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ABSTRACT

Using Smith's kinetic information, a kinetic model 
able to predict the products and their properties when a 
feedstock is catalytically reformed at specified operating 
conditions was developed.

By computer simulation, with different feedstocks 
and at different operating conditions, relationships of 
research octane number versus volume percent of reformate 
as a function of characterization factor, have been 
established.

With the results of computer-simulation, a linear- 
regression-computer program was used to find a linear 
model for the catalytic reformer.

The models developed in this report can be used by 
everybody to study the effect that the operating condition 
and the properties of the feedstock have on the yields and 
on their properties.

All the computer programs presented in the Appendixes 
were written in Fortran IV, and run in the PDP-10 of Colorado 
School of Mines, under the Monitor 50 3-B.
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INTRODUCTION

Catalytic reforming is today's most important 
refinery process for octane improvement. It has also 
become a basic process for production of aromatics and 
liquefied petroleum gases (LPG).

By the end of 19 71, catalytic reformers will be 
capable of processing about 3 million barrels per day 
(bpd), which is equivalent to about 22% of the total 
crude oil capacity in U.S. refineries.

Refiners will continue to convert greater portions 
of crude oil into fuel oil and motor fuels. Cracking 
processes make the conversion, but they need cat-reforming 
to meet the antiknock quality of finished motor fuel 
blends. Furthermore, the drive to reduce or omit lead 
antiknock additives puts extra emphasis on cat-reforming. 
Also the growing need for aromatics in petrochemical 
production demand more catalytic reforming capacity.

During the last four years, many changes in cat- 
reforming have occurred: process improvement and optimi­
zation, after-treatments of reformate, extension of the 
process to new applications, and new or improved reform­
ing catalysts.

Despite its importance there is not a published model 
capable of predicting the average products and their
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average properties for specified operating conditions.
So the basic goal of this work is to try to develop a 
model able to predict products, properties, and effect 
of operating conditions which can be used for preliminary 
evaluation of feedstocks and in preliminary design of 
cat-reformers.

Also, if similar models are developed for the different 
units, it can be used to optimize the whole refinery.

The results of these models will not match completely 
with all the commercial results, but they will give 
average values.
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BACKGROUND

Catalytic reforming is a regenerative-heterogeneous 
catalytic process, involving the use of dual-functional 
catalysts to produce high-octane gasoline and pure 
hydrocarbons from virgin and cracked naphthas.

It is a rather complex process, not only because 
the feed-stocks contain a mixture of different hydrocarbon 
types - paraffins aromatics, naphthenes -, but also 
because of the number of reactions occurring.

Kinetics

The reactions can be classified as either octane 
improving reactions or supporting reactions.

Octane improving reactions,
1 - Dehydrogenation of naphtnenes to aromatics,

Cyclohexane

/ \ ,3 „ 2

Benzene
The dehydrogenation of six membered ring naphthenes - 
cyclohexane derivatives - to aromatics is the primary 
octane improving reaction in cat-reforming. Net octane 
gain, however, is not so great as in the dehydrocyclization
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of paraffins, since the clear octane number of most 
naphthenes is in the range 65-80. Aromatization of 
naphthenes results in a volume shrinkage (about 80%). 
However, the dehydrogenation of naphthenes to aromatics 
does not always increase octane number as this is a 
function of the number of carbon atoms. For example, the 
conversion of methyl-cyclopentane and cyclohexane (octane 
numbers 10 7 and 110, respectively) to benzene (octane 
number of 99) decreases octane, while the conversion of 
dimethyl-cyclohexane to xylene increases the blending 
octane from 6 8 to 145.

1, 2 dimethyl-cyclopentane Methylcy- Toluene
clohexane

If naphthene dehydrogenation was restricted to six-membered 
ring naphthenes only, the net octane improvement effect 
would be very small for some stocks; therefore it is neces­
sary to isomerize five-membered ring naphthenes into six- 
membered ring naphthenes followed by dehydrogenation to 
aromatics. While six membered ring naphthenes convert into

2 - Naphthene dehydroisomerization,



aromatics easily with high yields, five membered ring 
naphthenes are more difficult to convert and give lower 
aromatic yields due to side reactions producing paraffins.

3 - Paraffin dehydrocyclization

c h 3-(c h 2)
4

CH 3 + 4H2*

n-hexane Benzene

Aromatization of paraffins is achieved by the dehydrocy­
clization of straight-chain paraffins having at least six 
carbon molecules. This reaction converts some naphtha com­
ponents with octanes as low as ten into aromatics with 
octanes up to 130. This reaction produces a substantial 
density increase with volumetric yields around 70%.

Supporting reactions,

4 - Paraffin Isomerization

c h 3- (c h 2)5- c h 3 ~ c h 3-(c h 2)2 - c h 2-c h 2-c h 3 
1
CH3

n-heptane heptane isomers

Paraffin isomerization for increasing octane is of little 
value as the sole catalytic reforming process, but it is
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important as a supporting reaction along with naphthene 
and paraffin aromatization. Although generally the larger 
part of naphtha feedstock is paraffinic, only a small 
portion can be converted to aromatics - leaving an appre­
ciable amount of naphtha within the 10-20 octane range. 
Upgrading 10-20 octane material by isomerization, even if 
only to 50-60 octane, allows far more of this material to 
remain in the final product and still meet 90-100 octane 
specifications.

5 - Paraffin and naphthene hydrocracking.

C10 H22 + H2 ----- n C5H12 + 1 C5 H12
n-decane n-pentane i-pentane

C10 H20 + 2 H2 ----  n C5H12 + 1 C5 H12
cyclohexane n-pentane i-pentane

Hydrocracking as a supporting reaction can be useful when 
reforming feedstocks containing high boiling fractions.
It breaks long chains or rings into shorter chains to reduce 
the overall reformate boiling point, increase product 
volatility, and off-set some of the density yield losses 
resulting from the aromatization of naphthenes and paraffins. 
Volumetric yields from hydrocracking are high, with very 
good octane gain. The 100% hydrocracking of decane into two
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pentane molecules gives a volumetric yield of 118% and an 
octane gain of more than 100 units.

Olefin dehydrogenation and hydrodesulfurization do not have 
a large effect on the process because they generally occur 
in the hydro-treating unit, which is placed before the cat- 
reformer.

These polymers must be removed from the reformate 
prior to gasoline blending.

9 - Carbon Laydown.
It occurs in any catalytic process and appreciably 

reduces the catalyst activity. Recirculation of hydrogen 
is used to decrease the carbon formation.

6 - Olefin hydrogenation.

Pentenes Pentanes

7 - Hydrodesulfurization.

+ 4 H2

Thiophene Butanes

8 - Formation of Highly Aromatic Polymers.
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Table 1, taken from Marshall (Petrol Ref. 1955), 
presents a general resume of the principal reactions and 
their effects on the products.

Process

Description. After the feed leaves the hydrotreating 
unit, it is combined with the recycle hydrogen stream. The 
mixture is heated and passed through the three or four 
reactors containing catalysts, which are connected in series. 
Since the overall reforming process is endothermic, reheaters 
are used between reactors to bring the mixture back to 
reaction temperature. The effluent from the final reactor 
is cooled and separated into reformate and butane and 
lighter components. The gases split into hydrogen rich gas 
which is recirculated and Cl - C4 gases, which are separated 
to recover the butanes. (See Figure 1).
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Feedstocks. Typical feedstocks to catalytic reformers 
are virgin naphthas; however, the use of cracked naphthas 
is increasing because of the increase in demand for high- 
octane gasoline. Materials boiling below 200°F are not 
usually included in the reformer feed for gasoline because 
they already have a relatively high octane number, basically 
contain molecules with less than five atoms of carbon, which 
cannot be converted to aromatics, or in other words, they 
cannot be reformed. Materials, boiling above 400°F are not 
included, because of greater coke deposition, which causes 
deactivation of the catalyst.

Catalyst. Catalytic reforming uses a dual-function 
catalyst, generally platinum supported on a silica-alumina 
base. In new catalyst, rhenium is combined, to form a more 
stable catalyst, which permits operation at lower pressure. 
Platinum is thought to serve as a catalytic site for hydro­
genation and dehydrogenation reactions, and chlorinated 
alumina provides an acid site for isomerization, cyclization, 
and hydrocracking. Reforming catalyst activity is a function 
of its surface area, pore volume, and active platinum and 
chlorine content. Catalyst activity is reduced during 
operation by coke deposition and chlorine lost.
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Operating Variables

Traditionally, the operating variables for the cat- 
reformer have been temperature, pressure, space velocity 
and hydrogen-to-hydrocarbon ratio. However, new designs 
such as the Magnaforming process show that the profile 
of the variables has a big influence on the products and 
their properties.

