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Abstract
In this study 3D CFD was used to study the mass flow distribution in a
reheater in a nuclear power plant. The aim was to see if 3D-modeling
provide different results than traditionally used 1D-analysis.
Models with detailed geometry were created for a section of the
tube package in the reheater to obtain pressure drop coefficients. The
set up of the model for pure cross-flow over the tubes was first validated against an experiment by Ward [33]. The model showed good
agreement with the experimental data for pressure drop and heat transfer, with both unsteady simulations using LES and steady simulations
using the SST k − ω model. It also showed that using the empirical
correlations by Ward and Young [32] and Rabas et al. [22], without
any experimental data for the tube bank, gave an overestimation of
the pressure drop.
The pressure drop coefficients obtained from the tube package simulations were used to model the tube package in the reheater as a
porous medium. A set of perforated plates in the reheater needed to
be modeled as a porous medium as well. These plates were originally
meant to be mounted on the inlet side of the tube package to even out
the mass flow distribution. However, due to a manufacturing error
they were now mounted on the outlet side. A set of simulations using the SST k − ω for a part of the plate geometry gave the required
pressure drop coefficients.
With all coefficients for the porous medium obtained a full scale
model of the reheater was created. In the 3D-model the IAPWS-IF97
formulation was used to model the pressure and temperature dependent properties of the steam. Both the SST k − ω model and DES were
used for turbulence closure. A 1D-simulation of the reheater was also
performed using RELAP5.
The 3D-simulations showed a larger difference in the mass flow
distribution between the upper and lower part of the tube package
than the 1D-model. The 1D-model showed a clear connection between
the pressure drop over the perforated plates and the mass flow distribution. However, in the 3D-model the mass flow distribution appeared to also be affected by other properties.
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Sammanfattning
I den här studien användes 3D CFD för att undersöka massflödesfördelningen i en mellanöverhettare, placerad mellan hög och lågtrycksturbinen i ett kärnkraftverk. Syftet var att undersöka om 3D-modellering
gav andra resultat än 1D-analys, som traditionellt har använts.
Detaljerade modeller av den fulla geometrin skapades för en sektion av tubpaketet i mellanöverhettaren för att få fram tryckfallskoefficienter. Uppställningen av CFD-modellen verifierades genom att först
modellera geometrin från ett experiment utfört av Ward [33]. Tryckfallet och värmeöverföringen som gavs av både tidsberoende LES och
den tidsoberoende SST k − ω modellen stämde bra överens med experimentet. Jämförelse med de empiriska korrelationerna av Ward och
Young [32] och Rabas et al. [22] visade att dessa, utan användningen
av experimentell data för tubpaketet, överskattade tryckfallet.
Tryckfallskoefficienterna från simuleringarna av tubpaketet användes för att modellera det som ett poröst medium. Även de perforerade
plåtarna behövdes modelleras som ett poröst medium. De skulle ursprungligen vara monterade på inloppssidan av tubpaketet men på
grund av en tillverkningsmiss har de monterats på utloppssidan istället. Ett antal simulationer genomfördes med SST k − ω modellen på
en sektion av plåtarna för att få fram de nödvändiga tryckfallskoefficienterna. När tryckfallskoefficienterna för de porösa medierna var erhållna kunde hela mellanöverhettaren modelleras. I 3D-modellen användes IAPWS-IF97 formuleringen för att beskriva ångans termodynamiska egenskaper. För turbulensmodellering användes SST k − ω
modellen samt DES. En 1D-simulering av mellanöverhettaren genomfördes även i RELAP5.
3D-simuleringarna visade på en större skillnad i massflödet mellan den övre och undre delen i tubpaketet än vad 1D-simuleringen
gjorde. I 1D-modellen sågs ett tydligt samband mellan tryckfallet över
de perforerade plåtarna och massflödesfördelningen. Dock visade 3Dmodellen på att massflödesfördelningen även påverkades av andra
parametrar.
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Chapter 1
Introduction
This study concerns the CFD-modeling of a reheater in a nuclear power
plant in order to better understand the flow of the secondary steam
through the reheater. The thesis project was performed at FS Dynamics at their office in Stockholm and was partly financed by the Nordic
Nuclear Analysis Group. FS Dynamics is a consultant company that
focuses on Computer Aided Engineering and provides simulation and
calculation services in FEM and CFD for industrial applications [5].
They employ one of Europes largest groups of CFD engineers and provide simulation services for a diverse number of industries. Some of
them are the automotive, life-science, electronics, process equipment,
rotating machinery, offshore, energy and in this case the nuclear industry.
The reheater studied in this thesis is a shell and tube heat exchanger
where the heat exchange occurs when the shell-side fluid flows across
a tube package where another fluid (the tubs-side fluid) flows inside
the tubes. Heat is then transferred between the shell-side and tubeside fluid through the tubes. This is one of the most commonly used
types of cross-flow heat exchangers in process and power industries
[11]. Therefore the improvement of the design and operation of these
types of heat exchangers could lead to significant energy savings and
prolonged life time of the equipment. To avoid the need to use extensive and expensive experimentation reliable numerical methods for
analysing new and existing designs are desired.
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The main reason behind the study is to assess the possibilities of
using 3D CFD methods to evaluate the design and performance of a reheater. The design and performance assessments of this reheater have
previously been based on semi-analytical 1D-models. The design of
cross-flow heat exchangers in general is still mostly based on empirical correlations of heat transfer and pressure drop which, as expressed
by Liang and Papadakis [11], "have limitations and are of doubtful accuracy". The other reason to study this reheater is due to a manufacturing error. In the reheater there are perforated plates that are supposed
to even out the flow distribution before the shell-side fluid enters the
tube package. In this case they have been mounted on the outflow side
of the tube package instead of on the inflow side. It is therefore of interest to see if this results in an uneven mass flow distribution in the
reheater and if 3D-analysis gives the same results as the traditionally
used 1D-approach.

1.1

Reheaters in Nuclear Power plants

Energy is derived from a nuclear power plant when the heat generated
from the fission, taking place in the reactor, causes water to evaporate into steam. The steam then passes thought a steam turbine which
drives the electricity generator [1]. The steam turbine consists of both
high pressure and low pressure turbines which increases the ability to
convert energy from the steam into electricity. Between the high pressure turbine and the low pressure turbines the steam is led through a
reheater where fresh steam, coming from the reactor, heats up the secondary steam which have passed through the high pressure turbine.
The reheating process increases the efficiency of the low pressure turbines and separates some of the moisture from the steam which reduces the erosion of the turbine blades [14].
The reheater investigated in this thesis is a vertical steam reheater
in which the secondary steam enters at the bottom of the reheater and
is then directed out towards the sides of the reheater. At the top of
the reheater fresh stream is led in through a pipe and into thin vertical tubes going from the top to the bottom. At the bottom the fresh
steam leaves the tubes and is led back to the top and out from the reheater through a pipe. At the bottom of the reheater there is another
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pipe where condensed water, separated from the fresh steam, is led
out. The secondary steam entering from the bottom passes through
the package of vertical tubes which cause a heat exchange between
the fresh steam and secondary steam. After passing through the tube
package the secondary steam comes into the middle of the reheater
where it is lead upwards and leaves through the top. The flow of secondary steam is schematically shown in Figure 1.1.
Since the heat exchange is achieved in the tube package it is of interest to make a detailed study of this part. The behaviour of the flow
of secondary steam though the tube package is linked to the performance and lifetime of the reheater. The heat transfer is for example
governed by the turbulent flow field developing in the tube package.
Unsteadiness of the flow can also have negative effects since it can induce vibrations which can lead to sudden failures [12]. To decrease the
risk of vibrations the tube package is divided into 19 sections which
are separated with support sheets for the tubes. The sheets have holes
which the tubes passes though and decreases the unsupported length
of the tubes. The entrance of each of these sections are provided with
a perforated plate with the purpose to even out the flow distribution
between the sections. However, due to a manufacturing error the perforated plates in the reheater studied in this thesis have been mounted
on the inside instead of on the outside of the tube package.

4
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Figure 1.1: Schematic figure of the reheater, the small arrows shows how the
secondary steam flows into the tube package.
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Aim of the study

In this thesis Computational Fluid Dynamics (CFD) will be used to
model the flow through the previous described reheater. The aim is to
create a 3D-flow model of the reheater based on drafts of the real reheater and the conditions during run-time. The model should strive
to be as complex as possible within the frame of the limitations so
it can be used to better understand the flow and verify results obtained by simpler approaches, such as empirical correlations and 1Dapproaches. The study will therefore focus on the following four research questions:
• How does the flow in the reheater behave during run-time, what
is the resulting flow velocity, flow distribution and pressure drop?
• How does the simplifications and assumptions made in the creation of the 3D-model of the reheater affect the reliability of the
obtained results?
• How does the mass flow distribution from a 1D-model with pressure drop based on 3D-simulations compare to the mass flow
distribution obtained by the 3D-model of the reheater?
• How can the analysis of the reheater be improved with the use
of 3D-simulations?

1.2.1

Limitations

The main limitations of this study is the time duration, which is limited
to 20 weeks, and the computational resources. For the project 120000
core hours were available at the Center of High Performance Computation (PDC) [34] at the Royal Institute of Technology for the most
time consuming simulations. Based on this the study will be limited
to focus on:
• The pressure drop and heat transfer characteristics in the tube
package.
• The mass flow distribution in the reheater.

6
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• Verification and error estimation of the models used.
• Sensitivity studies of how assumptions and simplifications made
in the models affect the results.
• Comparison of pressure drop obtained from the simulations to
that predicted by empirical correlations.
• Comparison of the mass flow distribution obtained with 1D-analysis
to that obtained by 3D-modeling.
• Evaluation of the benefits and drawbacks in using the studied
models for analysis of the reheater.

1.3

Research methodology

In this thesis a qualitative study of the flow through a reheater was performed though the use of computational fluid dynamics (CFD). The
research began with a literature study of the flow through a heat exchanger utilizing finned tubes in a staggered arrangement. The study
also included a literature review concerning CFD-modeling of heat exchangers and tube banks.
To verify that the heat transfer and pressure drop in a tube package
can be accurately predicted by CFD, a model was first created based
on a previous experiment. Both simulations with the steady SST k − ω
model and LES were performed on the model. The results were then
compared to the experiment to evaluate their performance. A mesh
sensitivity study using two different meshes was also performed to
assure that the results were not strongly affected by the chosen mesh.
When it was confirmed that the simulated results matched the experimental the CFD-model was considered validated. To see how much
impact a change in geometry would have the same simulations were
performed but with a reduced fin height. A heat transfer sensitivity
study was also performed to see how much impact a change of the
heat transfer coefficient, set as a boundary condition on the inside of
the tubes, would have on the results.
Before simulating the tube package in the reheater the impact of
simplifying the fin geometry was evaluated using a smaller model. It
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was based on models used in previous studies of fin geometry found
in the literature. Three different fin geometries were compared and
one simulation was also performed to see how much surface roughness affected the results.
Three different models were used to obtain the pressure drop in
each flow direction in the tube package. One model for pure crossflow, one model for flow in the transverse direction and one model
for flow in the vertical direction. Two simulations with different free
stream velocities were performed for each of the models to obtain the
pressure drops using the SST k − ω model. One simulation was performed on the cross-flow model with LES to see if the predicted pressure drop was different from that given by the SST k − ω model. The
pressure drops were then used to calculate pressure drop coefficients
in each of the flow directions in the tube package. These could then be
used to model the tube package as a porous medium. To investigate
the mesh sensitivity three different meshes were used for the crossflow model and two different meshes were used for the transverse and
vertical flow models.
To obtain pressure drop coefficients for the perforated plates the
pressure drop for one hole of the plates was obtained using the SST k −
ω model. Two simulations with different mass flows were performed
for each of the three hole diameters to obtain the pressure drop. The
flow could only pass through the perforated plates in one direction so
only the pressure drop coefficients for one flow direction were needed
to model the plates as a porous medium.
A 3D-model was created of the reheater where the perforated plates
and tube package were modeled as porous mediums. A mesh sensitivity study was performed with three different meshes for the SST k − ω
model. The effect of a higher pressure drop in the tube package and a
higher turbulence intensity were investigated with additional simulations. The flow distribution was then obtained for three different mass
flows. A 1D-model was created using RELAP5 to compare the mass
flow distribution to that obtained by the 3D-model. An additional simulation was also performed using the Detached Eddy approach to see
if DES gave a different mass flow distribution than only performing
steady simulations using the SST k − ω model.

Chapter 2
Theory
This chapter will present the background theory this thesis is based
on. First the characteristics of cross-flow over a staggered tube bank
will be described followed by a section of the heat transfer and pressure drop characteristics in finned tube banks. After this comes a section on film condensation followed by a section describing turbulence
modeling using RANS, LES and DES. The last section is a description
of the theory behind the porous medium model used in this thesis.

2.1

Cross-flow through a staggered tube bank

Flow through a tube bank displays similar phenomena as can be observed behind a single cylinder. As for the cylinder case the flow is
steady at low Reynolds numbers with a symmetric wake behind each
cylinder. In the same manner, an increase in the Reynolds number results in unsteady flow and vortex shedding. However, the geometry
have a large impact on when the flow starts to become unstable which
makes it difficult to predict at which Reynolds number unsteady flow
phenomenon begins to appear. The reason for this is that the small distance between the tubes will cause their wakes to interact which adds
a new level of complexity to the problem [12].
To narrow it down, the tube configuration can be divided into two
different categories, in-line and staggered tube arrangement. In this
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case the interest lies in studying the flow phenomenon in a staggered
tube bank. This will lead to an interaction between the intersecting
flow paths which will also affect the wake and vortex generation. Umeda
and Yang [29] observed, when visualizing the flow of water through
various configurations of staggered tube banks, that the developing
flow pattern depends on the Reynolds number and the staggered arrangement angle. For high Reynolds numbers von Karman vortices
were formed behind the cylinders. For the cases were the center to
center distance between the cylinders and the rows where different an
oscillation of the main stream was also observed. The main stream oscillations were not observed in the same manner when the center to
center distances were equal since the main stream retained the vortex
generation, resulting in nearly symmetrical flow around each tube.
The geometry of a staggered tube bank can be described by two
parameters, the longitudinal distance between the tubes, SL , and the
transverse distance between the tubes, ST , see Figure 2.1. If 2SL = ST
it is called a rotated square array, if ST = SD it is a normal triangular
array and SL = SD is called a parallel triangular array. Experiments
on these array-configurations show that they display significant difference in vortex shedding behaviour. This makes it difficult to predict
how the flow will behave in an arbitrary staggered array [12].

Figure 2.1: Tube bank geometry parameters.
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When the flow enters the tube bank an increase in velocity will
occur due to the decreasing flow area. The flow characteristics are
dominated by the maximum velocity obtained in the region with the
smallest flow area which is often denoted Umax . The Reynolds number
is therefore defined based on this velocity and the diameter of the tube
as
Umax D
ReD =
,
(2.1)
ν
where ν is the dynamic viscosity and D the tube diameter. If 2SD >
ST the maximum velocity can be calculated based on the free stream
velocity before the tube bank U as
Umax =

ST
U,
ST − D

(2.2)

otherwise the maximum velocity will be given by
Umax =

ST
U.
2(SD − D)

(2.3)

The increase in turbulence in the tube bank will lead to an increase
in the heat transfer coefficient. This effect is most noticeable for the
first few rows and then there is no longer any significant change in the
turbulence level which will lead to a constant heat transfer coefficient
[3].
The heat transfer rate to or from an isothermal surface can be determined from
Q̇ = hAs (Ts − T∞ ),
(2.4)
where h is the heat transfer coefficient, As is the surface area, Ts is the
surface temperature and T∞ is the free stream temperature. For a tube
bank the heat transfer rate can instead be determined from one of the
following two relations
Q̇ = hAs ∆Tlm = ṁcp (Te − Ti ),

(2.5)

where ∆Tlm is the logarithmic mean temperature difference. It is defined as
(Ts − Te ) − (Ts − Ti )
∆Tlm =
,
(2.6)
ln[(Ts − Te )/(Ts − Ti )]
where Te is the exit temperature and Ti is the inlet temperature.
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The Nusselt number is a dimensionless way of describing the heat
transfer, for a tube it is defined as
N uD =

hD
,
k

(2.7)

where D is the tube diameter and k is the thermal conductivity. Several
correlations based on experimental data have been suggested for the
average Nusselt number for the cross flow over the tube bank.
Another noticeable property of a staggered tube bank is the irreversible pressure drop between inlet and outlet. According to the Heat
and Mass Transfer [3] book the total pressure drop over a tube bank
is proportional to the number of tubes in the flow direction NL , the
friction factor f , the maximum velocity and the fluid density ρ. The
following relationship for the pressure loss is given in the book
∆P = NL f χ

2
ρUmax
,
2

(2.8)

where χ is a correction factor. Graphs over the correlation between the
friction factor and correction factor against Reynolds number are also
presented in Heat and Mass Transfer [3].

