
APpENOlX C EoUwbRWM RELATION 

Calculation of the enhancement factor 9 requires a correlation 
of the equilibrium solubility of COZ in aqueous MEA solutions. Of 
the wealth of data available, almost all are in the form of plots of 
the equilibrium partial pressure of CO2 as a function of solution 
loading with temperature as parameter; this format is quite un- 
suitable for correlation. When Henry's law is combined with Eq. 
20 and the usual exponential dependence on temperature is as- 
sumed, the expression 

Pcoe'Z ( 3 a exp(-AH/RT) 

would be most suitable for correlation. Here the parameter Z and 
the total enthalpy of solution (including reaction) H may depend 
on concentration and solution loading. The procedure adopted was 
to fit each set of data in the form In P C ~  vs. a at fixed temperature 
and MEA concentration with a polynomial of up to third degree 
in a. This allowed the smoothed data to be converted into the form 
In PCa vs. 1/T for fixed a and MEA concentration. Straight lines 
of the form 

h pc% = A + B (1@/T - 3.0) (A21 

were fitted through each smoothed data set to obtain the least 
squares values and standard deviations of A and B. (Data were 
found to be centered at a temperature of about 60°C; hence, the 
factor 3.0 appears in Eq. A2 to maintain roughly equal weighting 
of all data.) Finally, A and B, weighted according to their respec- 
tive standard deviations, were correlated with solution loading a. 
For a < 0.45 no dependence on MEA concentration was found. 
The final correlation in the form of Eq. A 1  was 

In p C a  = -3.70 - 4.83 a + 2 In [a/(l - 241  
+ (-9.71 - 8.18 -I- 25.2 a2)(1@/T - 3.0) (A3) 

The actual experimental data of Jones et al. (1959), Lawson and 
Garst (1976), Lee et al. (1974), Lyudkovskaya and Liebush (1949), 
Mason and Dodge (1936), Mdbauer and Mo~ghan (1%7), Munin 
et al. (1969), and Nasir and Mather (1977) are compared with the 
correlation in Figure A-1. The experimental measurements cover 
a temperature range from 0°C to 140°C for MEA concentrations 
between 0.5 N and 9.5 Nand solution loadings less than 0.45, and 
include some 250 points. 

The equilibrium data of various workers typically differ from 
each other by about 50% although differences of a factor of two 
or three are not uncommon. This is reflected in the considerable 
scatter which is apparent in Figure A-1. Because of the necessity 
to go through a preliminary fitting procedure to convert the data 
into usable form, it cannot be claimed that Eq. A 3  is statistically 
the best fit. However, the procedure adopted does guarantee that 
the correlation is not unduly biased. 

By comparing Eqs. A 1  and A 3  it can be seen that the total heat 
of solution is 

(A4) AH = 80.8 + 67.8 CY - 2 0 9 . 0 ~ ~ ~  

in MJ/kgmol and that this depends on solvent loading. Danckwerts 
(1970) reports the heat of solution of COZ in water to be about 19.9 
MJ/kgmol while Hikita et al. (1977) have found that the heat of 
reaction of uncarbonated MEA is 75.8 MJ/kgmol at %"C, and to 
be temperature dependent. The sum of these two is 95.7 which is 
about 15% higher than the value 83.7 obtained from Eq. A4 at a 
= 0.05, the smallest value of a in the range correlated. 

To calculate the equilibrium constant K all one need do is use 
Eq. A3 to find pc% and relate this to the liquid-phase concentration 
[CO& through Henry's law, appropriately modified to account 
for the presence of all the species in solution. 

Laminar Tube Flow with a Thermosetting 
Polymerization 

Two models describing the laminar flow of a polymerizing liquid through a tube 
have been developed and tested experimentally. One model is a full finite differ- 
ence solution of the balance equations. The other is an approximate analytical 
solution which assumes that flow ceases after viscosity increases about tenfold. 
The models are compared to two experimental cases: 1) the pressure rise needed 
to keep the flow rate through the tube constant and 2) the flow rate decrease when 
pressure at the tube entrance is held constant. The finite difference model is more 
accurate in the early stages of polymerization while the approximate analytical 
model is more accurate at long times. The models have application to runner flow 
in reaction injection molding, to nozzles in thermoset molding, to thermoset dis- 
pensing equipment and to continuous reactive polymer processes in general. 
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SCOPE 

The introduction of Reaction Injection Molding (RIM), 
(Prepelka and Wharton, 1975; Lee, 1980) has resulted in con- 

siderable interest in molding thermosetting polyurethanes. 
Whereas high pressures are needed to injection mold conven- 
tional, high viscosity thermoplastic materials, the low viscosities 

much lower pressures. RIM is thus particularly advantageous 
in molding large surface area parts and is being used, among 
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of the polyurethane reactants allow a mold to be filled using 
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other applications, for appliance cabinets and automobile front 
and rear ends. 

