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Abstract 
In a previous project, made in the spring of 2010, a steam generator was modelled and simulated in 
GT-SUITE, in order to analyze and compare with engine measurements. This was made at the Royal 
Institute of Technology in Stockholm, on behalf of the company that introduced this idea, Ranotor. 
The concept was to replace the EGR-cooler in a heavy duty engine and with help of the Rankine cycle, 
try to improve its efficiency. The steam generator consists of 48 micro tubes, all containing high 
pressured water, which in turn is heated by the warm exhausts that are led into the steam generator. 
This causes the water in the tubes to evaporate which propels an expander that will unload the 
engine.  

The main focus of this thesis is to model, study and analyze the performance of the steam generator 
built in the simulation program GT-SUITE. The steam generator, called Heat Recovery Steam 
Generator (HRSG), is modelled from scratch with the specifications of the manufacturer. An 
elementary model was initially made to highlight the behaviour of the flow inside the micro tubes 
and what parameters affect the outcome of the simulations. Finally a complete identical model was 
made of the actual steam generator. The model was used in an ESC-cycle and also for a transient 
cycle, where all the input data is gathered on engine measurements of the actual HRSG, mounted on 
a DS1301, 6-cylinder 12 litre Scania diesel engine.  
In order to improve the simulation of the complete model a downsized model, only containing two 
tubes, was made. This model has the same dimensions and properties as the complete model but the 
advantage of this double-tube model is the shortened simulation time.  
 
The inlet parameters to the model such as water mass flow, steam pressure, exhaust mass flow and 
exhaust temperature were taken from actual engine measurements. All the parameters vary due to 
time; this makes a comparison possible between the real steam generator and the modelled one. 
Steam temperature, exhaust temperature and pressure drop along the HRSG are the main 
parameters from the simulations that are compared to the actual measurements. The engine 
measurements are made based on the ESC-cycle, European Stationary Cycle, which contains twelve 
load points and one idle point.    
 
During comparison between the complete model and the engine measurements following is 
observed, in the best case the steam temperature differs ~ 5 %, equalling 10°C. In the worst case the 
temperature difference is ~20 %, which is approximately 40°C, the rest of the load points shows a 
margin of error between 5-10 % equalling 10-35 °C. Pressure drop along the HRSG is less accurate; 
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this is due to an error during the measurement where some filters where clogged. Disparity in 
pressure drop is ~1% in best case, which is almost identical and ~70% in worst case, corresponding to 
approximately 10 bar, where rest of the load points shows a margin of error between 10-15% 
equalling 1-4 bar.  
 
The double-tube model behaves like the complete model; the difference between the models is 1-5 
% in most cases ~5-15°C, where the difference is mostly closer to the measurements. Heat transfer, 
Reynolds number and steam power are taken and studied from the double tube model. Analyses of 
the models reviles that ~40-55 % of the heat transfer is in the transition phase, which is surprisingly 
much and Reynolds number increases by ~450% in the same region, from 1500 to ~6500 which 
indicates a flow transition phase. Steam power varies between 5-23 kW depending on load point.  
 
The final model shows satisfying result and therefore assumed to be good enough for further 
analyse. 
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Sammanfattning 
I ett tidigare projekt, utfört under våren 2010, modellerades och simulerades en ånggenerator i GT-
SUITE för att analysera och jämföra dess resultat med de faktiska motormätningarna. Projektet 
utfördes på Kungliga Tekniska Högskolan i Stockholm, på uppdrag av företaget som introducerat 
idén, Ranotor. Konceptet gick ut på att ersätta EGR-kylaren i en lastbilsmotor och med hjälp av 
Rankine cykeln försöka öka motorns verkningsgrad. Ånggeneratorn består av 48 mikro tuber, som 
alla innehåller vatten med högt tryck, vattnet värms upp av de varma avgaserna som letts in i 
ånggeneratorn. Detta gör att vattnet förångas och leds sedan för att driva en expander för att avlasta 
motorn. 

Huvudfokus i detta examensarbete har varit att modellera, studera och analysera ånggeneratorns 
prestanda i simuleringsprogrammet GT-SUITE. För att kunna göra detta måste ånggeneratorn, även 
kallad HRSG (Heat Recovery Steam Generator), modelleras från grunden med specifikationer från 
tillverkaren. En elementarmodell byggdes inledningsvis upp för att belysa beteendet av flödet inuti 
mikro tuberna och vilka parametrar som påverkar resultatet av simuleringarna. Senare gjordes även 
en komplett identisk modell av den verkliga ånggeneratorn. Modellen användes i ESC-cykeln och 
även för transienta körningar, där all indata är samlad från motormätningar på den verkliga 
ånggenerator, monterad på en DS1301, 6-cylinder 12 liter Scania diesel motor.   
För att kunna förbättra simuleringen av den kompletta modellen, gjordes en nedskalad modell som 
bara innehöll två tuber. Denna modell har samma dimensioner och egenskaper med den kompletta 
modellen, men fördelen med denna tvåtubs modell är den förkortade simuleringstiden.  
 
Inlopps parametrar såsom, vattenflöde, ångtryck, avgasflöde och avgastemperaturen togs från 
verkliga motormätningar. Samtliga parametrar varierar med tiden; detta gör det möjligt att göra en 
direkt jämförelse mellan den verkliga ånggeneratorn och den modellerade. Ångans och avgasernas 
temperatur samt tryckfallet över ångpannan är huvudparametrar som har jämförts med de verkliga 
mätningarna. Testkörningen är baserad på ESC-cykeln, European Stationary Cycle, som innehåller 
tolv lastpunkter och en tomgångspunkt. 
 
Jämförelser mellan den kompletta modellen och de faktiska provkörningarna visade följande: i det 
bästa fallet avviker ångans temperatur ~5% motsvarande 10°C. För det sämsta fallet är temperatur 
skillnaden ~20%, ca 40°C, övriga lastpunkter visar en felmarginal mellan 5-10% motsvarande 10-35°C. 
Tryckfallet över ångpannan visar en större felmarginal, vilket beror på mätningar under testkörningar 
där vissa filter var igen satta, därav uppmättes tryckfallet i vissa fall upp till 20 bar. I bästa fallet skiljer 
det ~1 % mellan simulering och verklighet, vilket är nästan identiskt, medan det i det sämsta fallet 
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skiljer uppemot 70 % som motsvarar 10 bar, övriga lastpunkter ligger i intervallet 10-15 % 
felmarginal, motsvarande 1-4 bar.  
 
Två tubs modellen beter sig som den kompletta modellen; avvikelsen mellan dessa modeller är 1-5% 
~5-15°C i de flesta fallen, där skillnaden för det mesta liknar mätningarna. Värmeöverföringen, 
Reynolds tal, ångans effekt studeras i tvåtubs modellen. Analys av modellen visar att ~40-55 % av 
värmeöverföringen sker i fasomvandlingen, vilket var förvånande mycket och Reynolds tal ökar med 
~450 % i denna region, från 1500 till ~6500, vilket tyder på en flödesövergångs fas. Ångans effekt 
varierar mellan 5-23 kW beroende på lastpunkt.    
 
Den slutliga modellen ger tillfredställande resultat och anses vara tillräckligt bra för vidare analys.  
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Terminology 

Abbreviations and acronyms 
Air2  Liquid and air mixture, used in the GT-ISE model as exhaust flow. 
CAE  Computer Aided Engineering 
EGR  Exhaust Gas Recirculation, a NOx reducing compound  
Eq. X.Y  Equation number. 
ESC  European Stationary Cycle 
HRSG  Heat Recovery Steam Generator, as the steam generator is called. 
ORC  Organic Rankine Cycle 
RC  Rankine Cycle 
WHR  Waste Heat Recovery 
 

Mathematical notations 
a  Height of the hydraulic clearance, m 
Ac  Cross sectional area of the tube, m2 
cp,air  Specific heat capacity of air, J/kg·K 
cp,w  Specific heat capacity of water, J/kg·K 
D  Characteristic tube dimension, m 
Dh  Hydraulic diameter of the tube, m 
Dh,cl  Hydraulic diameter of the hydraulic clearance, m 
dm  Mean diameter of the tube, m 
Eout  Output power, kW 
f  D’Arcy-Weisbach friction coefficient, dimensionless 
h  Convective heat transfer coefficient, W/(m2·K) 
Δh  Vapour enthalpy, J/kg 
k  Thermal conductivity of the fluid, W/(m·K) 
kl  Thermal conductivity of the liquid, W/(m·K) 
kw  Thermal conductivity of the wall, W/(m·K) 
l  Length of the hydraulic clearance, m 

exhm   Exhaust mass flow, kg/s 

wm   Water mass flow, kg/s 
Nu  Nusselts number, dimensionless 
Re  Reynolds number, dimensionless 
Pw,cl  Wetted perimeter of the hydraulic clearance, m 
Pm  Mean perimeter of the boiler, m 
Pr  Prandtls number, dimensionless 
Prd  Reduced pressure, bar 
Pw  Wetted perimeter of the clearance in the double-tube model, m 
q  Heat flux, W/cm2 

Q   Heat transfer rate, W/m2 
ΔT  Wall super heat temperature, ° C 
ΔTexh  Exhaust temperature difference, ° C 
ΔTlm  Log mean temperature, ° C  
Uo  Overall heat transfer coefficient, W/(m2·K) 
X  Quality of condensation 
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1. Introduction 
The topic Waste Heat Recovery (WHR) is not as new in today’s automotive industry as it may be 
believed. It is the high working pressure that is the new approach with the current concepts.  
Waste heat can be defined as useful heat that is lost to the environment, heat that is mostly created 
by chemical reactions as in combustion engines. The most important issue when working with waste 
heat is its quality and not its quantity. The higher the temperature of the heat that is lost, the higher 
is the heat recovery capacity [1]. There are two main branches in WHR, where one uses turbo 
compound and the other uses the Rankine cycle. 

A constant trade-off for the automotive industry has been the combustion engine emissions and fuel 
consumption. Through legislations the requirements have been tightened regarding the emissions, 
which have made engine manufacturers to constantly strive to reduce these two factors. Many 
different systems have been introduced to improve the engines in these aspects, among them 
Exhaust Gas Recirculation (EGR) [2], where certain fraction of the exhausts re-enters the combustion 
chamber, which lowers the combustion temperature and reduces the NOx emissions.  

 
Figure 1.1. The NOx trade-off. Figure 1.2. Function of the EGR-cooler [3]. 

In Figure 1.1 the emissions are plotted versus the specific fuel consumption. As mentioned, the 
trade-off has been a problem, which is viewed in the figure. To lower the NOx emissions the fuel 
consumption enhances, however the consumption cannot be increased too much or the HC and CO 
emissions will rise. It can be observed in Figure 1.2 how the EGR-cooler operates and it can be seen 
how a certain amount of exhaust are led to back into the combustions chamber. However the 
exhaust gas that re-enters cannot have a temperature higher than 100°C or the combustion 
temperature will not be lowered enough.  

In an earlier project carried out at Royal Institute of Technology (KTH), in Stockholm, the Rankine 
concept was further developed [22]. By heating water in a steam generator, with the hot exhausts 
from an engine, mechanical work would be available to unload a heavy duty engine, which makes the 
engine more economical.   
A steam generator, made by Ranotor, replaced the EGR cooler in a DS1301, 6 cylinder Scania EURO V 
engine. The steam generator consists of 48 micro tubes which were wrapped in like a coil. Through 
these tubes, which have an inner diameter of 1.5 mm, water is heated by the exhausts flowing 
through the steam generator.  
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Figure 1.3 shows the manufactured Heat Recovery Steam Generator (HRSG) and also how the 
exhausts enter from below, and then out through the outlet pipe in its side.  

 
Figure 1.3. The complete heat exchanger and the exhast inlet and outlet pipe. 

The amount of exhausts entering the HRSG is the same amount that would enter the EGR cooler, 
since it is replaced. When the water in the micro tubes is heated by the warm exhausts, the water 
evaporates and has a high pressure. In this project, some limitations were made, but the idea was to 
eventually connect an expander propelled by the steam to obtain mechanical work.   

1.1. Aim 
The aim with this project is to enhance the knowledge and receive more accurate results from the 
simulations of the steam generator than in the previous project. The modelling and simulations of 
the HRSG will be detailed regarding the piping and it will be constructed after the manufacturer’s 
specifications. The aim is also to calibrate the model with a transient cycle, which will make the 
results more close to reality where the HRSG is situated on an actual operating engine.  

1.2. Problem 
This thesis mainly includes GT-SUITE modelling. GT-suite is a simulation tool which can be used for 
many different applications, such as analyze of after treatment systems, engine performance and 
fuel injection. In the latest version the developers, Gamma Technologies, has introduced a new 
application in order to study the Rankine system. GT-SUITE consists of different sub programs where 
simulations are made in GT-ISE and analyses done in GT-POST. In the different manuals the 
developer indicates that GT-ISE can manage two-phase flow, which this project is based on. The 
processing of the thermo dynamical properties are based on the NIST library REFROP [4]. 
Initially a basic elementary model is built up, with bases and geometries from the already built steam 
generator, located in the Royal Institute of Technology’s combustion engine laboratory in Stockholm. 
The model will consist of a straight heat exchanger, which can be described as a rough model of the 
actual HRSG, but has been straightened. This is primarily made to increase the understanding of how 
the model behaves and to better simulate the HRSG in a later stage.  
 