2.2

Heat transfer and pressure drop in finned
tube banks

Fins are often used in heat exchangers in order to increase the surface
area and by that improve the total rate of heat transfer. However, the
heat transfer is also dependent on the fin and tube bank geometry since
the transport of heat is governed by the turbulent flow field. In this
case the flow separation is the main phenomenon of interest regarding
the heat transfer [15]. The existence of an adverse pressure gradients
near the fin-tube junction have also been observed to generate counter
rotating vortices, horseshoe vortices, that usually sweep around the
tube [13]. The complex flow patterns makes it difficult to estimate the
heat transfer of a tube bank. Many experiments have therefore been
conducted in order to determine how different geometrical parameters affect the heat transfer but also the pressure drop. The literature
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review by Mon [13] mentions the following parameters as the subject of previous studies: Fin Height, Fin Spacing, Fin Thickness, Tube
Outside Diameter, Tube Spacing, Number of Rows, Tube Arrangement
and Air Velocity.
Tube spacing refers to the SL and ST described in Figure 2.1 and
the tube arrangement refers to if the tubes are in a staggered or inline configuration. Figure 2.2 shows the geometry of a helically finned
tube, which is the fin type focused on in this thesis. DO is the total
outside diameter, Dr is the tube outside diameter (without fins), Hf is
the fin height, Y is the fin thickness and Sf is the fin spacing.

Figure 2.2: Fin geometry parameters.

2.2.1

Effects of changes in fin geometry

Mon’s [13] literature review concludes that an increase in fin height
results in a decrease of the heat transfer coefficient and an increase in
the pressure drop. It also concludes that a closer fin spacing will lead
to the development of a thicker boundary layer and in turn a lower
heat transfer coefficient near the fin base. However, this effect is assumed to decrease with increasing Reynolds number. On the other
hand, the pressure drop is observed to decrease with increasing fin
spacing. This motivates the desire for a larger fin spacing even though
it may lead to a decrease in heat transfer. In contrast to fin height and
fin spacing no definite conclusions are drawn regarding the effect of
fin thickness. The literature study by Mon [13] mentions two experi-
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ments on the subject with contradictory results and that an analytical
approach showed the fin thickness to not have any noticeable effect on
the heat transfer.
Increasing the tube diameter leads to an increasing pressure drop.
If the tube spacing is kept constant and the diameter is increased the
area of the narrowest cross-section will decrease which results in a
higher maximum velocity and an increase in the re-circulation behind
the tubes. This gives an increase in the pressure drop but may not
necessarily mean a significant increase in the heat transfer coefficient.

2.2.2

Effects of changes in the tube arrangement

As mentioned in the previous section, the flow inside of the tube bank
depends on the tube spacing and Reynolds number. This will subsequently affect the pressure drop which has been shown to depend
strongly on these parameters. A change in the transverse tube pitch
have a large impact in the pressure drop as a decrease in the distance
will lead to a higher maximum velocity in the narrowest cross-section.
On the other hand, it appears to only give a small increase in the heat
transfer coefficient. The longitudinal pitch appears to have a larger impact on the heat transfer coefficient and reduction in DSLO will increase
the heat transfer coefficient as well as the pressure drop. According to
Mon [13] the impact of changing the tube spacing is related to the fin
diameter, the fin density and the Reynolds number.
As for plain tubes the flow over a single finned tube is different
from cross-flow over a tube bank. Mon [13] summarizes that the heat
transfer between the first and second row differs significantly and that
several previous studies agree on that the heat transfer coefficient of
the first row in the staggered arrangement is about 30 % lower than
for the second row. It is difficult to say after how many rows the heat
transfer coefficient becomes constant for a staggered arrangement. According to the literature study by Mon [13] some experiments show a
constant heat transfer after two rows while in others it takes up to
six rows before it stabilizes. The friction factor appears to remain unchanged after two rows or to be independent of the number of rows.
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2.2.3

Pressure drop correlations

There are several empirical correlations available for the pressure drop
in finned tube banks. Since there are several parameters that can affect the pressure drop in a tube bank each correlation is dependent on
the parameters used to obtain it. Therefore, to estimate the pressure
drop in a tube bank the correlation with the best fit of the parameters
should be selected. However, it should be noted that the correlations
themselves can deviate from the experimental data they are based on.
In this case two correlations were selected for comparison with the
results from the 3D CFD-simulations. The two correlations were chosen since the tube banks investigated were within the range of most
of the parameters used to obtain the correlations. The correlation that
gave the best match for the parameters was the following by Ward and
Young [32]:
Eu = 0.256 ·

Re−0.264
D



Y
DO

−0.377 

Sf
Dr

−0.396 

SL
Dr


· n,

(2.9)

where ReD is the Reynolds number based on the velocity in the narrowest cross-section between the tubes and n is the number of rows.
The rest of the parameters are defined in Figure 2.2. The pressure drop
was also compared to the correlation by Rabas et al.[22]:
0.2512  0.7593
Hf
Sf
Eu = 7.61 ·
DO
s

0.7292  0.7085  0.3791
Dr
Dr
ST
· n.
DO
ST
SL
Re−0.2336
D



(2.10)

The empirical correlations are based on staggered tube arrangements with the range of the parameters presented in Table 2.1.
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Table 2.1: Parameter range of the empirical correlations.
Ward & Young [13, 32]
Rabas et al. [13, 22]
3
4
1 · 10 ≤ Re ≤ 2.8 · 10
1 · 103 ≤ Re ≤ 2.5 · 104
11.13 mm ≤ Dr ≤ 29.13 mm 15.87 mm ≤ Dr ≤ 31.75 mm
1.42 mm ≤ Hf ≤ 14.69 mm
6.35 mm ≥ Hf
0.89 mm ≤ Sf ≤ 4.39 mm
0.63 mm ≤ Sf ≤ 2.188 mm
0.41 mm ≤ Y ≤ 0.56 mm
0.305 mm ≤ Y ≤ 0.356 mm
23.81 mm ≤ ST ≤ 61.91 mm 23.81 mm ≤ ST ≤ 42.86 mm
20.62 mm ≤ SL ≤ 53.62 mm 20.62 mm ≤ SL ≤ 50.8 mm
n≥6
n≥6
SL ≤ SD
To relate the pressure drop to the Euler number the following definition of the Euler number is used:
∆p
Eu =
.
(2.11)
2
ρUgap
For the correlations the velocity in the narrowest cross-section between
the tubes is theoretically calculated as


ST
Y
ST
Y
Ugap = U∞ ·
·
+ U∞ ·
· 1−
, (2.12)
ST − DO Y + Sf
ST − Dr
Y + Sf
where U∞ is the free stream velocity. The transverse tube spacing is
used since it is the narrowest tube spacing in the studied tube configurations. The gap velocity from the simulations was taken as the
surface averaged velocity in the narrowest section between the tubes
in the first tube row.

2.3

Film condensation

The reheater studied in this thesis utilizes hot steam in the tubes to
heat up the colder steam flowing across the tube bank. As heat is
transferred from the hot steam to the colder steam the steam inside
the tubes will start to condensate. This will create a liquid film on the
inside of the tubes which will strongly affect the heat transfer.
This can be compared to a vertical plate where the wall temperature Ts is below the saturation temperature Tsat of the vapor in contact
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with the surface. A liquid film will start to form at the top of the plate
and flows downward due to the influence of gravity. Condensation
will continue to occur at the liquid-vapor interface which causes the
film thickness to increase in the flow direction. During the condensation, latent heat of vaporization is released and transferred though
the film to the plate surface [3]. The latent heat of vaporization hf g is
the heat released as an unit mass of vapor condensates. However, in
reality the condensate is cooled below the saturation temperature to
some averaged temperature between the saturation temperature and
the temperature at the wall. Because of this, more heat will be released
which increases the heat transfer. This can be accounted for by using
the modified latent heat of evaporation h∗f g which is defined as
h∗f g = hf g + 0.68cpl (Tsat − Ts ),

(2.13)

where cpl is the specific heat of the liquid at the averaged film temperature.
The heat transfer also depends on the flow regime of the condensate. For Reynolds numbers up to 30 the flow is laminar, after that
waves start to form at the liquid-vapor interface even though the condensate film remains laminar. After a Reynolds number of 1800 the
flow in the liquid film becomes turbulent. Nusselt developed an analytical relation for the heat transfer coefficient in film condensation on
a vertical plate under the following assumptions [3]:
• The plate and the vapor are maintained at constant temperatures.
• The temperature across the film varies linearly.
• The heat transfer across the film is pure conduction.
• The velocity of the vapor is low, the flow of the condensate is
laminar.
• The properties of the liquid are constant.
• The acceleration of the condensate layer is negligible.
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This resulted in the following relation for the heat transfer coefficient for a vertical plate:
gρl (ρl − ρv )hf g kl3
h = 0.943
µl (Tsat − Ts )L


1/4
(2.14)

,

where g is the gravitational acceleration, ρl and ρv are the densities
of liquid and vapor, µl is the viscosity of the liquid, kl is the thermal conductivity of the liquid and L is the height of the vertical plate.
This relation usually underestimates the heat transfer since it does not
take the effects of the non-linear temperature profile in the liquid film
and the cooling of the liquid below the saturation temperature into account. These effects can be accounted for by using the modified latent
heat of vaporization instead which gives the following relationship for
the heat transfer in the laminar regime:
gρl (ρl − ρv )h∗f g kl3
h = 0.943
µl (Tsat − Ts )L


1/4
,

0 < Re < 30.

(2.15)

All properties of the liquid are to be evaluated at the film temperature
Tf =

Tsat + Ts
,
2

(2.16)

while ρv and hf g are to be evaluated at the saturation temperature.
When waves begin to form at the liquid-vapor interface the heat
transfer tend to increase. However, it is very difficult to analyse the
heat transfer analytically because of the waves, therefore experimental
studies have been used to obtain correlations for the heat transfer coefficient. Çengel and Ghajar [3] suggest the following correlation for
the heat transfer coefficient in a wavy laminar condensate flow:


Rekl
g 1/3
, 30 < Re < 1800.
(2.17)
hvert,wavy =
1.08Re1.22 − 5.2 vl2
Here it is assumed that the vapor density is much smaller than the
density of the liquid. The following relation is given for the Reynolds
number in the wavy laminar region:
"

Revert,wavy

3.70Lkl (Tsat − Ts )
= 4.81 +
µl h∗f g



g
vl2

1/3 #0.83
, ρv  ρl . (2.18)
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For Reynolds numbers above 1800 the condensate flow becomes turbulent and the following empirical correlation can be used
hvert,turb

Rekl
=
8750 + 58P r−0.5 (Re0.75−253 )



g
vl2

1/3
,

Re > 1800, (2.19)

still under the assumption that ρv  ρl and P r is the Prandtl number
of the condensate given by
Pr =

cp l µ l
.
kl

(2.20)

The following relation can be used to determine the turbulent Reynolds
number:
"
 1/3 #0.83
3.70Lkl (Tsat − Ts ) g
Revert,turb =
.
(2.21)
µl h∗f g
vl2
All the correlations above assume the vapor velocity to be small
and therefore the vapor drag exerted on the film is negligible. This is
usually the case, however if the vapor velocity is high the drag force
will have an impact on the thickness of the liquid film. If the vapor
flows in the same direction as the film the velocity of the liquid will
increase which decreases the film thickness. This will in turn reduce
the thermal resistance of the film and by that increase the heat transfer.
If the vapor instead flows in the opposite direction of the liquid it will
instead lead to a thickening of the film and by that a decrease of the
heat transfer.

2.4

Turbulence modeling

The governing equation of turbulent flow is Navier-Stokes equation
which for incompressible flow is defined as:

ρ

∂ui
= 0,
∂xi

(2.22)

∂ui
∂ui
∂p
∂ 2 ui
+ ρuj
=−
+µ
.
∂t
∂xj
∂xi
∂xj ∂xj

(2.23)
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However, directly solving the three-dimensional and time dependent
equations is often not possible with the given time and resources. Therefore turbulence modeling is needed and there are many different approaches with varying complexity. Most of the models are based on
Reynolds Averaged Navier-Stokes equations but Large Eddy Simulations are also becoming more common. There are also ways to combine the two approaches, for example- Detached Eddy Simulations.

2.4.1

Reynolds Averaged Navier-Stokes (RANS)

The Reynolds Averaged Navier-Stokes equations are obtained by introducing Reynolds decomposition in to the Navier-Stokes equation
and taking the average. In Reynolds decomposition the velocity and
pressure fields are split into a mean (denoted by capital letters) and
a fluctuating part (denoted by a prime). For incompressible flow the
following RANS equations are obtained:
∂Ui
= 0,
(2.24)
∂xi


∂P
∂
∂Ui
∂Ui
∂Ui
+ ρUj
=−
+
µ
− ρu0i u0j .
(2.25)
ρ
∂t
∂xj
∂xi ∂xj
∂xJ

The last term −ρu0i u0j is called the Reynolds stress term, this term is
usually modeled using the Boussinesq hypothesis as:




2
∂Ui
∂Ui ∂Uj
0 0
+
ρui uj = µt
−
ρK + µt
δij .
(2.26)
∂xj
∂xi
3
∂xi
This results in that, instead of modelling the Reynolds stress tensor
with six components, only the eddy viscosity needs to be modeled
which results in a large reduction of the complexity. Two common
eddy viscosity models are the k −  and the k − ω models.
The standar k −  model
The standard k− model is a two equation model where the turbulence
kinetic energy k and the dissipation rate  are solved together with the
RANS equations. Here the turbulent viscosity is described as
µt = C µ t

k2
,


(2.27)
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and K and  are obtained from



∂
µt ∂k
∂k
=
µ+
+ P − ρ
ρui
∂xi
∂xj
σk ∂xj

(2.28)

and
∂
∂
ρui
=
∂xi
∂xj




µt ∂

2
µ+
+ C1 P − C2 ρ ,
σ ∂xj
k
k

(2.29)

where P represents the production of turbulence kinetic energy and
σk , σ , C1 , C2 and Cµ are model coefficients. Their standard values
are: σk = 1.0, σ = 1.3, C1 = 1.44, C2 = 1.92 and Cµ = 1.3.
The standard k −  model equations are not valid in the near wall
2
region since the k term becomes singular. The equations can therefore not be integrated to the wall and instead a boundary condition is
usually set according to the log law in the inner part of the log layer
[9].
The k − ω model
In most k − ω models ω is defined as
ω≡


,
Cµ ρk

(2.30)

and the Wilcox (1988) k − ω model equations are



∂(ρk) ∂(ρuj k)
∂
ρk
∂k
+
= P − Cµ ρωk +
µ+
,
∂t
∂x − j
∂xj
ωσk ∂xj

(2.31)

and
∂
∂(ρω) ∂(ρuj ω)
αω
+
P − βρω 2 +
=
∂t
∂xj
k
∂xj




∂ω
ρk
µ+
ωσω ∂xj

(2.32)

i)
where P = τij ∂(u
, and the turbulent eddy viscosity is given by
∂xj

µt = ρk
. With the following model constants: σk = 2, σω = 2, Cµ = 0.09,
ω
3
β = 40
and α = 95 .
The k−ω model has a better prediction of flows which have boundary layers with a pressure gradient in comparison to the k− model [9].
There are no singularities of the 1/k kind in this model but ω will go
to infinity when approaching the wall. However, this has been found
to be a lesser problem and setting a "sufficiently high" value of ω at the
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wall makes it possible to integrate the equations to the wall. Typically
a grid spacing of y + ≈ 1 is used close to the wall. The y + value is the
normalized wall-distance and defined as
yuτ
y+ ≡
,
(2.33)
ν
where y is the distance from the wall, uτ is the friction velocity and ν
is the kinematic viscosity. The friction velocity is given by
r
τw
uτ =
,
(2.34)
ρ
where τw is the wall shear stress and ρ is the density.
Even though the mean flow will be mostly correctly predicted, the
model will not have the correct near-wall asymptotic behaviour for the
turbulence quantities.
The major problem with the k −ω model is that it has an unphysical
sensitivity to free stream values of k and ω because of how the turbulence interfaces are treated. A correction for this is used in the SST
k − ω model.
The SST k − ω model
In the Menter SST k − ω model a cross diffusion term is added to the
ω equation to cure the problem with the oversensitivity to free stream
values of k and ω. This results in the following equation for ω:
∂(ρω) ∂(ρuj ω)
+
= αρS 2 − βρω 2 +
∂t
∂xj



∂
ρk
∂ω
ρ ∂k ∂ω
µ+
+ 2σω2
,
∂xj
ωσω ∂xj
ω ∂xj ∂xj
where S =

q

Pω
ρK

(2.35)

and σω2 = 0.856.