The RIM process can be broken down into several stages. 
These include: component metering; intensive mixing to bring 
the reactants into intimate molecular contact within a time scale 
short compared to the process cycle time; flow into the final 
shape, such as filling a mold; reaction or curing in shape until 
the part is stiff enough to remove; and post curing, used to im- 
prove modulus and dimensional stability. 

From the mixing head, before entering the mold, the reactive 
mixture flows through the runner. The runner flow can be as- 
sumed a continuous process, since its average residence time 
is much smaller than the total filling time. The main difference, 
with respect to the flow in the mold (batch process), is that the 
flow front can be neglected. All the flow modelling studies that 
have been done in RIM (Domine and Cogos, 1980; Kamal and 
Ryan, 1980; Castro and Macosko, 1982) neglect the runner flow. 
The goal of this work is to develop and experimentally test a 

model for it. A cylindrical geometry was chosen and the model 
set up to work in either of two cases. In the first, it predicts the 
pressure rise needed to keep the flow rate through the tube 
constant. In the second it predicts the flow rate decrease if the 
pressure at the tube entrance is kept constant. Both situations 
are of practical importance. Constant flow rate will occur if 
positive displacement pumps are used in RIM equipment. Al- 
ternatively, a constant pressure metering device can be used, 
or a hydraulic device, which would be flow rate limited up to 
a maximum pressure at which it becomes pressure limited (Lord 
and Williams, 1975). The model was experimentally tested under 
both cases. 

The model has application beyond RIM, to nozzles in ther- 
moset molding and to continuous reactive polymer processes 
(Biessenberger and Gogos, 1980) such as foam dispensing 
equipment, reactive extrusion and reactive coating opera- 
tions. 

As expected in a tubular reactor with a thermosetting poly- 
merization, pressure continuously increases under constant flow 
rate conditions or the flow rate decreases under limiting pres- 
sure. A model has been developed to predict both the pressure 
rise with constant flow rate and the flow rate decrease with 
constant pressure drop through the reactor. The model is gen- 
eral, it is applicable to isothermal and nonisothermal situations. 
The model requires numerical integration using finite differ- 
ence techniques of the balance equations. When compared to 
experiments on a polyurethane system, for the constant flow rate 

case it predicts fairly well more than one decade of the pressure 
rise. Higher rates are underpredicted. For the limiting pressure 
experiments it predicts fairly well the flow rate decrease over 
the entire range. 

An approximate analytical solution is also developed for both 
cases. The solution assumes that the flow is isothermal, and that 
flow along a stream line becomes negligible when viscosity rises 
to r) 1 3q0. The analytical solution gives better predictions than 
the numerical simulation in the high pressure region. 

MATHEMATICAL MODEL 

A mathematical model was developed to describe flow through 
a tube of a polymerizing mixture. The following assumptions were 
made: 

1) Constant density, heat capacity, thermal conductivity and 
heat of reaction. These quantities do not vary significantly with 
polymerization or temperature for thermosetting and elastomeric 
materials (Van Krevelan, 1978; Lipshitz and Macosko, 1977). 

2) Negligible mass and thermal diffusion in the axial direction. 
The diffusivities are low and LID values large. 

3) nth order kinetics with Arrhenius temperature depen- 
dence 

(1) 

The kinetic mechanisms are generally more complex than simple 
nth order but, for process modelling what we need are only phe- 
nomenological equations. These may not necessarily reflect the 
true kinetics but do a good job in describing the overall chemical 
reaction (Richter and Macosko, 1978). For the chemical system 
used in the experiments, a 1.5 order equation fit overall conversion 
data well as shown by Lipshitz and Macosko (1977). 

4) Newtonian fluid, that is, the viscosity is only an explicit 
function of the extent of reaction and temperature. 