After analyzing the results, the model will be expanded to be able to run transient cycles. This is 
accomplished through two primary steps: the first is the further development of the simplified GT-ISE 
model, and the second step, which includes calibrating the model with data from the engine 
measurements in European Stationary Cycle (ESC). 
As a final task a double-tube model is to be constructed with corresponding geometries to the HRSG 
in order to speed up the simulation time. This model should in theory have the same results as the 
complete model, but have a less complex construction and therefore a shorter simulation time.   
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1.3. Theoretical background 
In order to develop a working model for a deeper understanding, the theoretical background was 
very important. Brief introductions of different systems and phenomenon that are relevant for this 
project are presented below.  

1.3.1. The Rankine Cycle 
The practical system that will be used in this project is the Rankine cycle [5]. In Figure 1.4 the state 
diagrams of the ideal process in a Rankine cycle is shown. The expansion and compression, which 
take place between points 1-2 and 3-4, are isentropic in the left figure. In the right picture, where the 
heat transfers are illustrated between points 3-2 and 4-1, it is observable that this occurs in an 
isobaric condition. 

 
Figure 1.4. A Ts and pV-diagram on the ideal Rankine cycle [6]. 

This process is however not completely true in reality, there are losses that aren’t considered, such 
as friction and heat loss and pressure drop in the heat exchanger which lowers the efficiency. The 
total efficiency of the Rankine cycle is increased with high working pressure, the reason why the 
manufacturer developed a high pressure steam generator. The Rankine cycle is mainly used in power 
plants, where the heat sources, thus the heating of water, results from combustion of coal, oil or 
natural gas or nuclear power.  
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1.3.2. The Organic Rankine cycle 
A process that has been developed is the Orcanic Rankine cycle (ORC) [7], a system that works similar 
to the conventional Rankine cycle. However instead of water as a refrigerant an organic liquid is 
used, with high molecular weight and has a boiling point lower than water. The advantage is that 
more heat recovery is possible, even from lower temperature sources, such as industrial waste heat 
and solar energy. Since the boiling point of the refrigerant is much lower than water, the relatively 
lower temperatures from the waste heat, can be used to obtain the work of the ORC, according to 
Figure 1.5. With a recuperator the refrigerant is pre-heated thanks to the heat from the turbine, so 
that less energy is required to vaporize the refrigerant in the initial phase [8]. This raises the efficiency 
of the whole ORC system.   

 
Figure 1.5. Schematic sketch of the organic Rankine cycle [9]. 

The main three applications of the ORC have been: 
• Waste heat recovery, within two areas, firstly to small scale combined heat and power plant 

for a water heating system. And there is also general heat recovery from different sources, 
since there are currently many processes that have heat losses, such as industrial and 
farming processes and vehicle exhausts.  

• Solar power plant, where the process can replace the conventional Rankine cycle, since the 
ORC allows working with lower temperatures on the parabolic trough that gathers the solar 
energy. There are minor losses, a higher efficiency and allowing a smaller size on the solar 
field. 

• Geothermal power plant, where the heat source temperatures varies between 50° - 350° C. 
However for temperatures below 100° C, the efficiency is low and strongly dependent of the 
ambient temperature which determines the heat sink temperature. 

The two processes described above (RC and ORC) have different uses and should not really be 
compared with each other. The first one reaches a very high potential but needs high temperatures 
to operate, while the ORC focuses on recovery from low temperature sources hence can be used 
more widely [10].  
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1.3.3. Heat Exchangers 
The steam generator in this project can be regarded as primary heat exchanger, according to the 
manufacturer. A heat exchanger is a relatively common device used in our everyday lives. The 
mechanism transfers heat from a warmer heat flow to a cooler one, ranging from solid particles to 
more common fluids as water and air. Heat exchangers can be found in refrigerators, to cool the air 
inside, in home radiators to heat houses, in cars where the radiator prevents the engine from 
overheating and also the EGR-cooler is a heat exchanger. 
In order to determine the size and shape of a heat exchanger there are not only thermally based 
calculations, but also an economic optimization must be done. Finally there are other factors that are 
important, such as material science, manufacturing and operating conditions [17].  
Given its varied uses there are several different principles of how heat exchangers work [11], 
described below.  

• Downstream heat exchangers, both the hot and the cold medium flows in the same 
direction, see Figure 1.6, but has a rather poor heat recirculation rate.  

 
Figure 1.6. A downstream heat exchanger. 

• Counter stream heat exchangers, the hot and the cold medium have different flow 
directions, see Figure 1.7. This is an efficient type because almost all the heat energy can be 
transferred between ends. Common radiators in houses works on this principle.  

 
Figure 1.7. A counter flow heat exchanger. 

• Cross flow heat exchangers, the hot medium flow perpendicular to the cold flow, as shown 
in Figure 1.8. It has not a high recirculation rate, but can be built very small and compact, 
allowing it to be used in cars and air conditioners. 

 
Figure 1.8. A cross flow heat exchanger. 

• Reversible flow heat exchanger, through vents or a mechanical process the mediums 
changes places, as Figure 1.9 illustrates. Can also have a high heat recirculation rate, but one 
drawback is that it fails to separates the media, which reduces its efficiency. 

 
Figure 1.9. A reversible flow heat exchanger. 

http://sv.wikipedia.org/wiki/Fil:Medfl%C3%B6des_v%C3%A4rmev%C3%A4x�
http://sv.wikipedia.org/wiki/Fil:Motfl%C3%B6des_v%C3%A4rmev%C3%A4x�
http://sv.wikipedia.org/wiki/Fil:Korsfl%C3%B6des_v%C3%A4rmev%C3%A4x�
http://sv.wikipedia.org/wiki/Fil:V%C3%A4xelfl%C3%B6des_v%C3%A4rmev%C3%A4x�
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In this project is the counter flow heat exchanger is used, which has the highest overall efficiency. 
This is dependent of the maximisation of the average temperature of both fluids over the length of 
the heat exchanger. The log mean temperature ΔTlm, which is calculated by Eq. 1.1, is higher in a 
counter flow heat exchanger compared with the other types in the same operating conditions [12], 

1

2

12

ln
T
T

TTTlm

∆
∆
∆−∆

=∆    (1.1) 

where ΔT1 is the temperature difference of the inlet temperatures and ΔT2 is the difference of the 
outlet temperatures. The obtained temperature is then used to calculate the heat transfer rate Q in 
Eq. 1.2, 

lmcO TAUQ ∆=    (1.2) 

where Uo is the overall heat transfer coefficient [W/(m2·K)] and Ac is the cross sectional area of the 
heat exchanger [m2].  

1.3.4. Boiling heat transfer 
Heat transfer among boiling liquids is a vastly complex phenomena due to the phase change from 
liquid to vapour. This is because in addition to all of the variables related with convection; those 
associated with phase change are also relevant. When studying liquid-phase convection, the 
geometry of the structure, the density, the thermal conductivity, the viscosity, the expansion 
coefficient, and the specific heat of the fluid are adequate to illustrate the process. However, when 
including boiling heat transfer, the surface tension & characteristics, the pressure, the density 
difference between two phases, the latent heat of vaporization and probably other properties of the 
vapour play a significant part [18]. As a result of the large number of variables concerned, there are no 
general equations relating the boiling process, nor any available data of general correlations of 
boiling heat transfer [19].  

There are two different conditions where boiling can occur: under inert fluid conditions and is called 
pool boiling, or under forced-flow conditions, which is referred to as forced convective boiling. As 
early as in 1934 professor Shiro Nukiyama defined the boiling curve when heating a surface in a pool 
of liquid. This diagram, referred to as Nukiyama’s curve [20] see Figure 1.10, plots the heat flux q 
versus the wall super heat ΔT, which the temperature difference between the wall and the saturation 
temperature of the liquid. 
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As Figure 1.10 shows, there are four different primary phases in the boiling curve, which will be 
described below: 

 
Figure 1.10. Nukiyama’s boiling curve. 

1. Natural convection, which is characterized by single-phase natural fluid movement from the 
hot surface to the saturation liquid without bubble formation on the surface.  

2. Nucleate boiling, is a two-phase natural convection process in which bubbles nucleate, 
develop and separates from heated surface. 

3. Transition boiling, is a transitional phase between the nucleate boiling and the film boiling 
phase. 

4. Film boiling, is a phase recognized by a constant layer of vapour that is formed between the 
liquid and heated surface, i.e. the bubbles forms at the free boundary layer and not the wall. 

Between these phases there are three intermediate points. The first one is referred to as onset of 
nucleate boiling (ONB), which is where the first bubbles appear when the surface is heated. The 
second point is the peak in the curve and is called critical heat flux (CHF). The last transition point is 
called minimum film boiling (MFB) and is located at the lower part of the film boiling phase (at the 
letter E). 

As the heat flux increases in the part of the curve where natural convection occurs, the wall 
temperature rises, until the first bubbles emerge, indicating the initial of boiling. The bubbles 
nucleate in small cavities in the surface, referred to as nucleation sites, and if increasing the heat flux 
it activates more nucleation sites, until the heated surface is covered with bubbles that develops and 
separates in a hasty cycle.  
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An additional increase of the heat flux will eventually prevent the liquid from reaching the surface, so 
that a total cover of bubble formation occurs in the surface. The whole process is shown in Figure 
1.11 below.  

 
Figure 1.11. Pool boiling regimes [13]. 

The boiling phenomenon described above is something that occurs within pipes of larger dimensions. 
Boiling in micro tubes is an unexplored field and to validate the boiling phenomena described above, 
accurate measurements and studies are needed.  
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2. Method 
The models where constructed and simulated in GT-SUITE v7.0.0, a series of programs developed by 
Gamma Technologies [4]. This is among the world’s leading CAE platforms (Computer Aided 
Engineering) in the automotive and engine development industry. Previously GT-ISE has been used to 
make the first simulations of the HRSG, built by Ranotor. 

2.1. Calculations to the model 
To confirm and validate the simulation results, some useful calculations considering the hydraulic 
diameter, pressure drop and the flow type had to be done. 

The first parameter to calculate is the geometry of the exhaust passage in the model, since this has a 
major influence on the exhaust velocity and flow. This can be made with the specs of the 
manufacturer, where it was indicated that the exhaust flows in hydraulic clearances of 0.7 mm in 
height. Every clearance is the space between every level of tubes, in addition to the space between 
the top and bottom tube and its surrounding. There are therefore 17 clearances with a length equal 
to the mean perimeter mP  of the HRSG, which is calculated using the mean diameter dm, 220 mm, 

according to Figure 2.1 and Eq. 2.1. 
 

 
Figure 2.1. The dimensions of the HRSG, used to calculate the geometry of the exhaust tube [21].   

πmm dlP ==    (2.1) 

The hydraulic diameter of the clearance is equalled to the hydraulic diameter of two infinite parallel 
plates [18], since the geometrical relationship in the clearance is height << length. Using this data and 
assumptions the geometry of the exhaust pipes can be determined, with Eq. 2.2, 
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where hD  is the hydraulic diameter [m] which can be described as the effective diameter [14]. In the 

same equation a  is the height [m] of the hydraulic clearance, cA  is the flow cross-sectional area 

[m2] and l  is the length [m] of the clearance. It has to be observed that clwP ,  is the wetted perimeter 

[m] of the clearance and twice the mean perimeter since the clearance have two lengths, where the 
height of the clearance has been neglected when calculating the wetted perimeter. The exhaust flow 
is supposed to flow in a circular tube in the model instead of in rectangular clearances, however the 
hydraulic diameter permits converting the geometrical shapes without further complications.  

The flow distribution and the pressure drop where two phenomena that where studied by Hagen and 
Poiseuille in 1839 and 1840, which is why fully developed laminar flow regime is called Hagen-
Poiseuille flow [20], with a Reynolds number up to 2300. With Eq. 2.3, they proved that in the 
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previously named flow, the mean velocity U or mass flow m  is linearly proportional to the 
longitudinal pressure gradient P/L, 
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where m  is the water mass flow [kg/s], ρ  is the density of the fluid [kg/m3], water in this case, D  is 
the tube diameter [m] and µ  is the dynamic viscosity [N·s/m2]. This is also something that was 
confirmed by the manufacturer Ranotor, that a laminar flow was desired inside the tubes during 
liquid phase.  
When using the data from the actual measurements of the HRSG and plotting the mass flow versus 
the pressure drop, Figure 2.2 was obtained, which verifies the theory and shows how the curve in 
fact is linearly proportional.  

 
Figure 2.2.  The water mass flow plotted versus the pressure drop. 

However the exhaust flow rate is constant and only friction contributes to pressure drop, which is 
evenly distributed along the clearance. 

