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Abstract

Engineering problem solving such as process design, process

optimization, safety analysis, etc.; relies widely on mathemati-

cal models of the process. One of the most important aspects

in a chemical plant is the safety protocols assuring the safety

of workers and equipment. In this study Computational Fluid

Dynamics (CFD) methods are used to model different temper-

ature probe positions in a pipe elbow. Different models were

computed together in order to solve heat transfer model: heat

transfer in fluid and solid substances and momentum balance

model. Three probe geometries are defined to obtain different

results containing velocity field, and heat transfer. Based on the

results the geometries and positions are compared to each other

in order to find out which position is the most suitable for con-

trol studies, based on the time response of the probes. COMSOL

Multiphysics was used to implement and to couple of the physics

models. Due to the number of the geometries and model pa-

rameters (position and the geometry of the probe; inlet velocity)

the COMSOL model was connected to MATLAB via COMSOL

MATLAB LiveLink for solving the repeatable steps.
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Introduction

Temperature is one of the most common operating parameter

in process industries. From refrigeration to high temperatures

there is a wide range of operating temperatures in a chemical

plant. Hence, the control of the temperature will be one of the

most important tasks in order to ensure the safe operation of a

plant.

Mathematical models of real systems are often used as a tool

to achieve a better understanding of the operation of the system.

With the detailed modelling of fluid dynamics and heat trans-

fer, operating regimes can be determined, and the system can be

operated with the expected efficiency. With the analysis of the

involved processes there is a possibility to optimize the products

of a technology, with defining the adequate model parameters.

A detailed mathematical model can be used for testing the

systems, and for development purposes. With an adequate

model of heat transfer, and other physical phenomena in a device

even the controller parameters can be identified and an applica-

tion can be developed capable of computing adequate controller

parameters with different operational circumstances [1].

The number and the position of the measuring instruments are

important factors for operating the device in the defined operat-

ing regime. Unfortunately in real systems there is only a few

temperature probe (resistance probe) can measure temperature.

This makes model validation difficult, and makes the probe po-

sitioning a more crucial problem, because the wrong probe po-

sitioning makes the temperature detection harder [12].There is

a practical side of the number of the probes. For example in a

stirred vessel a measuring probe disturbs the flow field and cause

differences in the measured value. In multiphase systems solid

or fluid particles can attach to the probe and make the measure-

ment more difficult.

The position of the probe sensors is a crucial problem in food

industries too. Using Computational Fluid Dynamics (CFD)

methods different probe positions can be tested to achieve an

optimal experimental setup, by identifying the model parame-

ters [14]. Using a mathematical model of the temperature sen-

sor the behaviour of the physical system (such as bioreactor) can

be monitored, and the probe model can be validated and tested
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using real measurements [7]. With and adequate mathematical

model the temperature of the bioreactor can be predicted.

Industrial reactors are almost always important parts of a

working technology, therefore in some cases it is difficult to ob-

tain experimental information, and it takes a long time to col-

lect enough data to build a model. One of the solutions can be

the pilot plant experiments, or using CFD models. The main

advantage of a CFD model is the capability of examining the

real system in three dimensions. A validated CFD model can

support design, research and development, optimization, scale

up or other complex engineering tasks, such as polymerization,

crystallization operations; multiphase reactors and oil industry

problems [3, 10, 11] Besides the chemical engineering applica-

tions there are studies showing CFD can be used for example in

the field of aerodynamics [5, 13] and human sciences too [15].

In the viewpoint of temperature and heat exchange CFD tools

are used to design heat exchangers and choose the most suit-

able unit for a process based on CFD models. With the help of

CFD expensive measurements can be avoided and the heat ex-

changer choosing period can be shorter than with conventional

methods [4].

Nowadays there are an increasing number of applications of

model based controllers. The detailed model of the physical de-

vices and processes is used for control algorithm development,

and controller tuning. An adequate model can be the basis of

for example model based control, model predictive control, or

hybrid control systems [8, 9]. Model based approaches can be

used in the field of temperature control using HVAC systems

[2] A CFD model can be used to understand the operating con-

ditions, and the temperature profiles in a device, and then the

obtained information can be used to support controller design,

and tuning tasks [6].

Difficult processes can be coupled, and solved together, and

there is a possibility to do a sensitivity analysis of the model

parameters. With the proper validation of the CFD model will

be an excellent substitute of the real system for development and

control studies.

