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Abstract: The application of control theories to design the control of a planned or existing process or operation is always performed
by blind methods such as trial and error or Zeiglar-Nichols method. The aim of this paper is to apply mathematical models and control
theories to design control system of a diesel hydrotreating process. Understanding process dynamics (how process variable change with
time) are important to determine the process modeling and process control. In this paper the process dynamics of Diesel hydrotreating
unit were explored and reviewed some mathematical tools for solving the resulting process modelling and control.
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1. Introduction

Hydrotreating is an established refinery process for reducing
sulphur, nitrogen and aromatics while enhancing Cetane
number, density and smoke point. The refining industry’s
efforts to meet the global trend for more-stringent clean fuels
specifications, the growing demand for transportation fuels
and the shift toward diesel mean that hydrotreating has
become an increasingly important refinery process in recent
years. Hydrotreating process combines advanced process
technology, high-performance catalyst systems and efficient
reactor internal designs. Hydrotreating process control is
done in the present work by modeling a hydrotreating reactor
with Quenching Hydrogen gas. Due to the exothermic
reaction of HDT the reactor temperature can increase beyond
the design intent, and this is why a good temperature control
system is required. The reactor should have a temperature
control single loop to control and monitor pressure and
temperature rise inside the reactor, this was mainly done by
the inlet quenching hydrogen gas to the reactor. [1]

The reaction temperature is a process variable that affects the
conversion degree of the reactants, selectivity, and catalyst
regeneration. High reactor temperatures improve HDT
reaction rates but may cause more hydrocracking of the feed,
decrease the desired product yield and increase gas
production. Also, high temperatures enhance coke formation
and decay catalyst cycle life. Since performing the desired
conversion can be limited by temperature increase, the total
catalyst volume is frequently separated into several beds
divided by the inter bed zones for introducing quench fluids.
Crud-e oil fractions, particularly highly unsaturated fractions,
are known for being H, -required feeds during hydrotreating.
Processing of these feeds generates huge amounts of heat
during HDT process, which can lead to a sharp temperature
increase along the reactor. H, quenching has been the most
famous way to control temperature in most HDT processes.

[1]- [2]

2. Materials and Methods
2.1 Materials

Operating and control philosophy for main equipment and
main process are as follows.

The use of the reactor model is exemplified in a Fixed Bed
reactor with a NiMo commercial catalyst (300 m?/g specific
surface area, 0.56 cm®/g pore volume, 127A mean pore
diameter, 0.8163 g/cm 2 bulk density, 10.7 wt% Mo, 2.9 wt%
Ni) and Visbroken diesel (37°API, 573mg/kg sulfur, 236ppm
total nitrogen, 518 wppm basic nitrogen, 12.6 vol% total
aromatics, 160 to 340°C distillation range) as hydrotreating
feed.

The following reaction conditions were used: pressure of 108
kg/cm?, Hy/oil ratio of 500Sft/bbl, LHSV of 2.5 h™ !, and a
reaction temperature is 340°C is for steady state model. [1]

Table 1: The reactor conditions

Item Value
F Volumetric feed rate ,0.00273m°/s
vV reactor volume , 40m°
Cao Concentration of Aromatic in feed, 0.43 mol/L
k Pre exponential factor for forward reaction
of 1.041x 10 °

Ko | pre exponential factor for reverse reaction. 8.805x10°
E Activation Energy,121400j/mol for forward reaction,
186400 j/mole for reverse reaction

PH pressure of hydrogen gas 108 kg/m?
R Gas constant 8.314 j/mol.k
AH Heat of reaction -255000 j/mol
p Fluid density, 832.1 kg/m®
Cy Fluid heat capacity 2000j/kg K
To 673k

T 650k

Tq 357k

Ts 823k
Chas 0.22 mol/L

A 30m’
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2.2 Methodology

Process modeling began by determination of mass and energy
balance from the general moles balance. First the system
must be linearized about the steady state point. As model
statement define that only diesel feed temperature (T) and
hydrogen quenching temperature (T,) changes during HDT
[1]. A Taylor series for these variables about the steady state
point for energy balance is performed to define the deviation
variables at the steady state point. Then the steady state
equations are subtracted from the unsteady state equation and
deviation variable is substituted.

