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Abstract: The maximum duty of reformer heaters is governed by the occurance of maximum tube skin
temperature of the heaters. The value of maximum tube skin temperatures of the heaters must not exceed theirs’
maximum allowable design temperature. The paper highlights the simulation of the tube skin temperatures of
CRU heaters and temperature distribution across the heater tubes. The simulated results are important in order
to access the heaters performance and prediction of the coke formation in tubes. The simulated results are
verified using Plant data. The simulation is done using finite element approach. A two dimensional model is
developed with a front view and a cross-sectional view for each heater. The maximum percentage deviation of
predicted tube skin temperature using Finite element approach was found to be 1.2 % .
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1 Introduction

In a heater, tube skin temperature is one of the
most important parameters that need to be
closely monitored since it dictates the overall
performance of the heater. Moreover, it can
also be an indicator of coke formation in the
heater’s tubes. A high tube skin temperature is
a result of refinery fired heater heat-flux
imbalances that can cause high coke-formation
rates. The materials of the heater’s tubes can
only withstand a maximum allowable tube skin
temperature. When this temperate is reached,
either heater firing must be reduced or the
heater must be shut down for coke removal.
Thus, the developed model can give an
indication of the heaters’ performances and
shutdown periods for coke removal.

For the past four decades, catalytic reforming
of naphtha has evolved rapidly to become one
of the most advanced processes in the refining
industry. The main objective of the process is
to convert low-octane naphtha to high-octane
reformate to be used as high performance
gasoline fuel. Alternatively, the naphtha
reformer unit can also produce high yields of
aromatics for petrochemical feed-stocks.
Today, reforming technology, catalysts and

processes continue to lead petroleum refining
in innovation, safety, and reliability as well as
environmental impact and profitability.
Moreover, because of some environmental
regulations on gasoline burning wastes,
refiners and catalyst manufacturers are trying
to find means for catalyst performance
improvement and process design improvement
to enhance the selectivity to aromatics and
high-octane reformate. All these researches and
studies aim at the following objectives:

e Higher reformate octane yields

e More efficient catalyst regeneration

e Longer catalyst life and enhanced
surface stability

e Lower-pressure operation and less
hydrogen recycle [1]

In industrial practice, the operating conditions
of the reforming unit are usually described in
terms of severity. The most widely used
measure of reforming severity is the research
octane number (RON). After years of
operations, the catalyst deactivates; to
compensate for the lower activity, the severity
(reactor temperatures) of the process must be
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increased. This leads to the high firing rate of
the heaters of reformer unit. In this way, the
required RON can be maintained at the desired
level. However, this high-severity operation is
at the expense of short run-length of heaters
due to high firing rate, resulting in higher coke
formation rate in tubes and high tube skin
temperatures. At PETRONAS Penapisan
(Melaka) Sdn. Bhd,.PP(M)SB, the Catalytic
Reformer Unit (CRU) has been operating at
110% capacity. This situation indicates a high
severity of operation. This high throughput
results in high recycle gas, higher firing rate of
heater, more catalyst required in the rectors and
an increased load on the columns. This severity
has long been put under studies and one of the
equipment under close monitoring are the
heaters. Because of the high firing rate, the
tube skin temperatures are closing to its limits

[2].

Tube metal temperatures are often monitored
with skin thermocouples. Their accuracy is
greatly debated; nevertheless, skin couple
readings are often used to determine heater
end-of-run. Once the tube metal temperature of
the heater tube is reached, heater firing must be
reduced or the heater must be shut down to
remove coke. In the extreme case, long-term
operation at high heater tube wall temperature
can cause the tube to rupture [4]. Moreover,
skin thermocouples are known to be vulnerable
and often inaccurate, giving readings some 20
to 50°C higher than the real tube skin
temperature. The higher reading is caused by
the fact that the skin thermocouple construction
itself may act as a heat barrier, giving the
thermocouple a higher temperature than the
tube wall. Skin thermocouples in reformer
heaters also tend to fail quite often due to the
very high tube temperatures compared to those
in other process heaters.