In this study we used CFD models to examine the heat transfer

in a pipe elbow with a temperature measurement point. The pri-

mary goal of this study is to identify a good probe geometry and

position by eliminating worse solutions. In this case the CFD

model can support design or re-design purposes. With a proper

probe position and geometry the system is easier to control. Us-

ing the connection between the CFD model parameter (for ex-

ample inlet velocity) and the controller parameters an adaptive

control algorithm can be applied to the physical system.

COMSOL Multiphysics 4.2a used as a commercial CFD soft-

ware, and MATLAB 2010b for solving the repeatable steps of

the analysis of CFD models.

Modelling and method

Fig. 1 shows the probe positions different probe types and

measurement points we used to compute the different simula-

tions, and models.

After the elbow geometry was imported one of the probe

types was chosen from three different types (sphere, cone, and

flat). Then the probe position was set from three different an-

gles (radial, 45˚ and axial). Each finalized geometry was tested

with five different inlet velocities from 0.002 m/s up to 0.01 m/s.

The temperature probes were in the same position in every case,

and the temperature was detected in the solid material. Three

different physics models were solved. Firstly we implemented

the laminar flow model based on a laminar model of the mov-

ing fluid containing Navier-Stokes equation Eq. 1 and continuity

equation Eq. (2). In Eq. (1) and Eq. (2) ρ, u, p, I, µ, F refers to

density, velocity, pressure, identity matrix, viscosity and other

body forces respectively. The moving fluid was water for this

study and an inlet and the outlet boundary were defined to model

the continuous system.

ρ(u∇)u = ∇

[
−pI + µ

(
∇u + (∇u)T

)
−

2

3
µ(∇u)I

]
+ F (1)

∇(ρu) = 0 (2)

A stationary momentum balance model was calculated, because

after a short time period, the fluid flow in this geometry becomes

stationary. Two heat transfer equations were applied to describe

the heat balances in this system, heat transfer in fluid Eq 3 and

heat transfer in solid substances (the temperature was defined as

a bulk copper material) Eq. (4). In Eq. (3) and Eq. (4) ρ, cp, T,

t, u, k, Q, Qvh, Wp refers to density, heat capacity, temperature,

time, velocity, heat conductivity, heat source, heat loss and pres-

sure work respectively. A temperature inlet boundary an outlet

boundary (the boundaries were the same, as in the momentum

balance model).

ρcp

∂T

∂t
+ ρcpu∇T = ∇(k∇T ) + Q + Qvh + Wp (3)

ρcp

∂T

∂t
+ ρkcputrans∇T = ∇(k∇T ) + Q (4)

Based on the velocity field obtained from the solution of the sta-

tionary momentum balance model, the heat transfer model in

the moving fluid was calculated. A transient study was applied

to examine the dynamical behaviour of the system. A tempera-

ture step function was applied in the inlet boundary to examine

the response for set point change. Then the different solutions

were compared to each other in order to find the optimal solution

for the temperature probe position. The solution with the lower

time delay is considered optimal. The model material param-

eters were obtained by using the COMSOL Multiphysics built

in material library (water for the fluid, and copper for the solid

material).
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temperature sensor the behaviour of the physical system (such as bioreactor) can be monitored, and the 
probe model can be validated and tested using real measurements (Hu et. al, 2011). With and adequate 
mathematical model the temperature of the bioreactor can be predicted. 

Industrial reactors are almost always important parts of a working technology, therefore in some cases 
it is difficult to obtain experimental information, and it takes a long time to collect enough data to build a 
model. One of the solutions can be the pilot plant experiments, or using CFD models. The main advantage 
of a CFD model is the capability of examining the real system in three dimensions. A validated CFD model 
can support design, research and development, optimization, scale up or other complex engineering tasks, 
such  as  polymerization,  crystallization  operations;  multiphase  reactors  and  oil  industry  problems 
(Marden  Marshall,  2003,  Behjat  et  al.  2011,  Milana  et  al.  2011).  Besides  the  chemical  engineering 
applications  there  are  studies  showing  CFD  can  be  used  for  example  in  the  field  of  aerodynamics 
(Defraeye et al. 2010, Murakami et al. 1999) and human sciences too (Saito et al. 2001). 