Temperature. The temperatures limited on the lower 
side by the equilibrium that exists among paraffins, naph­
thenes, and aromatics; that is to say, higher temperature 
will enhance the formation of aromatics; however, very high 
temperature will increase hydrocracking and decrease refor­
mate yield. Generally the temperature has to be increased 
over the operating period to compensate for catalyst 
deactivation caused by carbon laydown.

Pressure. Increasing pressure causes higher rates of 
hydrocracking because it is not equilibrium controlled.
Also it adjusts the equilibrium among paraffins, aromatics, 
and naphthenes, in the direction of the more saturated 
compounds. Higher pressures decrease carbon laydown and 
increase the residence time of reactants on the catalyst 
surface. Reducing pressure allows increases in dehydro- 
cyclization of paraffins, dehydrogenation of naphthenes,
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and less hydrocracking.

Space velocity. The time of contact among the 
reactants, intermediate products, and catalyst, has a 
marked effect on the product distribution. Faster reac­
tions will tend to predominate in a shorter residence time. 
These are the dehydrogenation of naphthenes, isomerization 
of paraffins, and hydrocracking of the heavier paraffin 
reactants. Conversely, longer residence time tends to 
enhance the slow reactions such as: hydrocracking of lighter 
hydrocarbons and dehydrocyclization of paraffins. Short 
residence times are generally preferred for producing maxi­
mum amounts of aromatics and hydrogen, with the minimum 
paraffin destruction. An increase in space velocity (at 
constant severity) requires higher temperatures but increases 
catalyst life.

Hydrogen to hydrocarbon ratio. The effect of increas­
ing hydrogen-to-hydrocarbon ratios is primarily that of 
preventing catalyst carbonization. However, it has been 
proposed recently that hydrogen not only affects the carbon 
laydown rate, but also reduces mass transfer resistance at 
the catalyst-hydrocarbon interface by reducing the partial 
pressure of hydrocarbon.

It is easy to see that there are compromises among all
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the operating conditions to get better yields and longer 
catalyst life.

One of the latest developments in reforming of naphthas 
is the use of profiles for temperature, catalyst charge, and 
hydrogen-to-hydrocarbon ratio, through the reactors. This 
is the basis of the Magnaforming design licensed by Atlantic- 
Richfield Company, which gives better catalyst life and 
increases reformate yields for a given severity.

The Magnaforming design uses an increasing temperature 
profile, a decreasing space velocity profile, an increasing 
hydrogen-to-hydrocarbon ratio profile through the reactors, 
to decrease the side reactions, to get better reformate 
yield and better cycle length.

The effect of catalyst charge in the reactors will be 
analyzed later in this report.

The general optimum conditions in a catalytic reformer 
to get better yields and cycle life are shown in Table 2.

V
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TABLE 2

Optimum Operating Conditions

Front reactor(s)
Best Yields Best Cycle Life

Space Velocity 
H2/HC Mol Ratio

High
Low

High

Temperature Low

Terminal reactor(s)

Space Velocity 
H2/HC Mol Ratio 
Temperature

Low
High
High

Low
High
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KINETIC MODEL

Reaction models for the reforming process have been 
suggested by many authors. Some of them are: Smith's 
(1959), Krane's (1959), Burnett's (1965), Henningsen's 
(1970).

Logically a good engineering model will be the one 
which is easy to use, gives good results and requires only 
data at hand.

The Smith model requires a PONA analysis and has four 
simultaneous differential equations to solve. It has all 
the kinetic information required to consider temperature 
effects and is for naphtha feed stocks.

Burnett's model has the big disadvantage that it is 
for pure hydrocarbons, not for naphthas.

Krane's model requires a complete analysis of the feed 
stock,(C5-C10, for aromatics, paraffins, naphthenes, plus 
isomers) and is not an easy model to use (20 simultaneous 
differential equations). It, also does not contain the 
effect of temperature on the rate constants.

Henningsen's model takes into account the fact that 
the C5-C6 ring naphthenes react according to different 
patterns, but requires a good analysis of the feedstock 
(PONA, isomers, C5-C6 naphthene rings). It has good 
kinetic information and is able to consider activity of 
the catalyst.
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As the kind of information about feedstocks available 
generally includes only PONA analysis, the model proposed 
by Smith was selected and was used in all the simulations.

SMITH'S MODEL

Basic assumptions.
a) The four major reactions occurring in reforming 

petroleum naphthas over platinum catalyst are;
1. Naphthenes ;•1 w Aromatics
2. Paraffins ; * Naphthenes
3. Hydrocracking of naphthenes
4. Hydrocracking of paraffins

b) The complex naphtha mixture is idealized so that 
each of the three hydrocarbon classes - paraffins, naph­
thenes, aromatics - is represented by a single compound 
having the average properties of that class. This assump­
tion supports the fact that isomerization is not considered.

c) Generally the naphtha will consist of hydrocarbons 
with different numbers of carbon atoms per molecule. How­
ever, since reformer feedstocks have a rather narrow molecular 
weight distribution, a reasonable simplification can be 
obtained by substituting for the naphtha in question a 
naphtha containing only hydrocarbons with an average number
of carbon atoms in the molecules.



ER 1404 17

d) Although the reactions are heterogeneous, experi­
mental results have shown that satisfactory results are 
obtained if the system is treated as though it were homogeneous.

e) Experimental data show that Cl, C2, C3, C4, and C5 
are produced in approximately equal molal proportions in the 
hydrocracking reactions.

Kinetic Data. The equilibrium and reaction rate constants 
were obtained from data derived from reforming runs over an 
extreme range of space velocity with platinum catalyst of 
virgin activity.

a) Conversion of naphthenes to aromatics.

K = EXP (23.21 - 34750) moles__________
T hr (lb cat) atm

91500

b) Conversion of paraffins to naphthenes



Kp. = p -pi—  = EXP - 7-12> (atra_1>\ n 2 /err

K _ . n 59600 . moles
f1 ~ EXP ( 35-98" "t } hr (lb cat) atm

dT _ dNn (-19000)
dV dV r r N , C t p I

c) Hydrocracking of paraffins

vi (n-3\ „ n (CH.+C^H^+C-Hq+C.H^+C.CnH^n + 2 + I ) H2 — 15 4 10 5

■dN K P E = _£_£dV_ tt

K = EXP (42 91 - i2300_ molesC, EXP <42-97 t } hr (lb cat)

( -24 30o\ I n -I Nt V  I3dT = | -24300 ̂ I n-3
dV dV r r

d) Hydrocracking of naphthenes

Cn H2 + ^ H2 — —  -=-£ ĈH4+C2H6+C3H8+C4H10+C5H12̂  n 3 15

■dN K i n = _£l p
d V r tt n

Y - F X P  fAO 07 - 62300 X moles cl - EXP <42-97 T > hr (lb cat)
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Information required. The following data are required:
a) PONA analysis.
b) Operating conditions for each reactor.
c) Number of reactors.
d) Molecular weight of the feedstock.

Properties Predictions.

Smith's model is not able to predict volumetric yields,
Reid vapor pressure, and octane number in a direct way, and 
it is necessary to include some kind of correlation of these 
properties in the model. Because the model is based on an 
average number of carbon atoms, it requires correlations of 
average values of octane number, specific gravity, and Reid 
vapor pressure versus the number of carbon atoms, for the 
three kinds of hydrocarbons-paraffins, naphthenes aromatics.
These relationships are presented in Table 3 and Figures 2,
3,4. They were calculated by using arithmetic averages of 
all the values found in "API, project #44".

To get mathematical expressions for these relationships, 
two curve-fitting programs were used. They appear in 
Appendixes 2 and 3, and were made using least-square theory.

The first-order program was used to fit two kinds of 
curves:

a) Y = A + BX
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b) Y = C EXP (DX)
The second-order program was used to fit the parabolic 

curve: Y = E + FX + GX2
The general criteria used to select one fitting or 

another were the standard error of the estimate.
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CARBON ATOMS
Figure 2

Specific Gravity Versus Number of Carbon Atoms for 
Paraffins, Aromatics, and Naphthenes
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CARBON ATOMS
Figure 3

Reid Vapor Pressure Versus Number of Carbon 
Atoms for Paraffins, Aromatics, and Naphthenes
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The results of the fittings are shown in Table 4.
To predict the specific gravity of the reformate 

the equation that was used was
jE m.