The turbulent eddy viscosity is also modeled in a different way:
µt =

a1 ρk
.
max(a1 ω, S)

(2.36)

This causes the production of turbulence to be limited to the exact
form for large strain rates. The difference can for example be observed
in stagnation regions where the standard k−ω model overestimates the
turbulence production while the production limiter in the SST model
will give a physically correct solution [9].
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Large eddy simulations (LES)

The prominent difference between RANS and LES is that in RANS the
equations are derived from a time averaging while LES is described
trough the spatially filtered Navier-Stokes equation. The filtering operation is
Z
ui (x0 , t)G(x, x0 )dx0 ,
(2.37)
ūi (x, t) ≡
V

where the overbar denotes a filtered quantity and G(x, x0 )dx0 is the
filter function. The velocity can be decomposed in to the filtered (denoted by overbar) and subfilter (denoted by prime) velocity fluctuation
(2.38)
ui = ūi + u0i .
To be noted is that the filtered fluctuations are not generally zero like
they are for Reynolds decomposition. Then the filtered Navier-Stokes
equation becomes


∂ ūi
1 ∂ p̄
∂
∂ ūi
∂ ūi
SGS
+ u¯j
=−
+
ν
− τij
,
(2.39)
∂t
∂xj
ρ ∂xi ∂xj
∂xj
where the subgrid-scale related stress term is given by
τijSGS ≡ ūi u¯j − ūi u¯j .

(2.40)

A difference between RANS and LES is that in LES most of the
turbulent energy is resolved by the filtered velocity ūi while no turbulence is resolved by the mean velocity component U used in RANS.
Therefore the subfilter velocity u0i in LES only represents the smallest
subgrid-scales while the fluctuating part u0i in RANS represents all turbulent fluctuations [9].
Different subgrid-scale models have been suggested and one of the
most used is the Smagorinsky model (1963). It is an eddy-viscosity
model and mostly used because of its simplicity [9]. The modeling
approach is
τijSGS = −2νSGS s¯ij ,
(2.41)
where s¯ij is the filtered strain rate tensor and defined as


1 ∂ ūi ∂ u¯j
s¯ij ≡
+
.
2 ∂xj
∂xi

(2.42)

CHAPTER 2. THEORY

23

The subgrid-scale viscosity is related to the subgrid length and velocity scale. The length scale of the subgrid-scale turbulence is related
to the filter width and the velocity scale is derived from the resolved
strain rate. The Smagorinsky SGS model then becomes
νSGS = (CS ∆)2 S,

(2.43)

where S is the resolved strain rate and CS is the Smagorinsky constant
and ∆ is the filter width. The resolved strain rate is given by S =
√
s¯ij s¯ji , and the standard value for CS = 0.18.
Another subgrid-scale model is the WALE (Wall-Adapting LocalEddy Viscosity) subgrid scale model which is based on the square of
the velocity gradient tensor. In this model the following formula is
used for the subgrid-scale viscosity:
νSGS = (Cw ∆)2

(sdij sdij )3/2
,
(s¯ij s¯ij )5/2 + (sdij sdij )5/4

(2.44)

where Cw is a modeling constant (with a value of 0.544 in Star-CCM+),
∆ is the length scale or grid filter width and sdij is, according to Nicoud
and Ducros [17], "the traceless symmetric part of the square of the velocity gradient tensor". The product sdij sdij can be expressed as
1
2
sdij sdij = (S 2 S 2 + Ω2 Ω2 ) + S 2 Ω2 + 2IVSΩ ,
6
3

(2.45)

S 2 = sdij sdij , Ω2 = Ω¯ij Ω¯ij , IVSΩ = sdik sdkj Ω¯jl Ω¯li ,

(2.46)

where
and Ω¯ij is the anti-symmetric part of the velocity gradient tensor and
defined as:


∂ u¯j
1 ∂ ūi
¯
−
.
(2.47)
Ωij =
2 ∂xj
∂xi
The benefits of this subgrid-scale model is that it gives the proper scaling at the wall and does not require any near wall damping. It accounts
for both the strain and rotation rate of the small turbulent structures.
The model is suitable for complex geometries since only local information is required to build the eddy-viscosity and no explicit filtering is
needed [17].
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2.4.3

Detached Eddy Simulation (DES)

Detached eddy simulation is a form of hybrid RANS-LES model which
uses the fact that the RANS equation (2.25) and the LES equation (2.39)
have the same form. DES is suitable for high-Reynolds number cases
that both contains thin attached boundary layers and large separated
regions. LES is suitable for separated flows since the large scales are
easily resolved and RANS models fail to accurately describe the separated region. When it comes to thin boundary layers on the other
hand, a high grid resolution is required for them to be properly resolved by LES which would be very computational expensive. These
cases are however suitable for RANS modeling. It is therefore desirable to combine the models to obtain a good resolution of both thin
boundary layers and separated regions with less computational effort
[9].
LES can be combined with different RANS models and there are
several different formulations of the DES model. In this case the SST
k − ω Detached Eddy model with the IDDES formulation is used. To
use the SST k − ω model in a DES formulation the dissipation term in
the transport equation of the turbulent kinetic energy is modified and
a hybrid length scale is formulated.
The specific dissipation rate ω is reformulated as ω̃ and defined as
√
k
,
(2.48)
ω̃ =
lhyb φfφ
φ = F1 φ1 + (1 − F1 )φ2 ,
where fφ is the free-shear modification factor, F1 is Menter’s blending
function, φ1 and φ2 are constants, in STAR-CCM+ [24] their value is
0.09. The hybrid length scale in the IDDES formulation is defined as
lhyb = f˜d (1 + fe )lRAN S + (1 − f˜d )lLES ,

(2.49)

where fe is called an elevating function and f˜d is a modified version
of the DDES fd function. For a complete description of the IDDES
formulation the reader is referred to Shur et al. [23]. The purpose of
this formulation is to use wall-modeled LES to resolve the turbulence
closer to the wall, RANS will then be used in a much thinner near wall
region.
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Porous medium modeling

There are different approaches to model the porous medium but here
the superficial velocity formulation implemented in STAR-CCM+ [24]
is described. In this case source terms are introduced into the momentum transport equations to approximate the pressure losses.
The porosity in a porous medium is defined as
χ=

Vf
,
V

(2.50)

where Vf is the volume that is occupied by the fluid and V is the total
volume of a cell. The physical velocity will rise when the flow enters
the porous medium due to the decrease in flow area. In the superficial
velocity approach the rise in physical velocity is not computed, instead
a superficial velocity is used. The superficial velocity is then defines as
vs = χ · v,

(2.51)

where v is the physical velocity. The superficial velocity is the same in
both the porous and fluid region. It is an artificial flow velocity that
assumes that only fluid passes the cross-sectional area of the porous
medium, and neglects the solid part of the porous medium. The pressure gradient in the porous medium is modeled by adding a source
term to the momentum equations, composed of a viscous loss term
and a inertial loss term. This term can be defined as


1
fp = − Pv µvs + Pi ρ|vs |v ,
(2.52)
2
where Pv and Pi are coefficient matrices. For a homogeneous porous
medium the source term can be simplified to


µ
1
vs + Pi ρ|vs |v ,
(2.53)
fp = −
α
2
where α is the permeability and Pi is the inertial resistance factor. The
pressure drop obtained in the porous medium can then be described
as


µ
1
∆P = −fp ∆L =
v∆L + Pi ρ|v|v∆L ,
(2.54)
α
2
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where ∆L is the effective thickness of the porous medium and v is the
fluid velocity. The term Pv = 1/α is called the viscous resistance factor. By obtaining the relationship between the pressure drop and the
velocity the viscous and inertial resistance factors can be extrapolated
[31].
The heat transfer in the porous medium is modeled by specifying
an effective thermal conductivity for the porous medium in the following way:
kef f = χkf luid + (1 − χ)ksolid .
(2.55)
Here the thermal conductivity of the fluid and the solid are scaled with
regards to the porosity.

Chapter 3
Previous studies
Since the computational power has increased in resent years it has become more popular to study the flow though tube banks with help of
computational fluid dynamics. Several studies have been performed
on staggered tube banks with plane tubes in order to evaluate the accuracy of different CFD-models. Steady RANS-models, LES-models and
Direct Numerical Simulations (DNS) have been used for plane tubes
while the study of finned tubes appear to be limited to steady RANSmodels. In full scale models of heat exchangers the tube packages are
usually modeled as a porous medium.

3.1

CFD-studies of plane tube banks

For staggered tube banks with plane tubes previous studies mainly
focus on capturing the complex flow behaviour and the vortex shredding frequency. It appears to be a general opinion that 3D-simulations
are needed for this and that the steady RANS-models does not perform
very well. Instead, it seems like current research is conducted using
LES or even DNS. The computational domain usually used in these
studies is a periodic cell, shown in Figure 3.1, which only includes
one whole tube and the corners of four others. In this domain periodic boundary conditions are used on all sides and the inlet and outlet
boundaries can be linked so that the flow can be "looped" through the
domain to simulate the flow trough several tube rows.
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Figure 3.1: Schematic figure of a periodic cell computational domain.
Benhamadouche and Laurence [2] used a periodic cell to compare
the performance of LES, coarse LES and transient RANS-simulations
of the flow across a tube bank with a Reynolds number of 9000. The
results were compared to a previous experimental study and a DNS
study on the same geometry. In this case the Smagorinsky subgridscale model was used with the motivation that a previous study has
shown that the subgrid-scale model does not seem to be crucial for
simulations of tube banks. For the transient RANS simulations the
Reynolds stress transport model (RSTM) was used.
It was concluded in the study that both LES and transient RSTM
yielded satisfactory results for the 3D-simulations but that the LES results are more consistent with the compared DNS results. A slight
overprediction of the mean velocity on the side of the tube was observed and an overestimation of the stream-wise velocity fluctuations.
The wall parallel component of the fluctuations was underpredicted
at the same location. This is explained as a near wall redistribution
effect which might require a finer mesh to be well reproduced. In the
study both of the models appear to be insensitive to the coarsening of
the mesh.
Liang and Papadakis [11] decided to use a larger domain for their
LES study of a staggered tube bank with intermediate tube spacing at
a sub-critical Reynolds number of 8600. Their goal was to show that
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3D LES-simulations were able to capture the multiple vortex shedding
frequencies. Instead of using a periodic cell they included six tube
rows with two to three tubes in each row, a schematic figure of a similar domain can be seen in Figure 3.2. They set the velocity profile at
the entrance of the domain to be uniform with a turbulent intensity
equal to zero. Their validation of the assumption of zero turbulent intensity was that significantly higher r.m.s values were observed after
the second tube row than measured for the inlet. Therefore, the turbulence generated downstream would rapidly overshadow the inlet
conditions. A convective boundary condition was used for the exit,
no-slip was used for the top, bottom and cylinder walls and periodic
conditions were used in the span-wise direction. The subgrid-scale
Reynolds stress term was modeled with the standard Smagorinsky
model.
The resulting mean velocities and Reynolds stresses were compared
with measurements, obtained from 17 stations along the depth of the
tube array. The results showed that the LES-simulation gave mean velocities, r.m.s velocities and re-circulation bubble lengths that were in
good agreement with the experimental data. Two shedding frequencies were detected, which were in agreement with experimental observations, and the authors conclude that allowing the flow to develop
along multiple rows was important for successfully predict the two
shedding frequencies.

Figure 3.2: Schematic figure of a computational domain similar to that used
by Liang and Papadakis [11].
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Recently Linton and Thornber [12] performed direct numerical simulations (DNS) of transitional flow in a staggered tube bank. They
studied a range of Reynolds numbers between 1030 and 5572 with the
aim to capture the matrix transition point, which is where a second
vortex shedding frequency becomes prominent in tube banks. When
published it was the highest Reynolds number at which DNS had been
preformed for cross-flow over a tube bank. They used a periodic cell
for their simulations with a fixed inlet velocity and a fixed outlet pressure. The inlet and outlet were linked through a periodic relationship
with a constant pressure jump. They validated their numerical method
by first applying them on a single cylinder case and comparing the
results with results from literature. For the tube bank case the results
were compared to correlations. The comparison showed a good agreement in both cases. With the DNS the transition in vortex shedding behaviour could be observed as well as the shedding mechanisms before
and after the transition point.

3.2

CFD-studies of finned tube banks

When investigating previous CFD-studies of finned tube banks the focus appears to have been on estimating the heat transfer and pressure
drop with help of steady RANS-models to compare different fin geometries. Most studies have been validated with comparison to empirical correlations of the Euler and Nusselt numbers. Detailed validation
of the methods against experimental results appears to not have been
performed in the same extent as for tube banks with plain tubes. One
example of a study using LES was found, however no subgrid-scale
model was used as the flow was assumed to be laminar.
Most studies [7, 10, 13, 15, 16, 18, 26] have used computational domains with the height of one fin pitch, illustrated in Figure 3.3. The
number of rows modeled, as well as the number of tubes in each row,
vary between the studies. They also differ when it comes to whether
they use symmetry or periodic boundaries at the sides and on the upper and lower part of the domain. The heat transfer between the shell
and tube side fluid has been modeled by only including the shell-side
fluid and setting a constant temperature on either the inside or outside
of the tubes.
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Figure 3.3: The height of the computational domain.
Mon [13] used the re-normalization group theory (RNG) k- model
to analyse the temperature and velocity profiles in in-line and a staggered tube banks with plane circular fins. The purpose was to develop
new correlations for the Nusselt and Euler numbers in the Reynolds
number range from 5 · 103 to 7 · 104 . The computational model included four rows of half tubes. The boundary conditions used were
velocity inlet, pressure outlet, no-slip wall on the tubes and symmetry
plane for the sides, the upper and the lower part of the domain.
The heat transfer and pressure drop obtained form the simulations
were compared to several empirical correlations. The results were considered to agree well with several of the correlations. The deviation
in the Nusselt numbers from the simulations and the correlation that
proved the best match was within +15 % to −20 %, for the entire range
of Reynolds numbers studied. For the pressure drop the deviation was
within +30 % to −20 % from the correlation that gave the best match.
Hofmann and Walter [7] looked into the heat transfer and pressure
drop behaviour of circular and helical finned tubes with segmented
and solid fins. The aim was to study the influence of Reynolds number and fin geometry, between segmented and solid fins as well as between circular and helical fins, on the local and global averaged heat
transfer and pressure drop. They performed their simulations in the
range of Reynolds numbers between 3500 - 50 000 and compared their
results with experimental data. They employed the RNG k- model
with enhanced wall functions. The thickness of the domain was one
fin pitch and they modeled one row with one or two tubes. Velocity inlet and pressure outlet were used. The sides had a symmetry
boundary and the upper and lower boundary used periodic condi-
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tions, except for the segmented circular U-fin which used symmetry
conditions. The periodic boundary conditions were used in order to
account for the velocity distribution, momentum and heat transfer in
the z-direction. A constant temperature was set on the inside of the
tubes.
The results were compared to experimental data. The Nusselt number obtained for the segmented fins showed a ±15 % relative uncertainty from the experimental results. For the solid fins the CFD simulations showed slightly higher Nusselt numbers than the experiments
and the relative difference was approximately 13 %. When comparing the pressure drop with experimental data it was shown that for
Reynolds number below 6000 and above 20 000 the numerical results
for both the segmented and solid finned tubes gave an underestimation.
Nemati and Moghimi [15] investigated how nine different turbulence models simulated the flow over a circular finned tube bank with
four rows. The results were compared to empirical correlations for the
Nusselt number and pressure drop. The models were also compared
in more detail to each other to asses the capability of numerical models
as a flow visualization tool. The models investigated were the vorticity based and the strain vorticity based Spalart-Allmaras model, the
standard, RNG and realizable k- models, the standard and SST k-ω
models, the K-Kl-ω model and the transition SST model. The computational domain consisted of four rows and the height was one fin pitch.
Velocity inlet, pressure outlet and symmetry planes for the sides, top
and bottom were used as boundary conditions. All tube surfaces were
given a constant temperature.
There was only a small variation in outlet temperature obtained
form the models and the predicted Nusselt numbers were close to the
Nusselt number given by an empirical correlation. However, a larger
difference was observed for the estimated pressure drop. Most of the
models gave a lower pressure drop than the empirical correlation except the standard and the RNG k- models which gave a higher prediction. No direct judgment was given on the flow visualisation performance of the different models but it was noted that the k- family
was different from the others and that the K-Kl-ω, transition SST and
the SST k-ω models showed good comparability with each other.
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In a later study Nemati and Samivand [16] compared the heat transfer coefficient and pressure drop between elliptical and circular fins.
Only one tube row was modeled and the height of the domain was
one fin pitch. The boundary conditions used were velocity inlet and
symmetry planes on the sides, top and bottom. The tubes were given
a constant temperature. The mass weight average of the heat transfer
and pressure drop was calculated for the circular finned tubes in order
to compare the results with empirical correlations. Both the Nusselt
number and Euler number obtained from the CFD results were higher
than those predicted by the empirical correlations for all but one case.
Even though the results gave a relatively good agreement the authors
emphasize that the empirical correlations were based on at least four
tube rows and that a correction factor should be implemented to adjust
them to one tube row, which might significantly reduce the agreement
with the CFD results.
Ó Cléirigh and Smith [18] investigated solid, partially serrated and
fully serrated helical fins and aimed to answer whether CFD accurately could predict the heat transfer and pressure drop. Their computational domain included eight tube rows with one to two tubes in each
row, the height was one fin pitch. They studied the Reynolds number
range between 5000 - 30 000 and employed the SST k-ω model. On
both the sides and the upper and lower boundaries periodic boundary
conditions were used. A velocity condition was set on the inlet and a
constant pressure was used for the outlet. The inner walls of the tubes
were given a constant temperature.
Comparison of the variation of the Nusselt number with the Reynolds
number to that obtained with empirical correlations showed that the
CFD-predictions were within the range of the correlations. However,
as pointed out in the article, the Nusselt number predicted by the correlations varied by ±20 − 25 % at any given Reynolds number depending on the correlation chosen. The CFD-predictions of the pressure
drop laid towards the low end of the pressure drop estimated by the
correlations. Comparing the results for the plain fin with the serrated
fins showed that the computed pressure drop was sensitive to the details of the fin geometry being modeled. This was given as partial reason to the variation between the CFD predictions and the correlations
which laid between ±15 − 30 %.
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Lemouedda et al. [10] had a different approach for their CFD-model.
They limited their study of the performance of helical fins with and
without serration to Reynolds numbers between 600 - 2600 and assumed their flow to be laminar. Since the flow was laminar no turbulence model was used and they describe their model as a LES-model
without a subgrid-scale model. They modeled four tube rows and the
height of the domain was two fin pitches. The inlet was set as a velocity inlet, the outlet was set to constant pressure, the top, bottom
and sides were modeled as adiabatic slip walls and the tubes were set
to non-slip walls with a constant temperature. However, comparison
was only made between the CFD results for the solid and serrated fins
and no further comparison to either experiments or other studies in
the literature was made. Therefore no estimation on the correctness of
the model was given.