The pressure drop inside the micro tubes can be calculated with some assumptions. The material 
roughness height ε is assumed to be 0.046 mm, as in commercial steel. This enables the using of the 
Haaland equation [15], [AKN], viewed in Eq. 2.4, to calculate of the D’Arcy-Weisbach friction coefficient 
which will be used to calculate the pressure drop, 
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where Re is the Reynolds number of the flow inside the tubes and is described in Eq. 2.5. 
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The mass flow of the water in to the micro tube is equal to the mass flow out of the tube, according 
to the continuity principle and the hydraulic diameter along the tube is also unchanged. The only 
affecting parameter of the Reynolds number will therefore be the variation of the dynamic viscosity, 
since the dynamic viscosity for water is dependent of the temperature difference, this value is varied 
along the tube as the water is heated [16]. In the two-phase zone there is a problem when calculating 
these values, which are complicating both the calculations and the simulation. For simplicity the 
transition phase has been assumed to occur instantly and therefore only having two different phases 
in the tubes, with water initially and complete steam in the final part during calculations. When 
discretizing the tube as in the GT-ISE model, a certain Reynolds number can be calculated for each 
segments of the tube L, hence a certain pressure drop for each segment, with Eq. 2.6. Finally the 
total pressure drop inside the tubes Δpt can be calculated with the same equation, as the sum of the 
pressure drop from each segment. 

∑ ∆=∆⋅=∆ ti
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D
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2

2ρ
  (2.6) 

It must be emphasized that this kind of heat exchanger has not been done before, concerning the 
phase transition in the micro tubes and the high working pressure. These regarded phenomena 
changes all previously known equations and correlations in a highly uncertain way, since most 
experiments made to obtain this knowledge is made on completely different conditions.  

In order to correlate the heat transfer models for liquid, two phase and vapour flow two equations 
are given for each phase in GT-ISE to be used. The equations used for each phase were elected on 
recommendation by Ranotor. 

All equations determine the convection heat transfer coefficient [W/(m2·K)], h, where the Dittus-
Boelter equation was used for heating in the liquid and vapour single phase heat transfer correlation, 
observed in Eq. 2.7, 

D
kh 4.08.0 PrRe0243.0=    (2.7) 

where Pr is the Prandtl number, k is the fluid thermal conductivity [W/(m·K)] and D is the 
characteristic dimension of the tube [m]. Both the Reynolds number and the Prandtls number are 
calculated by the simulation program. Another equation that was eligible was the Colburn equation; 
however this is mostly used for fully developed turbulent flows, the reason why it was not an issue in 
this case.  

When the two phase condensation heat transfer correlation was to be determined the Shah 
equation was used, see Eq. 2.8, 

D
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=    (2.8) 

in which Nu is the Nusselts number, X is the quality of the condensation and Prd is the reduced 
pressure [bar] (actual pressure by critical pressure).  
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However the two phase evaporation heat transfer correlation was defined by the Klimenko equation, 
in Eq. 2.9,  
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where Prl is the Prandtl number for the liquid phase, ρv is the density of the vapour, ρl is the density 
of the liquid and kw and kl is the thermal conductivity of the wall respectively the liquid. The 
equations that GT-ISE use to calculate Prandtls number is described below, in Eq. 2.10, 

k
c wp,Pr

µ
=     (2.10) 

where wpc ,  is the water specific heat capacity [J/kg·K]. Finally the Nusselts number can be calculated 

with equation 2.11, 

k
hD

Nu h=      (2.11) 

where h  is the convective heat transfer coefficient. In theory, since there is a fully developed 
laminar flow in the circular tubes and has complete developed temperature profile and a constant 
mass flow, the Nusselts number is pre-calculated to Nu=4.36. This is based on solutions of the energy 
and differential momentum equations for flow through diverse canal cross sections [18] with its 
optimal conditions. However, as this pre-calculated value is only valid for constant mass flow, and 
the flow is pulsating in reality, this number cannot be used in this report. 

When the effect is to be calculated Eq.2.12 is used, where the mean mass flow of the steam is 
multiplied with the steam enthalpy, generated by the simulation program.  

hmEout ⋅=      (2.12) 

The HRSG has two different functions; to evaporate in the water circuit and cooling effect in the 
exhaust circuit. To estimate the evaporating efficiency of the HRSG Eq.2.13 is used  

inwaterinEGR

inwatersteam
steam TT

TT

,,

,

−
−

=η    (2.13) 

where the maximal temperature difference of the steam and water is considered for each case, 
TEGR,in is the temperature in to the HRSG and Twater,in is the water inlet temperature. In order to 
calculate the cooling efficiency of the HRSG for each case Eq.2.14 is used 

inwaterinEGR

EGR
EGR TT

T

,, −
∆

=η    (2.14) 

where ΔTEGR is the difference between the maximal inlet and minimal outlet exhaust temperature. 
However, since there is a two-phase region in the water circuit, the first efficiency calculation is more 
uncertain than the latter estimation. Due to the changes in heat capacity and boiling phase it is much 
more difficult to use the conventional method based on heat capacity, mass flow and the 
temperature difference. 
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2.2. The first approach  
When the simulations in the previous project were carried out it was obtained good results, however 
they were not completely reliable since the model was a coarse scale of the actual HRSG that was 
installed in the test cell. The main component of the model, thus the HRSG, was a ”black box” whose 
specs where unknown. This component was already pre-built in the program and the values were 
input to obtain its results, see Figure 2.3.  As the figure shows the model has an exhaust side (left) 
and water side (right), where the steams flow in and out of the HRSG, as in reality.  

 
Figure 2.3. A GT-ISE model from the previous WHR project. 

However, in this project the idea is to build and simulate the unknown component. To obtain this 
another program was initially used, COOL-3D, also a program within the GT-SUITE series. COOL-3D 
offers the possibility to through CAD modelling design an own component. This provides a “free 
hand” and allows the user from scratch build the component as desired. There are though some 
limitations, it was not possible to, as in this case, construct a circular heat exchanger.  

The simpler basic model that instead was developed is shown in Figure 2.4, where not only the heat 
exchanger is modelled but also a so called flow space. This indicates the direction of the external 
flow, the exhaust gases in this case, and is the vaguely visible area that encloses the heat exchanger. 
The flow space has been shaped as a rectangle, with cavities in both ends, where the exhausts will 
flow in and out, through the heat exchanger. The inlet pipe for the water is located at the right top of 
the heat exchanger and the exhaust flow inlet is in opposite side, a feature that will make a counter 
flow heat exchanger.  

 
Figure 2.4. The heat exchanger system developed in COOL-3D. 

The heat exchanger is straight but has all the specs and geometries as the real HRSG. It has 48 micro 
tubes with an inner diameter of 1.5 mm and a length of 3 m. In Figure 2.4 the water tanks are also 
visible, in the beginning and end of the heat exchanger.  The inlet and outlet pipes are also visible, 
where the water enters and exits the heat exchanger.  
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There is 1 mm between the tubes, a distance that was assumed, where the exhaust is supposed to 
flow through, see Figure 2.5. Dimensions of this basic model are taken from the existing boiler and 
values of water and exhaust temperature and pressure are obtained from measurements made in 
the test cell at the Royal Institute of Technology. 

 
Figure 2.5. Cross section of the heat exchanger. 

Having this built up, the model can be discretized and sent to GT-ISE. Once this phase is done the 
simulation can begin. It was in this stage that it proved to be impossible to construct the heat 
exchanger in this way.  After deeper analyses it was proven that the exhaust only could flow in the X-
direction, see Figure 2.5, which meant that the flow was independent from the flow space and 
resulted in a cross flow heat exchanger. It was therefore decided to exclude the COOL-3D models and 
completely focus the project to construct the model in GT-ISE.  

2.3. The second approach 
To be able to build up the heat exchanger in GT-ISE, each one of the 48 tubes had to be designed.  
The idea was to create 48 tubes with water, coupled as in the HRSG, and have the exhaust gases flow 
in the opposite direction, to create a counter flow heat exchanger.  

2.3.1. Single-tube model 
Initially, one single tube model was built to increase the understanding of the dynamics and flow 
phenomena of the water in the tubes. The tube was divided into 15 smaller pieces of 200 mm each, 
and had an inner diameter of 1.5 mm, as in reality, see Figure 2.6. The tubes where divided into 
segments to able to monitor the affecting parameters. This would have not been able to do with one 
long tube, since the measurements only have two calculations for each tube (inlet/outlet), therefore 
e.g. the temperature could not be gradually followed to study its increase or an eventual blockage.  

 
Figure 2.6. The single tube model in GT-ISE. 

The lower part of the model is the water circuit, where the water inlets from the left side of the 
model and exits at the right side. In the beginning and at the end of the circuit the environmental 
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boundaries are defined, i.e. initially water and steam at the end. In the upper part of the model the 
exhaust circuit is defined, also divided to smaller pieces, to illustrate the surrounding exhaust flow. 
These tubes have the same length as the water tubes but an inner diameter of 100 mm (an assumed 
value) and have, as in the water circuit, defined environmental boundaries. The components that are 
viewed between the two circuits represent the heat transfer from the exhausts to the water tubes. 
These are defined with the geometries of the tube segment, e.g. its weight and its surface area. At 
the bottom of the model a monitor is placed that measures the wall temperature in the first and the 
last segment of the circuit. This is made to control how the temperature changes when calibrating 
the model with different parameters. In the last segment of the water circuit another component is 
also viewed, which is a sampler that gathers the outputted calculations and converts them to the 
same unit as the comparing data. The given boundary conditions are from the engine measurements 
made at KTH and are for the second point in the ESC-cycle (@ 1225 rpm and 1852 Nm), which figures 
in Table 2.1.  

Table 2.1. Parameters from the test run of the HRSG, used in the one-tube GT-ISE model.  

Circuit Pressure [bar] 
  Initial        Final 

Media temperature [° C] 
      Initial                   Final 

Mass flow [g/s] 

Water  104 96 25 350 0.125 (6) 

Exhaust  1.43 1.415 512 290 1.62 (77.9) 

Since there is only one tube running in the simulation, the mass flow of the water and the exhausts 
where divided with 48 (number of tubes), the original value is in parenthesis. Pressure and the 
temperature values are input from the initial and final stages of the run. The mean temperature had 
to be calculated since there are 16 temperature sensors placed in the actual HRSG, which all indicate 
different temperatures. This model and simulation was primarily made to prove that the theory and 
design where comparable with reality.  

2.3.2. The complete model 
After the single tube model was working and analyzed, the model could be expanded to couple all 
the 48 tubes. This was made with guidance from the manufacturer that explained how the HRSG was 
assembled, which is showed in Figure 2.7 below.  

 
Figure 2.7. Drawing of how the steam generator is assembled.  
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The HRSG is constructed as followed: the water enters at the bottom and divides into two halves. As 
the figure shows the right half is slightly bigger since it contains two more groups, and according to 
the manufacturer the water flow is evenly distributed in all tubes, which means that the right side 
should have 56.25 % of the water and the left 43.75 %.  Each group consists of three tubes, coupled 
in an “X-shape”, where each group should have 6.25 % of the water flow, as seen in Figure 2.8. The 
figure illustrates how a group is structured, where the tubes are built in the same as in the one-tube 
model, with the exhaust circuit as the upper tube and the bottom tube as the water circuit. The 
arrows to the left indicated the water inlet and the arrows to the right indicate the exhaust inlet, and 
before each water tube there is a restriction valve, which will be explained later on. For a large view, 
see Appendix 4. 

 
Figure 2.8. Three parallel micro tubes, forming a group.   

Thus, the HRSG consists of 16 groups with three tubes in each group, equalling 48 micro tubes. In 
order to exit the steam generator a mirroring side has been built, whereas before three tubes forms 
a group, there are seven groups in one side and nine on the other side. Both sides merge and form 
one tube allowing the steam to exit the HRSG. The geometry of the tubes varies; the micro tubes has 
an inner diameter of 1.5 mm, the two tubes that contains the seven and nine groups has an inner 
diameter of 4 mm and the water intake tube has an inner diameter of 7 mm.  

To build the model as genuine as possible the environmental boundary conditions had to be 
specified. One of the principal differences with the one-tube model and this model, except the fact 
that more tubes are involved in the second model, are the many connections between the tubes. In 
the one-tube model the environmental conditions where set in the beginning and at the end of the 
tube, for both the water and the exhaust circuit. However, in this model the water circuit had to 
resemble the actual HRSG, including its connections. The initial environmental boundary condition 
for the water circuit was placed at one extreme of the model and the final conditions at its opposite 
extreme. In try to resemble the real exhaust flow, the initial environmental conditions for the 
exhaust where set inside the simulated heat exchanger, in order to create an evenly distributed 
exhaust flow to each group containing three micro tubes. This is illustrated in Figure 2.9, where 
Avg_in-1 is the exhaust flow environmental boundary conditions into group 9 and Avg_ut-1 is its 
ditto out of the group. Since there are 16 groups the same pattern is repeated for each group. The 
arrows below indicate the direction of the water flow. As the directions indicate, this is a counter 
flow heat exchanger. 

 
Figure 2.9. The exhaust boundary conditions in relation to each group. 
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The values used to define the complete models environmental boundary conditions are figured in 
Table 2.2, where the exhaust mass flow that figures is the evenly divided flow to each group. 

Table 2.2. Parameters from the test run of the HRSG, used in the complete GT-ISE model.  

Circuit Pressure [bar] 
  Initial        Final 

Media temperature [° C] 
      Initial                   Final 

Mass flow [g/s] 

Water  104 96 25 350 6 

Exhaust  1.43 1.415 512 290 4.87(77.9) 

After defining the boundary conditions in the system, the design of the connections where crucial, 

because they regulate the water distribution. The connections,  called “Flow Split” in the model, 
can be designed in 3D, by adjusting the x-, y- and z-coordinates of the tube connections. In Figure 
2.10 tube nr 4 is the intake, tube 1 and 2 are micro tubes and 3 is a tube that connects the rest of the 
groups. The placement of this connection can also be observed in Figure 2.7. 