Sp. gr. = i=l 1____

i=l (Sp.gr.^
To predict research octane number of the reformate 

the equation that was used was

j
RON = . E (RON) . X.1 =  1 1 1

To predict Reid Vapor Pressure of the Reformate, the 
equation that was ised was

jRVP = £ (RVP). Y.
i=l

The computer program (CATREF.F4) was developed by 
considering each reactor as composed of a number of nodes 
(this number is a data input for the program). A copy of 
the program and a print-out are presented in Appendix 1.

Comparison of Results. Unfortunately there is not a large amou 
of information in the literature about all the operating con­
ditions and the yields in a cat-reformer. Generally it is 
only possible to find some yields and some operating conditions 
This is the reason for only comparing the calculated results 
as these were the only ones reported which contained all the 
information needed. (See Table 5).
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TABLE 5

Comparison of Results

Run #1
Commercial CATREF.F4

Run #2 
Commercial CATREF.F4

PVR5
RONR5
RVPR5
SGR5
PVIC4
PVNC4
PVAC5

81.2
95.5

79.7
97.5

84.3
93.1
3.7
0.7949
1.0
1.2

76
93.5
3.7
0.7915
5.27
5.08

63.2 61.96
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In run No. 2, there is a big difference in volume 
percent of reformate, but one of the reasons for this 
difference is the low percentage of butanes reported for 
this severity, so it may be the difference is caused by 
the splitter they used. If C4+ reformate yields are 
compared the agreement is good.

However, in a general sense, the kinetic model gives 
a good agreement with the commercial results.

The models developed in this report can be used by 
everybody to study the effect that the operating condition 
and the properties of the feedstock have on the yields and 
on their properties.

All the computer programs presented in the Appendixes 
were written in Fortran IV, and run in the PDP-10 of Colorado 
School of Mines, under the Monitor 50 3-B.
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SIMULATION

To have relationships between research octane number 
and volume percent of reformate as a function of characteri­
zation factor, it is necessary to simulate the catalytic 
reformer process at different severities with different 
feedstocks. To get different severities it is necessary 
to use different operating conditions.

To select the feedstocks to be used in the simulation, 
information was taken from Zielinsky (1957) , Emmett (1958) , 
Petroleum Refinery (1955) , which present different feedstocks 
with the kind of data required for CATREF. F4. From 23 
feedstocks, six were selected to cover a wide range of 
characterization factor and they appear in Table 6 with 
their basic specifications.

Table 7 shows the ranges in the different properties 
which are used in the computer simulation.

To select the operating conditions the information 
given in Hydrocarbon Processing (Sept. 19 70) on all the 
processes was used to fix the ranges of the different 
variables (see Table 8) .

Within the ranges of operating variable shown in 
Table 8, seventeen runs were made with each feedstock.
The operating conditions for each run are presented in 
Table 9.
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.TABLE 7

Selected Feedstocks' Range

Mean Boiling Point 281 - 306 °F
API° 47.4 - 54.3
K 11.44 - 11.9
% Paraffins 26 - 55.2
% Aromatics 16 - 33
% Naphthenes 27 - 55.5

TABLE 8

Selected Operating Condition's Range

Temperature 850° - 1000°F
Pressure 200 - 500 Psia
Recycle Ratio 5 - 8
Hydrogen Purity 85%
Weight hourly space 

velocity (overall) 2 4 lb fresh feed 
hr lb catalyst
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To make these runs the following assumptions were
made:

a) Four reactors
b) 500 nodes
c) Pressure drop in each reactor was considered 

zero, because the effect of a small pressure 
drop is negligible.

d) The reactor inlet temperatures were equal to 
each other.

e) To calculate reciprocal molar space velocity an 
average-molecular weight was calculated with the 
molecular weight of the 23 feedstocks.

f) For runs A to L reciprocal molar space velocity 
was distributed as 10%, 20%, 30%, 40%, of the 
total for the first, second, third, fourth reac­
tors, respectively.

g) For run M, 25% to each reactor; for run N, 40%, 
30%, 20%, 10% of the total; for the first, second, 
third, fourth reactor, respectively; for run O, 
30%, 20%, 20%, 30% of the total for the first, 
second, third, fourth reactor, respectively.

h) For run P and Q, the same distribution than in 
run A was used.

Many runs were necessary to check the effect of all 
the variables and to establish enough points for the 
relationship.
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Runs A, B, C, D Temperature effect
Runs B, E, F, G Pressure effect
Runs B, H, If J Hydrogen recycle ratio effect
Runs B, K, L Space velocity effect
Runs B, M, N , O Catalyst distribution effect
Runs P , Q High-temperature and low-pressure

effect
The results of these 17 runs for each feedstock are plotted 
in Figures 5, 6, 7, 8, 9, 10 and some of the results are in 
Table 10.

Figures 5, 6, 7, 8, 9, 10 show the relationships be­
tween research of reformate as a function of characteriza­
tion factor.

Figure 11 shows the relationship between weight per­
cent of hydrogen and volume percent of reformate. The 
points are scattered so there is not a direct relationship. 
Similar behavior is given by methane, ethane, propane, n- 
butane, i-butane, and this is the reason for not including 
those figures in this work.

The curves drawn on Figures 5, 6, 7, 8, 9 and 10, are 
not fitting curve lines, they were just drawn to show the 
trend of the relationship.
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R0NR5
Figure 5

Volume Percent of Reformate Versus Research Octane Number 
of Reformate for a Characterization Factor of 11.44
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K = 11.56

R0NR5
Figure 6

Volume Percent of Reformate Versus Research Octane Number of 
Reformate for a Characterization Factor of 11.56
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Figure 7

Volume Percent of Reformate Versus Research Octane Number of 
Reformate for a Characterization Factor of 11.64



PV
R 

5

ER 1404 38
103

99—

K = 11.76

69
90

R0NR5
Figure 8

Volume Percent of Reformate Versus Research Octane Number of 
Reformate for a Characterization Factor of 11.76
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Figure 9

Volume Percent of Reformate Versus Research Octane Number of 
Reformate for a Characterization Factor of 11.80
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Figure 10

Volume Percent of Reformate Versus Research Octane Number of 
Reformate for a Characterization Factor of 11.90



PV
R

5

ER 1404 41

4  - ) -

894-

85
24

PWH2

Figure 11 
Volume Percent of Reformate Versus 
Weight Percent of Hydrogen Produced
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COMPUTER SIMULATION RESULTS

Table 10 presents some of the results obtained by 
computer simulation with different feed stocks at different 
operating conditions.

For some feed stocks a small increase in octane 
represents a big decrease in reformate yields because of 
the increase in hydrocracking, therefore optimum reforming 
octanes numbers have been selected and they are presented 
in Table 10. As can be seen from these data, it is pos­
sible to sometimes obtain the optimum octane in the first 
reactor and sometimes it is necessary to use four reactors.

The criteria to select the final reactor was the maxi­
mization of incomes from reformate. This was made using the 
data shown in Table 11, which gives the increase in value 
for an increase in octane number.
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TABLE 11

Scale of Octane Differentials

Research Octane $/bbl per
86 to 87 .0336
87 to 88 .0370
88 to 89 .0403
89 to 90 .0437
90 to 91 .0479
91 to 92 .0521
92 to 93 .0572
93 to 94 .0630
94 to 95 .0689
95 to 96 .0756
96 to 97 .0840
97 to 98 .0941
98 to 99 .1058
99 to 100 .1210
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DISCUSSION OF RESULTS

As it would be very tedious to discuss the results of each 
of the different cases, the results of K = 11.44 will be ana­
lyzed to observe the effect of the operating variables on the 
yields and properties predicted by the computer simulation and 
to analyze the results from the view point of the reaction 
kinetics. All the comparisons will be made of the outlet 
products of the fourth reactor. The data are shown in Table 12.

a. Temperature effect (runs A,B,C,D.)
1) Octane number increases with temperature.
2) Percent volume of reformate decreases with 

temperature.
3) Reid vapor pressure increases with temperature.
4) Cl, C2, C3, C4's increase with temperature.
5) Hydrogen yield decreases for temperature 

increases above 900F.
b. Pressure effect (runs B, E, F, G.)