Y. Suyadal (2006) [3], carried out experimental
work on estimation of kinetic parameters for
combustion process in a bench scale fluidized
bed. For the modeling work they concluded
that the surface reaction constant can be
incoperated into a fluidized bed combustor
model. Thus experimental results obtained
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from fluidized bed can establish the basis for
the design of fluidized bed combustors. G.D
Stefanidis et.al (2006), [5] simulated a steam
cracking furnances using computational fluid
dynamic approach. They found that a smaller
flame volume has important effects on the
predicted temperature distribution in the
furnance as well as on other significant design
design parameters like the refractory wall and
tube skin temperatures.

In the present work, the simulation of tube skin
temperatures of CRU heaters is carried out
using FEMLAB. The Plant Information data is
used to verify the model.

2 Theory
The mathematical equation for heat transfer by
conduction is as shown in equation (1)

pc%—wkvn -Q )

For steady state, equation (2) applies.
V(kVT)=Q (2

To model heat conduction and convection
through a fluid, the heat equation includes a
convection term. In FEMLAB, this formulation
is represented in the Conduction and
Convection application mode as in equation 3.

IOC%-FV(—kVT +pC,Tu)=Q (3)
The heat flux vector is defined by the
expression within the brackets in equation (3),
which for transport through conduction and
convection yields equation (4)

q=-kVT + pC,Tu 4)
Assumptions

Following are the assumptions made to
simplify the modeling:

e Only one side of tube wall exposed to
direct firing is modeled since the tube is
symmetrical and assuming the rate of
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firing is equally distributed to both
sides .

e Only finite length of the tube is
considered as the actual length of the
tube is higher than the thickness of the
tubes.

e Momentum and mass transfer are
neglected.

e Constant thermal conductivity

3 Methodology

Fig.1 and Fig.2 show the flow chart followed
in simulating the heater tube temperature using
FEMLAB and 3-D view of the heater tube
respectively.

| Model definition |

v

| Model Navigator |
v

| Geometry modeling |

v

| Boundary conditions |

v

| Subdomain conditions |

v

| Mesh generation |

v

| Solve |

v

| Post processing and Visualization |

Fig.1: Flowchart in GUI of FEMLAB
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Fig.2 : 3-D view of t heater tube.

T e

The following paragraphs highlights the
overall methodology adopted as indicated in
Fig.1 along with user input values. In solving
the partial differential equations, finite element
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method (FEM is used). The software Version
3.0 runs the finite element analysis together
with adaptive meshing and error control using
a numerical solver.

Fig.3 — Fig.9 show the window under each
steps of the simulation.

% Model Navigator =101

I New | Model Library | User Models | Settings |

Space dimensici 2D =

4 FEMLAE =

{1 Acoustics A
| Diffusion

# Conduction
FH 1 Struchural Mechanics

Dependent varisbles: T
application mode name: [oo
agrange - Linear

Elemert:

Muttiphy sics |

Fig. 3 Model definition window

The characteristics of tube front view (2D) as
in Fig.2 are as follow:
e Conduction and Convection heat
transfer — Transient analysis
e Shape - Circle
e Domain:
- Outside diameter: 0.1143 m
- Inside diameter: 0.1023 m
e Boundary conditions:
-Heat flux Q
-Process side temperature Tprocess

The characteristics of cross-sectional view of
the tube in 2D as shown in Fig.2 are as follow:
e Conduction and Convection heat
transfer — Transient analysis
e Shape - Rectangle (due to the
assumption of equal heat flux on both
sides and symmetry of the tubes)
e Domain: 0.00602 m x0.0.5m
e Boundary conditions:
-Heat flux Q
-Process side temperature Tprocess.
-Inlet temperature
-Outlet temperature
Model navigator
In model navigator window as in Fig.4, the
following criteria are selected.
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Model: Convection and Conduction heat
transfer — Transient analysis (as shown in
Fig.4).
=oix
i Hew | octel Lisrary | User hocels | Settings |

Space dimenzion: 20 -

SAFEMLB E Heat Transfer

] Chemical Enginesring Module ﬂ

A:I Electromagnetics Module . /s‘///
| Structural Mechanics Module o

] Acoustics L&/
] Diffusion

| Electromagnetics

] Fluid Dynamics
=4 Heat Transfer

= Description:
r: & iy Hest transter through corvection and
e zoncuction veith hest flux, convective, and
# Conduction

temperature boundary conditions.