3.3

CFD-studies using Porous medium

Several studies have been performed to analyse different flow phenomenons in heat exchangers. To make this possible with a limited
amount of computational resources the tubes in the tube package can
not be modelled explicitly. Instead a porous medium can be used to
represent the pressure drop and heat transfer in the tube package.
Dehbi and Basreddine [4] used porous medium to study single
phase mixing in a steam generator mock-up and compared it to using
full geometry. Their focus laid on the accuracy of the porous medium
approach compared to a full geometry model. To model the pressure
gradient along the porous tube length a superficial velocity approach
was used. For this two coefficients need to be determined in each direction to account for an anisotropic porous medium. To obtain the
constants simulations were performed on a single U tube of mean dimensions and curvature, using a well resolved mesh. The simulations
were isothermal, using a mean base case fluid temperature, and performed for flow rates that were 25 %, 50 %, 100 %, 200 % and 400 %
of the base case value. The same procedure was performed on the
porous representation of the tube. The constants were then obtained
by requiring the pressure gradient computed for each flow velocity to
be equal for both models and applying a curve fitting procedure.
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The thermal properties of the fluid were assumed to be functions
of temperature and were obtained by interpolation between values obtained from literature. The Reynolds Stress Model (RSM) was used for
the turbulence modeling and transient calculations were performed
with a time step of 0.05 s. To obtain the mean field, averaging was
performed for three circulation times after stationary conditions were
obtained. The porous medium model showed good agreement with
the test data, however the authors pointed out that the test data might
not be extensive enough to show shortcomings in the CFD-model.
Therefore the porous model was also compared to the full geometry
model. This showed that the porous model in general gave predictions in good agreement with the full geometry.
Another example of porous medium being used to model a heat
exchanger is provided by Zhang et al. [36]. They performed a CFDsimulation of the fluid flow and heat transfer in an intermediate heat
exchanger. Their aim was to investigate the flow field and temperature distributions of liquid sodium inside the heat exchanger to improve the design. Because of the inability to model every tube in the
tube package with the given resources a porous medium approach
was adopted to model the pressure loss and heat exchange to the tube
side sodium. The superficial velocity method was used for the porous
medium. The pressure drop coefficients used for the porous medium
were obtained through experimental correlations. A dual cell model
was used to analyze the heat transfer and temperature distribution on
both the shell and tube side. This model used two overlapping porous
simulation cell zones in the same physical space that were solved simultaneously and coupled through heat transfer. The density and the
viscosity of the sodium were linearly interpolated form a table and
taken at the average temperature. For the turbulence calculations the
realizable k −  model was used. No direct comparison with experimental data was made to validate the results. However, the main
parameters of interest, heat transfer values and outlet temperature on
both shell and tube side agreed with assumed requirements with a
fractional error less than 5 %. A mesh sensitivity study was also performed which showed the results to be mesh independent.

Chapter 4
Simulation of a tube bank experiment
A CFD-model was created based on an experiment performed by Ward
[33]. This experiment was selected since one of the geometries studied
in the experiment was similar to the geometry of the tube package in
the reheater studied in this thesis. Ward [33] studied the heat transfer and pressure drop characteristics of air flowing across seven tube
banks with finned tubes and one with plain tubes. In the experiment
condensing low pressure steam was used inside the vertical tubes to
transfer heat to the air flowing across the tube bank. This was another
similarity between the experiment and the reheater since it also uses
condensing steam to heat up the tubes and film condensation would
therefore be present in both cases.

4.1

Geometry

A 3D CAD-model was created in SpaceClaim resembling the geometry
of tube bank 2 from the experiment [33]. The tube bank consisted of
165 tubes in 6 rows in a normal triangular array with ST = 23.81 mm
and SL = 20.62 mm. The tubes were made of copper and their geometry is described in Table 4.1.
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Table 4.1: Geometry parameters of the finned tubes.
Do
Dr
Di
Y
Sf
18.72 mm 15.875 mm 12.42 mm 0.41 mm 0.89 mm
In order to keep the number of cells low only a part of the tube
bank was modeled. Nine whole tubes were included in the model and
the six tubes on the sides were modeled as half tubes. This is similar
to the domain used by Liang and Papadakis [11] in their LES-study of
a tube bank with plane tubes. The number of rows was kept the same
as in the experiment since the number of rows has been documented
to affect the heat transfer and pressure drop. The CAD-model of the
geometry seen from above is shown in Figure 4.1.

Figure 4.1: The CAD-geometry of the experiment seen from above.
The fluid domain was extended approximately six diameters in
front of the tubes so that the velocity profile would have time to fully
develop. The fluid domain was extended fourteen diameters behind
the last tube row in order to make sure the entire wake would be resolved. The height of the domain was set to 23.4 mm (18 fin pitches).
To only model one fin pitch as in [7, 18, 15, 16, 26] might be suitable for
steady simulations where an eddy viscosity model is used to model
the turbulent structures. However, in large eddy simulations the large
scale turbulence is resolved and therefore it is important not to limit
the development of these structures. The largest scale of the turbulence structures are usually limited by the geometry, intuitively the
size of the largest eddies should therefore be of the same magnitude
as the distance between the tubes. Since the height of the domain is
approximately three times the largest distance between the tubes the
vortex structures should be able to develop without being limited by
the computational domain. A 3D view of the CAD-model can be seen
in Figure 4.2.
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Figure 4.2: A 3D-view of the CAD-geometry of the tube bank.

4.2

Boundary and initial conditions

The boundary condition on the inlet was set to constant velocity normal to the inlet boundary and the outlet was set to a constant pressure
outlet. The sides and the top and bottom boundaries were paired together with periodic conditions. As stated by Ó Cléirigh and Smith
[18] the use of periodic boundaries create more realistic conditions
than to use symmetry, where the heat and mass flow normal to the
boundary surfaces are constrained to zero. The tube surfaces were set
to non-slip walls and an interface was created on the boundary between the air and the tubes for the heat transfer. In contrast to many
previous studies convection was used as boundary conditions on the
inside of the tubes instead of using a constant temperature. The heat
transfer coefficient was set according to that measured in the experiment. In the experiment several measurements were made on the tube
temperature and the steam temperature in order to determine the heat
transfer coefficient. The heat transfer coefficient measured on the front
and back side of the tube differed but an average of the measurements
were taken as the boundary condition on the inside of the tubes. The
boundary conditions are shown in Figure 4.3.
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Figure 4.3: Boundary conditions.
In the experiment [33] several runs with different inflow velocities
were conducted for each tube bank. The first run on tube bank 2 was
selected for the verification model. In this run the inlet velocity was
4.339 m/s, the inlet temperature was 300 K and the temperature of
the steam heating the tubes was 377.4 K. The material properties of
the air were set according to those of dry air at 300 K and the material
properties of the tubes were set to those of copper at 300 K, the material
properties used can be seen in Table 4.2. The dynamic viscosity of the
air was set to 1.845·105 kg/m·s. For the RANS simulations the surface
roughness of the tubes was set to 0.0015 m. The initial temperature of
the tubes was set to 370 K and the heat transfer coefficient on the inside
of the tubes was set to 10856 W/m2 K with an ambient temperature
of 377.4 K. The initial conditions of the air were set to a velocity of
4.339 m/s and temperature of 300 K. The free stream turbulence level
measured during the experiment was determined to be less than 2 %
[33] and therefore a free stream turbulence level of 1 % was used in the
RANS simulations.
Table 4.2: Material properties used in the model.
Density Specific heat (Cp) Thermal conductivity
1.177
1006
26.38·10−3
Air
kg/m3
J/kg·K
W/m·K
8940
390
386
Cu
3
kg/m
J/kg·K
W/m·K
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Computational grid

A trimmed mesh with mainly hexahedral cells was generated in StarCCM+. Two different mesh sizes were used, a medium and a coarse
mesh. The base cell size was set to 1.0 cm for the medium mesh and
1.2 cm for the coarse mesh. However, two volumetric control volumes
were used to refine the mesh around the tubes. The first volumetric
control volume was created as a box enclosing the whole tube bank
and the size was set to 18 % of the base size for the medium mesh
and 22 % for the coarse mesh. An even finer zone was created around
the tubes with the shape of cylinders with a diameter of 21 mm. In this
region the size was set to 6 % of the base size for the medium mesh and
8 % for the coarse mesh. To generate orthogonal prismatic cells next to
the wall surface and boundaries the prism layer mesher was used. The
maximum velocity between the fins was estimated to be 20 m/s which
gave a maximum Reynolds number of 20600 and the boundary layer
was assumed to be laminar. The total boundary layer thickness was
estimated using Blasius solution for a laminar boundary layer over a
flat plate
x
(4.1)
δ ≈ 4.91 √ .
Re
The thickness was then estimated to 6·10−4 m based on the maximum
Reynolds number and a boundary layer length equal to the mean tube
diameter and the prism layer total thickness was set according to that.
To ensure sufficient number of points within the boundary layer the
number of prism layers was set to 11. The first layer thickness was
set to 8·10−6 m for the medium mesh which gave an y + -value below
1 for nearly all cells on the fluid/tube interface. The first layer thickness for the coarse mesh was set to 1.2 ·10−5 m which gave an y + -value
below 1.4 for a majority of the cells. The core to prism layer transition ratio was set to a maximum size/thickness ratio of 5.0 to obtain
a smooth transition between the prism layer and the rest of the mesh.
The resulting computational grid consisted of 13 million elements for
the medium mesh and 8 million elements for the coarse mesh.
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Model selection

Because of the low flow velocities the flow was deemed incompressible, a rule of thumb is that if the Mach number is below 0.3 compression can neglected. In this case the Mach number was estimated to 0.06
based on a flow velocity of 20 m/s and the speed of sound in dry air at
300 K. A segregated flow model was chosen and segregated fluid temperature was selected to include the heat transfer. The density of the
air was modelled as constant. Segregated solid energy with constant
density was chosen for the tubes.
For the RANS simulations the SST k − ω model was selected. Since
Benhamadouche and Laurence [2] augmented that the k −  models,
even the RNG k −  model, fail to accurately predict the turbulent
kinetic energy for flow through plain tube banks the SST k − ω was
considered a better choice for the simulations. Ó Cléirigh and Smith
[18] successfully used this model for their simulations of serrated and
plane finned tubes.
Even though mostly steady RANS simulations have been used to
analyse the heat transfer and pressure drop in finned tube banks it
appears that the general conclusion for the flow through plain tube
banks is that steady RANS models does not perform that well. Here
it seems that the opinion is that unsteady simulations provide better
predictions and that the results obtained from LES corresponds well
with experimental data [2, 11]. Therefore simulations of the tube bank
were also be performed using LES to see how much the results differed
from those obtained with the steady SST k − ω model. The large eddy
simulation was performed with the WALE subgrid-scale model, this
is the default subgrid-scale model in Star-CCM+. Previous studies of
staggered tube banks using LES have suggested that the selection of
subgrid-scale model have insignificant effect on the results [2].
The time step used in the LES-simulations was chosen to keep the
convective Courant number low and was set to 4·10−6 s. For the medium
mesh this resulted in a Courant number below 0.6 for nearly all of the
cells and for the coarse mesh most of the cells had a Courant number
below 1.
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Sensitivity study of fin height and heat
transfer

To see how the pressure drop was affected by a reduction in fin height
the height was reduced to 0.89 mm. This was of interest since both of
the empirical correlations used for comparison had a larger fin height
than the tube package in the reheater, further described in the next
chapter. Simulations with both SST k − ω and LES were performed for
this geometry on a coarse and medium mesh. This would also show
if the model with shorter fins was more sensitive to the turbulence
model and mesh size. The meshes were generated in the same way as
described in the computational grid section above, this resulted in 6.3
million elements for the coarse mesh and 8.8 million elements for the
medium mesh.
A sensitivity study of the heat transfer coefficient was also performed with the SST k − ω model on the medium mesh. This was
done since including the tube side fluid and the phase change would
severely increase the complexity of the model and the heat transfer
from the tube side fluid need to be modeled in a simpler way. Unless measurements are performed to determine the condensation heat
transfer coefficients other means must be used to estimate the heat
transfer. For example, using heat transfer correlations for film condensation over a flat plate. Because the heat transfer coefficients estimated
with correlations may under or overestimate the heat transfer it was of
interest to see how an increase and decrease of the heat transfer coefficient affected the results. Therefore two additional simulations were
performed on the model from the experiment with a heat transfer coefficient of 5000 W/m2 ·K and 15000 W/m2 ·K respectively.

Chapter 5
Simulation of the reheater tube
package
Three sub-models were created for a section of the tube package which
were used to obtain the pressure drop in three directions. The three directions were pure cross-flow, transverse flow and vertical flow. The
pressure drops were then used to obtain the coefficients needed to
model the tube package as a porous medium.
A fin geometry study was performed since it was desired to simplify the fin geometry to improve the mesh quality and reduce the
number of required elements. An additional simulation was performed
to see the impact of surface roughness on the pressure drop.
One simulation was preformed using LES on the cross-flow model
to see how much the results differed from those obtained by the SST
k − ω model.

5.1

Geometry and computational grid

The flow can move in different directions inside the tube package. Because of this pressure drop coefficients were desired in three directions
in the tube package, pure cross-flow, transverse flow and vertical flow.
One sub-model was therefore created for each of the directions.
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The tube package in the reheater consisted of 1102 tubes in 34 rows
in a normal triangular array with ST = 24 mm and SL = 20.785 mm.
The tubes were made of stainless steel and their geometry is described
in Table 5.1. The fin thickness was not given in the drafts and the given
value is the fin thickness used in the simulations.
Table 5.1: Geometry parameters of the finned tubes.
Do
Dr
Di
Y
Sf
19.05 mm 16.51 mm 14.31 mm 0.4* mm 0.94 mm

5.1.1

Fin geometry and Surface roughness

Because of difficulties in modeling the fin geometry from the drafts
a sensitivity study was performed to see how simplifications in the
fin geometry affected the results. Three different fin geometries were
tested, which can be seen in Figure 5.1.

(a) Fin geometry 1

(b) Fin geometry 2

(c) Fin geometry 3

Figure 5.1: Investigated fin geometries
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The geometry in Figure 5.1a mostly resembles the drawing of the
fin given in the drafts, even though the details of the geometry is not
given. However, for modeling reasons it would be desirable to simplify the geometry to that in Figure 5.1c since it would make it possible
to obtain a good near wall mesh using fewer elements. The thickness
of fin geometry 3 was decided so that the surface area would be the
same as for fin geometry 1.
The sensitivity study was performed on a sub-model, shown i Figure 5.2. Only one half tube was included in each of the six rows and
the height of the domain was set to one fin pitch. Mon [13] and Nemati and Samivand [16] only included half tubes in their models when
studying different fin geometries. The domain height was set to one
fin pitch to reduce the size of the domain, this have been used in several previous studies [7, 18, 15, 16, 26]. It was decided to include six
rows in the model so that several passages between the tubes would
be modeled. The distance before the first row was set to two Df so
that the velocity profile would have time to develop before reaching
the tubes. The distance between the last row and the outlet was set to
ten Df so that the wake would be resolved.