1) Octane decreases with pressure.
2) Percent volume of reformate increases with 

pressure.
3) Reid vapor pressure increases with pressure.
4) Cl, C2, C3, C4's increase with pressure.
5) Hydrogen decrease with pressure.
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Hydrogen recycle ratio (runs B, H , I, J.)
1) Octane decreases with an increase of 

hydrogen recycle ratio.
2) Reformate volume increases with hydrogen 

recycle ratio.
3) Hydrogen yield decreases with hydrogen 

recycle ratio.
4) Cl, C2, C3, C4 yields decrease with 

hydrogen recycle ratio.
5) Reid vapor pressure decreases with hydrogen 

recycle ratio.
Reciprocal hourly molal space velocity
(runs B, K, L.)
1) Octane increase with an increase of 

reciprocal molal space velocity.
2) Reformate volume decrease with reciprocal 

molal space velocity.
3) Hydrogen yield decreases with reciprocal 

molal space velocity.
4) Cl, C2, C3, C4's yields increase with 

reciprocal molal space velocity.
5) Reid vapor pressure increases with 

reciprocal molal space velocity.
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e. Catalyst distribution (runs B, M, N, 0.)
1) The higher octane number is obtained with an 

uphill profile, and the lower with a downhill 
profile. The other two cases (constant and 
down-up) give practically the same results.

f. Effects of low-pressure and high-temperature 
(runs P-C, Q, D.)
1) The largest effect of these conditions is 

the high rate of hydrocracking. Octane 
number decreases, refomate volume decreases, 
and Reid vapor pressure of reformate increases.

From the information given in "Background", it is pos­
sible to see the agreement between the results given by the 
computer simulation.and the theory.

The Magnaforming-catalyst profile has been checked and 
it agrees with the Magnaforming data which predict higher 
yields at a given severity.

Runs P and Q give an idea of the compromise existing 
among the different operation variable although the cycle 
life effect has not been considered.

The general information given by the simulation can 
be condensed as follows:

1) Research octane number and volume percent of 
reformate are inversely proportional except 
at extreme conditions where hydrocracking 
increases rapidly.



ER 1404 54

2) C4's and lighter are proportional to Reid vapor 
pressure of reformate.

3) C4's and lighter are not a unique function of 
R0NR5 or PVR5, but are functions of the operat­
ing conditions.
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LINEAR MODEL

Using the results presented in "Computer Simulation 
Results", a stage-wise linear-regression program (SWMLR.
SAV [7000, 303]) was used to derive a linear equation that 
can predict the yields and their properties when given the 
operating conditions and characterization factor of the 
feed.

For each correlation 10 2 data points were used, con­
sidered as independent variables: temperature (°F) , pressure 
(atms), hydrogen-to-hydrocarbon recycle ratio, cumulative 
reciprocal molar space velocity and characterization factor.

The computer program used has the ability to select 
the more significant variables for the correlation, find 
their coefficients and give some statistical information 
which can be used to check the fit.

The results of the linear regression are presented 
in Table 13 and the program using these equations is given 
in Appendix 5.

Information concerning the linear regression program 
is given in Appendix 4.
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CONCLUSIONS

The developed kinetic model is able to give good values 
in accordance with average values obtained from already 
existing real plants, regarding yields and their properties, 
when all the operating conditions and the analysis of the 
feedstock are given. It will not give exact results for each 
process, catalyst and feedstocks, but it will give average 
values and shows the trend of the process.

The model also predicts yields and properties when 
reactor temperature, catalyst charge and hydrogen-to-hydro- 
carbon recycle ratio profiles are used. However, the com­
puter program has to be slightly modified, to use a hydrogen- 
to-hydrocarbon recycle ratio profile.

The linear model is not able to give as good approxima­
tion to commercial results as the kinetic model does, but it 
is an improvement over the existing linear model (Belt'stov, 
196 7) because this model covers a wider range in operating 
conditions, a more realistic range of octane numbers, and 
the standard error of the estimate is lower.

Either of the two models proposed in this paper can be 
used to evaluate a given feedstock without costly and time- 
consuming pilot plant runs.

The kinetic model can be used for preliminary design 
work in order to observe the general trend of the product
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yields and their properties as well as operating conditions 
to determine the number of reactors required to obtain the 
desired octane number and to predict the heat required in 
the inter-heaters, evaluate performance, and as a control 
algorithm.

The kinetic model can be used with a confidence of 80% 
to predict products and properties and with a 95% confidence 
to predict the number of reactors required to get a specific 
octane number. The kinetic model can give an error less than 
one unit, when predicting octane number.

The linear model can give an error less than two units, 
when predicting octane number.

There is still one large area of investigation on 
catalytic reformer; it is to determine the variation in the 
kinetic data, as the new catalysts are more selective than 
the old ones.
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NOTATION

A / B , C Q
A, B ..........G
API°
API
Cl, C2, C3, C4 
Cp
H2RC

kf
Kp
K
m.1
n
Nt, Nn, Np, Na

, Pa, Pn, Pp, PH2

PONA

PVAR5, PVIC4, PVNC4, 
PVR 5

Name for the simulation runs 
Constant used in curve fitting 
API gravity
American Petroleum Institute 
Methane, Ethane, Propane, Butane 
Average heat capacity
Hydrogen to hydrocarbon recycle ratio 
Rate constant 
Equilibrium constant 
Characterization factor 
Mass of each component 
Number of carbon atoms 
Number of moles: total, naphthenes, 
paraffins, aromatics respectively 
Pressure: total, aromatics, naph­
thenes, paraffins, hydrogen, 
respectively. (atms)
Paraffins, olefins, naphthenes, 
and aromatics in a naphtha or 
petroleum fraction.
Volume percent of: aromatics in 
reformate, iso-butane, normal-butane, 
reformate, respectively.
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PWC1, PWC2, PWC3, PWH2

RONR5

RMSV

RVPR5
T
Tm
Vr
WHSV
Xi
Yi

Weight percent of methane, ethane 
propane and hydrogen, respectively. 
Clear research octane number of 
reformate.
Reciprocal molal hourly space 
velocity.
Reid vapor pressure of reformate 
Temperature (°F).
Mean average boiling point.
RMSV
Weight hourly space velocity. 
Volume fraction.
Molar fractions.

Numbers
5 At the end means: reformate in­

cluding C5 and heavier materials.
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APPENDIX No. 1

Kinetic Model 

CATREF.F4
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CATRFF.F^ C LI ST IMG)

65-

C OTALYT IC REFORMER 11 MULATI ON
c K n m r n  varf.la v
C THIS PROGRAM CO M P I iTES: T E M P F R A TOR F. DROP THROUGH EACH R EA C TOR , YI F L DS
C AMD THEIR PROPERTIES , FOR THE CATALYTIC REFORMING PROCESS OF ANY KIN
D
C 0 F N AFH TH A * A T SOME GIVEN OPERATING CONDITIONS.
C LAG IS USED TO RIJN AS MANY SET OF DATA AS YOU WANT. IT MUST EE ZERO I
F
C A NEW SET OF DATA IS GOING TO BE FRO CESSED, IT MUST bE -1,IF THERE Ah
E
C NOT MORE DATA.

DIMENSION TEMPC 6) , PRESSC 6) , PDI FFC 6) ,
1 R MS VC 4)

111 READ C 4,400)LAG
IFCLAG.EQ.- 1) GO TO 50 
REA DC 4,800) I , J 
READC 4,801)YA,YP,YN,AMW,API 
READC 4,8 03) PC, PH
READC 4,8 02)C TEMPCK),PRESSCK),PDIF FC K ),
1 RMSVCK) ,K= 1, J)

PRINT 804,YA,YP,YN,RC,PH,AMW,API 
PRINT 8 02,CTEMPCK),PRFSSCK),PDIFFCK),RMSVCK),K = 1,J)
C = 2.71828183 
YH=RC*PH 
Y T=RC+1.
B = I
AN = C AM W-2 . *Y P+ A. + YA ) / 1 4.
YHI=YH
YLFI=YT-YA-YP-YN-YH
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P Cl* = 1 •'! 1 . b/c /' I I + 1 3 1.5)
K- 1
DO 40 M = 1 , J  
I F = I
T=1EMPCK)
PT=PF<ESS(K)
PD= PDIK F ( K )
VR=RMSV<K>
DVR = VR/B 
PRINT 902,K 
PRINT 900 
L = 0
PRINT 901,L,YA,YN,YP,YH,PT,T
D0 30 LL=1,1
PA = YA.*PT/YT
PP=YP*PT/YT
PN=YN*PT/YT