T = ‘I(C*,T) (2) 
No shear thinning was observed for the materials used, up to at least 
a 200-fold viscosity increase (Lipshitz and Macosko, 1976). 

dC,/dt = R ,  = k(T)Ci  = koe-(E/Rgr)Cl 

5) Laminar flow, low Reynolds number. 
6) Inertial terms in the momentum equation may be ignored 

in view of the low Reynolds numbers. 
7) Quasisteady state is assumed for the momentum equation; 

i.e., polymer build up on the tube wall is slow. This assumption also 
is commonly made in calculations involving heat transfer to flowing 
thermoplastic polymers (Tadmor et a]., 1974, 1975). 
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8) Neglect entrance length, L I D  >> 1. 
9) Unidirectional flow (ur,ut, negligible with respect to vz) ,  lu- 

brication approximation (Tadmor and Gogos, 1979). 
10) At time zero, the tube is completely filled with unreacted 

mixture. 
Application of the above assumptions reduces the balance 

equations, in dimensionless variables (defined in the nomenclature 
section) to the following forms 
Momentum balance 

dot - dr* - (:)* 7 
Q* = 2 J‘ r*ufdr* 

Q* = -so1 r *2  (z) dr* 

Mass balance 

(4) 

Integration of the mass balance by parts using the no slip boundary 
condition gives 

( 5 )  

Substituting Eq. 3 in Eq. 5 yields 

Q * = - 4 ( 2 ) *  J1$dr* 

Integrating Eq. 3 and combining it with Eq. 6 gives 

Q* f dr* 

J 1 $ d r *  

r 
v;  = (7) 

The total pressure drop through the tube can be obtained inte- 
grating Equation (6) all the way from the tube entrance to the exit 
to obtain 

(3)  
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With the assumptions given above the mole balance becomes 
bC* bC* 

dt* bz * + 0;- = Gk*(l - C*)n + --- - 

where G and Pe, are the gelling potential (Castro and Macosko, 
1982) and the Peclet number for mass transfer respectively. They 
are defined as 

(10) 
initial residence time - tr ,  G =  -- 

isothermal gel time at To t ,  
mass transport by convection - (Ez/L)Co and Pe, = - 
mass transport by diffusion (DAB/R,2)Co 

(11) 
characteristic mass diffusion time - R,2/DAB -- or = 

initial residence time tr, 
The balance of energy reduces to 
bT* bT* 
at * dz* 

+ U: - = Gk*(l - C*)” - 

where the Peclet and Brinkman number are defined as 
heat transport by convection 
heat transport by conduction 

Pe = 

heat production by viscous dissipation 
heat transport by conduction 

Br = 

Equations 7,8,9 and 12 were integrated numerically using finite 
difference techniques, note that they are coupled since the viscosity 
is a function of extent of reaction and temperature. Since the 
viscosities in these systems are typically low, Br << 1 and viscous 
dissipation effects can be neglected. The following initial and 
boundary conditions were used 
Initial conditions 

t = O  c * = o  

T* = 0 

Q* = 1 

Boundary conditions 

z = o  T* = 0 c *  = 0 
r = 0 (bT*/br*)  = 0, (bC*/br*)  = 0 
r = R  T* = 0, (dC*/dr*) = 0 

NUMERICAL SOLUTION 

In order to commence an integration step between t and t + At ,  
C* and T* must be defined. TJ can then be calculated from data 
on the chemical reactants (Lipshitz, 1976). The instantaneous ve- 
locity profiles u, are calculated from Eqs. 7 and 8. u, is assumed 
to remain constant during the period t and t + At.  If the flow rate 
is constant, Eq. 7 is integrated directly. When Ap is specified, the 
instantaneous flow rate is obtained from Eq. 8 and substituted in 
Eq. 7 to obtain the velocity profiles. Once u, is known Eqs. 9 and 
12 can be integrated over the interval t to t + A t .  

To reduce computation time, explicit rather than implicit 
methods were used to integrate Eqs. 9 and 12. These are generally 
faster, but some sacrifice is made in accuracy and stability (Car- 

TABLE 1. GRAETZ PROBLEM: COMPARISON OF THEORETICAL EXIT 
TEMPERATURE TO NUMERICAL RFSULT 

Twall = 318 K 
Q = 10 cm3/min 

Theoretical 9 X 9 erid 15 X 11 arid 17 X 13 arid 

Tinlet = 338 K 
Pe = 1.64 

319.760 K 319.944 K 319.848 K 319.833 K 

nahan et al., 1969). In addition, Eqs. 9 and 12 were uncoupled for 
the integration interval, At ,  by using T*(t)  in integrating Eq. 9 and 
C*(t )  in Eq. 12. A forward difference was used for the time de- 
rivative, a backward difference for the convective term and 
Saul’ yev’s explicit; alternating direction method (Carnahan et al., 
1969) for the diffusion terms. Equations 7 and 8 were integrated 
using Simpson’s rule. 

A grid of 17 radial and 13 axial increments was used for most 
calculations. Numerical instability originated in the convective 
term. Stability was found to be assured for 

u : - < 1  At* 
&* 

Kamal and Kenig (1972) report the same stability limitation in 
simulating thermoplastic injection molding. 