 
Figure 2.10. Tube positions in one of the connections.  

As previously described there are temperature-sensors placed in the HRSG. These sensors are 
soldered in each connection to indicate the temperature. However, during the designing of the 
model it was discovered that to regulate the water mass flow and distribution, the connections 
described above could not operate by themselves. For this reason restriction valves, working as mass 
flow controllers, where installed in the model to obtain an evenly distributed flow in the tubes. It was 
primarily with these valves that the pressure drop was obtained in the model, but the friction inside 
each tube is also an attribute to the overall pressure drop.   

Stabilization of the water mass flow is the key to proceed with the designing of the model, since this 
parameter has a big importance also in reality. An unevenly dispersed flow affects the temperatures 
in the tubes, which can result in irregular steam generation in some tubes and have a complete 
water flow in others. Since water has a much cooler temperature than steam this results in a 
temperature reduction in the whole system and has no steam generation in the outlet pipe. This 
phenomenon was also found in reality, when calibrating the actual steam generator. The orifice 
diameter of the restriction valves where not revealed by the manufacturer, however in the 
simulation model they where dimensioned to have a diameter of 0.28 mm. An improvement that 
was made to the test cell from the first engine measurements was that two additional temperature 
sensors were installed in the two final merging tubes. This allows measuring the temperature from 
both sides of the HRSG, right before the water/steam exits. Previously there was only one sensor in 
the outlet tube and when the system only poured water it was almost impossible to figure if both 
sides of the steam generator had complete water flow or if one side is cooling the system down. This 
also allows a more lucid view of the outlet temperature profiles, a feature which also permits a 
better reference value when comparing the simulation results with the actual engine measurements. 
The evenly distributed water flow comes from manufacturer data. 

Finally, when the connections and water mass flow where stabilized, the model could be run to 
simulate the HRSG. Since a counter flow heat exchanger is built, the water enters at the left side of 
the model and exits at its right side, and the exhaust flow have opposite directions, see Figure 2.11. 
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Figure 2.11. The complete heat exchanger model in GT-ISE. 
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The model illustrates the HRSG designed and modelled after Ranotors specifications. As the figure 
shows, the connections are made in the exact the same way as in reality and the blue upper arrow 
indicates the direction of the water flow, and the red right arrow indicates the exhaust flow 
direction. This heat exchanger model was then converted to a so called subassembly, so that it could 
bear a resemblance to the actual HRSG. This is shown in Figure 2.12, where the initial component is 
the environmental boundary condition for the water inlet and the final component is for the water 
that comes out of the heat exchanger, i.e. the steam in this case. The big component in the middle is 
the whole heat exchanger, and the two tubes that are placed before and after the heat exchanger 
are the water inlet and outlet tubes. 

 
Figure 2.12. The HRSG modelled in GT-ISE. 

When the model was assembled and built the simulation could commence.  

2.3.3. Calibration of the complete model 
The most important issue to have a well-functioning model is for it to be calibrated with the engine 
measurements that were made. Using the ESC-cycle, in table 2.3 which was also run on the actual 
engine measurements, the models where calibrated. The table shows also the obtained result from 
the engine measurements.  

Table 2.3. European Stationary Cycle with result from engine measurements           

where tEGR is the exhaust temperature, �̇�𝐸𝐺𝑅 is the exhaust mass flow into the HRSG finally p1,HRSG 
and  p2,HRSG is the inlet/outlet pressure for the water/steam circuit.   

 

Point Speed [rpm] Torque [Nm] tEGR [ºC] �̇�𝑬𝑮𝑹 [g/s] p1,HRSG [bar] p2,HRSG [bar] 

1 500 0 - - - - 
2 1225 1852 507 80.7 95.7 90.4 
3 1450 878 383 78.9 41 30.5 
4 1450 1318 439 101.2 51.3 34.5 
5 1225 956 428 53.6 35.1 29.3 
6 1225 1434 476 66.5 60.2 52.5 
7 1225 478 328 42.6 32.6 24.4 
8 1450 1700 479 112.5 63.2 56 
9 1450 439 298 64.6 24.7 19.9 
10 1675 1517 458 104.1 100.4 83.1 
11 1675 379 294 87.7 22.9 9 
12 1675 1137 404 100.8 60.6 52.9 
13 1675 758 362 96.9 33.8 19.1 
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Since the best location to measure the temperature in the HRSG was in the two merging tubes, the 
comparison of the profiles was made in these two sensors/connections. In Figure 2.13 the second 
half of the HRSG is illustrated, which also shows how the tubes merge, and in the two final tubes the 
connections, that represent the sensors in real life, are marked. 

 
Figure 2.13. Temperature sensors in the exiting part of the model/HRSG. 

 
To calibrate the model it was important to have a general view of how the actual HRSG behaves. For 
this reason input parameters such as  

• Exhaust inlet temperature [˚C] 
• Exhaust flow rate [g/s] 
• Exhaust inlet pressure [bar] 
• Water flow rate [g/s] 
• Water outlet (steam) pressure [bar] 

where given as vectors to the model. The variations in these parameters are the same as those under 
the engine measurements.  
  

Steam outlet 
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Initially the water and exhaust flow where set to be constant, which was made to facilitate the 
simulation, however this was not the case in the engine measurements. In Figure 2.14 the steam 
temperature from the engine measurements is shown for both thermo couples from previous figure, 
and also shows that the steam reaches a superheated phase after 360 seconds. 

 
Figure 2.14. Wall temperature out of the HRSG on engine measurements. 

The corresponding plot was made for the simulation which is shown in Figure 2.15.  

 
Figure 2.15. Wall temperature out of the HRSG from the simulation  

As the figures show, they have a few similarities but more differences. In the simulation there is a big 
dip at the initial phase, a phenomena occurring because of the initial conditions of the model. After 
about 80 seconds there is another dip which can also be found in the engine measurements, with a 
certain displacement. In the simulation a dip occurs when the temperature almost reaches 340 ºC, 
see Figure 2.15. One reason for that could be that when all water inside becomes dry gas, i.e. 
superheated steam; there is a big expansion which leads to reduced water mass flow. However, the 
main difference between these comparisons is the varied water flow, which had to be better 
specified. The temperature profile in the other sensor/connection shows the same behaviour.  
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The variation of flow in the second load point is shown in Figure 2.16. The other load points indicate 
the same characters as this one, concerning the exhaust flow. As for the water flow, it does vary but 
in a different pattern.   

 
Figure 2.16. Exhaust and water flow variation in the engine measurements. 

 
To have a more authentic model, the exhaust and water flow had to be varied as in the engine 
measurements. This was done by using a vector containing the varying water and exhaust mass flow. 
When using the mass flow vector in the system it gave a better temperature profile, but it was still 
depending on the coefficients and multipliers in the program. With one configuration Figure 2.17 was 
obtained, which illustrates the steam temperature profiles of the engine measurements and the 
simulation. The figure shows that both curves have a similar behaviour, but with some 
displacements.  

 
Figure 2.17. Steam temperature from the engine measurement and the simulation. 
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One problem that was discovered while calibrating the model was the effect of the inertial forces in 
the real HRSG. This was something that was not an issue in the simulation model, which resulted in 
that the simulation responded faster and more accurate than in the engine measurements. After 
more continuous calibration the simulation was starting to be similar to the engine measurements. In 
Figure 2.18 the temperature and the pressure drop from the engine measurements and the 
simulation are plotted versus each other, and also the water flow. The water flow is also plotted and 
it is observable how the pressure drop and the temperature are affected by the flow. In the figure, 
when the water flow increases after approximately 470 seconds, the pressure drop increases, both in 
the simulation and the engine measurements. The steam temperature does however decrease with a 
higher water flow, a phenomena occurring in both the simulation and the engine measurements, 
although in the engine measurements have a longer response time before it decreases. The most 
obvious difference in this figure is the pressure drop that is more than doubled from the engine 
measurements, which is due to the not yet finished calibration. 

 
Figure 2.18. Parameter comparison of the second load point.  

 
In later calibration both steam temperature and pressure drop showed improvements which ended 
the calibration phase and analyses could be done.  
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2.3.4. Double-tube model 
After that the complete model was assembled and calibrated another task was to construct a double-
tube model in order to simulate and monitor the same general phenomena occurring in the 
complete model. Since this model has corresponding geometries to the complete model i.e. the 
actual HRSG, but a downsized construction the simulation is more rapid.  

The model consists of two parallel tubes, in a similar assembly as the single-tube model. Each tube is 
divided, as in the two previous models, to 15 segments and has a consequent exhaust tube. Each 
tube corresponds to each half of the model in Figure 2.7 or Figure 2.13. Since one half contains two 
groups (six tubes) more than the other, one tube has to be slightly larger than the other, with one 
tube corresponding to nine groups (27 tubes, 56.25 %) and the other tube corresponds to seven 
groups (21 tubes, 43.75 %). The micro tube dimensions where calculated in the same way as in 
previous models, using the using Eq. 2.2 and multiplying with number of tubes it corresponds to, in 
order to estimate the cross sectional area and wetted perimeter. An important hypothesis was to 
have the same hydraulic diameter as in the micro tubes, so that the theoretical geometry is 
unchanged. When calculating the dimensions of the exhaust tubes there are slight differences. The 
cross sectional area of one tube is multiplied times the number of tubes it represents. Since the 
exhaust flows in hydraulic clearances, the area of one exhaust tube is multiplied with the percentage 
of number of clearances it represents, see Eq. 2.15 and 2.16, 

175625.0,27 ⋅⋅= −ISEGTctubes AA   (2.15) 

where Ac, GT-ISE is the area of a hydraulic clearance in the GT-ISE complete model. 

174375.0,21 ⋅⋅= −ISEGTctubes AA   (2.16) 

The heat transfer is defined with the geometries of each segment and the environmental boundary 
conditions are defined as previously, except that the flow needs to be divided according to a 
corresponding percentage. Since the sectioning is 56.25 – 43.75 between the tube diameters, the 
flow is divided in the same way. This model is illustrated in Figure 2.19.  

 
Figure 2.19. The double-tube model in GT-ISE, see Appendix 4 for larger view.  

 
Finally there is a function in GT-ISE that helps calibrating the model in order to gain the optimal 
parameters for the double-tube model to resemble the complete model. A range of values are input 
to the function, called DOE, and the program simulates the values for a certain given stride. This 
operation is very time consuming, the reason why it is not used in the complete model since a 
simulation like this would probably take a couple of weeks. 
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2.3.5. Filtration of the results 
When plotting the different profiles there were often oscillating curves, as seen in the calibration 
section. The oscillations are caused by the varying water mass flow, which creates instability due to 
the two-phase zone. The position of this zone is varying along the micro tube because of the irregular 
water flow. Because of the different appearances of the curves a filtration has been inserted on the 
data values, to filter the irregularities hence evening the curves. The filter is primarily used to clarify 
the plots but also an esthetical importance. This was made possible using MATLAB, and the code 

[A B] = butter(N, Wn); % N=3, Wn=0.03 
Y = filtfilt(A, B, X); % X=VECTOR 

where butter is a function designing an Nth order low pass digital Butterworth filter which returns 
coefficients in length N+1 vectors A (numerator) and B (denominator). The cut off frequency Wn 
must be 0.0 < Wn < 1.0, where 1.0 equals half of the sample rate. In the code filtfilt is a zero-
phase forward and reverse filter, used to sift the data of the vector X with the filter described by the 
vectors A and B, and described by Eq. 2.17. 

)()1(...)1()2(
)()1(...)1()2()()1()(

nanynaanya
nbnxnbbnxbnxbny

−⋅+−−−⋅−
−⋅+++−⋅+⋅=

  (2.17) 

When the filter has operated in the forward direction, the filtered sequence is then reversed and run 
back through the filter, where the vector Y is the output of the second filtering operation.  
It is obvious that some data will be lost when using the filter, however when analyzing the results it 
was noticed that only the extreme values where sorted out and the curve behaviour was unchanged.  
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2.3.6. Transient run cycle 
When a vehicle is driven in reality it is almost never driven in a way that similar the ESC-cycle. For this 
reason it would be interesting to simulate a model with a transient run cycle, in order to resemble an 
ordinary driven vehicle.  

Figure 2.20 illustrates the variation of the engine torque due to the engine load for a transient cycle. 
The engine speed is also viewed in this figure, in order to distinguish how the speed is related to the 
torque and load. Depending on which engine speed, the exhaust flow is varied and therefore also the 
ability to evaporate the water. The torque affects the exhaust temperature, higher torque results in 
higher exhaust temperature, increased speed results in higher exhaust flow.  

The engine load in Figure 2.20 is defined according to Eq.2.18. 

𝐸𝑛𝑔𝑖𝑛𝑒 𝑙𝑜𝑎𝑑 =  𝐴𝑐𝑡𝑢𝑎𝑙 𝑡𝑜𝑟𝑞𝑢𝑒 
𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑡𝑜𝑟𝑞𝑢𝑒

      (2.18) 

 
Figure 2.20. Variation of engine torque in a transient cycle. 