P 1 Strurdueal Merhanins: =

Dependent variables: T
Application mode name: [oc

Eletnent Lagrange - Linear

Transiert analysis in 20,

Multiphysics |

Fig.4: Model navigator window

Geometry modeling
Fig.5 shows the dimension of the tube.
e The front view — Circle
o Outside diameter: 0.1143 m
o0 Inside diameter: 0.1023 m
e The cross-sectional view — Rectangle
(0.00602 m x0.0.5 m)

Rectangle ]|

Size Rotation angle

Wiclth: Im o ID [degress]
Height: IIII.IIIS

—Position

Baze: ICenter - I Shyle: ISDIid LI
s [ Matne: [F-23201
i |1

ok |

Fig.5: Geometry modeling window

Cancel | Apply |

Boundary condition
Fig.6 shows sample window for boundry
condition setting.
The front view
-Heat flux Q
-Process side temperature Tprocess
The cross-sectional view
-Heat flux Q

-Process side temperature Tprocess.
-Inlet temperature
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-Outlet temperature
x|
~Equation
T= TU

~Boundary selection ~Boundary condition:

Eioundary condition ITemperature e l

Quantity Value/Expression Description
Yy IU Ireeeared heat flux
T 473 Tetnperature

[~ Select by Group

I™ Interior boundaties

Ok I Cancel | Apply |

Fig.6: Boundry condition window

Subdomain

The subdomain settings include: thermal
conductivity, density, heat capacity, heat
source and initial temperature (as shown in
Fig.7).

I

Eguation
’iﬁtspCpBTIBt + Vo(-KTT) = @ - PO UsTT, T= temperature

~Subdomain selection Prysics | it | Element |

R ERGE =R e G e
Use library materisl | ~| Losd |
Quantity ValueExpression Description
- 1 Time scaling coetficient
=k (isotropic) 330 Thermsl concuctivity
© k (anisotropic)  [+00 0 0400 Thermal conductivity
P [6700 Density
<p |375|3 Heat capacity
=} [ 2800000 Heat source
i u Jo w-velosity
W Jo y-velocity
I select by group
¥ Active inthis domain Artificial Stabilzation

Ok I Cancel Apply

Fig.7: Subdomain window

Mesh generation and Solve

After all the conditions have been set for
boundaries and subdomains, the mesh is
generated to determine the degrees of freedom
to be solved for the PDEs followed by Solve
command. These steps are shown in Fig.8.
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Fig.8: Mesh generation widow

Post processing and Visualization 4 Result and Discussion

Once a solution is satisfied, the solution is The simulation results of tube skin
post-processed. Post processing steps include temperatures of the four CRU heaters are
3D, animation, contour plot, boundary plot and shown in Fig.10. The temperature distributions
heat flux plot. Fig.9 shows the animation for all four heaters exhibit the same trend, as
features of the post -processing mode. In this shown in Fig 10 and Fig.11. The tubes wall
mode users can view the change of temperature temperature that was exposed to firing has the
profile with respect to time. highest temperature. The values of the tube

skin temperatures for all four heaters are
summarized in the following Tablel. For all
the cases, the temperatures were found to
decrease across the tube to the fluid side.

Mr: B4 555
F-23201
Boundary conditions F-23202
Left: Heat Flux
Boundary conditions
q:= 25948 Wim2 Left. Heat Flux q = 38415 Wim2 Fas203 F-23204
Right: Process temp=549C Righ: Process temp=549C Boundary conditions Boundary conditions
Bottom: Inlet temp=475C Bottom: Inlet temp=438C Left heat flux: ¢=24306 W/m2 Left heat flux: g=20218 W/m2
Top Outlet temp=549C Top Ou'ﬂe‘ temp=549C Right: Process fluid T=549C Right: Process fluid T=549C
Bottom: Inlet temp=480C Bottom: Inlet temp=511C
Top Outlet temp=549C Top Outlet temp=549C
g2l
Firing Process Firing Process Firing Process Firing Process T
Side fluid Side fluid Side fluid Side fluid
side side side side
Eu
e 270 829