Equally spaced increments were taken in the axial direction. 
Ideally we would like smaller radial increments in the region where 
the concentration and velocity gradients are largest. However this 
region moves inward with time, as will be discussed later. Conse- 
quently, it was not useful to concentrate the grid at any single radial 
location. 

The program was written in Fortran IV and run on a CDC-6600 
computer. Computation time varied from 80 to 140 seconds for 
simulating a constant flow rate experiment, and from 25 to 50 
seconds for a limited pressure experiment. 

To test the program, two simpler steady state cases to which 
theoretical solutions exist, were simulated. Typical flow conditions 
were used: (10 cm3/min flowing through a 3.5 mm diameter tube 
650 mm long with T ,  at 318 K). 

Case A. Fully developed flow of a Newtonian fluid with uniform 
physical properties through a heated and cooled tube (the Craetz 
problem. see McAdams, 1954). 

The parabolic velocity profile and reduced pressure drop of unity 
are simulated to better than 6 significant figures. The theoretical 
cup-averaged exit temperature is compared to numerical results 
in Table 1, for a tube wall 20 K lower than the inlet tempera- 
ture. 

Case B. An isothermal reactor with parabolic velocity profiles. 
Each fluid element behaves like a batch reactor, with reaction time 
equal to the residence time of the element. Table 2 compares 
theoretical and numerical results, for various residence times. 
Agreement for conversion is within 2% (Lipshitz, 1976). 

EXPERIMENTAL CONDITIONS 

A two component thermosetting polyurethane system, an extended di- 
isocyanate prepolymer of 1,6 hexamethylene diisocyanate (18.5% NCO) 
and a c-caprolactone based triol, were used. These materials have been 

TABLE 2. EXTENT OF REACTION IN AN ISOTHERMAL REACTOR 
WITH CONSTANT VISCOSITY AND NO DIFFUSION. THEORETICAL AND 

NUMERICAL RESULTS WITH KINETICS OF EQ. 15 

Residence 
Time (min) 

0.725 
1.087 
1.265 
1.45 
1.78 
2.48 
4.64 

Theoretical 

0.2335 
0.3208 
0.3582 
0.3939 
0.4514 
0.5482 
0.7259 

Extent of Reaction, C* 

13 Axial Grid 
Numerical Numerical 

Points Points 

0.2273 0.2297 
0.3150 0.3172 
0.3512 0.3539 
0.3856 0.3887 
0.4409 0.4449 
0.5338 0.5393 
0.7050 0.7112 

21 Axial Grid 
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TABLE 3. EXPERIMENTAL CONDITIONS 

Reactor Length = 64.8 cm tg, = 4.3 min 
Experiment lQ, 1P 2Q,2P 3Q,3P 4Q,4P 

Radius, &, 0.236 0.175 0.236 0.175 
(cm) 

Flow Rate, Q, 5.22 5.22 10.00 10.00 

Initial Res. Time 130.5 72.0 70.2 37.2 
(cm3/min) 

(4 
Re 0.038 0.052 0.074 0.099 
C 0.506 0.279 0.272 0.144 
Pe, 4270 4250 7930 8230 
Pe 0.48 0.48 0.91 0.91 
BI 1 x 10-6 2 x  10-6 2 x  10" 1 x10-6 

- 
FLOW DIRECTION 

Flgm 1. Reador cross ractlons after expwlnwni SO, t = 4.72 mln, (low rat. 
0. = 10 un3/mln 

described in detail by Lipshitz and Macosko (1976, 1977). 
An experimental apparatus was built to preheat the two components, 

meter them in the correct ratio, mix them and flow the mixture into a tu- 
bular reactor. The brass reactor, 648 mm long, 4.7 to 1.9 mm internal di- 
ameter, was held in a constant temperature water bath at 318 K f 0.3 K. 
The apparatus and procedure have been described in detail by Lipshitz 
(1976). 

Two types of experiments were conducted, constant flow rate and lim- 
iting pressure. When the flow rate was held constant, the pressure was 
observed to rise continuously. When pressure reached 690 kPa, the low 
viscosity material was flushed from the reactor by dispensing only the trio1 
component. Sectioning the reactor revealed a gelled layer deposited on the 
walls and a polymer free central core. A photograph of such sections is 
shown in Figure 1. For the limiting pressure experiments, initially the flow 
rate was kept constant until the limiting pressure of 20.7 kPa was reached, 
from then on the pressure was kept constant by manually reducing the 
piston pump speed. Experiments were terminated when the flow rate fell 
below 0.5 cm3/min. When the initial presure rise of these experiments was 
compared to the previous constant flow rate experiments it was found that 
the time to reach 20.7 kPa was uniformly longer. Thus the limiting pressure 
experiments were all shifted 1 minute. The individual experiments are 
summarized in Table 3. 