 
  



27 
 

2.4. Boundaries 
Since the first approach was to construct an elementary model of the existing HRSG, it was 
discovered that it was not possible to design a circular heat exchanger in GT-ISE. The only possibility 
was to construct the model with the same geometries, except with straight tubes.  This was assumed 
to have a minor importance, as the relationship between the micro tube’s length (3000 mm) and its 
diameter (1.5 mm) is almost negligible (0.5 ‰). Frictions losses due to the circular shape of the tubes 
are neglected, since the tubes are straight in the model.  

In the HRSG the exhaust is flowing through hydraulic clearances inside the walls and around the 
micro tubes. This flow was not possible to design in the model, and for that reason the exhaust was 
modelled to flow in tubes parallel to the micro tubes. After consultation with the manufacturer it was 
informed that since the HRSG is perfectly formed counter stream heat exchanger, this issue should 
not have an influence on the results. 

All the tubes in the HRSG have an outer diameter of 2 mm and an inner diameter of 1.5 mm, which 
results in a wall thickness of 0.25 mm. This parameter has not been an input in the simulation model, 
because there is nowhere to insert it; however the surface area is inserted in the heat transfer 
components, based on the outer diameter, which can be used to calculate the wall thickness. 
However it is assumed that there should be no impact on the heat transfer between the walls of the 
tubes.   

The exhausts in the model are assumed to be a mixture of the media liquid and air called “Air2”.  This 
fluid was used in order to resemble a more realistic flow though the exhaust pipes. This choice of 
exhaust media was also recommended by Gamma Support.  

 
2.5. Sources of error 
All the gathered results are generated with simulations from GT-SUITE, a well advanced but partly 
restricted simulation program. It is highly dependent of the engine measurements done with the 
HRSG at KTH. Since the thermo couples are soldered manually to the tubes, the human error could 
affect the measurements, which in turn affects the results.  

In order to calculate the Reynolds number and the pressure drop inside the water tubes the material 
roughness height has assumed to be 0.046 mm, as in commercial steel. With this assumption, and 
also assuming a constant mass flow for a certain point, it was made possible to calculate to these 
values. When estimating the Reynolds number and pressure drop, some affecting parameters such as 
the temperature, density and fluid velocity where used from the simulations results, which are mean 
values calculated by the program for each tube segment of the model. The dynamic viscosity for the 
water/steam is gathered from a table, which indicates the viscosity for given temperatures under a 
certain pressure. The used table did not consider pressure beyond 100 bar, as in the project however 
it was assumed that the temperature had a larger impact on the viscosity, why this was neglected. 
Because of the assumed parameters, the genuine values may differ, on the other hand the 
calculations where primarily made to give an approximate view of the Reynolds number and pressure 
drop.  

The heat transfer occurs between the walls of the tubes, since the exhaust tubes are parallel to the 
micro tubes. This probably has less heat transfer than directly from the exhaust to the micro tubes, 
however in reality the water tubes are in direct contact with each other, which contributes to less 
temperature difference between the micro tubes.  
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To calculate the diameter of the exhaust tubes used in the model, it was assumed that the hydraulic 
diameters of the exhaust tubes in the model and of the hydraulic clearance in the HRSG are equal. 
This assumption makes it possible to use the geometries to calculate an adequate size for the 
exhaust tubes. The hydraulic diameter of the clearance was estimated to resemble two infinite 
parallel plates, since the relationship between the length (691.15 mm) and height (0.7 mm) of the 
clearance was very small (1 ‰). When calculating the wetted perimeter of the clearances its height 
was neglected, based on the same previous assumption.  

When estimating the plot for Reynolds number for the exhaust circuit the mass flow was assumed to 
be constant. In reality there are slight variations in mass flow for the exhaust, although they were 
neglected for simplicity of the plots. 

The type of heat exchanger that was to be built in this project had never been done in GT-ISE, since 
the geometries where very specific from the manufacturer. For this reason and perhaps due to the 
limited knowledge of the simulation program, the developed model is considered to be good 
enough.  
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3. Results 
This chapter of the report will present various calculations that are relevant to the study and the 
simulations. The calculations will be divided in two sections; one containing calculations made before 
the simulations and the other section containing calculations based on the simulations. This chapter 
will principally present the results made with the both models, including the complete GT-ISE model. 
The outcome will be commented and compared with the actual engine measurements of the HRSG, 
to find similarities and differences. 

3.1. Tube dimensions 
The initial calculations were primarily used in order to dimension the exhaust tubes. Since the HRSG 
has a mean diameter of 220 mm, the mean circumference, equalling the length of the hydraulic 
clearance, is calculated with Eq. 2.1.  

mmdlP mm 15.691220 =⋅=== ππ     

In order to calculate the area of each clearance from Figure 3.1, Eq 2.2 was used, where it was 
multiplied with the number of clearances to calculate the total area.  

clearancemmlaAcl /8.48315.6917.0 2≈⋅=⋅=  

2
, 7.8224805.4831717 mmAA clcltot ≈⋅=⋅=

 

 
Figure 3.1. Illustration of a hydraulic clearance. 

The total area of the clearances is divided with the number of exhaust tubes that will be made in GT-
ISE, one for each water tube.  

mm
A

A cltot
ISEGT 35.171

48
685.8224

48
, ≈==−  

The wetted perimeter of the hydraulic clearance in the complete model in GT-ISE is then calculated 
with Eq. 2.2. 

mm
D
AP

P
AD

clh

ISEGT
clw

cl

ISEGT
clh 563.489

4,1
35.171444

,
,, =

⋅
=

⋅
=⇒

⋅
= −−  

When dimensioning the water tubes in the double-tube model, Eq. 2.2 was also used with slight 
modifications regarding the number of tubes and such. As described earlier (section 2.3.4) the tubes 
are divided into two groups, one corresponding to 27 tubes and the other to 21 tubes. The 
dimensioning of each group is described below. The cross sectional area is calculated by multiplying 
the area of one tube with the amount of tubes for each group. 
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2
22

27, 71.4727
4

5,127
4

mmDA h
tubesc ≈⋅

⋅
=⋅

⋅
=

ππ
 

2
22

21, 11.3721
4

5,121
4

mmDA h
tubesc ≈⋅

⋅
=⋅

⋅
=

ππ
 

The perimeter of the respective tube was calculated using the same hydraulic diameter of one single 
micro tube.  

mm
D

A
P

h

tubesc
tubes 23.127

5,1
71.4744 27,

27 =
⋅

=
⋅

=  

mm
D

A
P

h

tubesc
tubes 96.98

5,1
11.3744 21,

21 =
⋅

=
⋅

=  

The heat transfer components in GT-ISE are defined for each segment of the tube. The surface area 
of the water tubes had to be calculated, by multiplying the length of a segment and the perimeter 
calculated above.  

2
2727, 2544620023.127 mmlPA segtubessf =⋅=⋅=  

2
2121, 1979220096.98 mmlPA segtubessf =⋅=⋅=  

To determine the cross sectional area of the exhaust tubes in each group, Eq. 2.15 and 2.16 where 
used. 

2
,27, 5.1638175625.0347.171175625.0 mmAA ISEGTctubesexh =⋅⋅=⋅⋅= −  

2
,21, 39.1279174375.0347.171174375.0 mmAA ISEGTctubesexh =⋅⋅=⋅⋅= −  

The perimeter of both exhaust tubes was calculated with Eq. 2.2 as in previous calculations. 

mm
D

A
P

clh

tubesexh
tubes 44.4681

4,1
5.163844

,

27,
27 =

⋅
=

⋅
=  

mm
D

A
P

clh

tubesexh
tubes 12.3641

4,1
39.127944

,

21,
21 =

⋅
=

⋅
=  
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3.2. GT-Suite simulations 
When simulating, the GT-ISE models were run with the ESC-cycle that consists of 13 load points. 
However in the simulations presented below, the first load point, i.e. idling, is ignored. 

3.2.1. Complete model simulations 
The results attained from the simulations on the calibrated complete model were the most 
rewarding, since these could be directly compared with the actual engine measurements of the 
HRSG.  

The simulation result presented below are primarily focused on the temperature, mass flow, and 
pressure drop profiles, since these parameters, particularly the first parameter, have a major affect 
the performance of the HRSG. The temperature profiles are measured in the sensors and 
connections indicated previously in the report, where the two final merging tubes indicate an almost 
identical result. The water mass flow and pressure drop is however measured in the inlet and outlet 
tubes from the complete model, viewed in Figure 2.12. In order to compare the simulation results 
with the engine measurements, the data from both are plotted together. In this section the results 
from a couple of cases from the ESC-cycle are presented, cases that are relevant to describe the 
functionality of the HRSG modelled in GT-ISE. For plots of all other cases, see Appendix 1.  

The steam temperature profile for the second case of the ESC-cycle is presented in Figure 3.2 below, 
where the measured temperature from the engine measurement has a smoother curve, and the 
simulated curve has an oscillating appearance.  This is because of the varied water mass flow into the 
system. In the simulations the sensors responds and register changes much faster than actual 
measurements which gives that specific behaviour.  

 
Figure 3.2. Steam temperature profile after the HRSG. 
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As described in the previous chapter, a filter was inserted to sort out the irregularities, seen in Figure 
3.3. Some extreme values are lost when using this tool, however as the figures demonstrates, the 
behaviour is the same and should therefore not affect the result.  

 
Figure 3.3. Steam temperature for both the filtered and the simulated values. 

After filtrating the simulated curve is plotted with the steam temperature of the engine 
measurements and Figure 3.4 was attained.  

 
Figure 3.4. Filtrated steam temperature profile after the HRSG.  

The figure shows that both curves follow a similar pattern, which is positive because this indicates 
that the simulation model behaves as the actual HRSG. The dissimilarities of the curves are primarily 
found in the initial part of the profile and the dip after 70 seconds occurs because of the initial 
conditions in the simulation. In the simulation model it is set to have water inside the tubes already 
before the run of the model. Although the initial condition is set to 25°C, the simulation starts at 
250°C, this according to Gamma Technologies is an error in the program when working with 
refrigerants in two-phase. Initially the fluid is 250°C; this is cooled down by the wall the first 70 
seconds, which explains the dip in the curve. Both curves have superheated steam generation; 
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however the simulation model has a slightly higher top and final temperature of about 15°C. There 
can be an observed displacement in the peaks of the curves which is because of inertia; in simulation 
the inertia of the system seems to be neglected because of the more rapid response time compared 
to the real HRSG.   

When plotting the pressure drop, also from case 2 seen in Figure 3.5, there is an obvious difference. 
At a relatively constant mass flow the two curves are mostly parallel to each other, but after 500 
seconds, as the water mass flow is increasing, so does the pressure drop curves, although the most 
affected is the simulation curve. The reason for this behaviour is that pressure drop increases caused 
by friction. Also due to the flow inside the tubes in simulation becomes turbulent when evaporating 
and therefore having a more substantial increase. Initially the pressure drop differs between 
simulation and measurements which also is due to the error mentioned earlier.   

 
Figure 3.5. Pressure drop across the HRSG.  

Despite these differences, it is a major improvement from the previous calibrations in Figure 2.18, 
where the pressure drop is more than halved. When the values of both the test run and the 
simulation are filtered, as in the first profile, the curves are plotted in Figure 3.6. 

 
Figure 3.6. Pressure drop curves for both the filtrated and the simulated values. 
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As also seen in the previous filtration, the result is not very deviant from the original values, 
therefore the next figures will be filtered for the sake of understanding. When plotting the filtrated 
curve with the test run curve Figure 3.7 was attained.  

 
Figure 3.7. Filtrated pressure drop across the HRSG.  

In following cases that will be presented the profiles concerning the water circuit will be compared in 
the same plot, in order to observe how all parameters affect each other. 

In Figure 3.8 below, the profiles for case 4 are plotted. The figure shows how the water flow is very 
decisive for the conduct of the pressure drop, which was explained en Eq. 2.3, where dPm ∝ . The 
curves for the pressure drop indicate a similar behaviour, however with a vertical displacement.  This 
is due to the clogged filter from the engine measurements. As the curves show, the mass flow 
variation is also affecting the temperature of the steam. A peak in the mass flow curve corresponds 
to a dip in the steam curve, since increased water flow results in more water needed to be heated by 
the same amount of exhaust, which lowers the temperature. In the same way, when the water mass 
flow is decreased there is an excess of exhausts that will result in a higher steam temperature. The 
steam temperature curves of the engine measurements and the simulation differs approximately 
10ºC. The inlet temperature of the simulation is due to the high outlet temperature previous case. 

 
Figure 3.8. Comparison of profiles in case 4. 



35 
 

In Figure 3.8 the engine measurements shows that the steam temperature is higher than the 
simulated steam temperature at around 250 seconds. This can also be seen in Figure 3.9; the exhaust 
temperature in the engine measurements is lower than the temperature in the simulation 
measurements. It is because in the engine measurements the steam temperature gets higher, while 
in the simulation the steam temperature is constant.  

 
Figure 3.9. Exhaust temperature after HRSG in case 4.  

In Figure 3.10 the profiles are plotted for case 7, where the curves have a similar behaviour as in 
previous figures. The pressure drop for the simulated curve is almost identical with the water mass 
flow and is quite near the measured curve aswell. The steam temperature differs around 13ºC and is 
barely enough to evaporate the water in the simulation.   