In the viewpoint of temperature and heat exchange CFD tools are used to design heat exchangers and 
choose  the  most  suitable  unit  for  a  process  based  on  CFD  models.  With  the  help  of  CFD  expensive 
measurements  can  be  avoided  and  the  heat  exchanger  choosing  period  can  be  shorter  than  with 
conventional methods (Bhutta et al. 2012). 

Nowadays  there  are  an  increasing  number  of  applications  of model  based  controllers.  The  detailed 
model  of  the physical  devices  and  processes  is  used  for  control  algorithm development,  and  controller 
tuning. An adequate model can be the basis of for example model based control, model predictive control, 
or hybrid control systems (Lepreux et. al, 2012, Karer et. al, 2007). Model based approaches can be used in 
the  field  of  temperature  control  using HVAC  systems  (Balan  et.  al,  2011).  A  CFD model  can  be  used  to 
und  erstand  the  operating  conditions,  and  the  temperature  profiles  in  a device,  and  then  the  obtained 
information can be used to support controller design, and tuning tasks (Gerber et. al, 2006). 

Difficult  processes  can be  coupled,  and  solved  together,  and  there  is  a possibility  to do a  sensitivity 
analysis  of  the  model  parameters.  With  the  proper  validation  of  the  CFD  model  will  be  an  excellent 
substitute of the real system for development and control studies. 

In  this  study we used CFD models  to examine  the heat  transfer  in a pipe elbow with a  temperature 
measurement point. The primary goal of this study is to identify a good probe geometry and position by 
eliminating worse solutions. In this case the CFD model can support design or re‐design purposes. With a 
proper probe position  and geometry  the  system  is  easier  to  control. Using  the  connection between  the 
CFD  model  parameter  (for  example  inlet  velocity)  and  the  controller  parameters  an  adaptive  control 
algorithm can be applied to the physical system. 

COMSOL Multiphysics  4.2a used  as  a  commercial  CFD  software,  and MATLAB 2010b  for  solving  the 
epeatable steps of the analysis of CFD models. r
 
Modelling and method 

igure 1 shows the probe positions different probe types and measurement points we used to compute 
the different simulations, and models. 
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Fig. 1. Sphere probe type with axial position (a.), Cone probe type with radial probe position (b.), and Flat probe type with 45˚ position (c.)

 
 

Figure 2 Velocity field and temperature in the elbows with 45° probe position 
 

After the simulations were completed we compared the results  to find out which probe position has 
the lesser time delay. Figure 3 shows the differences between the dynamic of the probes in two different 
flow rates (0.002 m/s and 0.01 m/s). The probe type was spherical in this examination. 
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Figure 3 The dynamical behaviour of the temperature probe in two different flow rates (0.002 m/s, 0.01 
m/s) 
 

The  radial  position  is  always worse,  than  the  axial  but  as  the  inlet  velocity  became  higher  this  gap 
became smaller. In the case of the 45° position the temperature detection is slower than in the case of the 
axial  one,  however  it  takes  state  almost  the  same  time  to  reach  stationary  state  in  both  cases.  The 
difference of the time delays is present only at lower inlet speeds. The effect of the different velocities was 
eliminated by correcting the data sets to avoid misinformation. The next examination was the analysis of 
the effect of the probe type of the response function. Three different probe types were analysed. Figure 4 
shows the results at 0.002 m/s. The results show, that the response function is almost independent of the 
probe type. There is a slight difference, but it is too small to consider. 

The  final examination was  the effect of  the  inlet velocity. Five different velocities were applied  from 
0.002 m/s up to 0.01 m/s. Figure 5 shows the results of this examination. Figure shows sphere type probe 
in radial position. 

igure 4 shows that the inlet velocity changes have the major effect on the dynamical behaviour of the 
heat transfer process. 

F
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Fig. 3. The dynamical behaviour of the temperature probe in two different flow rates (0.002 m/s, 0.01 m/s)

Results

Fig. 2a. shows the results of the momentum balance model

in the case of spherical probe in three different positions. The

probe disturbs the flow in every case, so the velocities near the

probe are higher, than the other part of the elbow. The inlet

velocity was 0.008 m/s.

Fig. 2b. shows the temperature field at time 15 s 5 s after

the temperature step. Fig. 2b. shows that the every case the

temperature of the fluid is higher than the copper, because some

time is needed to the temperature to reach the measuring point

via heat conduction.