KINETICS, THERMAL AND PHYSICAL PROPERTIES 

To solve the balance equations we need to know the thermal, 
kinetic and rheological properties of the reactive system. Detailed 
information on the acquisition of the thermal and kinetic data is 
given by Lipshitz and Macosko (1976,1977). Reaction kinetics were 
described by 

(15) 

The initial reactive group concentration (C,) was 2.64 X 103 g- 
equiv/m3. Note that the numerical value fork, given by Lipshitz 
and Macosko (1977) in their eq. 8 is a misprint, corrected here. 

Heat capacity of 1875 J/kgK and thermal conductivity of 0.188 
W / m K  were measured for the solid polymer at 313 K. Heat of 
reaction is 60.33 kJ/g-equiv. A density of 1.075 g/cm3 was used. 
This is an average value for the two liquid reactants. Density at 
complete reaction was 1.1% g/cm3. 

The following equation was found to give a good fit to the vis- 
cosity data (Lipshitz and Macosko, 1976). 

where r]  is in Pass, aw0 = 796 and Rg = 8.3192 J/gmol.K. M, is 
related to the extent of reaction C* bLEq. 8 of L&shitz and Ma- 
cosko (1976). For the system used here M,, = 454, M , ,  = 810, 
= 537 and = 715 thus 

a, = 768 + C Z  [17" '* + 
1 - 2 C f 2  

Mass diffusion coefficients are expected to be low because of the 
high viscosities involved. If mass diffusion were significant, high 
viscosity material could move from the walls to the tube center, 
and be removed. At  high shear rates, a scouring mechanism might 
remove gelled polymer. For constant flow rate, a steady state would 
be achieved if radial mass transfer or scouring were significant. No 
steady states were, however, observed for the experimental constant 
flow rate range covered. Even for the smallest diameter tube (1.9 
mm), in which diffusion effects would be greatest, the pressure was 
observed to rise continuously to the limit of 690 kN/m2. These 

59 
0.095 

5.22 

21.0 

0.095 
0.082 
4300 
0.48 

7 x 10-6 

Nde that Q refem to constant flow rate. and P to limiting prrsurc experiment. 

experimental observations indicate mass diffusion is indeed neg- 
ligible. 

Wallis et al. (1975) found m a s  diffusion to be negligible. Broyer 
and Macosko (1976) ignored mass diffusion in modeling static 
curing of a thermoset. They estimated DAB = cmz/s. Sala et 
a]. (1974) used DAB = m 2 / s  in modeling a polystyrene tu- 
bular reactor. Simulations run in the present study showed DAB = 
10-8 cmz/s had an insignificant effect on results for the 1.9 mm 
diameter tube. Lynn and Huff (1971) used DAB = cm2/s (for 
ethanol diffusing through water, DAB = 1.28 X cmz/s) and 
found an insignificant effect on their results. Their smallest tube 
diameter was 19 mm. Simulations for the largest tube diameter 
used in this study, 4.7 mm, were similarly unaffected by DAB = 

cmz/s. Simulation of the 1.9 mm tube, however, did show an 
effect (Lipshitz, 1976). 

In view of the fact that no steady states were observed experi- 
mentally and that the smallest tube diameter was sensitive only to 
an unrealistically high DAB, the diffusion term was omitted from 
all further simulations. 

RESULTS 

The pressure increase with time recorded during constant flow 
rate experiments is shown in Figures 2 to 4. Each experiment was 
repeated at least twice. There is a general trend present in all the 

I f ' c  
1 o ~ ~ ' ' ' ~ ~ a ' ' ' '  
0 5 10 

TIME (MINUTES) 
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p- I&lhermal 
Simulation I 

’c 
, I  , I  I I I I I , I I ,  

‘0 5 lo 15 
TIME (MINUTES) 

Figure 3. Pressure drop over reactor as a function of time for constant 
flow rate experlment 30. Symbols are experlmentai results. Lines same as 

Figure 2. 

results: Pressure increase is initially very rapid. After three or four 
minutes it decreases to a fairly steady exponential rise. Computer 
simulated results of the constant flow rate experiments are shown 
in the Figures. Both isothermal and nonisothermal solutions are 
similar indicating that temperature effects are not large for these 
small diameter tubes. The fast initial pressure rise is predicted fairly 
well. Beyond three to five minutes, the pressure drop is consider- 
ably underestimated. Note that the isothermal gel point of the 
polymerization is 1.63 minutes at 318 K. In actual equipment it 
would be unusual to permit more than a tenfold increase in pres- 
sure. The simulation is adequate over this range. 

