be computed, according to 
Kriethl, using the following 

- 
Nu = 0.53(GrPr)0'z . (D-3 

This relation is valid for Prandtl numbers greater than 0.5 and Grashof numbers 
ranging from lo3 to 109. Average heat transfer coefficients computed from this 
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correlation are given in Table II-2 for 5 cm (2 in.) horizontal pipes over a range of 
pipe wall temperatures of interest. 

Table 11-2. Estimated average heat transfer coeffiaenfs as a function of wall 
temperature for 5 cm diameter pipes in air having an ambient 
temperature of 25 C. 

125 
175 
225 

10-6 Nu 

- 
Driving h - Wall T Force Gr X 

(C) (C) W/m2-K) 
100 75 0.81 14.6 8.3 
150 
200 
250 
270 245 135 16.5 11.4 I 

1.09 
1-25 
133 

15.7 
16.2 
16.5 
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1. Frank Kreith, Principles of Heat Trans@, Second Edition (International 
Textbook Company, Scranton, Pennsylvania, 1966), pp 326-358. 

62 



APPENDIX 111 

MOVING DRYING FRONT ESTIMATES 

Interaction of the vessel walls and the material inside the reactor during the 
cooldown phase will depend on the nature of the material inside the reactor at 
that time. One possible scenario is that the reacted newspaper maintains enough 
of its integrity after the decomposition reactions have occurred so that the state of 
the material inside the vessel would be a moist low density solid. In this case the 
hot walls would only interact with the material in the vicinity of the walls because 
the interaction would involve drying of the material and the dried material would 
act as an insulator. 

To estimate the amount of drying which might result from hot reactor walls 
during the blowdown phase asimple moving front model can be formulated. 
In this model it is assumed that a drying front is moving away from the walls 
through the low density material. This drying front is driven by conduction from 
the wall. Also it is assumed that the amount of energy needed to evaporate 
moisture at the drying front is far greater than any sensible heat changes 
occurring in the dried material. In this case the heat flow at any instant from wall 
to drying front is given by 

where k is the conductivity of the dried region, I is the width of the dried region 
and Td is the temperature at the drying front. The rate of motion of the drying 
front is related to this heat flux by 

dl 
-X,PMw(-Mw) dt = 4, 

where x, is the weight fraction of water in the material filling the vessel, p is the 
solid density and Mw is the moles of water per kg of water. In this simple 
formulation the steam is assumed to leave the drying front by passing through 
the udried material. 

For a constant wall and drying front temperature Eqns. III-1 & III-2 lead to a 
simple solution for the dried length 

Using this relation an average heat transfer coeffiaent can be defined for any 
period of time and is given by 
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- h =  0n-4) 

Using Eqn. IiI-4 some computed Zls are given in Table III-1 for typical 
parameters. 

Table 111-1. Computed $3 for different times and wall temperatures for k=O.O4 
W/s-m-K, xw=0.5, p =200 kg/m3, M w = 4 4 0 0 0  J/mol, and T,=lOO C. 

- 
T, (C) t (hs) h W/mW 

250 2 4.3 
250 8 2.1 
250 24 1.2 
150 2 7.4 
150 8 3.7 
150 24 2.1 
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APPENDIX IV 

CONVECITVE COOLING 

To air cool the main reactor vessel a shroud may be used through which air is 
blown. The rate at which the vessel walls can be cooled can be estimated using 
standard heat transfer correlations and estimates of process conditions. 

Blowers are available with the potential to deliver about 6 mol/s (300 sdm) of air 
into a shroud around the main reactor. The main reactor has a diameter of 1.3 m. 
If a separation of 5 an between the shroud and the tank is assumed the Reynolds 
number in the annular space during air flow would be about 6000-8000 
depending on the average temperature. Unfortunately these Reynolds numbers 
are near the laminar/turbulent transition region and therefore make it more 
difficult to estimate heat transfer coefficients with accuracy. However, using the 
standard correlations for turbulent flow in enclosed flows with fully developed 
velocity and temperature profiles, given by Kaysl 

NU = 0.021 h o e 5  R~O.* , 

which is valid for ReclO5, a heat transfer coefficient of about 6 W/mzK is 
computed. The coefficient is not a strong function of the average temperature 
over the range of interest. 

With the maximum temperature driving force the increase in average air 
temperature as it passes between the shroud and vessel wall would be about 40 C. 
Since this is considerably smaller then the 250 C driving force, the cooling of the 
vessel walls can be approximated using the simple relation 

dT 
dt 

cmm - = Ah(T - 251, 
which along with the initial condition T = Ti, has the simple solution 

037-3) 
T - 2 5  (E) 

= e  
Ti -25 

This solution is €or a 25 C ambient air condition. In these relations the Tis the 
wall temperature, rn is the mass of the wall and A is the area of the wall.. 

Using Eqn. IV-3 is easy to compute the time required to cool to any desired wall 
temperature 

T-25 
Ah Ti -25 
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Using Eqn. IV-4 typical cooldown times can be computed for a forced convection 
air cooled system. Assuming an initial hot temperature of 275 C Table IV-1 shows 
the times required to cool down reactor walls whose mass is 3553 kg. 

Table IV-1. Estimated time to cool a vessel wall to a specific temperature using 
an air flow of 6 mol/s for a reactor vessel with a wall area of 6 m2, a 
wall mass of 3553 kg and assuming an average heat transfer 
coefficient of 6 W/m% 
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