Figure 5.2: Domain used for the fin geometry and surface roughness sensitivity studies.
Periodic boundary conditions were used on the top and bottom,
as used in [7, 26, 18]. Since the interest lay in observing the change
in pressure drop between the geometries symmetry conditions on the
sides were seen as a suitable choice, supported by that the same conditions have been used in several previous studies of fin geometry [13,
16, 7]. The inlet velocity was set to 6.0 m/s with and inlet temperature
of 452 K and the outlet was set to pressure outlet. The heat transfer
coefficient on the inside of the tubes was set to 10000 W/m2 ·K with
an ambient temperature of 551 K. The material properties used for the
in-flowing steam and the stainless steel tubes can be found in Table
5.2 in Section 5.2. The surface was set as smooth and the free stream
turbulence level was set to 1 %.
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A mesh convergence study was performed on fin geometry 1 with
three different meshes, a coarse mesh with 2.6 million elements, a
medium mesh with 4.4 million elements and a fine mesh with 5.7 million elements. The fin geometry study was then performed using the
settings of the fine mesh which resulted in a 5.5 million cells for fin
geometry 2 and 5.7 million elements for fin geometry 3. The SST k − ω
model was selected for the turbulence modeling since it performed
well on the experiment geometry.
To investigate the impact of surface roughness the wall surface of
the tube/steam interface on fin geometry 3 was changed to rough. The
roughness height was set to 0.09 mm, which was the largest roughness
height given for a commercial stainless steel pipe [28].

5.1.2

Cross-flow model

A 3D CAD-model was created in SpaceClaim resembling the geometry
of the tube package in the reheater. The domain was set up in the same
way as the model of the experiment with nine whole tubes and six half
tubes at the sides distributed over six rows. Fin geometry 3, details are
shown in Figure 5.1c, was used to model the fins. The reason was that
the modeling benefits of using fin geometry 3 was judged more beneficial, given the limitation of time and computational resources, than
the potential increase in accuracy of using fin geometry 1. A good resolution of the fin geometry and the boundary layer could be obtained
with a fewer number of cells than for the other fin geometries. Furthermore, since the fins in the experiment model used a similar geometry it
was also known that if the mesh was good enough the model should
provide results with the same accuracy as when the experiment was
modelled.
The fluid domain was extended six diameters ahead of the tubes
and fourteen diameters behind the tubes as used in the model of the
experiment. The height of the domain was set to 22.56 mm (24 fin
pitches). The width of the model is 48 mm which is two times the
transverse tube spacing. A view of the domain can be seen in Figure
5.3.
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Figure 5.3: Cross-flow model.
To ensure that the mesh was sufficient a mesh sensitivity study was
preformed with a coarse, medium and fine mesh. Since the Reynolds
number was higher than in the model of the experiment a finer near
wall mesh was needed to keep the y + -value and the maximum core/prism
layer transition ratio low. The maximum core/prism layer transition
ratio was set to 5 for all meshes. The base size was set to 1.0 cm for
the coarse mesh, 0.9 cm for the medium mesh and 0.8 cm for the fine
mesh. To further refine the region around the tubes two volumetric
controls volumes were used. First a cubic control volume was used
which began one Df in from of the center of the tubes in the first row
and stretched 3Df behind the center of the tubes in the last row. In
this region the mesh size was set to be 18 % of the base size. The second refinement was made by enclosing every tube in a cylinder with
a diameter of 21 mm where the mesh size was set to be 6 % of the
base size. For the coarse mesh the prism layer near wall thickness was
set to 5·10−6 mm and the total thickness was set to 4·10−4 mm and 10
prism layers were used. This gave an y + -value below 2.2 for most of
the cells when the inlet velocity was set to 6.5 m/s. The medium mesh
had a near wall thickness off 4.6·10−6 mm and a total thickness 4·10−4
mm and 10 prism layers were used. This gave an y + -value below 2.0
for most of the cells. The same prism layer settings were used for the
fine mesh. This resulted in 11.9 million cells for the coarse mesh, 13.3
million cells for the medium mesh and 15.6 million cells in the fine
mesh.

5.1.3

Transverse-flow model

The model for the transverse-flow direction was created similarly to
the cross-flow model, the difference was the tube pattern. The width
between the tubes in the transverse direction is the longitudinal tube
pitch and the width in the longitudinal direction is half the transverse
tube pitch. An overview of the domain can be seen in Figure 5.4.
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Figure 5.4: Transverse-flow model.
Since the flow velocity in the transverse-flow model was much
lower than in the cross-flow model a coarser mesh could be used. Two
different meshes were tested for the transverse-flow, a coarse and a
medium mesh. Both used the same volumetric control as the crossflow model to refine the mesh around the tubes. The medium mesh
had a base size of 0.9 cm, a prism layer near wall thickness of 5.8·10−5
m and a total prism layer thickness of 4·10−4 m with 8 prism layers.
This gave an y + -value below 1.8 for a free stream velocity of 0.65 m/s.
The medium mesh had a base size of 1.0 cm, 8 prism layers, a near wall
thickness of 6·10−5 m and a total thickness of 4·10−4 m which gave y + value of 1.9. The medium mesh had in total 4.3 million cells and the
coarse mesh had 4.2 million cells.

5.1.4

Vertical-flow model

A different approach was used for the vertical-flow model where a
periodic cell domain was used instead of several tubes and rows. In
this case only one whole tube was included and then the corners of
four others. All sides were linked with periodic boundary conditions,
shown in Figure 5.5. This makes the domain symbolise a tube in the
middle of the tube package.
Fin geometry 3 was used for the tubes, the width of the domain
was the transverse tube pitch while the length was two times the longitudinal tube pitch. The height of the domain was set to 112.8 mm
(120 fin pitches). A higher domain was used in this model since this
was the direction of interest.
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Figure 5.5: Vertical-flow model.
The inlet was at the bottom boundary and the outlet was on the
top boundary. The inlet was modified so that the velocity would enter
the domain parallel to the outer edge of the fins, illustrated in Figure
5.6. Otherwise some of the flow would enter directly beneath a part of
the fin, due to the helical shape, which would not be possible in reality
and would result in an unrealistically high pressure drop.
Two different meshes were investigated, a medium mesh with a
base size of 0.85 cm and a fine mesh with a base size of 0.8 cm. Both
used a volumetric control volume with the shape of a cylinder with a
diameter of 21 mm around the tubes where the mesh was refined to 6
% of the base size. The prism layer mesh had a near wall thickness of
5·10−6 mm and the total thickness of 4·10−4 mm with 10 prism layers.
This resulted in 9.9 million cells for the medium mesh and 11.6 million
cells for the fine mesh.
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Figure 5.6: Part of the inlet of the vertical-flow model.

5.2

Boundary and initial conditions

The boundary and initial conditions were based on pressure and temperature data from the 30th of January 2019. Since no run-time measurements of the mass flow existed the mass flow given in the heat
balance diagram of the power plant was used. The boundaries were
set in accordance with the model of the experiment where periodic
conditions were used for the sides and top and bottom boundaries of
the fluid domain (except the vertical flow case). The velocity condition was used on the inlet and the pressure condition was used for the
outlet. The outsides of the tubes were modelled as no-slip walls with
a smooth surface. A convection boundary condition was used on the
insides of the tubes.
The fluid medium flowing across the tubes is overheated steam
which enters the reheater with a temperature of 452 K, an absolute
pressure of 8.76 bar and a mass flow of 170 kg/s. The steam exits the
reheater with a temperature of 534 K and an absolute pressure of 8.37
bar. The reference pressure was set to the mean pressure of 8.565 bar.
The material properties of the steam were based on the mean pressure and mean temperature in the reheater, which is 493 K. This gave
a dynamic viscosity of 1.68·10−5 kg/m·s [27]. The rest of the material properties can be seen in Table 5.2 where the material properties
used for the tubes are also given. The tubes are made of stainless steel
(X3CrTi17).
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Table 5.2: Material properties used in the model [35, 8, 27, 25].
Density Specific heat (Cp) Thermal conductivity
3.92
2248
38·10−3
Steam
3
W/m·K
kg/m
J/kg·K
7700
460
25
Stainless steel
3
kg/m
J/kg·K
W/m·K
The inlet temperature was set to 452 K and the turbulence intensity was set to 1 % for all simulations. The theoretical mass flow into
one section of the tube package is 8.95 kg/s. The density at the inlet
temperature is 4.47 kg/m3 and the inlet area is 0.332 m2 . Based on this
the velocity magnitude of the fluid entering the tube package is 5.95
m/s. The main flow direction should be the longitudinal direction
and the highest velocities were therefor used for the cross-flow model.
For the cross-flow model the inlet velocities were set to 6.5 m/s and
5.5 m/s respectively so that the theoretically calculated velocity was
in between.
Since the flow in the transverse direction should be very small it
was set to 10 % of the inlet velocities used for the cross-flow model.
The transverse-flow model was therefore run with flow velocities of
0.65 m/s and 0.55 m/s respectively. The flow enters the reheater at the
bottom and it is therefore possible that the vertical component of the
flow entering the tube package is high. Therefore the velocities at the
inlet of the vertical-flow model was set to 5.5 m/s and 4.5 m/s, which
was about 85 % of the velocities in the cross-flow model.

5.2.1

Condensation heat transfer coefficient

Since no measured data on the heat transfer between the steam flowing inside the tubes and the tubes was available the heat transfer coefficient was estimated using film condensation theory. The heat transfer
coefficient will change depending on whether the flow of the condensate film is laminar, wavy laminar or turbulent. Since the tubes in the
real reheater are 9.4 m long the condensate flow will become turbulent.
However, all flow regions will exist in the reheater and the heat transfer coefficient in the upper part of the reheater might not be the same
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as in the lower part. To see the difference the length of each flow region
was estimated based on the Reynolds number and the corresponding
heat transfer coefficients for the regions were calculated. The mean
heat transfer coefficient for the entire reheater was then calculated by
multiplying the heat transfer coefficient for each region with their percentage length and adding them together.
The first step to estimate the heat transfer coefficient was to determine the film temperature according to Equation 2.16. The saturation
temperature of the steam was 551 K, according to the heat balance diagram of the power plant. Since the wall temperature was unknown
the surface average tube inner wall temperature obtained from the film
sensitivity studies (with a heat transfer coefficient of 10000 W/m2 ·K)
was used as an initial guess. This gave a film temperature of 547 K
and the properties of the condensate were determined at this temperature. The density of the vapor and the latent heat of evaporation were
determined at the saturation temperature. The properties used in the
calculations are show in Table 5.3 where the subscript c denotes properties of the condensate and v is the subscript for the vapour.
Table 5.3: Properties used to calculate the heat transfer coefficient
[35].
cpl
5179 J/kgK
g
9.82 m/s2

ρl
761 kg/m3
ρv
32 kg/m3

kl
νl
0.59 W/mK 1.26·10−7 m2 s
hf g
Tsat
2256000 J/kg
551 K

µl
9.59·10−5 Pa·s
Twall
543 K

The beginning of the wavy region was determined by finding the
length where the correlation for the wavy Reynolds number, given
by Equation 2.18 was approximately 30. The beginning of the turbulent region was determined in the same way by using Equation
2.21 for the turbulent Reynolds number and finding the length where
the Reynolds number became approximately 1800. This gave that the
wavy laminar region began after approximately 8 mm and the condensate flow became turbulent after 1242 mm. Equation 2.15 was used to
estimate the heat transfer coefficient for the laminar, wave free region.
Equation 2.17 was used for the wavy laminar region and Equation 2.19
was used for the turbulent region. The resulting heat transfer coefficients, the Reynolds numbers used to obtain them, their percentage
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of the tube length and the resulting mean heat transfer coefficient are
shown in Table 5.4.
Table 5.4: Heat transfer coefficients due to film condensation.
Region
Re
Percentile of length
HTC
Laminar
30
0.10 %
23275 W/m2 ·K
Wavy Laminar
1800
14.7 %
8953 W/m2 ·K
Turbulent
14760
85.2 %
9355 W/m2 ·K
Whole tube
0 - 14760
100 %
9309 W/m2 ·K
The heat transfer coefficient in the laminar region is much higher
than the others due to the short length. Because of the small percentage
of the tube length that have laminar flow the laminar heat transfer
coefficient will have a negligible impact on the overall heat transfer.
Most of the condensate flow in the tube will be turbulent and the heat
transfer coefficient for the whole tube is close to that of the turbulent
region. The calculated heat transfer coefficient is close to the initial
guess of 10000 W/m2 ·K and a tube wall temperature of 542 K should
be close to that obtained for the calculated heat transfer coefficient.
The heat transfer coefficient used as boundary condition at the insides
of the tubes for the simulations of the tube package was set to 9500
W/m2 ·K.

5.3

Model selection

The steam was considered incompressible since the Mach number was
estimated to be 0.045 for a flow velocity of 24 m/s. The speed of sound
used was that of overheated steam at a temperature of 493 K and a
pressure of 8.565 bar which was 533 m/s [35]. The gas was also assumed to have constant thermodynamic properties since the temperature and pressure change in the tube package was assumed to be small
enough to have a negligible impact. Because of this the same model selection could be used as for the simulation of the experiment which
had shown to give good predictions of the pressure drop and heat
transfer. This included solving for segregated flow with segregated
fluid energy for the heat transfer in the steam and segregated solid energy for the tubes. Since the SST k − ω model had given predictions of
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outlet temperature and pressure drop in line with LES for the experiment model it was decided to use this model. Since at least six simulations were needed to calculated the coefficients for the porous medium
the computational benefits of using the steady SST k − ω model overweighted the potential improvement in accuracy. One simulation was
performed on the cross-flow model with LES to see how much the
pressure drop predictions differed between the models. For the LES
simulation the WALE subgrid-scale model was used and the time step
was set to 4·10−6 s, which gave a convective Courant number below 2.

5.4

Calculation of porous medium coefficients

For an isotropic porous medium the pressure drop in Equation 2.54
can be rewritten into the following equation
∆p
= (Pi |v| + Pv )v,
L

(5.1)

where ∆p is the pressure drop, L is the length of the porous region, v
is the free stream velocity and Pi and Pv are coefficients. In this case
the desire is to determine Pi and Pv so that the porous medium gives a
pressure drop corresponding to that of the full scale geometry for the
relevant flow velocities. Therefore the pressure drop can be seen as a
polynomial depending on the velocity and the two coefficients. Pi and
Pv can then be determined by obtaining the coefficients for the polynomial. To do this the pressure drop for the two different flow velocities
are plotted together with a zero pressure drop for zero velocity. Then a
second order polynomial is fitted to the three points and its coefficients
are taken as the values for Pi and Pv . These values will give pressure
drops similar to the full geometry for flow velocities that are close to
those used to obtain the coefficients.
To test that the obtained Pi and Pv gave a reasonable pressure drop
the tubes in the cross-flow model were substituted with a porous medium
of the same size. The pressure drop for the porous medium was then
determined for an inlet velocity of 6.5 m/s to verify that it matched
that obtained with the full geometry.

Chapter 6
Simulation of the reheater
To be able to simulate the entire reheater with the given computational
resources the tube package and the perforated plates were modeled
as a porous medium. The procedure to obtain the coefficients for the
tube package is described in the previous chapter. The procedure to
obtain the pressure drop over the perforated plates are described in a
following section in this chapter.
The main component of the reheater is the tube package, shown
in Figure 6.1, the tubes have been substituted with a porous medium.
This is where the heat exchange occurs and it is also assumed to be the
largest source of the pressure drop in the reheater. At the top of the
tube package is the tube sheet where the tubes are fastened and the
hot primary steam enters the tubes. The tube package is then divided
into 19 sections by metal sheets. At the side are plates that forces the
steam to flow across the tube package into the middle of the reheater.
At the bottom is the drain box with a drain pipe for the condensed
steam and a recirculation pipe for the remaining primary steam. The
secondary steam enters the reheater at the bottom and a curved plate
0.6 m above the inlet helps to redirect the steam outwards and aims
to protect the drain box from damage. The secondary steam exits at
the top of the reheater after it has passed through the tube package.
Perforated plates are mounted on the inside of the tube package. These
were originally meant to sit on the outer side to even out the flow
distribution but due to a manufacturing error they are now mounted
on the inside instead.
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Figure 6.1: Components in the tube package.
The reheater contains four tube packages, however due to symmetry only one tube package and a fourth of the reheater needed to be
modeled. Figure 6.2 shows the model of the reheater from three sides.
Only the components essential to the flow of the secondary steam were
included in the model.
The reheater is placed between the high and low pressure turbines
and before the steam enters the reheater it passes through the moisture
separator. During run time pressure and temperature data is measured
at the outlet of the high pressure turbine and at the inlet of the low
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Figure 6.2: The model of the reheater seen from three sides.
pressure turbine. This data is used as the foundation for the boundary
and initial conditions. The pressure after the high pressure turbine on
the 30th of January 2019 was 8.76 bar and the temperature was 452 K.
The inlet pressure for the low pressure turbine was 8.37 bar and the
temperature after the reheater was measured to 534 K. The mass flow
into the reheater is according to the heat balance diagram 170 kg/s.