/
PHY=YH*PT/YT
C K 1=C**(46.15-46045./T)
Rl=C**C23.21-34750./T)
D 1 = C R 1 * P N / C K 1 ) * C C K 1 - P A * P H Y * * 3 / PN ) 
CK2=C**C8 000./T-7.12)
R2 = C*+ < 35.98 - 59600./T)

D2 = CR2*PN*FHY/CK2)*C CK2-PP/C PN*FHY)> 
•R 3= (';**( 42 • 9 7- 62 300 • / T )
D3=R3*PP/PT
p4=0**(4 2 .97- 62300./T)
D4=F4*PM/FT 
D EL A=D 1 * DVR 
[)F LP=( 02 ~1 '3> + DVR
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i • M  -V.--C hi * i ■ i' 11 •!) M  < \ K

D ['• L H = ( - i -2+3. *0 1 - (  ( ( - 3. ) / 3 . > *03)-CAN/3. ) *04) *DVI<
Y J' = Y A + D F L A 
YP = YF + !.)FL A 
YN=YN+DFLN 
YH =YH + F FLH
DFLY T= C - L>2 + 3 • * D 1 - D 4) * DVR ’
Y T = YT+DFLY T 
YLE=YT-YA-YP-YN-YH
CPA = 2 . 52 + ( 68. 2*T* 1 . F>3> -< 1 5.*T**2* 1 • F-6)
CPF = 7•66 + <8 7.5*T*1.E-3)-C18.3*T**2*1•E-f> 
CFN=-7.7 7+(10 3.*T*1•E-3)-(22.8*T**2*1•£>A)
CPH=6.9 + C 0.0G33*T*1 •E-3) + (0.U86*T**2*i•E-()
C PL E = 3 • 2 1 + (36.*T*1•E-3)-CA.96*T**2*1.E-6)
C p= ( Y A* C P A+YN * C FN + Y P* C P P + YH * C PH + YL E* C PL E > / Y T
DELT=(C-D1*91 500.+ D2*19 000.+D3*81GO.*< AN-3.)
/
1 +04*22 300.*AN/3.)/(YT*CP)>*DVfc
T=T+DELT 
PI = PT-PD/B 
IF CIP-LL) 10 , 10# 30 

10 PRINT 901j LL> YA> YN > Y P>YH> PT> T 
IFCLL-I)30> 31>31

30 CONTINUE
31 YHF=YH-YHI 

YLEP=YLE-YLEI
P WH 2 = Y H P * 2 0 0. / A M W 
F l'.’C 1 = YL F P* 320. / AMU 
PVP2 = YLF P* A 0 0./AMW 

P 3= YLFP f■ 88 0. / AM W
P V N C 4  = Y L F  1 * r> x n .  *  M  l' / (  H .  HR 4 4 P / . M V )
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} Vi iV-YU'i * Sr.o. **(•!• /( u. 5 6 3 l p a m w > 
p I 'M C4-YLE.P * So 0. / AM W 
) o I c 4= P WN C 4

P VI C 5=YLF.P*9 60* + SGF/ ( . 62 48 + AMW)
P VN C 5= YL EP+ 48 0.*S A F/( .6312 + AM W)
PWI C 5=YL F.P* 9 60 • / AM W 
P WN C5 = YLP P * 480./ A M W 
PWN=YN*1400.*AN/AMW 
PWA=YA*C14.+AN-6.)*100./AMW 
FWP=YP*C14.+AN+2.)*100./AMW
D=YA*(14.+AN-6.)/(1.1112-.0611*AN +.0039*AN**2)
1 + Y P* ( 14.+ AN + 2 •>/C.52+•02*AN)+YN*14.+AN/C. 67+\
1 +0.01*AN>
SGR6=(YA+C14.*AN-6.)+ YP*C14.+AN+2.)+ YN + 14.*AN)/D
P WR 6=P WN + P WP+ PWA*
P VP 6= P WP 6+SGF/SGR 6 
PVNR 6=YN*14.+AN/C C.67+.01*AN)*D>
PVAR6=YA*<14.*AN-6.)/((1.1112-.061*AN+.0039*<

1 AN**2))*D>
PVPP 6=YP*( 14.+AM + 2.)/(C.52+.02*AN)*D)
P V ’ P 5 = P W R 6+ 3. * P WN C 5 
D7=D+YLEP*14.4/.6270
SGR 5=(Y A*( 14.+AN-6.)+YP+< 14.+AN+2.) +

1 + YN* 1 4. +AN+YLFP* 1 4. 4)/t)7 
P Vk 5= PWk 5* SGP / SGR 5 
PVNkS=PVMpG+f.)/D7 
P VA k 5 = P VA h 6* 0/ D 7 
PVI P5=PVPp6*0/07 
P VC 51 5- YL L f + 1 4. 4/ ( . 627 + 07 )
i 'ONI (  ~ I VP R o-f. ( /,3 1.4-1 03 . 1 7 -r-f-r) + 7 • 28 +AM + + 2 ) +
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i j v ' - i •.(' - c — i h ( .  19 oof. . i m-  s .  v l * an* - »  y ) +

i r V ' i M '  M 2  5 9 .  33 - 43 . v v * a m  + 2 .  3 o *  an * * 2 )

R O N K 5 = P U  1. 5 * <  / i 3 1 . 4 -  1 0 3 .  1 7 * A N + 7  • 2 8 * A N * * 2 ) +

1 P VAR 5* C - 1 66. 19+82. 1 8* AN - 5. 9 1 *A.N**2 ) +
I

1 P VN ft 5 * < 2 c59 . 3 8 -43.77* />N + 2 . 5 3 * AN * * 2 ) +

1 P VC 5i< 5*8 2.8

t m =y a +y p +yn
ft VPft 6 = Y P *2 275. 6*( C**C - .97*AN> ) 
ft VPP 6 = ft VPft 6+Y A*2 4 1 6. 3*C C**( -1.1 1 KAN) ) 
ftVPR6=ftVPft6 + YN-M 29. 614-6.34*AN+.342*AN**2> 
ft; VPP 6 = ft V Pft 6/ TM 

TM5=TM+YLFP/ 5.
RVPR5=(YA+2 41 6. 3*( C* M  -1.1 1*AN> )+YP*227 5. 6* 
1 C C**(-.97*AN))+YN*< 29. 614-6.34*AN+.342*
1 ' AN**2)+YLEP*18*8/5.)/TM 5 
PRINT 903
PRINT 9 0 4*YHP*YLEP*YA*YN*YP 
PRINT 905* CP /
PRINT 333* PWH2* POC 1 * PVC2* PWC3* FVJNC4*

1 PWI C4* PWI C5* PWNC 5* PWR6* PVft 5* PWA* PWN* PWP*
1 PVNC4* PVI C4* PVIC5* PVNC5* SGR 6* SGR5* PVR 6*
1 FVR5* PVNR6* P VAR 6* PVPF.6* FVNR5* P VPft 5* P VAR 5* .
1 PVC5R5* R0NR6* RON ft: 5* R VPft 3* R VPft 6
K = K+ 1
IPCK-J) 40* 40*20 

40 CONTINUE 
8 00 FORMATC 213)
801 F0PMATC5F)
803 FORM/T(2F)
3 0 4 F0| MATC 1H 1/7F)
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8 Or' h ) KM/ 'I ( ')!• )

9U0 KH\MAT<//22X>24HM0LFS/MOLE OF FRESH F FED* 1 , 5H PR FSS* 9X > 4H TEMP/ 6X
1 , /iH\»n D E , 2 X  , 9H AROMAII CS* 2X > 1 OH M A PH 7H EM ES> 2X > 9H PARAF F INS>2X> 8HHYDR0 G 
2 Ei\>,  I X ,  3HATM*9X* 5HDEG K>

400 FORMATC12).
901 FORMAT ( / 7X* I 3* 3X * F8 . 3* 3X* F'8 . 3> 3X^ F8 . 3> 3X > F8 . 3> 3X> F8 . 3> 3X > F8 . 1 )
902 FORMATC / / 3 0 X ,  14HREACTOR NUMBERI4)
903 FORMATC//6X, 43H TOTAL MOLES PRODUCED PER MOLE OF FRESH F EED>
904 FORMATC//18X*8HHYDR0GENF16.3/18X*15HC1 THRUC5 SAT