The system can be rewritten with constants for the partial
derivatives as ODE, after that the Laplace transforms for this
system can be taken and the transfer function is determined.
After determining the transfer function it is important to
know if the system is stable or not, this is performed by
defining the open loop characteristic equation. If any roots of
its characteristic equation lie in the right hand side of the
imaginary axis, the system will be unstable otherwise the
system is stable.

If the system is unstable then many options of controller to
operate the hydrotreating unit is available. For example we
can use proportional controller or proportional plus
derivatives controller or proportional integral derivative
controller.

Later the overall transfer function was defined, the
characteristic equation is taken and by adopting Routh array
elements of first column are selected to get the value of
controller parameters (K, K; and Ky). These value of
controller parameters make the response of the controlled
variable remain stable.
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Figure 2: (a) A single control loop of the reactor
temperature.

(b) The Block diagram of temperature control loop.
Where Gc is a controller or compensator is, Gs represents the

process model, and H(s) represents the measurement
dynamics. Y(s) represents the controlled variable, R(s)
represents the reference input.

3. Results & Discussion
3.1 Modeling of Process Dynamic

Description of reactor model in previous sections is taken as
a base for developing the dynamic heterogeneous one
dimensional reactor model. This model is based on the two
film theory and makes use of correlations to estimate heat
and mass balance.

4.1.1 Model Equations

4.1.1.1 General moles balance equation
Accumulation = Moles in — Moles out + Moles

1)

generated

dn,

dt
Where
N, ~ Number of moles for aromatic compounds

I' ~ Rate of the reaction
V ~ Volume of the reactor

=n,(in)-n,(out)+rv @)

But
n,=FxC, ®3)

Where
F ~ mole flow rate of diesel fluid
C , ~ Aromatic concertation in the fluid

So equation (3) will be

,dc,

=FC,, —FC, +rv (4)

Divide eq. (4) by V

dC F
A :_(CAO_CA)+r ®)
dadt Vv
From the literature the rate of the reaction for hydrogenation
of aromatics is equal

Nipa = kf pﬁzci _kr(l_c/i) (6)

Substitute (6) in (5)

dCA:E{CM—CAp«fmicj-h@—cj)a)

a Vv
The Rate constant is

-E

K =k eRrT 8)

Substitute (8) in (7)
-E -E

dd%zg(CAo_cA)—l—kofeRTpﬁzcz_koreRT(l_Cf\) (9)
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Equation number 4.15 balance

equation

represent the material

4.1.1.2 Energy balance
Heat Accumulated = Heat in — Heat out + heat Generated —
Q quench (10)

Q quench is the amount that heat transfer to the hydrogen gas
which equal to

dT

VpcpE:mcp(To—T)+ rvAH —Q (11)
But
Q=(UANT -T,) (12)

Eq. (12) is applied in in Eq. (11) and Divided by vVoC ,

dT F r UA
LI R § WILERY VI e cal | g VT

Eq.(8) is substituted in eq.(13)

-E -E
(kofeRT pg,Ca —k,er ]xAH
il —E(T0 ~T)+

dat v

{ﬂ)ﬁ 1)

Ve,

Py

(14)
Equation number 14 is the energy balance equation

First, the system was linearized about the steady-state point,
then Laplace transforms was taken to yield the final transfer

dyl afl 8fl
2 VA T 19
dt  oT, & 0T s Y2 (9
y:(0)=y,(0)=0 (20)
The system can be rewritten with constants for partial
derivatives as follow
dy
ot 2 Vthy: (21)
Taken Laplace transforms of this system
sY,(s) =aY,(s) +bY,(s) (22)

Now transfer function must be obtain by solving the system

(s—a)Y,(s) =bY,(s) (23)
G, = L__b (24)
Y, (s-a)

Now the value of a and b coefficient are obtained from the
partial derivatives.

(To _T)+

<|m

7\

_E “E
k€T pg Ch —k,efm Jx AH

function .Due to the exothermic reaction the temperature and
concentration change with time.

The Taylor series for these variables (T, To) about the steady
state point for the energy balance is

dT of

. £(T,T,)= fl(TS,TQ)+a—_I}(T -T) -
of,

i (T, -To.)

At the steady state point
dT,
E = fl (T 'TQS ) (16)

The deviation variables about the steady-state point are
defined as

Y, =T -T, (17)

Y, :TQ —TQS (18)
When the steady state equation are subtract from the

unsteady state equation and deviation variable is substituted
the balance become.