6.1

Pressure drop over the perforated plates

To obtain the pressure drop over the perforated plates simulations
were performed on a section of the plate using SST k −ω for turbulence
closure. The pressure drops were then used to calculate the coefficients
that were to be used to model the plates as a porous medium. To ob-
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tain the coefficients only one hole needed to be included in the model
since the holes were placed symmetrically and in-line on the plate.
The model was made so that the fluid entered a 26x26 mm2 quadratic
area with a constant velocity. After 60 mm the fluid reached the plate
which made the domain narrow down to a cylinder. The cylinder had
the diameter of the holes in the investigated plate and a length of 8
mm, which is the thickness of the plate. After that the fluid came in to
a new cubical volume with the length of 250 mm. This is illustrated in
Figure 6.3.

Figure 6.3: The fluid domain used for obtaining the pressure drop over the
perforated plates, seen from the side.
For the simulations constant mass flow was used on the inlet boundary, constant pressure was used on the outlet. The top, bottom and
sides were given symmetry conditions. No-slip walls were used as the
boundary conditions for the surfaces that presented the plate, the front
and back side of the plate and the surface around the hole. Figure 6.4
shows where symmetry and no-slip wall boundary conditions were
used.

Figure 6.4: Symmetry conditions are used on the top, bottom and sides while
no-slip wall conditions are used to represent the plate.
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Since the fluid can only pass though the plate in one direction two
simulations were needed for each hole diameter to determine the coefficients for the porous medium in the flow direction. There are three
different hole diameters used on the perforated plates in the reheater,
15.5 mm, 16 mm and 17 mm. If the mass flow is assumed to be equally
distributed between the different sections a mass flow of 8.95 kg/s
reaches each of the perforated plates. This gives an approximate mass
flow rate of 0.018 kg/s for the modeled section. Therefor it was decided to use a mass flow rate of 0.017 kg/s and 0.019 kg/s as inlet
boundary conditions for the simulations. The perforated plates are
mounted on the inside of the tube package (outflow side) and the inlet
temperature should be approximately the same as the outflow temperature from the reheater. The pressure was assumed to be the same
as the outlet pressure. This gave a density of 3.49 kg/m3 and a dynamic viscosity of 1.85 Pa·s [35, 8, 27], for a temperature of 534 K and
a pressure of 8.37 bar. The pressure on the outlet was set to 8.37 bar.
The coefficients for the porous medium were obtained according
to Chapter 5.4. To test that the calculated Pi and Pv gave correct estimations of the pressure drop the region with the hole was substituted
with a porous region. The porosity factors were calculated using Equation 2.50. Then a test run was performed for ta mass flow 0.017 kg/s
for each of the perforated plates with the calculated Pi and Pv .

6.2

Boundary and initial conditions for the
reheater

In the model the fluid volume is separated in an outer fluid, the region before the steam passes through the tube package, and an inner
fluid, after the steam has passed trough the tube packages. The inlet
is at the bottom of the outer fluid volume and the outlet is on the top
of the inner fluid volume. The link between the fluid regions are two
porous regions, the porous region symbolizing the tube package and
the porous regions substituting the perforated plates. Interfaces were
created on the boundaries between the porous and fluid regions. A
schematic figure over the boundary conditions used for the fluid regions are shown in Figure 6.5.
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Figure 6.5: The boundary conditions for the inner and outer fluid regions.
The inlet was set to constant mass flow with an absolute temperature of 452 K. The mass flow was increased linearly from 80 kg/s to
170 kg/s during the 400 first iterations to obtain convergence. Since
the perforated plates in this reheater is mounted on the inside instead
of on the outside the pressure drop over the plates will be higher, as the
temperature increase increases the dynamic viscosity of the steam. The
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two reheaters in the power plant are linked to the same inlet and outlet
channel and the mass flow distribution between the two reheaters will
adapt so that the same pressure drop is obtained in both. Therefore
two additional simulations were performed where the mass flow was
changed to 168 kg/s and 166 kg/s respectively.
The turbulence intensity and length scale were estimated based on
fully developed pipe flow. The turbulence intensity was given by the
following equation [19]
−1/8

I = 0.16Redh ,

(6.1)

in this case the hydraulic diameter dh is the same as the diameter of the
inlet pipe which is 1.8 m. The inlet velocity is approximately 60 m/s
which gives a Reynolds number of 7.2·106 and turbulence intensity of
2.2 %. The turbulence length scale was estimated using the following
equation [20]
l = 0.038dh ,
(6.2)
which gave a turbulence length scale of 0.0684 m. Since the inlet to
the reheater lies after the high pressure turbine more turbulence might
be present than for a case with only pipe flow. Therefore an additional simulation was performed where the turbulence intensity was
increased to 10 %, which would correspond to a high-turbulence case
[19]. The turbulent length scale was set 5 % of the diameter of the
reheater inlet, which in this case was 0.09 m.
It was assumed that most of the pressure drop would occur upstream and inside the reheater and the outlet pressure was therefore
set to 8.37 bar, disregarding the pressure drop that occurs in the pipe
between the reheater and the low pressure turbine. The metal surfaces
in the reheater are modeled as no-slip walls. Since hot primary steam
with a temperature of 551 K flows in the re-circulation steam pipe and
condensate with a temperature of 546 K flows in the drain pipe and
drain box these boundaries were given a constant temperature of 535
K. This temperature was chosen since it was the average temperature
obtained on the outside of the finned tubes in the cross-flow model.
The outer side on the inner fluid outlet have been set to a symmetry
plane, this was done to avoid additional pressure drop on the outlet.
The region of interest ends at the top of the tube package and the outlet
have only been extended to prevent the outlet boundary conditions to
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interfere with the region of interest. The side walls of the inner fluid
region have been linked with a periodic boundary condition and the
same was done for the sides of the outer fluid region. In this way the
flow can pass through and enter freely at the sides like it would in the
real reheater.
Conditions used for the five porous regions representing the perforated plates are given in Table 6.1. The top and bottom region have
different porosity because they have a height of 466 mm instead of 460
mm as the other regions. All of the perforated plates have 375 holes
and a width of 722 mm. In this case the pressure drop coefficients in
the porous regions were set to an isotropic tensor since the flow can
only pass through the perforated plates in one direction. The solid
thermal conductivity was set to 25 W/m·K based on the thermal conductivity of stainless steel.
Table 6.1: Conditions used for the porous regions representing the
perforated plates.
Perforated plate Hole diameter Porosity
Pi
Plate 1 (Top)
15.5 mm
0.210
4407.2
Plate 2 - 7
15.5 mm
0.213
4407.2
Plate 8 - 13
16 mm
0.227
3814.3
Plate 14 - 18
17 mm
0.256
2768.7
Plate 19 (bottom)
17 mm
0.253
2768.7

Pv
-167.26
-167.26
-301.12
-191.73
-191.73

The pressure drop in the tube package was determined in the previous chapter, this resulted in the parameters described in Table 6.2 for
the porous region describing the tube package. Two different Pi and Pv
were used for the XX-component. The first set was based on the total
pressure drop in the cross-flow model and assumes a constant pressure drop for each row. The second set, XX-component2 , was based
on a total pressure drop for the tube package which was adjusted so
that a separate pressure drop is used for the first and last row. Only
the pressure drop for the rows inside the tube package was assumed
to be constant. How Pi and Pv were obtained from the pressure drop
is further explained in section 7.2.4.
In this case the pressure drop coefficients were entered as a principal tensor since the flow can move in all three directions inside the
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tube package. The porosity of the tube package was calculated with
Equation 2.50 and set to 0.545. The solid thermal conductivity was set
to 25 W/m·K.
Table 6.2: Conditions used for the porous region representing the
tube package.
Principal tensor
XX-component1
XX-component2
YY-component
ZZ-component

Pi
Pv
571.0411 766.9419
728.5968 -595.124
795.1062 98.37095
6.336414 -1.83932

To include the heat transfer the tube package was set to be a volumetric heat source. Since the mass flow, the specific heat of the steam,
the inlet and the outlet temperatures were known the effect of the reheater could be calculated using Equation 2.5. The effect was then
divided with the volume of the tube package which gave a volumetric
heat source of 6068757 W/m3 .

6.3

Model selection

In the previous models the density and fluid properties have been
modeled as constant based on the assumption that the flow velocities
are low enough to disregard compression and that the temperature
and pressure change would not have a significant impact. This may
not be valid assumptions for the entire reheater where the velocities,
pressure drop and temperatures are higher than in the previous models.
First to consider is whether the steam can be seen as incomressible
or not. The pressure upstream of the reheater is 8.76 bar and the temperature is 452 K, this gives a density of 4.47 kg/s and the speed of
sound is 504 m/s [35]. The inlet area is a quarter of a circle with a radius of 0.9 m, this gives an area of 0.636 m2 . The inlet mass flow is 170
kg/s and the inlet velocity then becomes 59.8 m/s, this gives a Mach
number of 0.12 and the flow can be assumed incompressible.
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Next to consider is the density variation due to the temperature
and pressure change in the reheater. The density upstream of the reheater is 4.47 kg/m3 while the density downstream of the reheater of
3.49 kg/m3 . To include the density change and the change of the rest of
the thermodynamic properties of the fluid the "IAPWS Industrial Formulation 1997 for the Thermodynamic Properties of Water and Steam"
(IAPWS IF-97) is used [30]. The formulation is already implemented in
the Star-CCM+ code and the accuracy is considered to be well within
what is needed for the simulations of the reheater. More information
about the formulation can be found in Appendix A and the original
article by Wagner et al. [30].
Most of the simulations were performed using the SST k −ω model,
one simulation was performed using DES with the SST k−ω model. To
ensure mesh convergence three different meshes were tested, a coarse
mesh with 5.3 million cells, a medium mesh 6.3 million cells and a
fine mesh with 8.2 million cells. A polyhedral mesh was used for all
regions in the reheater. The inner fluid region had a base size of 6 cm,
14 prism layers, a prism layer stretching of 1.2 and a prism layer total
thickness of 3 mm. For the DES simulation the time step was set to
2.3·10−6 s to ensure a low convective Courant number.

6.4

1D-analysis

An additional 1D-analysis was performed using RELAP5 to obtain
the mass flow distribution. The motivation was to compare the mass
flow distribution obtained from 1D with that obtained from the 3Dsimulation to see how much they differed.
In the 1D-analysis the reheater was described as a system of pipes
with the same cross-sectional area as the real geometry. The pressure drop in the tube package and over the perforated plates were
described using the pressure loss coefficient ξ. The pressure loss coefficient could be obtained using the following Equation [21]:
ξ=2

∆p
.
ρV 2

(6.3)

To obtain the pressure loss coefficient the total pressure drop of the
entire tube package was calculated using the pressure drop obtained
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from the cross-flow model. The pressure drop inside the package was
assumed to be constant and a linear fit was made for the pressures
measured behind row 1 to 5. This gave a pressure drop of 547.4 Pa
that was multiplied with the 32 rows inside the packaged. Then the
pressure drop for the first and last row was added to obtain the total pressure drop for the 34 tube rows. This was made for the two
velocities used in the cross flow model and the mean pressure drop
coefficient was calculated. The pressure drop for the perforated plates
could be taken directly from the simulations and here a mean pressure
loss coefficient was calculated from the two velocities used for each of
the plates.
The equivalent diameter was calculated for the pipes representing
the outer fluid, inner fluid, perforated plates and tube packages so that
the pipes would have the same cross-sectional area as the real geometry. The hydraulic diameter was also calculated for the pipes representing the outer and inner fluid. The cross-sectional areas, equivalent
diameters, hydraulic diameters and loss coefficients are given in Table
6.3.
Table 6.3: Cross-sectional areas, equivalent diameters, hydraulic diameters and loss coefficients used in the 1D-model.
Pipe
Outer fluid
Inner fluid
Tube package 466 mm
Tube package 460 mm
Perforated plate top
Perforated plates D15.5
Perforated plates D16
Perforated plates D17
Perforated plates bottom

Area
1.9186 m2
0.8998 m2
0.3840 m2
0.3790 m2
0.3364 m2
0.3321 m2
0.3321 m2
0.3321 m2
0.3364 m2

Deq
1.5629 m
1.0703 m
0.6992 m
0.6947 m
0.6545 m
0.6503 m
0.6503 m
0.6503 m
0.6545 m

Dh
ξ
0.9151 m
0.6608 m
0.5953 m 226.1308
0.5904 m 226.1308
0.5664 m 20.0920
0.5620 m 226.1308
0.5620 m 17.2948
0.5620 m 12.5701
0.5664 m 12.5701

The pressure loss coefficient for the tube package was implemented
on the junction between the outer fluid and the tube package. The
pressure loss coefficients for the perforated plates were implemented
on the junction between the tube package and inner fluid. Figure 6.6
is a schematic figure of the pipe system used for the 1D-analysis.

66

CHAPTER 6. SIMULATION OF THE REHEATER

Figure 6.6: Schematic figure of the 1D-pipe-system.
To include the temperature change in the tube package a constant
temperature heat source was used on four elements in the pipe representing the tube package. The heat source was given a constant temperature of 534 K and a heat transfer area of 30000 m2 . The point of
setting a large heat transfer area is that the fluid rapidly will be heated
up to the temperature of the heat source. This is not a correct representation of the heat transfer in the tube package but that was not the
point, the reason to included the heat transfer was so that the fluid
would have the right temperature and density when it left the pipes
representing the tube package.

Chapter 7
Results
In this chapter the results form all simulations are presented and analyzed. The fist section concerns the simulation of the tube bank experiment. The second section contains the results from the simulations of
the reheater tube package. The results from the simulations of the entire reheater are presented in the third section. The general conclusions
drawn from the results are presented in the following chapter.

7.1

Tube bank experiment

The aim of the simulation of the tube bank experiment was to estimate
the performance and accuracy of the CFD models. This was partly
to verify that the chosen domain and boundary conditions provided
realistic results but also to compare the difference between using the
SST k-ω model and Large Eddy Simulation with the WALE subgridscale model. The measured results and estimated error margins from
the experiment are shown in Table 7.1.
Table 7.1: Data obtained in the experiment and the error margin in
the measurements [33].
Outlet Temperature Error margin Pressure drop Error margin
345.9 K
0.1 K
510.6 Pa
13.3 Pa
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The mesh sensitivity study showed a small difference between the
coarse and medium mesh, when it came to outlet temperature and
pressure drop, for both models. The results from the different meshes
for both SST k − ω and LES are shown in Table 7.2 and their difference
from the results obtained from the experiment.
Table 7.2: The temperature and pressure drop obtained and their difference from the results obtained in the reference experiment [33].
Mesh/Model
Coarse SST k − ω
Medium SST k − ω
Coarse LES
Medium LES

Tout
348.5 K
349.0 K
352.3 K
352.6 K

Difference Pressure drop Difference
+0.75 %
484.3 Pa
-5.15 %
+0.89 %
487.1 Pa
-4.60 %
+1.76 %
497.8 Pa
-2.51 %
+1.94 %
498.3 Pa
-2.41 %

The predicted outlet temperature differed about 0.1 % between the
coarse and medium mesh for both SST k − ω and LES. The predicted
pressure drop barely differs between the meshes for LES. For the SST
k − ω model the difference was less than 1 %. This shows that the
results sensitivity to the mesh was low and indicates that a further
refinement of the mesh is unnecessary in this case.
The velocity profiles obtained from SST k − ω and LES for the original fin height are shown in Figure 7.1. The velocity field shows a similar behaviour to that observed by Umeda and Yang [29] when they
visualized the flow in staggered tube packages with plain tubes. The
intersecting main streams limit the wakes and a nearly symmetrical
wake is observed behind each tube inside the tube bank. A larger wake
is observed behind the last row where it is no longer restricted by the
main stream. However, small asymmetries can be seen in the wakes,
especially in the LES profile. This indicates that the helical fins interfere with the symmetry of the flow. More asymmetry is shown in the
LES profile due to the fact that the larger scale vortices are completely
resolved.
The differences in the velocity field also reflects upon the temperature field. The increased turbulence from the LES increases the heat
transfer rate and a higher temperature is obtained for the outlet. The
temperature field given by SST k − ω and LES can be found in Appendix B.
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Figure 7.1: Velocity profiles, SST k − ω to the left and LES at 0.1 s to the
right.
The heat transfer coefficients are show in Figure 7.2. A large increase in the heat transfer coefficient (HTC) can be seen after the first
row which has a much lower HTC. According to Mon [13] the increase
is usually around 30 %, however in this case the increase is 84 % for
SST k − ω and 76 % for LES. As no measurements of the heat transfer
coefficient are given for each row in the experiment [33] it is difficult

70

CHAPTER 7. RESULTS

to say if the model correctly predicts the heat transfer coefficient for
each row. The mean heat transfer is on the other hand given to be 130
W/m2 K in [33] and compared to this the simulations overpredict the
mean heat transfer coefficient with 1.5 % - 2.3 %. The SST k − ω model
gives a mean HTC of 132 W/m2 K while LES gives a mean HTC of 133
W/m2 K. For the SST k − ω model the heat transfer appears to stabilize
after the fourth row while for the LES it appears to stabilize after the
fifth row.