1 F9•3/18X > 9HAROMATICSF15•3/18X> 1OHNAPHTHEMESF14.3 
1 / 18X>9HPARAFFINSF15.3)

905 FORMATC//6X*37HM0LAR HEAT CAPACITY REACTOR EFFLUENT= F 1 0. 2> 2X* 1 7HBT 
1U/LB M0LE/DEG F)

333 FORMATC * FWH2 = * F9 . A j S X ,  * P WC 1 = * F9 . A , 8X , ' PWC2='F9.4*/ ' PUC3=‘F9.4> 
18X.» * PWN C 4= * F9 • A , 7X , * P WI C 4= ' F9 . A , / • P WI C 5= * F9 . A , 7X > • PWNC5='F9.4*
1IX,

2* PWR6= * F9. A , /  1 PVJR 5= ' F9 • A , 8X , ' PUN = ’ F9 . 4* 9 X ,  * F WA= * F9 . A ,  /  * PWP= *
3 F9 • A , 9X , ' PVNC4= • F9 . A , 7X> * P VI C4= • F9 . A, / ’ P VI C 5= * F9 . A ,  IX, * PVNCS^' 
4F9 • A , 7X , * SGR 6= • F9 . A ,  /  .* SGR 5= * F9 • 4.*8X.» ' P VR 6= ’ F9 . A , 8X > ’ PVR5=’F9.4 
5* / ’ P VMR 6= ' F9 • 4> 7X j * P VAR 6= ’ F 9 . 4* 7X , ' P VPR 6-  ’ F9 . 4, / ' PVNR5=*F9.4* 
57X
6 > ’ PVPR5= * F9. 4, 7X> * P VAR 5= ’ F 9 . 4 ,  / • P VC 5R 5= ' F 9 * A, 6X » ’ RONR 6= * F9 . 4*
7 7X , * R0NR5= *F9.4,/• F VPR 5= ’ F 9 . 4 ,  7X , • R VPK 6= ’ F9 . 4 )

2 0 GO TO 1 1 1
50 STOP 

FN D
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CATREF.F4 < DATA)

71

$
0
500 4
•33/.31/.36/115./47.7 
6./.85
1310./20.4/0.0/4.167 
1310./20.4/0.0/8.334 
1310./20.4/0.0/12.501 
1310./20.4/0.0/16.668

CATREF.F4 ( RESULTS)

0.3300000 
00 115.0000007

1309.9999961
1309.9999961
1309.9999961
1309.9999961

0.3100000 
47.6999998

20.3999998
20.3999998
20.3999998
20.3999998

0.3600000
0.0000000
0.0000000
0.0000000
0.0000000

6•OOOOOO0
4.1670000 
8.3340000 
12.5009999 
16.6679999

(

TEMP
DEG R

0.0
0

REACTOR NUMBER 1

M0LES/M0LE 0F FRESH FEED
NODE AR0MATICS NAPHTHENES PARAFFINS HYDROGEN

0.330 0.360 0.310 5. 100

PRESS
ATM

20.400

500
7.1

0.402 0.286 0.31 1 5.311 20.400

T0TAL M0LES PRODUCED PER MOLE OF FRESH FEED

HYDROGEN 0.211
Cl THRUC5 SAT 0.004
AR0MATICS 0.402
NAPHTHENES 0.286
PARAFFINS 0.311

.85000

131

126
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MOLAR HEAT CAPAC 
PWH2 = 0.3673
PWC 3 = 0.0336
PWIC5= 0.0367 
PWR5= 99.5197 
PWP= 31.9852 
PVIC5= 0.0463 
SGR5= 0.7698 
PVNR6= 0.2970 
PVNR5= 0.2967 
PVC5R5= 0.0007 
RVPR5= 0.4911

ITY REACTOR EFFLUENT: 
PWC1 = 0.0122
PWNC4= 0.0222 
PWNC 5= 0.0183
PWN= 38.5888 
PVNC4= 0.0299 
PVNC5= 0.0229 
PVR6= 102.0073 
PVAR6= 0.3419 
PVPR5= 0.3606 
R0NR6= 85.7337 
RVPR6= 0.4750

20.77 BTU/LB M0LE/DEG 
PWC2= 0.0229 
PU IC4= 0.0222
PWR6= 99.4646 
PWA= 28.8906 
PVIC4= 0.0311
SGR6= 0.7699 
PVR5= 102.0766 
PVPR6= 0.3608 
PVAR5= 0.3417 
R0NR5= 85.7317

TEMP

REACTOR NUMBER 2

M0LES/M0LE 0F FRESH FEED
NODE AR0MATICS NAPHTHENES PARAFFINS HYDR0GEN

PRESS
ATM

DEG R

0.0

2.3

0.402

500 / o. 482

0.286

0.202

0.311

0.311

5.311

5.545

20.400

20.400

T0TAL MOLES PRODUCED PER MOLE 0F FRESH FEED

HYDROGEN 0.445
Cl THRUC5 SAT 0.011
AR0MATICS 0.482
NAPHTHENES 0.202
PARAFFINS 0.311

MOLAR HEAT CAPACITY REACTOR EFFLUENT= 20.07 BTU/LB MOLE/DEG
PWH2= 0.7740 PWC 1 = 0.0296 PWC 2= 0.0556
PWC3 = 0.0815 PWNC4= 0.0537 PWIC4= 0.0537
PWIC5= 0.0889 PWNC5= 0.0444 PWR6= 98.8186
PWR5= 98.9519 PWN = 46.2878 PWA= 20.4894
PWP = 32.0414 PVNC4= 0.0726 PVIC4= 0.0753
PVIC5= 0.1123 PVNC5= 0.0556 SGR6= 0.7785
SGR 5 = 0.7783 PVR6 = 100.2289 PVR 5= 100.3968
PVNR6= 0.2143 PVAR6= 0.4174 PVPR6= 0.3678
PVNR5= 0.2140 PVPR5= 0.3672 PVAR5= 0.4167
PVC5R5 0.0017 R0NR6= 88.6596 R0NR5= 88.6498
RVPR5= 0.4893 RVPR6= 0.4502
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REACTOR NUMBER

M0LES/M0LE OF FRESH FEED
TEMP

NODE AR0MATICS NAPHTHENES PARAFFINS HYDROGEN
DEG R

0-0

0*6
500

0*482

0.549

0.202

0. 133

0.31 1

0.311

5.545

5.738

PRESS
ATM

20.400

20.400

TOTAL MOLES PRODUCED PER MOLE OF FRESH FEED

HYDROGEN
Cl THRUC5 SAT
AROMATICS
NAPHTHENES
PARAFFINS

0.638 
0.019 
0.549 
0.133 
0.31 1

MOLAR HEAT CAPACITY REACTOR EFFLUENT=
PWH2= 1 
PWC3= 0
PWIC5= 
PWR5= 98 
PWP= 32. 
PVIC5= 
SGR5= 0 
PVNR6= 
PVNR5= 
PVC5R5= 
RVPR5=

.1095 

.1485 
0.1620 
.3910 
0070 
0.2047 
.7855 
0.1426 
0.1422 
0.0031 

0.5006

PWC1 =
PWNC 4:
PWNC5=
PWN=
PVNC4=
PVNC5 =
PVR6=
PVAR6:
PVPR5:
R0NR6=
RVPR6:

52

0.0540 
0.0979 
0.0810 
.7284 
0.1322 
0.1013 

98.5964 
0.4834 
0.3724 

91.2126 
0.4291

19.61 BTU/LB M0LE/DEG 
PWC2= 0.1012
PWIC4= Q.0979 
PWR6= 98.1481 
PWA= 13.4126 
PVIC4= 0.1372
SGR6= 0.7860 
PVR5= 98.9024 
PVPR6= 0.3735 
PVAR5= 0.4819 
R0NR5= 91.1866

REACTOR NUMBER 4

MOLES/MOLE OF FRESH FEED
TEMP

NODE AROMATICS NAPHTHENES PARAFFINS HYDROGEN
DEG R

0.0

3.8
500

0.549

0.595

0. 133

0.084

0.311

0.309

5.738

5.865

PRESS
ATM

20.400

20.400



TOTAL MOLES PRODUCED PER MOLE 0F FRESH FEED

HYDR0GEN 0.765
Cl THRUC5 SAT 0.032
AROMATICS 0.595
NAPHTHENES 0.084
PARAFFINS 0.309

M0LAR HEAT CAPACITY REACTOR EFFLUENT* 19.35
PWH2= 1.3307 PWC1 = 0.0900 PWC 2=
PWC 3 = 0.2476 PWNC4= 0.1632 PWIC4*
PWIC5= 0.2701 PWNC5* 0.1350 PWR6=
PWR5= 97.8366 PWN = 57.1406 PWA=
PWP = 31.7820 PVNC4= 0.2205 PVIC4*
PVIC5* 0.3413 PVNC5* 0.1689 SGR6=
SGR 5= 0.7907 PVR6 = 97.1878 PVR5=
PVNR6= 0.0918 PVAR6* 0.5314 PVPR6*
PVNR5* 0.0913' PVPR5* 0.3743 PVAR5=
PVC5R5* 0.0052 ; R0NR6= 93.0632 R0NR5*
RVPR5= 0.5335 RVPR6= 0.4139
t0
1
tC
•K
CONFIRM: K
J0B 11* USER 12700*3247131 LOGGED OFF TTY22 1054 
DELETED 1 FILES <15. DISK BLOCKS)
SAVED 8 FILES C120. DISK BLOCKS)
RUNTIME 0 MIN* 28.02 SEC