After the simulations were completed we compared the re-

sults to find out which probe position has the lesser time delay.
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Figure 4 Analysis of different probe types 
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Figure 5 Analysis of different inlet velocities 
 

At lower velocities the temperature reaches the stationary state much slower, that at higher velocities. 
However,  the differences between  the  curves  are  getting  lower  as  the  velocity  is  getting higher. Hence, 
over a level (~0.008 m/s) there is not much effect of the excess velocity. 

 
clusion  
CFD methods were used  to analyse  the dynamical behaviour of  temperature probes. Different  types 

and positions  of  probes were  examined with different  fluid  velocities  in  order  to  find  out which probe 
positions and types are the optimal for temperature probe setup. Different models were applied to create 
a detailed model of the pipe elbow. The obtained models were compared to each other. The axial position 
is b tter at lower and higher velocities, but at higher velocities the difference is much smaller compared to 
the ther positions. 
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Appendix 1. Notation 

Variable  Description  Unit 

ρ  density  [kg/m3] 
u  velocity vector   [m/s] 
μ  viscosity  [Pas] 
t  time  [s] 

F  force vector  [N] 
Pk stress tensor    
cp Heat capacity  [J/(mol K)] 
T  Temperature  [K] 
k  Heat conductivity  [W/(m K)] 
Q  Heat source/sink  [W] 
Qvh Heat loss  [W] 

Fig. 4. Analysis of different probe types
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Fig. 3 shows the differences between the dynamic of the probes

in two different flow rates (0.002 m/s and 0.01 m/s). The probe

type was spherical in this examination.

The radial position is always worse, than the axial but as the

inlet velocity became higher this gap became smaller. In the case

of the 45˚ position the temperature detection is slower than in

the case of the axial one, however it takes state almost the same

time to reach stationary state in both cases. The difference of the

time delays is present only at lower inlet speeds. The effect of

the different velocities was eliminated by correcting the data sets

to avoid misinformation. The next examination was the analysis

of the effect of the probe type of the response function. Three

different probe types were analysed. Fig. 4 shows the results at

0.002 m/s. The results show, that the response function is almost

independent of the probe type. There is a slight difference, but

it is too small to consider.

The final examination was the effect of the inlet velocity.

Five different velocities were applied from 0.002 m/s up to 0.01

m/s. Fig. 5 shows the results of this examination. Figure shows

sphere type probe in radial position.

Fig. 5 shows that the inlet velocity changes have the major

effect on the dynamical behaviour of the heat transfer process.
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Appendix 1. Notation 

Variable  Description  Unit 

ρ  density  [kg/m3] 
u  velocity vector   [m/s] 
μ  viscosity  [Pas] 
t  time  [s] 

F  force vector  [N] 
Pk stress tensor    
cp Heat capacity  [J/(mol K)] 
T  Temperature  [K] 
k  Heat conductivity  [W/(m K)] 
Q  Heat source/sink  [W] 
Qvh Heat loss  [W] 

Fig. 5. Analysis of different inlet velocities

At lower velocities the temperature reaches the stationary

state much slower, that at higher velocities. However, the dif-

ferences between the curves are getting lower as the velocity is

getting higher. Hence, over a level (∼0.008 m/s) there is not

much effect of the excess velocity.

Conclusion

CFD methods were used to analyse the dynamical behaviour

of temperature probes. Different types and positions of probes

were examined with different fluid velocities in order to find out

which probe positions and types are the optimal for temperature

probe setup. Different models were applied to create a detailed

model of the pipe elbow. The obtained models were compared

to each other. The axial position is better at lower and higher

velocities, but at higher velocities the difference is much smaller

compared to the other positions.
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Appendix 1. Notation

Variable Description Unit

ρ density [kg/m3]

u velocity vector [m/s]

µ viscosity [Pas]

t time [s]

F force vector [N]

Pk stress tensor

cp Heat capacity [J/(mol K)]

T Temperature [K]

k Heat conductivity [W/(m K)]

Q Heat source/sink [W]

Qvh Heat loss [W]

Wp Pressure work [J]

ρk Solid density [kg/m3]

utrans Translational velocity [m/s]

Examination of temperature probe setup 752012 56 2