Figures 5 and 6 give the results of the limiting pressure experi- 
ments. In each case when the maximum pressure of 20.7 kPa is 
reached the flow rate decays rapidly. With decreasing initial flow 
rate (increased residence time) the time for the tube to block up 
decreases as the asymptotic decrease in Q indicates. Numerical 
simulations of the limiting pressure experiments are fairly good. 
They are shown as solid lines in Figures 5 and 6. 

DISCUSSION 

In all the experiments, the tube is initially filled with an un- 
reacted mixture. The initial pressure rise is due to reaction and 
viscosity increase of the entire tube contents. As time proceeds, 
since the material adjacent to the wall has a prolonged residence 
time, considerable reaction and viscosity increase occurs there. This 
high viscosity material will flow still slower and on further reaction 
will effectively cease flowing. This material acts like the tube wall, 
retarding the velocity of the adjacent material. The phenomena 

t 
1 Shrinking Core 

Model 

0.41 Sirnulotion’ \ \ 

X 

k., 

TIME (MINUTES) 

Figure 5. Flow rate decay wlth time for limiting pressure experiments 1 P and 
2P. 

is continuous, causing the effective tube diameter to steadily 
contract. This becomes clear by looking at Figure 7 which shows 
the simulated variation of velocity profiles during constant flow 
rate for experiment 2Q at z’ = 0.5. 

After a period of time, a wall build up similar to that shown ex- 
perimentally in Figure 1 and schematically in Figure 9 will be 
reached. This has the effect of moving inward the region where 
the gradients are the sharpest, as can be seen for the velocity and 
conversion in Figures 7 and 8 respectively. Since the residence time 
in the central core is low, conversion will be low. The majority of 
the pressure drop observed is simply due to the flow of unreacted 
material in an ever decreasing central core. The error in the high 
pressure region may be due to the inability of the finite difference 
method to accurately model the ever decreasing duct. As the solid 
layer builds up on the tube wall the number of grid points in the 
flow cross section decreases. This means fewer difference points 
are available to describe the ever increasing gradients in the viscous 
layer. This problem is also encountered when modelling the 
freezing of flowing systems. A radial grid which moves inward with 
wall buildup is needed. Such work is in progress. 

One approach to predicting the high pressure region with greater 
accuracy is to model the wall layer build up directly. Such a 
“shrinking core model” is developed in the Appendix. It requires 
isothermal flow and estimation of a critical time t, at which flow 
effectively ceases. With a singlet, value all the results are fit fairly 
well as indicated by the dashed lines in Figures 2 to 6. 
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Figure 4. Pressure drop over reactor as a function of time for constant flow 
rate experiments 20, 4 0  and 50. Lines same as Figure 2. 
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0 I 2 3 4 5 6 7 0 

Reduced Axiol Velocity , vz* 

Figure 7. Simulated variatbn of vehxiiy pofk wHh time during constant flow 
rate experiment 2 0  at Z* = 0.5. 

APPENDIX 

Shrinking Core Model 

The viscosity rise of many thermoset systems can be roughly 
approximated by a step function. That is, the material can be as- 
sumed to remain at its initial viscosity, until some critical extent 
of reaction at which the viscosity suddenly becomes infinite. An- 
other way to view this is that after some critical flow time t, along 
a stream line viscosity has increased such that the flow effectively 
stops. With this approximation and assuming that the flow is iso- 
thermal, an analytical solution can be obtained for the constant flow 
rate experiments. The solution for the limiting pressure expexi- 
ments, using this approach, requires only a simple numerical in- 
tegration. 

Assuming that the flow is isothermal as discussed before is valid 
in our case due to the small tube diameters. The true flow, can then 
be approximated as the flow of a Newtonian fluid with constant 
vixosity q,, through a tube of slowly decreasing diameter (central 
core). These ideas are used below to develop a model, based in 
predicting the tube diameter shrinkage. 

Core Radius 

A material particle flowing at a distance 6 from the reactor wall 
(6 << R ,  note Figure 9) will be at a position z in a time t given 
by 

If t equals the time needed for the viscosity to become infinite, t,, 
the particle stops flowing. Thus at time t, all particles with a ve- 
locity smaller or equal to 

(A21 

stop flowing. Expanding u, in a Taylor series around r = R we 
get 

(A31 

u,(6) = - (du,/br),=a6 (A41 

z u,(6)  = - 
tc 

~ ~ ( 6 )  = o Z ( R )  - (buz/dr)r=R 6 + O(l6l) '  
since 6 << 1 and u,(R)  = 0, we get 

*L 1.0 
UI a 
0 
0 
[I 

0 
0 
V 

0 0 

.- 

0.5 

a 

a 

0 
0 0 5  1.0 

C*, Extent of Reaction 

Flgure 8. Slmulated variation of extent of reaction profiles during constant flow 
rate experiment 2 0  at I. = 0.5. 