Py
(v,
f v
a:(ﬁJ =0= =
o, ). T, S
(25)
a= OA _ 30X 51070
Vpec,  40x832.1x 2000
- ]
V(TO—T)+
e e
(kofeRT pg,Ca —kdeRTJxAH
Ly
TCNEN
veC,
A L s
a ) oT

(27)
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E -k
{ ZJKOfeRTPHCAs—
F [-aH ) \RT
SV (= .
P —EZ Ko €RTC g — VA
RT, vee,
(28)
Substitute all the items value from table 1 in eq. (27)
0.00273 ( 255000 ]
b= n y
40 832.1x 2000
8314.5x823°
—121400
x1.041x10° x e83145623 5 0.47 — (&002)
8314.5x823
-186400
8.805x10° x gBa4sLE2 | | (ﬂj
8314.5x 823
186400
X [e 8314.51x823 j % 047
-1.5x10°°
(29)
b=-43438.27s
But
GS = L = b
Y, (s-a)
The T.F is then
_Y,_ -4343827
* Y, s-15x10"°

The open loop characteristic equation is the dominator of the
T.F

S-15x10"° =0

So the root of the open loop T.F is

s=15x10"°
4.2 Hydrotreating Process Control

Since the value of the root is positive real number the system
is unstable. It is proposed to use a proportional plus
derivative controller. The controller will be used to
manipulate the quenching hydrogen temperature to control
the reactor temperature. From Process control diagram in
Figure 2

The open-loop transfer function is G¢ G Hys)
The closed loop transfer function is

C(S) Gch
= (30)
Re 1+G,G,

The proportional pulse derivatives controller equation is

G.(s)=K@+T,S) (31)
Substitute eq. (24) and (31) in (30)
a
KA+T,S)x——2—
Co _ T (5=by) an
R. a
) 1+ K@+TS)x——2—
(S - b21)
K(@L+T,S)x - 43438.275
Co) _ (s—1.5x107%) -
Ro) 14 K@+T,5)x 4343827
(s—-1.5%x107)
The closed loop characteristic equation is
1+ open loop T.F=0
1+GexGsx1 (33)
L [K(L+Tp)S]x—43438.27 _ 0 o

(S-1.5x10"°)

S —1.5x10° —43438.27K —43438.27KT,S =0
Rearrange
(1—-43438.27T,K)S +

[-1.5x10°° — (43438.27K)]=0
Roth Array for this system
(1-43438.27T,K) 0

—1.5x107° —43438.27K 0

(35)

All element in the first column must be positive for stability

(1-43438.27KT,)>0 (36)

KTy >2.3x107° (37)
The second element will be positive if

(-1.5x107° —43438.27K) >0 (38)

K >3.45x10"° (39)

The system is stable for all value all
KT, > 2.3x10°m®.K.S /mol -
K >3.45x10™"m*.K.S /mol

4. Discussion

The modelling and control of diesel hydrotreating unit begun
by determination of the mole and energy balance equations.
From the energy balance the deferential equation for the
system was obtained and it was found that it is nonlinear
differential equation, then the system was linearized about
the steady-state point by using Taylor series for the two
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variables (Tq,Ca),after that the Laplace transforms was taken
to yield the process transfer function .

The open loop transfer function was obtained by solving the
system and it was found that the system is first order. From
the transfer function the open loop characteristic equation
was obtained, then the value of the root was calculated and it
was found that it is positive real number. Since the value of
the root is positive real number the system is unstable (The
system well be stable if the root of the characteristic equation
lie in the left hand side of the imaginary axis).

It was proposed to use a proportional plus derivative
controller. The controller will be used to manipulate the
quenching temperature to control the reactor temperature.
The closed loop transfer function and the characteristic
equation were obtained, then Roth Array was used to obtain
the controller parameters (K and KTp) which make the
system stable

5. Conclusions

Process modeling and control can help in better design,
optimize and operate the refinery units. Refinery unit is never
ever truly at steady state modeling. The transient behavior of
the process system is best studied using a dynamic simulation
tool like mathematical modelling. With mathematical
modelling we can control the process and we will avoid the
hazard and operability problems. In process modelling, the
dynamic analysis of a process system can provide insight into
the process system when it is not possible with blind method
such as trial and error or Zeiglar-Nichols.
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