BTU/LB M0LE/DEG 
0.1688 
0.1632 

97.4315 
8.5089 

0.2288 
0.7916 

97.6980 
0.3763 
0.5286 

93.0096

22-JUL-71
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APPENDIX No. 2

First Order Least Square Fitting Program 

MNSQUARE.F4
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MM St IJAHE. F A C LISTING)

OOQIO DIMENSION Y C 1 00) , X ( 1 00)
00020 SX=0.0
00030 SY = 0* 0
GOO AO SX2=0.0
00050 SX Y = 0 • 0
00055 SY2=0•0
00060 RF.ADC 5* 6) N
00070 6 F0RMATC 13)
0008 0 READC 5 * 1 0 > C X C I U Y C I U I = U N )
00090 D0 20 I = U N
00100 SX=SX+XCI)
00110 SY=SY+YCI)
00120 SX2=SX2+CXCI)**2)
00130 SXY=SXY+CXCI)*YCI))
00135 SY2=SY2+CYCI)**2>
00140 20 CONTINUE
001=0 A=C SY*SX2-SXY*SX)/CN*SX2-SX**2)
00160 B=CN*SXY-SX*SY)/CN*SX2-SX**2)
00170 WEI TEC4>32) A*B
00180 32 FORMATC* A=*F15.5/* B='F15.5)
00190 STDERR=SGRTCC SY2-A*SY-B*SXY)/CN-2))
00200 WRITEC 4 * 40) STDERR
00205 10 FORMATC6F)
00210 40 FORMATC* STANDARD ERROR OF THE ESTIMATE= * F 15« 5)
00220 DO 28 I = U N
00230
00240 EST=A+B*X CI)
00245
00250 WRI TEC A , 35) X C I U E S T
002 55 28 CONTINUE
002 60 3 5 FORMATC* X= * F 1 5. 5* 1 5X* * ESTIMATED VALUE=*F 15.5)
00270
0028 0 END



♦ EX E MN 5 (.: I j/ f\ h . !• A 
FUR’I RAN : M\'Sl UA. VA

LOADING ER 1 4 0 4  77

LOADER 5K CORE ’ ^  ^
EXECUTION
*

MN S Q U A HE* F4(  L I N  E A R EI  T )

DATA AND RESULTS

$
4

6./.7460/7./.7 630/8./.77 68 
9./. 7870
A= 0. 66560 V  " ^  0 «  0 / 3 6  &  X

y B= 0.01368 '
STANDARD ERR0R 0F THE ESTIMATE= 0.00239
X= 6.00000 ESTIMATED VALUE= 0.74768
X= 7.00000 ESTIMATED VALUE= 0.76136
X= 8.00000 ESTIMATED VALUE= 0.77504
X= 9.00000 ESTIMATED VALUE= 0.788 72
EXECUTION TIME: 0.23 SEC.
TOTAL ELAPSED TIME: 1 MIN. 4.15 SEC. *
N0 EXECUTION ERRORS DETECTED
EXIT

EXE MN SQUARE* F 4 
LOADING ,
L0ADER 5K CORE 
EXECUTION 
*

MN SQUARE. F 4 ( EXPONENTIAL FIT)
DATA AND RESULTS

S
6./ 1 .9482/7./ .9 53 6/8./-O. 0576 
9./-O.9365
A=
B=
STANDARD 
X =
x =

x =

x =

7.72590 
-0.96653 
ERROR 0 F 
6.00000
7.00000
8.00000 
9.00000

THE E.STIMATE=
y ~  o2 2 ?s,(> C

0.04720 
ESTIMATED VALUE= 
ESTIMATED VALUE= 
ESTIMATED VALUE=
FSTIMATED VALUE=

- o . j u s a X

1.92 672 
0. 96019 

-0.00634 
-0.97287

FXFCMTION TIME: 
TOTAL ELAD FED TIME: 
N 0 FX E C IJ T10 N F F i - 0 K S

0.20 SEC.
1 MIN. 9.85 

DETECTED
SEC.

FX I T
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APPENDIX No. 3

Second Order Least Square Fitting Program

SECOR.F4
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S E CO R • F 4 C LISTING)

0001 0 
00020 
00030 
00040 
00050 
00060 
00070 
00080 
00090 
001 00  
001 10 
00120 
00130 
00140
001 50 
001 60 
00170 
00180 
00190 
0 0 2 0 0  
0 0 2 1 0  
0 0 2 2 0
002 30 
002 40 
002 50 
002 60 
00270 
00280 
00290 
00300 
00310 
00320 
00330 
00340 
00350 
00360 
00370 
00380 
00390 
00400 
00405 
00410 
00420 
00425 
00430 
00435 
004 40

DIMENSION Y C 100)^XC100)
SX = 0. 0 
SY = 0 • 0 
SX2=0.0 
SXY = 0•0 
SY= 0•0 
SX3=0.0 
SX4=0. 0 
SYX2=0.0 
READC 5* 6)N 

6 FORMATC I 3)
READC 5, 10)CXCI),YCI),I=1j N )
DO 20 I = 1 *N 
SX= SX+X C I )
SY=SY+YCI)
SX2=SX2+CXCI)**2>
SXY=SXY+CXCI)*YCI))
SX3=SX3+CXCI)**3)
SX 4= SX 4+ C X C I ) ** 4)
SYX2=SYX2+CYCI)*CXCI)**2))

20 CONTINUE
ANA=SY*C SX2*SX4-SX3**2)-SXY*C SX*SX4-SX2*SX3) +
1 +SYX2*CSX*SX3-SX2**2)
ANB=N* C SXY* SX 4- SYX2*SX3) - SX* C SY*SX 4- SYX2*SX2) +
1 + SX 2* C SY * SX 3- SX Y* SX2 )
ANC=N*C SX2*SYX2-SX3*SXY)-SX*C SX*SYX2-SX3*SY) +
1 +SX2*CSX*SXY-SX2*SY)
D=N*C SX2*SX4-SX3**2)-SX*C SX* SX 4- SX2*SX3 ) +

1 +SX2*CSX*SX3-SX2**2)'
A=ANA/D
B=ANB/D
C=ANC/D
WRI TEC 32 ) A>B>C 

32 FORMATC* A=*F15.5/* B=*F15.5/* C=*F15.5/>
10 FORMATC 6F)

DIFF2=0*0
40 FORMATC* STANDARD ERROR OF THE ESTIMATE= *F 1 5. 5) 

DO 28 1 = 1 *N
EST= A+B*XCI)+C*CXCI)**2)
DIFF2=DIFF2 + CCYC I)-EST)**2)
WRI TEC As 35) XCI),EST 

28 CONTINUE
STDERR=SQRTCDIFF2/CN-3))

35 FORMATC* X = ’ F 1 5. 5> 1 5X , * ESTIMATED VAL UE= * F 1 5. 5) 
WRITEC A» 40) STDERR 
END
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0

\i

EXE SEC0R. F A  
LOADING
LOADER 5K CORE 
EXECUTION 
*

I

SEC0R.F4 (PARABOLIC FIT) 
DATA AND RESULTS

S
6*/8 7 • 1 5/7./78. 82/8./69* 15 
9./70.9A

A=
B=
C=

2 59 • 38 438 
-43.77031 

2. 529 69
X = 
X =
x =

x =

6.00000
7.00000
8.00000 
9.00000

STANDARD ERR0R 0F THE ESTIMATE^

ESTIMATED VALUE= 
ESTIMATED VALUE: 
ESTI MANED VALUE= 
ESTIMATED VALUE= 

2 . 8 638 7

87.83125 
76. 94688 
71.12188 
70. 35625

EXECUTION TIME: 0.23 SEC.
TOTAL ELAPSED TIME: 1 MIN. 9.52 SEC.
N0 EXECUTION ERRORS DETECTED
EXIT
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APPENDIX No. 4