SIDE SECTION CROSS SECTION 
I 

\ r u s E  WILL I 

Figure 9. Representation of laminar tubular polymerization reactor. From r 
= 0 to R-6 is the central oore where practically ail flow occurs. From r = R-6 
to Ro is a layer of polymer that is essentially solid. R decreases with time due 

to the poiymerlzatlon. 

Combining Eqs. A2 and A4, we can obtain an expression for the 
layer (6) deposited at time t,. 

6 = -z/ tc(duz/br)r=R (A51 

For times longer than t , ,  the core radius will shrink in a con- 
tinuous fashion. Since, a polymer layer of thickness 6 is deposited 
in time t,, it seems appropriate to assume that: 

- d R  - 6 
d t  t ,  

Note that 6 is not constant; it decreases with time since (hZ/b),=~ 
increases as the core diameter shrinks. 

Substituting Eq. A 5  for 6 into Eq. A6 and ( h Z / b r ) , = ~  from the 
integration of the balance of linear momentum with constant vis- 
cosity q,, we obtain 

Substituting for bp/bz  in terms of the flow rate the differential 
equation describing the core shrinkage becomes 

- d R  z R 3 ~  - 
d t  4t:Q 

For the constant flow rate case Eq. A8 can be integrated directly 
with the initial conditions that R = R,  at t = t , ,  to obtain 

Figures 10 and 11 compare the predictions of Eq. A9 using t ,  = 
40 seconds with experimental results. Note that at 318 K in 40 
seconds C* = 0.219 (eq. 15) which corresponds to q = 0.85 Pas (eq. 
16). Figure 10 shows the reduced core diameter ( R I R , )  as a func- 
tion of time midway between the reactor entrance and exit for 
experiment 2Q. Figure 11 shows the predicted core diameter as 
a function of axial position for two different times also for experi- 
ment 2Q. The experimental results were obtained by flushing the 
reactor at the desired time with only one of the reactants; after 
which, the reactor was sectioned as shown in Figure 1 and the core 

W 
LL 0 2 -  

01 0 2  0 3  04 0 5  06 07 0 8  0 9  

REDUCED LENGTH ( Z / L I  

Figure 10. Comparison of experimental ( 2 0 )  to predicted (eq. A9) core di- 
ameter varlation with time, al Z* = 0.5. 
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diameter measured. As can be Seen the predictions of Eq. A9 agree 
closely with the experimental results. 

The pressure gradient is obtained by substituting the core radius 
expression A9 into the integrated balance of linear momentum, to 
obtain 

- 

+c 

The pressure drop through the reactor is then 

A p  = J L z d z  

Substituting Eq. A10 into Eq. A l l  we get 

rRz( t  - t,) 7rRz(t - t,) 2 L 3  

L 2 +  [ 2t:Q 1 y] Ap =- a::{ (. + 2t:Q 

(A121 

The predictions of Eq. A12 using t, = 40 seconds are shown as the 
dashed lines in Figures 2-4. Note that the pressure drop remains 
constant up to t,, which is a consequence of assuming that the 
viscosity rise is a step function. 

When the flow rate is not constant, the integration of Eq. A8 
gives 

1 /2 
1 

= "( 1 +ql;R:z t dt } (A131 L Q 
where R1 is the core radius at the time when the constant pressure 
drop regime begins ( t l )  and is obtained using Eq. A9. 

The flow rate as a function of time is given by 

where Ap is the value of the limiting pressure. 
Substituting Eq. A13 into Eq. A14 and integrating we obtain 

where 

To solve Eq. A15, the flow rate is assumed to remain constant 
for a period At .  Thus we calculate f(t + At) using Q ( t )  and then 
usef(t + A t )  to calculate Q(t + At). The predictions of Eq. 15 
are shown as dashed lines in Figures 5 and 6. 

As can be seen the shrinking core model does a good job in pre- 

dicting both types of experiments. Furthermore, it gives a simple 
equation to predict the tube diameter shrinkage. It requires iso- 
thermal flow and the estimation of a critical time at which flow 
becomes negligible. However with a single t, value all the results 
are fit fairly well. To establish t ,  for a different chemical system, 
one could run a tube plugging experiment similar to the one used 
to obtain Figure 11 and use the value which best fits the data to Eq. 
A9. A rule of thumb may be t = t, when q = 3 qo. 

NOTATION 

C 
co 
C* 
c; 
CrJ 
DAB 
E 

r;". 