 
Figure 3.10. Comparison of profiles in case 7. 
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The exhaust temperatures of this case can be observed in Figure 3.11, which also have the behaviour 
from the previous exhaust plot. Since the water has not completely evaporated in the simulation, the 
heat transfer is not optimal and can not cool the exhaust as in the engine measurements, hence the 
difference in exhaust temperature. 

 
Figure 3.11. Exhaust temperature after the HRSG in case 7. 

The last case presented is case 13, the last point of the ESC-cycle, seen in Figure 3.12. In the plot the 
steam temperature curves have a similar pattern in both simulation and measurements. The 
pressure drop of the simulation is the one parameter that differs which also is due to clogged filters 
during measurements.  

 
Figure 3.12. Comparison of profiles in case 13. 
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In Figure 3.13 the exhaust temperature is plotted from case 13. Both profiles are quite similar with a 
certain vertical displacement. The reason why the temperature is decreasing is because the previous 
case is a high load point, with much higher exhaust flow.  

 
Figure 3.13. Exhaust temperature after HRSG in case 13 
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3.2.3. Double-tube model simulation 
After simulating the complete model, the double-tube model was run through the program. For a 
better comparison results from both models will be plotted together from the same load points as 
previously except case 7, i.e. case 2, 4 and 13. All the other plots from rest of the cases are shown in 
Appendix 2. 

In Figure 3.14 the steam temperature profiles can be compared from the measurements and both 
models. As the figure illustrates both simulation curves are very similar, however the double-tube 
model has a more “realistic” appearance than the complete model. Both in the steam temperature 
and the pressure drop, the curves are closer the reference value. This is probably because of the 
optimization function used and described in previous chapter.  

 
Figure 3.14. Comparison of the double-tube model and the complete model in case 2.  

In case 4, seen in Figure 3.15, the behaviour of the steam temperature curve of the double-tube 
simulation is quite similar to the measured curve and is responding better than the complete model. 
The peak after around 100 seconds is caused by the initial conditions, during simulations the final 
values in current case becomes the initial conditions for next case. In some this causes peaks like in 
Figure 3.15 initially in the double tube model.  

 
Figure 3.15. Profile comparison from both models in case 4. 
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The final case presented for the complete model showed rather good results, when comparing with 
the double-tube model there is only a slight difference. In Figure 3.16, the profiles are illustrated for 
case 13 and when considering the steam temperature the new simulation inidcate a more accurate 
curve than before. This curve has a peak in the initial part, completely different conduct from both 
the complete model and the test run. However, this should not be completely wrong, since a 
decrease of water mass flow should increase its temperature. Even in this case a peak occurs around 
50 seconds, see earlier explination.  

 
Figure 3.16. Profile comparison from both models in case 13. 
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In Figure 3.17-3.28 the temperature profile from simulation for the HRSG is illustrated for 12 load 
points in the ESC cycle. Similar for all cases is that most of the heat is transferred during the phase 
transition, which shows that a phase transition requires large amount energy. Where in the tube 
phase transition occurs depends on the water and exhaust mass flow rate but also the inlet exhaust 
temperature. Load point 7, also called case 7, is one of the low load points in the ESC cycle, see 
Figure 3.24, and is the only case without superheated steam. The operating pressure in that point is 
19 bar which means that the saturation point is at 209ºC. To obtain superheated steam it’s necessary 
to decrease the operating pressure.     
  

 
Figure 3.17.Temperature profile for case 2.          Figure 3.18. Temperature profile for case 3. 

 

 
Figure 3.19.Temperature profile for case 4.          Figure 3.20. Temperature profile for case 5. 

 

 
Figure 3.21.Temperature profile for case 6.          Figure 3.22. Temperature profile for case 7. 
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Figure 3.23.Temperature profile for case 8.          Figure 3.24. Temperature profile for case 9. 

 

 
Figure 3.25.Temperature profile for case 10.          Figure 3.26. Temperature profile for case 11. 

 

  
Figure 3.27.Temperature profile for case 12.          Figure 3.28. Temperature profile for case 13. 
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To examine the importance of the tube length a simulation with 6m tubes was compared with the 
original length 3m.  

The high load points shows the same characteristics regarding the temperature profile in the 
simulation with longer tubes. The comparison in temperature profile for the two different models for 
case 2, which is one of the high load points, is illustrated in Figure 3.29. A higher steam temperature 
is obtained with longer tubes; the figure also shows that the temperature difference between the 
water and exhaust decreases nearby the transition zone. This leads to a “slower” heating of the 
water at the inlet of the HRSG compared to the shorter model.         

 
Figure 3.29 Comparison in temperature profile for a model with longer tubs, case 2.  

 
In case 7, see Figure 3.30, it can be observed that the steam still is not superheated even if longer 
tubes is used. In this case it is more obvious that the temperature difference decreases nearby the 
transition zone for the model with longer tubes. This comparison also shows that the exhaust energy 
is not enough to superheat the water under the current pressure. One solution is to decrease the 
operating pressure another solution is decrease the water mass flow. If the operating pressure 
decreases the amount of energy needed to evaporate the water increases, which means it is better 
to decrease the water mass flow even though less amount superheat steam is obtained. 
  
 

 
Figure 3.30 Comparison in temperature profile for a model with longer tubs, case 7.   
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Case 12 was one of the cases with small amount superheated steam in the previous simulations. 
Figure 3.31 show that the amount superheated steam increases with longer tubes. Even case 12 
shows the same behavior nearby the transition zone regarding the temperature difference, but 
unlike case 7 the amount superheated steam increases in case 12, the reason for that is the higher 
exhaust temperature at the inlet on the HRSG.  
 

 
Figure 3.31 Comparison in temperature profile for a model with longer tubs, case 12.  

  
Simulation with the longer tubes show that parameters such as water mass flow, exhaust flow and 
the exhaust temperature are of greater importance than the length of the tubes.  

In order to improve case 7, with no superheating of the steam, only the inlet exhaust temperature 
was increased to enhance the difference of the inlet temperatures. In Figure 3.32, shows the 
improvement with higher exhaust temperature, which results in superheated steam generation. This 
is due to the increased difference in the inlet temperatures between the hot and cold side of the 
HRSG. 

To achieve higher exhaust temperature it is necessary to inject fuel into the exhausts, the injection 
will increase the exhaust temperature after ignition.   

 
Figure 3.32. Comparison in temperature profile for a model with higher exhaust temperature, case 7. 
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As the previuously presented plots demonstrate the double-tube model was more accurate than the 
complete model, due to the optimated calibration. For this reason the model was simulated for a 
transient run cycle. The outcome of this simulation is obtained in Figure 3.33. 

 
Figure 3.33. Transient simulation for the double-tube model.  

 
As the figure specifes the simulated model had a quite realistic result. The steam temperature 
profiles have a similar conduct and the initial dip in the simulation curve is because of the previously 
explained reason, the initial conditions. The outlet steam temperature of both curves only differ  
10 °C, which is an acceptable deviation. The pressure drop simulation curve does follow the pattern 
of the test run and the water flow, but is sligthly vertically displaced.  

3.3. Simulation based calculations and results 
This section will present different calculations and results based on data from the simulations. 
Because of the importance of validation of the obtained data the need to perform supporting 
calculations was substantial. Two cases will also be presented in this section, regarding the heat 
transfer and variation in Reynolds number, density and dynamic viscosity. 

3.3.1. Reynolds number and pressure drop 
Because the HRSG is divided in so many parts and the double-tube model is a downsized model of 
the complete model, it was decided to make calculations for the downsized model. Since one tube of 
the double-model represents 27 micro tubes with the same hydraulic diameter as one tube it was 
possible to calculate as if considering one micro tube. When calculating the pressure drop and 
Reynolds number inside the tubes the dynamic viscosity of water/steam with varying temperature 
was gathered from a table [11]. The other used values in the calculations where the fluid density and 
velocity, which were brought from the GT-ISE simulations. The temperature in each segment, also 
from GT-ISE, was used to determine the dynamic viscosity of the fluid. The initial parameter to be 
calculated in the first tube segment was the Reynolds number, which was determined with Eq. 2.5.  



45 
 

13.322
000422.0

0015.00921.0984Re
1

11
1 =

⋅⋅
==

µ
ρ hDU

 

Using the Haaland equation Eq.2.4 the dimensionless friction factor could be calculated. 
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Finally Eq. 2.6 is used to calculate the pressure drop for the first segment of the 15 segments of the 
tube, where L is the length of each segment which is 200 mm. 

PaU
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These calculations were made for all 15 segments of the tubes for following cases 2, 5, 11 and 13. 
Since there is a constant mass flow and the cross sectional area is unchanged, Eq. 2.3 show that a 
decrease in density increases the velocity of the fluid. For every segment of the tube, the water was 
increasing in temperature and in velocity and decreasing in density. These variations increased the 
Reynolds number for each segment; which lowered the pressure drop. What was notable was that in 
the 8th segment of the tube, when the water is evaporated, the Reynolds number increased 
dramatically, from the previous case, as seen below. 

3943
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As the calculation show the flow went from laminar in the water phase to turbulent directly after 
evaporating. This affected the D’Arcy-Weisbach friction coefficient with decrease of a factor 10 and 
also doubled the pressure loss from the 7th segment to the next. After evaporating, the Reynolds 
number kept increasing radically as well as the pressure drop. This was primarily because of the 
increase of fluid velocity and decrease of density and dynamic viscosity. At the last of the tube, the 
affected parameters reached their peak values, as seen in the calculation below.  
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In order to calculate the total pressure loss of the tube Eq. 2.6 is used as the sum of all pressure loss 
from each segment.  

∑ ≈=∆=∆ kPaPapp it 5.37.3532  

In next section a plot illustrating the Reynolds number will be presented and it is worth comparing 
the calculated values for the second case with the plot. The result of calculations for each segment 
and case is presented in Appendix 3. 
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3.3.2. Comparison with two extreme cases 
Two cases that where proper to compare was the case that had the lowest test run data in basically 
all parameters, case 7, which is a low load point in the ESC-cycle, with one of the high load points. 
The second case was chosen to be compared regarding the affects of the heat transfer, Reynolds 
number and the variation of density.  

In Figure 3.34 below the heat transfer is indicated for the second case of the ESC-cycle. The heat 
transfer has its peak in the transition phase, when the water inside the tubes is evaporated. The 
closer the transition phase the lower is the heat transfer and it is also notable that the heat transfer 
is at lowest when the media is in vapour state. The x-axis called “length” indicates the location inside 
the HRSG, where 0 means the beginning of the HRSG and 3000 means the end of the tubes. It is also 
noteworthy that superheated steam is formed after the 8th segment of the tube,  

 
Figure 3.34. Heat transfer per segment and water temperature along the HRSG for case 2. 

When considering case 7, in Figure 3.35 the plot is quite different. In this case the heat transfer is  
consitenly reduced until 2400 mm in the HRSG where the water starts to evaporate. Since this case 
has a much lower heating of the water, the evaporation hence the heat transfer takes a longer time 
to achieve. The present case has an inlet water pressure of 19 bars and reaches a top temperature of 
209 °C, which is just enough to evaporate the water in the last segment. 

 
Figure 3.35. Heat transfer and water temperature for case 7. 
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In GT-ISE there is a function that estimates the Reynolds number for each case. When this parameter 
is plotted with the variation of the dynamic viscosity for water Figure 3.36 is obtained. As the figure 
illustrates, the calculated Reynolds numbers are equivalent with the plotted curve, even though the 
accounted dynamic viscosities come from different sources. The figure also shows that the transition 
from laminar to turbulent flow occurs around 1600 mm, equivalent to the 8th segment of the tube, as 
the calculations indicated. The dynamic viscosity for the liquid phase is reduced when increasing the 
temperature until the phase transition where it on the contrary starts to increase with increasing 
temperature. Dynamic viscosity for liquids decreases with increased temperature, gases behaves in 
the opposite way.   

  
Figure 3.36. Reynolds number and dynamic viscosity for the HRSG in case 2. 

The corresponding plot was made for case 7, showed in Figure 3.37. In this case it is notable that the 
Reynolds number always is kept under 1200, which indicates a fully developed laminar flow.The drop 
at the end of the Reynolds number curve designates that the water is entering the two-phase state, 
which sharply lowers the Reynolds number. This behaviour is also seen in case 2, where a slight drop 
of the curve occurs just before the evaporation, roughly equalling the drop from the comparing case.  

 
Figure 3.37. Reynolds number and dynamic viscosity for the HRSG in case 7. 
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Figure 2.2 in chapter 2 illustrate whether the flow inside the tubes is laminar or turbulent. This can 
be shown by Figure 3.38, where the pressure drop is plotted as a function of water mass flow for the 
simulation. As it can be observed in Figure 3.38 the graf is quite linnear, which is the crriteria for 
laminar flow. However turbulent flow can behave in the same way but with steeper gradient, as seen 
in the figure, where the first zone (1) indicates a laminar flow and the second zone (2) shows the 
turbulent flow. 