Information about SWMLR.SAV 
[7000,303]
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• L0 G
JOB 14 CSM #12 5S02C.38 TTY 1 6
*2700., 324713
PASSWORD:
PURPOSE: CP 700
i®2 6 19-JUL-71 M0N
• TYPE R0MK5R.F4

SWMLR.SAVC 7000* 303 3 C DATA)

C9RREL. 0 F R0NR5 WITH T> P ,  H 2 R C * WHSVjK 
5 102

TEMP PRESS H2RC WHSV K
C6F)
8 50./20. 4/5. 1/41 . 670/ 1 1 . 44/9 3. 01
9 00./20.4/5.1/2 5.002/11.44/9 4.99 
9 50./20.4/5.1/12.501/11.44/9 5.2 5
1000./20.4/5.1/4.1671/11.44/92.44 
9 00./I 3. 6/5. 1/2 5.002/11.44/9 4.8 5 
9 00./2 7. 2/ 5. 1/2 5. 002/ 1 1 . 44/9 4. 13 
900./34. 0/5. 1/ 12. 501/ 1 1 . 44/90. 71 
9 00./20.4/4.2 5/2 5.002/1 1.44/9 5.07 
9 00./20. 4/5.9 5/2 5. 002/ 1 1.. 44/9 4.9 '
9 00./2 0.4/6.8 0/2 5.002/11.44/9 4.8 
9 00./20. 4/5. 1/18.7 50/1 1 . 44/9 4. 42 
900./20. 4/5. 1/37. 500/ 1 1 . 44/9 5. 61 
9 00./2 0. 4/ 5. 1/31 .2 60/ 1 1 . 44/9 5. 4 
900./2 0. 4/5. 1/37. 503/ 1 1 . 44/9 5. 47 
9 00./20. 4/5. 1/29. 1 69/ 1 1 . 44/95.21 
9 50. /13. 6/5. 1 / 1 2 . 501/11. 44/9 4.9 7
1000./13.6/5.1/ 4.167/11.44/92.1 t0

R0NR5
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RUN DSKs SWMLR. SAVC 7000* 30 4\4\3 3 
*5=R0MR5R . F 4 6=TTY:$

RESULTS

C0RREL. 0 F R0NR5 WITH T> P* H2RC*

N0• 0 F INDEPENDENT VARIABLES 5
NUMBER 0 F 0BSERVATI0N S 102

PRELIMINARY ANALYSIS 0F DATA

STANDARD DEVIATIONS AND MEANS
VAR N0 •

1
2
3
4
5
6

VAR NAME
TEMP 
PRESS 
H2RC 
WHS V 
K
R0NR5

DEV
37.61991 
4. 68780 
0.49742 

10.72019 
0.15499 
2.78512

MEAN
9 1 4 
20 
5 

12 
1 1 
89

CORRELATION COEFFICIENTS

TEMP VS PRESS -0.34358
TEMP VS H2RC -0.07934
TEMP VS WHSV -0.40606
TEMP VS K “0.00003
TEMP VS R0NR5 0.06726
PRESS VS H2RC 0.00001
PRESS VS , WHSV 0.10607
PRESS VS K 0.00003
PRESS VS R0NR5 “0.00463
H2KC vs WHSV 0.00425
H2RC vs K 0.00010
H2RC vs R0NR5 0.00144
WHS V vs K “0. 5 59 62
WHS V vs R0NR5 0. 69 657
K vs R0NR5 “0.65324

WHS V*K

.70588 

.40000 

.20000 

.27643 

. 68 333 

.45745
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NUMBER 0 F INDEPENDENT
VARIABLES IN REGRESSION 3
DEGREES 0 F FREEDOM 98

COEFFICIENTS 0F THE REGRESSION EQUATION
T TEST
5.25587 
8.64219 
3.70622

CONSTANT TERM 120.32100

COEFFICIENT OF MULTIPLE DETERMINATION 0.67723

MULTIPLE CORRELATION COEFFICIENT 0.82294

STANDARD ERROR OF ESTIMATE 1.60634

VAR N0. VAR NAME COEFFICIENT STD ERROR
1 TEMP 0.02 5 62 0.0048 7
4 WHSV 0.17836 0.02064
5 K -4.83464 1.30447

F TEST 68.54121
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APPENDIX No. 5

Linear Model Program 

FIN.F4



FIN.F4 LISTING

00005 REAL K
00010 1 READC4*20) LAG
00020 IFCLAG)50,50,60
00030 50 READC 4,21)T,P,H2RC,RMSV,K
00040 R0NR5= 120.321 + C0.02562*T)+C0.17836*RMSV>-C4.83464+K)
00050 PVR5= 1 19.78416 - CO.04779*T>-CO.19447*RMSV) + C2.11664*K>
00060 SGR5= 1.76135 +C0.00008*T>+CO.00065*RMSV)-CO.09177*K>
00070 RVPR5= -6.46297 +CO.00471*T>-C0.00381*P)+C0.00958*RMSV>
00080 1+C0.22408*K>
00090 PWH2= 5.53089 +C0.0039*T>+C0.00513*P)+C0.03641*RMSV>
00100 1 -CO.73946*K}
00110 PWC1= -4.04392 +C0.00316*T>-C0.0029*P>+CO.00607*RMSV>
00120 1 +C0.10938*K>
00130 PWC2= -7.57225 +C0.00593*T)-C0.00545*P)+C0.01139*RMSV>
00140 1 +C0.20451*K>
00142 v PWC3= -11.04432 +C0.00867*T>-C0.00811*P>+CO.01662*RMSV>
00144 1 +C0.29658*K)
00146 PVNC4= -0.71487 -CO.0012*T>-C0.03 689*P>+C0.56244*H2RC)
00148 PVIC4= 4.16136 -C0.002*T>-C0.04081*P)+C0.52875*H2RC>
00150 1 -C0.33253*K>
00160 WRITE C 5,24)R0NR5,PVR5,SGR5,RVPR5,PWH2,PWC1,PWC2,PWC3
00170 1 ,PVNC4,PVIC4
00180 20 FORMATCI2>
00185 21 FORMAT C 5F)
00190 24 FORMATC* R0NR5='F6.2/• PVR5=,F6.2/t SGR5=*F7.5/' R
00200 1VPR5=,F7.4/’ PWH2=,F6.4/» PWCl=,F6.4/* PWC2=*
00210 1F6.4/* PWC3= * F6•4/* PVNC4=»F6.4/1 PVIC4=•F6.4/)
00220 GO TO 1 ;
00230 60 STOP
00240 END
00250 
002 60
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FIN.F4 D
EXE FIN.F4 
LOADING
LOADER 5K CORE 
EXECUTION 
*$
00
935./32.6/4.8/51.3/11.9
R0NR5= 95.89 
PVR5= 90.31 
SGR5=0.77743 
RVPR5= 0.9747 
PWH2=2•4129 
PWC1=0.4292 
PWC2=0.8126 
PWC3=1•1797 
PVNC4=-.3398 
PVIC4=-•4582 
00
850./13.6/5.1/46.7/11.44
R0NR5= 95.12 
PVR5= 94.30 
SGR5=0.80986 
RVPR5= 0.499 6 
PWH2=2•1566 
PWC1=0.1374 
PWC2=0.2656 
PWC3=0.3839 
PVNC4=0•6319 
PVIC4=0.7988 
10

EXECUTION TIME: 0.20
TOTAL ELAPSED TIME: 3 MI
NO EXECUTION ERRORS DETECTED

*

RESULTS

62 SEC.

EXIT



ER 1414 88

INPUT GUIDE

First card: 
Second card:

00

Third card:

Fourth card:

Number of nodes, number of reactor, with 
Format 13
Molar fractions of aromatics, paraffins, 
naphthenes, molecular weight of the feed­
stock, API gravity of the feedstock 
(Free Format)
Hydrogen to hydrocarbon recycle ratio, 
purity in hydrogen of the recycle 
(Free Format)
Temperature, pressure, pressure drop, 
reciprocal molal space velocity for the 
first reactor, with free format.
Equal to fifth but for second reactor. 

Seventh card: Equal to fifth but for third reactor.
Final card: -1

See an example on Page 71.

Fifth card:

Sixth card:

OUTPUT GUIDE

For each reactor a complete information on yields 
and properties is printed, with the name for each one. 

See an example on Pages 71 to 74.