Figure 7.2: Heat transfer coefficients for each row.
The total pressure obtained at the inlet and behind each row are
shown in Figure 7.3. A nearly linear decrease in total pressure can be
observed from the inlet until after row 5, for both SST k − ω and LES.
A larger decrease in pressure can be observed behind row 6 where the
plane for obtaining the pressure lies in the wake behind the tube package. Then a recovery is observed in the pressure and a higher pressure
is observed for the outlet. If the pressure drop in the wake behind row
6 is disregarded the pressure decreases nearly linearly with each row.
This falls in line with the theory for plane tubes where the pressure
drop in a tube package is considered to be proportional to the number
for rows. In this case LES predicted a 2.3 % higher pressure drop for
the tube package than the SST k − ω model.

CHAPTER 7. RESULTS

71

Figure 7.3: Absolute total pressure at inlet, outlet and behind each row
obtained by SST k − ω and LES.

7.1.1

Comparison with empirical correlations

The gap velocity for the tube bank in the experiment given by Ward
[33] is 14.376 m/s. The SST k − ω model predicted a gap velocity that
was 2.09 % higher and LES gave a 0.93 % higher gap velocity. The theoretically calculated gap velocity from Equation 2.12 is 6.43 % higher
than the gap velocity given in the experiment. The gap velocity will
affect the Euler number given by the correlations by Ward and Young
[32], Equation 2.9, and Rabas et al. [22], Equation 2.10. It will also affect the corresponding pressure drop according to Equation 2.11. The
pressure drop and Euler number obtained from the simulations and
correlations are given in Table 7.3 and are compared to the pressure
drop obtained in the experiment by Ward [33].
The correlation by Ward and Young [32] is based on the geometries
used in the experiment by Ward [33] among others, and all the parameters of the tube bank are within the range of the correlation. If the
gap velocity obtained in the experiment is used the correlation overpredicts the pressure drop with 2.8 %. However, if the theoretically
calculated gap velocity is used the pressure drop is overpredicted with
nearly 15 %. Both the fin height and the tube diameter are smaller than
the parameter range for the correlation by Rabas et al. [22]. According
to the literature study by Mon [13] both a reduction in fin height and
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Table 7.3: Pressure drop and Eu number for the simulations and correlations compared to the pressure drop obtained in the experiment
by Ward [33]
Model
Gap velocity Pressure drop
Diff
SST k − ω
14.677 m/s
487.1 Pa
-4.60 %
LES
14.510 m/s
498.3 Pa
-2.41 %
Ward & Young [32] 14.376 m/s
525 Pa
2.82 %
Ward & Young [32]
15.30 m/s
586 Pa
14.77 %
Rabas et al. [22]
15.30 m/s
633 Pa
23.97 %

Eu
1.92
2.01
2.16
2.12
2.29

tube diameter lead to a decrease in pressure drop. This appears to be
the case as the correlation by Rabas et al. [22] gives a 8 % higher pressure drop than the correlation by Ward and Young [32] for the same
gap velocity. In this case the LES gives the best prediction of the pressure drop followed by the correlation by Ward and Young [32] with
the gap velocity from the experiment. The pressure drop given by the
SST k − ω model is within 5 % of the experimental value.

7.1.2

Fin height sensitivity study

The mesh sensitivity study showed that the smaller fin geometry was
slightly more sensitive to the mesh than the original fin height. The
obtained outlet temperature and pressure drop are shown in Table 7.4
and are compared to the results from the experiment.
Table 7.4: Result for fin height of 0.89 mm and the difference compared to the reference experiment [33].
Mesh/Model
Coarse SST k − ω
Medium SST k − ω
Coarse LES
Medium LES

Tout
337.7 K
337.6 K
341.1 K
341.8 K

Difference Pressure drop Difference
-2.4 %
362.4 Pa
-29.0 %
-2.4 %
376.0 Pa
-26.4 %
-1.4 %
368.0 Pa
-27.8 %
-1.2 %
378.4 Pa
-25.9 %

The outlet temperature barely differed between the coarse and medium
mesh for the SST k − ω model and only 0.2 % difference is observed
between the meshes for LES. For the pressure drop a difference of 3.6
% was observed for SST k − ω and 2.7 % difference was observed
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for LES. For both cases the outlet temperature and pressure drop increased with a finer mesh. A larger difference is observed between the
meshes when it comes to the pressure drop predictions while the difference between the turbulence models is smaller. With the larger fin
height the difference between the models was 2.3 % while in this case
with the smaller fin height the difference is 0.6 % for the medium mesh.
A larger difference is observed in the outlet temperature and the heat
transfer coefficient, shown in Figure 7.4. LES predicts a higher heat
transfer coefficient than SST k − ω after the second row and also a 1.2
% higher outlet temperature.

Figure 7.4: Heat transfer coefficient for each row.
A difference for the heat transfer coefficient compared to the longer
fins is that for the shorter fins the difference between the first and second row is smaller. It also seems like the heat transfer coefficient stabilizes faster for the shorter fins. The heat transfer coefficient from the
SST k −ω model appears to stabilize after the fourth row while the heat
transfer coefficient from LES stabilizes after the second row.
The most noticeable effect of reducing the fin height is that the pressure drop decreased with more than 20 %. That the pressure drop
decreases with decreasing fin height has been observed in previous
experiments [6] and CFD studies [13]. In the CFD study by Mon [13]
it appears that the decrease in pressure drop between a fin height of
3 mm and 5 mm is larger than the decrease observed between a fin
height of 5 mm and 7 mm. Mon [13] also observed that the total difference in pressure drop was larger for lower Reynolds numbers. For
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a Reynolds number of 8.6·103 the pressure drop increased wit 26.7 %
when the fin height was changed from 3 mm to 12 mm while for a
Reynolds number of 4.3·104 the difference was 7.1 %. One explanation
for the increase in pressure drop with increasing fin height is that the
longer fins provide more resistance to the flow due to and increase in
the thickness of the inter-fin boundary layer [13]. The increase in pressure drop for increased fin height is more prominent for low Reynolds
numbers where the boundary layer is generally thicker.
Although the reduced fin height has a large impact on the pressure
drop the impact on the outlet temperature is not as prominent. The
outlet temperature predicted by LES is 3 % - 4 % lower than the outlet
temperature predicted by the longer fins. For the SST k − ω model the
smaller fins give 2 % - 3 % lower outlet temperature.

7.1.3

Heat transfer sensitivity study

To see how much impact a change of the heat transfer coefficient would
have on the results a sensitivity study was performed with the SST k −
ω model on the experiment geometry with the medium mesh. In this
case the interest lay in determining the difference in outlet temperature and pressure drop caused by using a higher and lower heat transfer coefficient. Therefore the results obtained when using the mean of
the measured heat transfer coefficient from the experiment were used
as a reference. Table 7.5 shows the outlet temperature and pressure
drop obtained for the different heat transfer coefficients (HTC) and
how much they differ from the reference. The outlet temperature appears to be more sensitive to a decrease in the heat transfer coefficient
than an increase but the difference in outlet temperature is small for
both cases. The difference in pressure drop can be considered to be
negligible in this case.
Table 7.5: Results from the heat transfer sensitivity study.
HTC
Tout
2
10 856 W/m K 348.9 K
15 000 W/m2 K 349.3 K
5000 W/m2 K 347.5 K

Difference Pressure drop Difference
Reference
487.8 Pa
Reference
+0.1 %
487.5 Pa
-0.06 %
-0.4 %
487.1 Pa
-0.14 %
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Simulation of the reheater tube package

First the results from the fin geometry study are presented, then a comparison between the SST k − ω model and LES is made for the crossflow model as well as a comparison of the pressure drop to empirical
correlations. Lastly the pressure drop and pressure drop coefficients
for each of the models are presented.

7.2.1

Fin geometry and surface roughness study

Initially a mesh convergence study was performed with three different
meshes for fin geometry 1, Figure 5.1a. It was observed that the coarse
mesh gave a -1.3 % lower estimation on the pressure drop and the
medium mesh gave 0.9 % lower estimation of the pressure drop than
the fine mesh. No noticeable difference was observed for the outlet
temperature.
The results obtained from the fin geometry study are shown in Table 7.6. Fin geometry 2 gives a 2.3 % higher pressure drop than fin
geometry 1, while fin geometry 3 gives a 5 % lower pressure drop. To
be noted is that the pressure drop obtained for fin geometry 3 with
this domain is 16.1 % lower than the pressure drop obtained from the
cross-flow model using the same fin geometry. This could either be a
caused by the smaller domain used in this study, the symmetry boundary conditions at the side walls or a combination of both. Nevertheless, it implies that the domain size and the boundary conditions on
the sides have a considerable impact on the obtained pressure drop.
Table 7.6: Results from the fin geometry sensitivity study.
Geometry
Tout
Difference Pressure drop Difference
Fin 1
380 K Reference
3164 Pa
Reference
Fin 2
380 K
0%
3236 Pa
+2.3 %
Fin 3
382.5 K
+0.5 %
3005 Pa
-5.0 %
When the surface of fin geometry 3 was changed from smooth to
rough with a roughness height of 0.09 mm the observed increase in
pressure drop was 0.3 %. Since a roughness height of 0.09 mm was
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the largest given for a commercial stainless steel pipe [28] and the increase in pressure drop could be considered to be small, it was deemed
reasonable to use a smooth surface for the rest of the models.

7.2.2

Comparison between SST k − ω and LES

When comparing the pressure drop from LES with that from the SST
k − ω model the difference observed is larger than it was for the model
of the experiment. In this case LES predicts a 7.2 % higher pressure
drop while it only predicted a 1.5 % higher pressure drop for the model
of the experiment. This suggests that this case is more sensitive to the
model selection than the experiment case was.
The absolute pressure for the inlet, outlet and behind each row are
shown in Figure 7.5 for SST k − ω and LES. The inclination of the LES
curve between row 1 and 5 is steeper than for SST k−ω which indicates
that LES predicts a higher pressure drop for each row inside the tube
package than the SST k − ω model.

Figure 7.5: Absolute pressure at inlet, outlet and behind each row obtained
by SST k − ω and LES.
Figure 7.6 shows the heat transfer coefficient for each row. The heat
transfer coefficient for the first and third row is higher for LES while
the SST k − omega model gives a higher heat transfer coefficient for the
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rest of the rows. The average heat transfer coefficient is 1.2 % higher
for LES. The small difference observed between the fifth and sixth row
indicates that the heat transfer rate becomes constant after the fifth
row.

Figure 7.6: Heat transfer coefficient for each row obtained by SST k − ω and
LES.
Since the difference in heat transfer is small only a 0.4 % difference
was observed for the outlet temperature. The SST k − ω model predicted an outlet temperature of 482.0 K while the LES model predicted
an outlet temperature of 483.9 K. The temperature fields can be found
in Appendix C.
The velocity profiles from both models are shown in Figure 7.7.
It can be seen in the velocity field that some vortex shedding occurs
which is likely a reason behind the difference in pressure drop obtained from the SST k − ω and the LES model. As all RANS models
the SST k − ω models ability to handle vortex shedding is limited.
Here LES have an advantage since it resolves the larger eddies and
only model the smaller scales. LES is also time dependent while SST
k−ω uses time averaging, this causes the velocity filed obtained by SST
k − ω to be smoother and more uniform than that obtained by LES. It
can also be seen that even though the gap velocities for the first row is
nearly the same the maximum velocities observed in the tube package
are much higher for the LES case.
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Figure 7.7: Velocity profiles, SST k − ω to the left and LES at 0.07 s to the
right.

7.2.3

Comparison with empirical correlations

The pressure drop obtained for the cross-flow model was compared
to the correlation by Ward and Young [32], given by Equation 2.9, and
the correlation by Rabas et al. [22], described by Equation 2.10. These
correlations are based on the parameters given in Table 2.1. The tube
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package in the cross-flow model is within all parameters for the correlation by Ward and Young [32], except the fin height Hf . In this case
it is 1.27 mm, which is 10 % smaller than the smallest fin height in the
given range. Based on the fin height sensitivity study performed in
this thesis, the CFD study performed by Mon [13] and the literature
study presented by Mon [13] a reduction in fin height gives a decrease
in the pressure drop. It is therefore likely that the correlation will predict a higher pressure drop than the simulations. The same goes for
the correlation by Rabas et al. [22] where the fin height is supposed to
be more than 6.35 mm and it should therefore give a higher pressure
drop prediction than the simulations.
The transverse tube spacing is used to calculate the theoretical gap
velocity with Equation 2.12 since it is the narrowest tube spacing in
this tube configuration. The gap velocity from the simulations was
taken as the surface averaged velocity in the gap between the tubes
in the first tube row. The pressure drop from the simulations and the
correlations are presented in Table 7.7.
Table 7.7: Pressure drop for the cross-flow model.
Model
SST k − ω
LES
Ward & Young [32]
Rabas et al. [22]
SST k − ω
Ward & Young [32]
Rabas et al. [22]

Uinlet
6.5 m/s
6.5 m/s
6.5 m/s
6.5 m/s
5.5 m/s
5.5 m/s
5.5 m/s

Ugap
Pressure drop
24.14 m/s
3580 Pa
24.15 m/s
3837 Pa
24.10 m/s
4140 Pa
24.10 m/s
4310 Pa
20.42 m/s
2643 Pa
20.40 m/s
3100 Pa
20.40 m/s
3210 Pa

Eu
1.57
1.68
1.82
1.89
1.62
1.90
1.97

The theoretically calculated gap velocities are very close to the gap
velocity obtained from the simulations. However, as expected the
pressure drop predicted by the correlations are higher than the pressure drop obtained from the simulations. The pressure drop predicted
by Ward and Young’s correlation [32] is 13.5 % - 14.7 % higher than
that predicted by the SST k − ω model and 7.3 % higher than the pressure drop predicted by the LES. The pressure drop predicted by Rabas
et al. [22] is 17.0 % - 17.7 % higher than that predicted by the SST k − ω
model and 11.0 % higher than the pressure drop predicted by the LES.
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Pressure drop and porous medium coefficients

The mesh sensitivity study showed that for the cross-flow model the
fine mesh gave a 1.1 % higher pressure drop than the medium mesh
and a 1.2 % lower pressure drop than the coarse mesh. For the transverse flow model the fine mesh gave a 0.9 % lower pressure drop than
the medium mesh. The vertical flow model was more sensitive to the
mesh and the medium mesh gave a 4.7 % higher pressure drop than
the fine mesh.
Two simulations with different velocities were performed for each
of the models to obtain pressure drops that could be used to calculate
Pi and Pv , used as coefficients for the porous medium. The results are
showed in Table 7.8.
Table 7.8: Pressure drop and coefficients for the different directions.