 

 
Figure 3.38. Pressure drop as fuction of water mass flow 

In Figure 3.39 the density variation is seen, along the temperature increase for the second case. The 
evaporation phase is also seen in the figure, where the density of the water drops significantly, 
between 1400-1600 mm, also where the heat transfer was as most.  

 
Figure 3.39. Variation of water density along temperature inside the HRSG for case 2. 
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An equal plot was made for case 7 and it can be observed in Figure 3.40 that the evaporation of the 
water occurs in the final segment of the tube.  

 
Figure 3.40. Variation of water density along temperature inside the HRSG for case 7. 

 
For the exhaust circuit the flow characteristics are basically unaffected for all cases. In Figure 3.41 the 
Reynolds number is plotted as it varies with the exhaust temperature for case 2. Since the exhausts 
are in gas state the viscosity is reduced with the cooler exhaust temperature until the water phase 
transition when the exhaust temperature is significantly reduced. This has an increasing affect on the 
Reynolds number, which can be explained from Eq. 2.5, when the exhaust mass flow is constant and 
the hydraulic diameter is untouched. 

 
Figure 3.41. Reynolds number with temperature variation for the exhausts. 
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3.3.3. Power and efficiency of the HRSG 
Following section will present calculations made to estimate the efficiency of the HRSG and also 
figures that explains the effect generated by the steam for different load points of the ESC-cycle.  

In Figure 3.42 below the steam power and the engine load is plotted for each case. As the figure 
illustrates the power generated by the HRSG very dependent of the exhausts ability to evaporate the 
water, which is why the high load cases, i.e. high exhaust flow has high power. The low load points, 
cases 7, 9 and 11 have the lowest generated steam power. 

 
Figure 3.42. Steam power out of the HRSG and engine load for all cases. 

As described in the end of previous chapter the HRSG has a double working effect. Because the 
heated water has a cooling effect on the exhausts and the exhausts heats the water,  two processes 
that are very important in the functionallity of the concept, two efficiencies can be obtained.  

In Figure 3.43 the heating efficiency from both the simulation model and the test run is plotted 
depending on which load point that is considered. As the figure reveals there is a sligth difference 
between both curves depending on which case is measured. For the two initial cases the simulation 
result has a higher efficiency than the test run, which is because the simulation had a slightly higher 
outlet steam temperature than in reality. For cases 4, 5 and 6 the efficiencies of the simulation and 
the test run are almost identical, since the steam temperature in this cases are almost the same in 
both simulation and measurments. For the later cases 7-13 there was a more evident distinction. 
Cases with low efficiency in the test run had a contradictory performance in the simulation and vise 
versa. This trend has its explanation in the temperature variations from where the calculations are 
made. At most there are differences between the simulation and the test run in case 9, where the 
simulation has 11 % better efficiency and in case 10, where the engine measurements have 
approximately 12 % better efficiency. 

 
Figure 3.43. Heating efficiency of the HRSG for all load points.  
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The cooling efficiency, i.e. the HRSGs ability of cooling the exhausts is plotted in Figure 3.44. There is 
a trivial dissimilarity of less than 6 % in the first three cases, an explanation similar to the previous 
plot. A quite apparent trend in the figure is that the cooling of exhausts is more efficient in the 
simulation than in the test runs. There is a more noticeable divergence in the cases 5-7 and 9-12 and 
at most a difference in case 11, where the simulated model has 15 % more efficiency and also in case 
7 where the actual steam generator has a 23 % higher cooling efficiency than the simulated model.  

The model is calibrated for one of the cases, which leads to more diffrences when a simulated case 
have conditions far away from the point that the model have been calibrated for. The model is 
calibrated for case 2.   

 
Figure 3.44. Cooling efficiency of the HRSG for all load points. 
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4. Discussion 
Calculations made in the simulations are based on standard two-phase flow correlations. There is 
also an option for the user to replace the standard equations with desired equations. This was 
however not made in this project, since modifications of the correlation equations sets greater 
demands on the level of knowledge. The existing model would probably be more accurate if the heat 
transfer equations would be replaced.  

The inner diameter of the micro tubes, 1.5 mm, can be simulated in GT-ISE without any difficulties. 
As referred in the previous chapters, the developed models are based on parallel tubes, in both the 
water and exhaust circuit. The distance between these tubes is crucial to the heat transfer and has 
not been defined in the model. This might be another parameter that contributes with a disparity in 
the results.  

The main goal with the modelling has been to develop a model that exhibits the same characteristics 
regarding the outlet temperatures and pressure drop as a function of time. This is made in order to 
study the Reynolds number, the heat transfer and the temperatures along the tubes, which is not 
possible with the actual steam generator.  

The simulations show mostly the same behaviour for the temperature and pressure drop profile as 
the measurements. In the simulations the initial condition for the following load point is the final 
condition of the current load point. Therefore a slight disparity for one case final condition have a 
much larger influence on following case initial conditions. This has turned out to be a problem in 
cases 3, 4, 5 and 9, where some cases differ up to 80°C initially between the simulation and the test 
run, which is due to the large changes in the water pressure and flow.  

It is primarily the pressure that is the major cause for the differences, but when the model is 
stabilizing the disparities diminishes in these cases. An issue to concern in an upcoming project would 
be to regulate the load point in order to reduce the big changes between affecting parameters.  

It was also included in the project to develop a downsized model, with the same characteristics as 
the complete model. The result was beyond expectations, where both models indicate an almost 
identical result. The advantage of the downsized model was the greatly reduced simulation time and 
less components, which allows studying of parameters such as Reynolds number, heat transfer etc. in 
a brighter way.  

The heat transfer and Reynolds number has been studied from the downsized model, where analyzes 
of the result show that 45-55 % of the heat transfer occur in the two-phase region. Exactly where this 
region emerges is affected by the exhaust and water flow and also the exhaust temperature, which is 
the same region where Reynolds number increases rapidly, from 1500-6500. The fact that this occurs 
is due to the reduction of dynamic viscosity of water when evaporating. Reynolds number is as 
known dependent of the hydraulic diameter, the density, the fluid velocity and the dynamic viscosity. 
In this case the hydraulic diameter is constant, since the tube dimensions are unchanged. The 
product of the fluid velocity and the density is practically constant, according to the continuity 
principle. The one remaining factor affecting the Reynolds number is the dynamic viscosity, where 
the relationships are inversely proportional to each other. This is also appeared in the figures where 
the viscosity of liquids decreases with increased temperature and the opposite for gases. According 
to the manufacturer the steam generator is a perfectly shaped counter flow heat exchanger with 
fully laminar flow. However the results of the simulations show differently which also verified by 
calculations shown I chapter 3.3.1. Both results show that the Reynolds number in the two-phase 
region goes beyond ~2300, the limit for laminar flow. In some extreme cases there can still be 
laminar flow with Reynolds number around 3000, according to Arne Karlsson (AKN), licentiate at the 
Fluid Mechanics Institution at the Royal Institute of Technology. The Reynolds number obtained in 
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the project is though far beyond the limit, hence fully developed turbulent flow. As Figure 3.38 
showed of the curve plotted, describing the pressure drop as a function of the mass flow, had two 
different gradients which indicate a phase transition. In chapter 2 it was presented that if the plot 
was linearly proportional it showed a laminar flow. This was confirmed by AKN, however he also 
added that turbulent flow could also be linearly proportional yet with another curve gradient than 
the laminar curve. This supports the obtained result, where turbulent flow is formed after the 
evaporation phase where Figure 3.38 also indicates a change of gradient. In order to maintain 
Reynolds number below 2000, using the same theorem as described before, where the Reynolds 
number is inversely proportional to the dynamic viscosity, this would cause a problem. As explained 
before, the dynamic viscosity of water is heavily reduced when evaporated; therefore the hydraulic 
diameter of the tube would have to increase with the same factor that the dynamic viscosity 
decreases. This causes issues to where the tube expansion would occur and will therefore also affect 
the whole basic theorem used.  

In Figure 3.42 the steam power is illustrated and shows how it varies depending on the different load 
points, where the exhaust flow is fundamental. The high load points operate with different engine 
speed, which result in a higher exhaust flow in cases with high speed. The high flow raises the 
amount of superheated steam, a phenomenon found in the rest of the cases as well.  

When the different efficiencies for the HRSG are analyzed, it is apparent that the heating efficiency is 
more accurate, i.e. the HRSG:s ability to evaporate the water. There are only two load points, 9 and 
10, that deviate from the engine measurements and occur because of the difference in the 
temperature profiles. The cooling efficiency is less accurate than the heating efficiency, where the 
deviations are larger, however assumed to be acceptable. 

The developed models are considered to be good enough for studies and analysis of the HRSG, since 
there only are three cases of twelve that have relatively large deviations, otherwise the model is 
quite accurate. The transient run, see Figure 3.33, has very small differences particularly when 
considering the steam temperature. In this run the affect of the leap between the load points is 
apparent, where the load is successively increased in the transient run, and has a good respond from 
the simulation model.  

The difficulty of this project has been to calibrate the models in an effective and accurate way. The 
obtained data has had some defects in the different measurements; where some pressure sensors 
have not been working flawlessly. The human error may be a contributing factor to the defects of the 
test run. An unsure parameter in the run data is the pressure drop where it in some cases reaches 20 
bar, which is completely wrong according to the manufacturer. The model has been calibrated to the 
second load point of the ESC-cycle, which has resulted to larger disparities concerning the pressure 
drop. The temperature does not differ as much which indicates a good heat transfer in the model. 
Simulations have shown that GT-ISE is a tool that can be used to study WHR systems. The advantage 
of this program is that a more complex system including an engine, an expander, a feed pump etc. 
can be connected in order to facilitate a complete system analysis.  

  



54 
 

4.1. Conclusions 
Analysing a WHR system in GT-SUITE has been considered to be satisfying to the extent of this 
project. The model has given results that are very comparable with the measurements and shows 
also that it can be connected to a complete engine in order to simulate a more extensive simulation. 
There are some differences between the simulations and the engine measurements, however this 
has been considered to be acceptable, since external factors may have influenced the reference data, 
not considered in the simulations.  

As the result of this project shows, the Reynolds number does increase significantly when the water 
in the micro tubes evaporates. This conduct is similar to all cases, whether it is a high or low load 
point, which is only affected by the state phase of the refrigerant. This results in turbulent flow after 
evaporation.  

The water evaporates in every case even the low load points; this is achieved by decreasing the 
pressure. By decreasing the working pressure the total efficiency of the Rankine system is reduced 
and therefore most of the steam power is lost during the power transform to relieve main engine.  

Simulations also show that injecting fuel into the exhausts would improve the result, since the 
increased exhaust temperature leads to a higher steam temperature. The HRSG does not perform 
well with high working pressure because it is not properly dimensioned for those conditions.  

The primary components deciding the distribution of the water mass flow are the restriction valves. 
These are dimensioned after its ability to divide the water properly to the different tubes and have as 
a result of this a very small orifice, 0.28 mm. Depending on which case the pressure drop caused by 
the restrictions valves is around 80-90 %. Factors such as one time losses and pressure drop caused 
by circular tubes are embedded in the restrictions in the model. The restrictions in the actual steam 
generator should therefore be slightly bigger, perhaps around 0.5 - 0.6 mm.  

The cooling of the exhaust from HRSG need to be improved since the outlet temperature is too high 
to re-enter the combustion chamber.  

4.2. Future work 

The next step to this project would be a close analysis of the different equations used to correlate 
the heat transfer in liquid, two-phase and gas phase in the model. A modification of the equations is 
an aspect that could improve the simulation results. The pressure drop is another parameter that 
needs a closer analysis, since this parameter has shown different values for the same load point.  

A complete Rankine model has to be made, including the developed HRSG, where the model should 
have an engine model in order to a further analysis of transient cycles. With the engine model 
attached to the system it is made possible to connect the expander of the Rankine system directly to 
the drive shaft. This will indicate more accurate how big the profit of the HRSG used in a heavy duty 
engine.  

An interesting feature would be to use different refrigerants with lower saturation temperature so 
more mass can be fed to the HRSG.  
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Appendix 1. 
In appendix 1 the figures illustrate comparison from the complete model for rest of the cases not 
presented in the report.  

 
Figure 1. Profile comparison from the complete model in case 2. 

 
Figure 2. Exhaust temperature after the HRSG, case 2. 
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Figure 3. Profile comparison from the complete model in case 3. 

 

 
Figure 4. Exhaust temperature after the HRSG, case 3. 
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Figure 5. Profile comparison from the complete model in case 5. 

 
Figure 6. Exhaust temperature after the HRSG, case 5. 
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Figure 7. Profile comparison from the complete model in case 6. 

 
 

 
Figure 8. Exhaust temperature after HRSG, case 6.  
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Figure 9. Profile comparison from the complete model in case 8. 

 
 

 
Figure 10. Exhaust temperature after HRSG, case 8.  
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Figure 11. Profile comparison from the complete model in case 9. 

 
 

 
Figure 12. Exhaust temperature after HRSG, case 9. 
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Figure 13. Profile comparison from the complete model in case 10. 

 
 

 
Figure 14. Exhaust temperature after HRSG, case 10.  
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Figure 15. Profile comparison from the complete model in case 11. 

 
Figure 16. Profile comparison from the complete model in case 12. 
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Figure 17. Exhaust temperature after HRSG, case 12. 