:r. 
k0 

k 

L 

Ti?,, 
n 
P 
Q 
Qo 
Q* 
R 
R, 
R, 
r 
r* 
T 
TO 
T* 
t 
t, 

t,o 

t* 
VX 

0: 

0% 

z* 

- 
z 

= concentration of reactive species at time t 
= initial concentration of reactive species = 2.64 X l@ 

= extent of reaction: (C, - C) /C ,  
= gel point = 0.707 
= heat capacity at constant pressure = 1875 J /kgK 
= diffusion coefficient < crnz/s 
= activation energy = 64.64 kJ/gmol 
= heat of reaction = 60.33 kJ/g equiv. 
= thermal conductivity = 0.188 W/m-K 
= pre-exponential factor in kinetic constant 
= kinetic rate constant 
= kinetic rate constant evaluation at To 
= dimensionless reaction rate: 

g-equiv/mS 

I 1 - (1 - cp-1 [ * n-1 - 1 )  (1 - C,) 
= reactor length 
= weight average molecular weight 
= initial weight average molecular weight = 796 
= reaction order = 1.5 
= pressure 
= flow rate 
= initial flow rate (limiting pressure experiments) 
= dimensionless flow rate: Q/Qo 
= central core radius 
= gas constant 
= reactor radius 
= radial variable 
= dimensionless radius = r/Ro 
= temperature 
= initial temperature (wall temperature) 
= dimensionless temperature: T - T o / A T d  
= time 
= time for viscosity to rise sufficiently that flow effectively 

stops 
= initial residence time = L/i& 
= time to reach gel point at To: 

(n - :)kc,"-' [ (1 - C;)n-l 1 1 - (1  - cp-1 

= dimensionless time: t/t,, 
= axial velocity 
= dimensionless velocity: u,/& 
= average velocity = Q/qRz 
= axial variable 
= dimensionless axial variable 

9 = dimensionless pressure gradient = ( b p /  dz)/ ('I (8rloQ/*R:) 

Greek Symbols 

a 
q = viscosity 
qo 
q* = dimensionless viscosity: q/qo  
p =density 

= thermal conductivity = k/pC, 

= viscosity evaluated at T = To and C = C, 
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HrCo 
PCP 

ATad = adiabatic temperature rise: - 

Ap = pressure drop over reactor length 

Ap, = initial pressure drop = - 8QvoL 
xR: 

Ap* = dimensionless pressure drop: Ap f Ap, 
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Optimum Dimensions for Pipeline Mixing at 
a T-Junction 

Conditions are identified which insure optimum pipeline mixing at a T-junction. L. J. FORNEY and H. C. LEE 
Analytical expressions, that result from detailed measurements of both near and 
far-field momentumdominated jet trajectories in a crossflow, are renormalized 
in terms of pipe coordinates. It is demonstrated that a simple scaling law exists 
for the limiting geometry of either large or small jet-to-pipe diameter ratios. The 
scaling laws are shown to accurately correlate existing data for each limiting ge- 
ometry. 

School of Chemical Engineering 
Georgia Institute of Technology 
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SCOPE 

Turbulence promotes most important chemical reactions, heat 
transfer operations and mixing and combustion processes in 
industry. Effective use of turbulence increases reactant contact 
and decreases reaction times which can significantly reduce 
the cost of producing many chemicals. It is common in existing 
chemical process units to mix two fluids at a tee in a pipe with 
subsequent transport to other locations. For numerous contin- 
uous pipeline mixing applications, the feed jets are directed 
perpendicular to the pipe axis. The distance necessary to achieve 
a desired degree of uniformity of concentration or temperature 
in the pipe depends on the following quantities: ratio of jet- 
to-pipe diameter, uniformity criterion, ratio of jet-to-pipe ve- 
locity, ratio of specific gravities of the two feed streams and the 
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pipe or jet Reynolds number and surface roughness. Simpson 
(1975) and Gray (1982) have prepared reviews of pipe mixing 
with tees and other geometries. 

Chilton and Genereaux (1930) recorded the pioneering, al- 
though elementary, experimental results for optimum mixing 
with a T-junction. Most of the existing data were taken by 
Forney and Kwon (1979) using improved quantitative tecb- 
niques for a range of diameter ratios 0.025 I d / D  I 0.2. Forney 
and Kwon also developed an expression to predict optimum 
dimensions for a side-tee mixer by assuming that optimum 
mixing conditions were achieved if the jet and pipe axis coin- 
cided at a fixed distance from the point of injection. Although 
the constraint of geometric similarity imposed on their near- 
field jet trajectories within a pipe provided useful results, the 
slope of their theory was imperfect compared with existing data 
for large diameter ratios d / D  > 0.035. Moreover, the form of 
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