Fig. 10: The horizontal cross-sectional view for tube skin temperarature of Heaterl: F-23201,
Heater2: F -23202, Heater3: F23203, Heater4: F23204
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Process Fluid
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Bound
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Process Fluid

Side
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Side
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.
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Side
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Fig. 11: The front view for tube skin temperarature of Heaterl: F-23201, Heater2: F -23202,

Heater3: F23203, Heater4: F23204

Table 1 shows the comparison between the
tube skin temperatures of actual heaters
obtained after turnaround with that predicted
through FEMLAB simulation. For all the four
heaters, simulation results give slightly higher
values of the tube skin temperature.

Tablel Tube skin temperature of Heaters

HEATER 1: f-23201
Operating Base case FEMLAB
parameters | (15/02/2005) design case
Tskinmax (°C) 612.04 614
HEATER 2: f-23202
Operating Base case FEMLAB
parameters (30/04/2005) design case
T skinmax (OC) 593.78 601
HEATER 3: f-23203
Operating Base case FEMLAB
parameters (09/02/2005) design case
T skinmax (OC) 597.28 600
HEATER 4: f-23204
Operating Base case FEMLAB
parameters (09/04/2005) design case
Tskinmax (°C) 578.15 582

The difference

in the maximum tube skin
temperature between the two cases is 7.22°C

with % difference of 1.2%, for F-23202 heater.
The other heaters exhibit smaller differences
approximately, 2 to 4°C. Thus, based on the
results shown in Table 1, a recommendation
can be made as to further increase the firing
rate since the maximum allowable tube skin
temperature of 650 °C is not reached. By
increasing the firing rate in a controllable
manner, the required research octane number
(RON) can be maintained at the desired level
and coke formation within the tube can be
avoided.

Variations of operating variables

The change in the tube skin temperature
values, under influence of variation of heat
flux, heater tubes inlet and outlet temperatures
are also studied. As the heat flux is increased
by 10% of its current value to 28542 W/m?, the
tube skin temperature was found to increase
from 614 °C to 620 °C as shown in Fig 12.
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Fig 12: Effect of varying heat flux of Heaterl.

When the inlet temperature of F-23201 tube
increases to 500 °C and the process fluid side
temperatures increase to 575 °C, the tube skin
temperature was found to increase from 614 °C
to 630 °C. Thus, the developed model, can be
used to predict the trend of the tube skin
temperature of the heater when subjected to
variation of operating condition such as
variation of the heat flux, and the inlet and
outlet temperature of the process fluids.

PRl m il @ EBR fROODE T

e [

PROCESS FLUID
SIDE

FIRING SIDE

Fig 13: Effects of varying inlet and process
fluid temperatures of Heaterl.

5 Conclusion

It is deduced that the tube skin temperature
depends on the heat flux and the inlet and
outlet process fluid side temperatures. In
addition the developed model and simulation
can be used as a monitoring tool to predict the
trend of tube skin temperature within the metal
tube of a CRU heaters for PP(M)SB. The
higher the temperature differences between the
base case and design case, acts as indicator of
amount of coke deposition in the actual tubes.
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With the simulation ability to predict the
values of the maximum temperature that the
heater tube can withstand, metal fatique and
fracture can be avoided. The simulation can
further be extended to incorporate the effect of
coke deposition and variation of temperature
profiles within the catalytic reformer unit in
future.
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Nomenclature:

Q proc Process side heater duty, [kKW]

Tout Process outlet temperature of heater, [°C]

Tin Process inlet temperature of heater, [°C]

Oav Average heat flux to heater tubes, [W/ m* ]

D, Outside tube diameter, [ m ]

D; Inside tube diameter, [ m ]

lamda Thermal conductivity tube metal, [W/ m.K]

Thulkmax Bulk temperature at the location of the
maximum tube skin temperature, [°C]

T skinmax Maximum tube skin temperature in the
heater, [°C]

u Velocity field [ms™]
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