 
Figure 18. Profile comparison from the complete model in case 13. 
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Figure 19. Exhaust temperature after HRSG, case 13. 
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Appendix 2.  
In appendix 2 the figures illustrate comparison from the complete and the double tube model for 
rest of the cases not presented in the report.  
 

 
Figure 20. Profile comparison from both models in case 2. 

 
Figure 21. Profile comparison from both models in case 3. 
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Figure 22. Profile comparison from both models in case 4. 

 
Figure 23. Profile comparison from both models in case 6. 
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Figure 24. Profile comparison from both models in case 7. 

 
Figure 25. Profile comparison from both models in case 8. 
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Figure 26. Profile comparison from both models in case 9. 

 
Figure 27. Profile comparison from both models in case 10. 
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Figure 28. Profile comparison from both models in case 11. 

 

 
Figure 29. Profile comparison from both models in case 12. 
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Appendix 3. 
Calculations of Reynolds number and pressure loss.  
 
The computation in this section will present the general equation for the first calculation and then 
only the obtained result: 
 
Case 2: 
 
1. T=66.9 °C, U=0.0921 m/s, ρ=984 kg/m3, μ=0.000422 kg/m·s 
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2. T=116 °C, U=0.0947 m/s, ρ=951 kg/m3, μ=0.000241 kg/m·s 
Papf 6.4908722.0560Re 222 =∆⇒=⇒=  

3. T=163 °C, U=0.0985 m/s, ρ=910 kg/m3, μ=0.000166 kg/m·s 
Papf 1.440749.0810Re 333 =∆⇒=⇒=  

4. T=205 °C, U=0.105 m/s, ρ=865 kg/m3, μ=0.00013 kg/m·s 
Papf 9.410685.01028Re 444 =∆⇒=⇒=  

5. T=240 °C, U=0.109 m/s, ρ=821 kg/m3, μ=0.00011 kg/m·s 
Papf 9.410645.01220Re 555 =∆⇒=⇒=  

6. T=268 °C, U=0.115 m/s, ρ=777 kg/m3, μ=0.000098 kg/m·s 
Papf 5.42062.01368Re 666 =∆⇒=⇒=  

7. T=291 °C, U=0.121 m/s, ρ=735 kg/m3, μ=0.000089 kg/m·s 
Papf 2.430612.01499Re 777 =∆⇒=⇒=  

8. T=310 °C, U=0.496 m/s, ρ=106 kg/m3, μ=0.00002 kg/m·s 
Papf 1.80046.03943Re 888 =∆⇒=⇒=  

9. T=310 °C, U=1.25 m/s, ρ=56.1 kg/m3, μ=0.00002 kg/m·s 
Papf 1.253046.05259Re 999 =∆⇒=⇒=  

10. T=314 °C, U=1.68 m/s, ρ=52.9 kg/m3, μ=0.00002 kg/m·s 
Papf 3.4120414.06665Re 101010 =∆⇒=⇒=  

11. T=324 °C, U=1.79 m/s, ρ=49.6 kg/m3, μ=0.00002 kg/m·s 
 Papf 9.4380414.06659Re 111111 =∆⇒=⇒=
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12. T=334 °C, U=1.9 m/s, ρ=46.9 kg/m3, μ=0.00002 kg/m·s 
Papf 4.4670414.06683Re 121212 =∆⇒=⇒=  

13. T=344 °C, U=2.0 m/s, ρ=44.6 kg/m3, μ=0.00002 kg/m·s 
Papf 4.4920413.06690Re 131313 =∆⇒=⇒=  

14. T=354 °C, U=2.1 m/s, ρ=42.7 kg/m3, μ=0.00002 kg/m·s 
Papf 2.5190413.06725Re 141414 =∆⇒=⇒=  

15. T=364 °C, U=2.19 m/s, ρ=41.1 kg/m3, μ=0.00002 kg/m·s 
Papf 2.5430413.06750Re 151515 =∆⇒=⇒=  

 

∑ ≈=∆=∆ kPaPapp it 5.37.3532  

 
Case 5: 

1. T=50.6 °C, U=0.0567 m/s, ρ=989 kg/m3, μ=0.000538 kg/m·s 
Papf 1.3617.03.156Re 111 =∆⇒=⇒=  

2. T=80.9 °C, U=0.0575 m/s, ρ=973 kg/m3, μ=0.000351 kg/m·s 
Papf 4.28132.0239Re 222 =∆⇒=⇒=  

3. T=110 °C, U=0.0586 m/s, ρ=952 kg/m3, μ=0.000225 kg/m·s 
Papf 4.24112.0328Re 333 =∆⇒=⇒=  

4. T=136 °C, U=0.0598 m/s, ρ=931 kg/m3, μ=0.000202 kg/m·s 
Papf 2.2210.0413Re 444 =∆⇒=⇒=  

5. T=159 °C, U=0.0612 m/s, ρ=910 kg/m3, μ=0.000171 kg/m·s 
Papf 1.210926.0488Re 555 =∆⇒=⇒=  

6. T=179 °C, U=0.0626 m/s, ρ=889 kg/m3, μ=0.00015 kg/m·s 
Papf 3.200874.0557Re 666 =∆⇒=⇒=  

7. T=196 °C, U=0.064 m/s, ρ=870 kg/m3, μ=0.000136 kg/m·s 
Papf 9.190838.0614Re 777 =∆⇒=⇒=  

8. T=211 °C, U=0.0654 m/s, ρ=852 kg/m3, μ=0.000126 kg/m·s 
Papf 7.190812.0663Re 888 =∆⇒=⇒=  

9. T=224 °C, U=0.0667 m/s, ρ=835 kg/m3, μ=0.000119 kg/m·s 
Papf 7.190793.0702Re 999 =∆⇒=⇒=  

10. T=234 °C, U=0.373 m/s, ρ=82.1 kg/m3, μ=0.000016 kg/m·s 
Papf 9.370497.02870Re 101010 =∆⇒=⇒=  
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11. T=233 °C, U=1.02 m/s, ρ=40.9 kg/m3, μ=0.000016 kg/m·s 
 

 
12. T=233 °C, U=2.23 m/s, ρ=17.9 kg/m3, μ=0.000016 kg/m·s 

Papf 7.2760466.03742Re 121212 =∆⇒=⇒=  

13. T=233 °C, U=3.42 m/s, ρ=14.9 kg/m3, μ=0.000016 kg/m·s 
Papf 2.5130442.04777Re 131313 =∆⇒=⇒=  

14. T=242 °C, U=3.82 m/s, ρ=14.2 kg/m3, μ=0.000017 kg/m·s 
Papf 9.6090441.04786Re 141414 =∆⇒=⇒=  

15. T=255 °C, U=4.02 m/s, ρ=13.4 kg/m3, μ=0.000018 kg/m·s 
Papf 2.6460447.04489Re 151515 =∆⇒=⇒=  

∑ ≈=∆=∆ kPaPapp it 4.26.2426  

Case 11: 

1. T=61.5 °C, U=0.0276 m/s, ρ=983 kg/m3, μ=0.000453 kg/m·s 
Papf 5.1225.090Re 111 =∆⇒=⇒=  

2. T=101 °C, U=0.028 m/s, ρ=958 kg/m3, μ=0.000279 kg/m·s 
Papf 0.91787.0145Re 222 =∆⇒=⇒=  

3. T=134 °C, U=0.0289 m/s, ρ=932 kg/m3, μ=0.000206 kg/m·s 
Papf 7.7148.0196Re 333 =∆⇒=⇒=  

4. T=166 °C, U=1.55 m/s, ρ=8.94 kg/m3, μ=0.000014 kg/m·s 
Papf 4.8606.06.1484Re 444 =∆⇒=⇒=  

5. T=164 °C, U=4.29 m/s, ρ=4.95 kg/m3, μ=0.000014 kg/m·s 
Papf 9.3210529.02275Re 555 =∆⇒=⇒=  

6. T=163 °C, U=6.61 m/s, ρ=3.52 kg/m3, μ=0.000014 kg/m·s 
Papf 8.5290516.02493Re 666 =∆⇒=⇒=  

7. T=162 °C, U=7.91 m/s, ρ=3.36 kg/m3, μ=0.000014 kg/m·s 
Papf 9.6980498.02848Re 777 =∆⇒=⇒=  

8. T=172 °C, U=8.39 m/s, ρ=3.13 kg/m3, μ=0.000015 kg/m·s 
Papf 3.7480509.02626Re 888 =∆⇒=⇒=  

9. T=181 °C, U=9.0 m/s, ρ=2.91 kg/m3, μ=0.000016 kg/m·s 
Papf 3.815052.02455Re 999 =∆⇒=⇒=  

10. T=190 °C, U=9.67 m/s, ρ=2.71 kg/m3, μ=0.000016 kg/m·s 
Papf 4.876052.02457Re 101010 =∆⇒=⇒=  

Papf 9.1300461.03911Re 111111 =∆⇒=⇒=
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11. T=199 °C, U=10.4 m/s, ρ=2.51 kg/m3, μ=0.000017 kg/m·s 
 

 
12. T=206 °C, U=11.3 m/s, ρ=2.31 kg/m3, μ=0.000017 kg/m·s 

Papf 6.10380528.02303Re 121212 =∆⇒=⇒=  

13. T=214 °C, U=12.3 m/s, ρ=2.11 kg/m3, μ=0.000018 kg/m·s 
Papf 3.11440537.02163Re 131313 =∆⇒=⇒=  

14. T=220 °C, U=13.5 m/s, ρ=1.91 kg/m3, μ=0.000018 kg/m·s 
Papf 1.12500538.02148Re 141414 =∆⇒=⇒=  

15. T=226 °C, U=15.0 m/s, ρ=1.71 kg/m3, μ=0.000019 kg/m·s 
Papf 8.14050549.02025Re 151515 =∆⇒=⇒=  

∑ ≈=∆=∆ kPaPapp it 9.99.9900  

Case 13: 

1. T=55.7 °C, U=0.059 m/s, ρ=986 kg/m3, μ=0.000496 kg/m·s 
Papf 2.36158.0176Re 111 =∆⇒=⇒=  

2. T=91.4 °C, U=0.06 m/s, ρ=965 kg/m3, μ=0.00031 kg/m·s 
Papf 1.28121.0280Re 222 =∆⇒=⇒=  

3. T=124 °C, U=0.0615 m/s, ρ=941 kg/m3, μ=0.000224 kg/m·s 
Papf 5.24103.0388Re 333 =∆⇒=⇒=  

4. T=152 °C, U=0.0631 m/s, ρ=916 kg/m3, μ=0.000179 kg/m·s 
Papf 6.220929.06.484Re 444 =∆⇒=⇒=  

5. T=176 °C, U=0.0648 m/s, ρ=892 kg/m3, μ=0.000153 kg/m·s 
Papf 7.210867.0567Re 555 =∆⇒=⇒=  

6. T=195 °C, U=0.0664 m/s, ρ=871 kg/m3, μ=0.000137 kg/m·s 
Papf 2.210827.0633Re 666 =∆⇒=⇒=  

7. T=208 °C, U=1.3 m/s, ρ=23.2 kg/m3, μ=0.000014 kg/m·s 
Papf 2.126048.03231Re 777 =∆⇒=⇒=  

8. T=208 °C, U=3.27 m/s, ρ=14.6 kg/m3, μ=0.000014 kg/m·s 
Papf 2.4530435.05115Re 888 =∆⇒=⇒=  

9. T=207 °C, U=5.21 m/s, ρ=9.13 kg/m3, μ=0.000014 kg/m·s 
Papf 1.7200435.05096Re 999 =∆⇒=⇒=  

10. T=208 °C, U=6.57 m/s, ρ=8.73 kg/m3, μ=0.000014 kg/m·s 
Papf 1.1056042.06145Re 101010 =∆⇒=⇒=  

Papf 9.9550528.02303Re 111111 =∆⇒=⇒=



76 
 

11. T=218 °C, U=6.92 m/s, ρ=8.73 kg/m3, μ=0.000015 kg/m·s 
 

 
12. T=227 °C, U=7.35 m/s, ρ=7.74 kg/m3, μ=0.000016 kg/m·s 

Papf 0.12040432.05333Re 121212 =∆⇒=⇒=  

13. T=236 °C, U=7.81 m/s, ρ=7.29 kg/m3, μ=0.000017 kg/m·s 
Papf 9.12950437.05024Re 131313 =∆⇒=⇒=  

14. T=245 °C, U=8.29 m/s, ρ=6.85 kg/m3, μ=0.000018 kg/m·s 
Papf 0.1389044.04732Re 141414 =∆⇒=⇒=  

15. T=253 °C, U=8.82 m/s, ρ=6.44 kg/m3, μ=0.000019 kg/m·s 
Papf 2.14950447.04484Re 151515 =∆⇒=⇒=  

∑ ≈=∆=∆ kPaPapp it 0.92.9013  

Papf 2.11190426.05688Re 111111 =∆⇒=⇒=
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Appendix 4. 
In this section two figures from chapter 2 will be presented in a larger scale for a better view. The 
first figure represents Figure 2.8 in the report, showing how a group is built GT-ISE. 

 
Figure 30. The parallel micro tubes, forming a group. 
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This image represents Figure 2.19, describing the double-tube model in a larger scale. 

Figure 31. The double-tube model in GT-ISE 
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