Flow direction Velocity
Cross-flow
6.5 m/s
Cross-flow
5.5 m/s
Transverse
0.65 m/s
Transverse
0.55 m/s
Vertical
5.5 m/s
Vertical
4.5 m/s

Pressure drop
Pi
Pv
3580 Pa
571.0411 766.9419
2643 Pa
31.61 Pa
795.1062 98.37095
23.29 Pa
20.48 Pa
6.336414 -1.83932
13.54 Pa

Pi and Pv were calculated according to the description in Chapter
5.4 and the porosity was calculated using Equation 2.50, which gave a
porosity of 0.545 for the tube package. The coefficients were checked
by creating a porous domain in the same size as the tube packages
used for the simulations.The same flow direction as in the cross flowmodel was used and the inlet velocity was set to 6.5 m/s. This gave
a pressure drop of 3581 Pa and proved that modeling the tube package as a porous medium with the obtained coefficients gave the same
pressure drop as the real geometry.
In this case only six rows have been included in the model and
the coefficients given in Table 7.8 assumes that the pressure drop over
these six rows is representative for the entire tube package. This assumption is true if the pressure decreases linearly with each row. However, as seen in Figure 7.8, the pressure drop is higher for the first row.
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Figure 7.8: Pressure for inlet, outlet and row 1 - 5.
A linear fit from inlet to outlet gives a pressure drop of 586.4 Pa for
each row with a root mean square error of 87.4 Pa for an inlet velocity
of 6.5 m/s. For an inlet velocity of 5.5 m/s the pressure drop is 400.9
Pa for each row with a mean square error of 61.5 Pa. To obtain a better
fit only the pressure drop from row 1 - 5 is considered to vary linearly.
This gives a pressure drop of 547.4 Pa for each row and a mean square
error of 40.5 Pa for a velocity of 6.5 m/s. For a velocity of 5.5 m/s the
pressure drop for each row is 384.9 Pa and a mean square error of 40.4
Pa. The pressure drop is shown in Figure 7.9.
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Figure 7.9: Pressure drop for each row and the fitted lines.
The decrease in the mean square error shows that it is more accurate to only assume that the pressure drop is constant inside the tube
package. To obtain the pressure drop for the entire tube package the
pressure drop can be multiplied with the number of rows inside the
package and then the pressure drops for the first and last row will be
added. With this methodology a new set of Pi and Pv were calculated
for the cross-flow direction, showed in Table 7.9. In this case the pressure drop for the entire tube package has been used, which includes 34
tube rows. Since the pressure drop for each row (except the first and
last) is smaller, these coefficients will lead to a lower pressure drop in
the tube package.
Table 7.9: Adjusted pressure drop coefficient for the cross-flow direction.

Flow direction Velocity Pressure drop
Pi
Pv
Cross-flow
6.5 m/s
18973.8 Pa
728.5968 -595.124
Cross-flow
5.5 m/s
13229.8 Pa
In this case Pv is negative which is due to the fact that for the two
pressure drops and velocities used to obtain the coefficients this value
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gave the best polynomial fit. However, for low velocities this will result in an unrealistic behaviour of the pressure drop as the negative
linear term will be more significant. For the high velocities in this case
the quadratic term will overshadow the linear term and therefore the
porous medium gives adequate predictions of the pressure drop for
these velocities.

7.3

Simulation of the entire reheater

The results from the simulations of the flow of secondary steam in
the reheater is presented in this chapter. Table 7.10 is also included
to show the results from the simulations of the perforated plates that
were performed to obtain the coefficients for the porous medium.
Table 7.10: Results from the simulations of the perforated plates.
Hole diameter
15.5 mm
16 mm
17 mm

Velocity Pressure drop
Pi
7.21 m/s
1821 pa
4407.2
8.05 m/s
2274 Pa
7.21 m/s
1567 Pa
3814.3
8.05 m/s
1958 pa
7.21 m/s
1139 Pa
2768.7
8.05 m/s
1423 Pa

Pv
-167.26
-301.12
-191.73

The coefficients were tested by substituting the section with the
hole with a porous region. Then the pressured drop over the porous
medium was obtained at an inlet velocity of 7.21 m/s for each of the
hole diameters. These simulations showed that the pressure drop over
the porous medium was the same as the pressure drop obtained over
the holes for this velocity. This was taken as confirmation that the coefficients gave an adequate pressure drop over the porous medium for
velocities close to those they were based on.
For the model of the entire reheater the initial mesh sensitivity
study with the SST k − ω model showed that the coarse mesh with 5.3
million elements gave a 0.5 % lower prediction of the pressure drop,
0.5 % higher prediction of the mass flow in the top section of the tube
package and a 0.2 % lower prediction of the mass flow in the bottom
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section than the fine mesh. The only noticeable difference between the
medium mesh with 6.3 million elements and the fine mesh with 8.2
million elements was that the medium mesh predicted a 0.2 % higher
mass flow for the top section of the tube package. Based on this the
mesh was considered to be well converged and the fine 8.2 million
mesh was used for the rest of the simulations.

7.3.1

Temperature, density, velocity and pressure

The temperature field in the reheater is shown in Figure 7.10, the density field in Figure 7.11, the static pressure field in Figure 7.12 and the
velocity field in Figure 7.13.

Figure 7.10: Temperature field.

Figure 7.11: Density field.
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Figure 7.12: Pressure field.

Figure 7.13: Velocity field.
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The temperature field shows that a small increase in temperature
occurs before the steam reaches the tube package. This is due to the
higher temperature on the steam pipes warming up the surrounding
fluid but also that the temperature of steam increases with increasing static pressure, shown in Figure 7.12. This is also partly the reason behind the temperature stratification observed after the steam has
passed through the tube package. The pressure difference is however
not large enough to solely cause the temperature difference observed
between the outlets of the different sections, showed in Figure 7.14.

Figure 7.14: Surface average outlet temperature from each of the sections of
the tube package.
The temperature difference between the bottom (section 19) and
the top (section 1) of the tube package is about 10 K. This is mainly
due to the velocity difference between the sections. An indication of
this is seen in Figure 7.13 but it is more clearly seen in Figure 7.15
which shows the inlet and outlet velocities for each section of the tube
package. An increase in the velocity of the secondary steam flowing
through the tube package will decrease the amount of heat transferred
to the steam. This causes the outlet temperature to be higher for the
sections where the flow velocity is lower.
The increase in velocity observed through the tube package is due
to the decrease in density, as can be seen in Figure 7.11. Since the density of steam is dependent on temperature and pressure, the temperature increase in the tube package leads to a decrease of the density.
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Figure 7.15: Surface average inlet and outlet velocity from each of the sections of the tube package.
Figure 7.16 shows the total pressure at the inlet of each section of
the tube package. Some fluctuations can be seen due to fluctuations
in the pressure and velocity fields. These fluctuations are however
relatively small.

Figure 7.16: Surface average inlet pressure for each of the sections of the tube
package.
A clear decrease in static pressure can be seen between the bottom
part of the inner fluid and the outlet. This is also seen for the total
pressure at the outlet of the tube package. The total pressure in Figure
7.17 shows a nearly logarithmic increase from the top section to the
bottom section of the tube package.
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Figure 7.17: Surface average outlet pressure for each of the sections of the
tube package.
Figure 7.18 shows the pressure drop for each of the sections of the
tube package. The pressure drop in the tube package shows a similar
behaviour as the velocity for most sections as a higher flow velocity
leads to a higher pressure drop. Contradictory to this, the pressure
drop for section 15 - 17 is higher than the adjacent sections while the
velocity is lower. The probable reason behind this is that there is a
pocket of hotter steam in front of these sections, increasing the dynamic viscosity entering the tube package and by that the pressure
drop.

Figure 7.18: Pressure drop for each of the sections in the tube package.
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A smaller difference in the pressure drop is observed between section 7 and 8, and section 13 and 14 than for the other sections. The
reason behind this is the change in hole diameter, and by that pressure
loss over the perforated plates. The first seven plates have a hole diameter of 15.5 mm, then the hole diameter is increased to 16 mm for
the following six plates and the last six plates have a hole diameter of
17 mm. This shows a connection between the pressure drop in the tube
package and the pressure drop over the perforated plates, showed in
Figure 7.19

Figure 7.19: Pressure drop over the perforated plates.
The main driving force for the steam is the pressure difference and
it will therefore mainly dictate the resulting velocity and mass flow
distribution between the sections. Therefore the influence of the perforated plates can be seen in the mass flow distribution in Figure 7.20.
As for the velocity field a lower mass flow than expected, based on
the pressure drop, is seen in section 15 - 17. This indicates that factors
as temperature, density and viscosity of the steam also affect the mass
flow distribution in the reheater.
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Figure 7.20: Mass flow distribution for each of the sections in the tube package.

7.3.2

Impact of tube package pressure loss

Changing Pi and Pv in the cross-flow direction for the tube package
affects the pressure drop in the tube package but not over the perforated plates. Changing Pi from 728.6 to 571.0 and Pv from -595.1 to
766.9 increases the average pressure drop over the tube package from
19500 Pa to 21100 Pa. As seen in Figure 7.21 the pressure drop for the
sections of the tube package have the same behaviour although Pi and
Pv are changed. However, the difference in pressure drop is smaller
for the first sections than for the last sections.
Based on Figure 7.22 this leads to a larger mass flow in the first
three sections and a lower mass flow for the last four sections. The
maximum difference is observed for the second section and amount to
a 0.9 % higher mass flow when the pressure drop in the tube package
is higher. In the case with the lower pressure drop the difference in
mass flow for the first and last section is 1.95 kg/s while for the higher
pressure drop the difference is 2.11 kg/s.
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Figure 7.21: Pressure drop for each section of the tube package with the
different Pi and Pv .

Figure 7.22: Mass flow into each section of the tube package with the different Pi and Pv .

7.3.3

Impact of inlet turbulence

When the turbulence intensity is increased to 10 % and the length scale
is increased to 0.09 m, from an intensity of 2.2 % and a length scale of
0.0654 m, the pressure drop in the tube package increases from 21100
Pa to 21200 Pa. For both cases a Pi of 571.0 and a Pv of 766.9 were used.
The increased turbulence affects the heat transfer from the steam pipes
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and by that the temperature distribution in the steam before it reaches
the tube package might be changed.
According to Figure 7.23 the pressure drop for the first three sections is lower, when the turbulence intensity is higher, while the pressure drop for the rest of the sections is increased.

Figure 7.23: Pressure drop for each section of the tube package with the
different turbulence length scale and intensities.
With increasing turbulence intensity and length scale it seams like
the larger surface area of the top and bottom sections have a lager impact on the pressure drop and mass flow in the sections. From Figure 7.24 it is clear that the mass flow through the top section is much
higher than for the following sections. The largest difference is observed for the second section where the mass flow is 3.3 % lower for
the case where the turbulence intensity and length scale are higher.
The lower mass flow in the top section and the increased mass flow
through the bottom section decrease the mass flow difference between
the top and bottom of the tube package to 1.86 kg/s.
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Figure 7.24: Mass flow into each section of the tube package with the different turbulence length scales and intensities.

7.3.4

Comparison with 1D-analysis

The pressure drop coefficient used in the 1D-simulation corresponds
to the 3D-simulation with a Pi of 728.6 and a Pv of -595.1. The mass
flow distribution from the 1D and 3D-simulations are shown in Figure
7.25.

Figure 7.25: Mass flow into each section of the tube package with the different turbulence length scales and intensities.
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The 1D-model gives a lower mass flow for the upper half of the
tube package and a higher mass flow for the lower part. The largest
difference in the mass flow predictions is observed for the first section
where the 1D-model predicts a 4.0 % lower mass flow. Although the
mass flow is lower for the top half of the reheater the behaviour is
similar to the 3D-model. The second largest difference is observed for
section 14 - 17, here the 1D-model predicts a 2.6 % - 3.5 % higher mass
flow. The models behave different here as the 3D-model predicts the
lowest mass flow for section 16 while the 1D-model predicts the lowest
mass flow for section 18. A reason for this appears to be that the mass
flow from the 1D-simulation is more affected by the pressure drop over
the perforated plates, Figure 7.19. In the 3D-model on the other hand,
changes in static pressure, temperature, density and viscosity before
the tube package might play a more important role. Nevertheless, it is
clear that the 1D-model gives a more even mass flow distribution and
the difference between the top and bottom section is 1.43 kg/s. For the
3D-model the difference between the top and bottom section was 1.95
kg/s which is 30 % higher than for the 1D-model.

7.3.5

Detached Eddy Simulation

The DES gives a higher total pressure drop over the tube package and
perforated plates, shown in Figure 7.26. The largest difference is observed for section 16 where the DES predicts a 3.2 % higher pressure
drop than the SST k − ω model.
Although DES predicts a higher pressure drop than SST k − ω the
difference in the mass flow distribution is smaller. Figure 7.27 shows
that the most noticeable difference is seen for the two bottom sections.
Here DES gives a 1.3 % lower mass flow for section 18 and a 1.7 %
lower mass flow for section 19. This gives a larger difference between
the mass flow in the top and bottom section. DES gave a difference of
2.06 kg/s while the SST k − ω model gave a difference of 1.95 kg/s.
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Figure 7.26: Total pressure drop over the tube package and perforated plates
for each section.

Figure 7.27: Mass flow into each section of the tube package obtained by
DES and SST k − ω.

7.3.6

Mass Flow variation

If the mass flow is reduced to 168 kg/s the pressure drop in the reheater is reduced with 3 %. If the mass flow is reduced to 166 kg/s
the pressure drop is reduced with 5 %. The mass flow distributions for
each of the sections in the tube package are given in Figure 7.28.
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Figure 7.28: Mass flow into each section of the tube package for an inlet mass
flow of 170 kg/s, 168 kg/s and 166 kg/s.
The mass flow for each section is reduced nearly proportionally to
the total mass flow reduction. When the total mass flow is reduced
to 168 kg/s the mass flow for the sections is reduced between 0.9 %
and 1.4 %. The smallest reduction is obtained in section 11 and the
largest reduction is obtained in section 9. When the total mass flow is
reduced to 166 kg/s the mass flow for the sections is reduced between
2.2 % and 2.4 %. The smallest reduction is obtained in section 5 and
the largest reduction is obtained in section 9. The difference in mass
flow between the top and bottom sections is also reduced, for a total
mass flow of 168 kg/s the difference is 1.92 kg/s and for a total of 166
kg/s the difference is 1.91 kg/s.

Chapter 8
Conclusions
In this chapter the conclusions drawn from each part of the study are
presented.

8.1

Tube bank experiment

Both LES and the SST k − ω model performed well for this geometry. They gave predictions whiting 5 % of the experimental values for
pressure drop, temperature, average heat transfer coefficient and gap
velocity. The accuracy was slightly reduced when a coarser mesh was
used. Both models underestimated the pressure drop and overestimated the heat transfer and outlet temperature with the given boundary conditions. LES gave the best predictions when it came to the pressure drop while the second best prediction was obtained, if the gap
velocity from the experiment was used, from the empirical correlation
by Ward and Young [32]. The theoretically calculated gap velocity was
6 % higher and if it was used the correlation overpredicted the pressure drop with more than 14 %. The empirical correlation by Rabas
et al. [22] which was based on tube banks with longer fins than the
investigated geometry overpredicted the pressure drop with nearly 24
%. Compared to using the correlations with a theoretically calculated
gap velocity the SST k − ω provided much better predictions of the
pressure drop.
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The fin height sensitivity study showed that a decrease in fin height
can strongly affect the pressure drop. In this case both SST k − ω and
LES gave a more than 20 % lower pressure drop than they predicted
with the longer fins. It also showed that the geometry with the shorter
fins was more sensitive to the mesh.
From the heat transfer sensitivity study it was clear that the condensation heat transfer coefficient, used as a boundary condition on
the inside of the tubes, only had a small impact on the outlet temperature and an even smaller impact on the pressure drop.

8.2

Reheater tube package

The theoretically calculated gap velocity agreed well with the gap velocities obtained from the simulations for the cross-flow model. Although, both turbulence models predicted nearly the same gap velocity for an inlet velocity of 6.5 m/s the LES model gave a 7.2 % higher
pressure drop. The correlations predicted an even higher pressure
drop. The correlation by Ward and Young [32] gave a 7.3 % higher
pressure drop than obtained from LES and the correlation by Rabas et
al. [22] gave a 11 % higher prediction. However, the fin height was in
this case below the fin height range for both of the correlations.
The pressure drop for the first and last row in the cross-flow model
differed more than the pressure drop for the rest. To assume a constant
pressure drop for each row in the tube package resulted in a higher
estimation of the total pressure drop than only assuming a constant
pressure drop for the middle rows.

8.3

Entire Reheater

The mass flow distribution between the sections in the tube package
was affected by the pressure drop over the tube package and the perforated plates but also the temperature, density and viscosity of the
steam. An increase of the pressure drop over the tube package increased the mass flow in the three top sections and reduced the mass
flow in the five bottom sections. This caused a larger difference in the
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mass flow between the top and bottom sections. The mass flow distribution in the rest of the sections was also slightly affected.
Increasing the turbulence length scale and intensity also affected
the mass flow distribution. In this case a lower mass flow was obtained
in section 1 - 3, 16 and 17 while a higher mass flow was obtained for
the rest. This led to a smaller difference in the mass flow between the
top and bottom section. An increase in the turbulence also increased
the pressure drop over the tube package.
The 1D-model gave a more even mass flow distribution than the
3D-model. The mass flow distribution from the 1D-model showed a
clear dependence upon the pressure drop over the perforated plates
while this was not as apparent in the 3D-model. The 1D-model gave
a 30 % lower estimation of the mass flow difference between the top
and bottom section than the 3D-model.
Using DES instead of only SST k − ω gave a higher prediction of
the pressure drop. The largest difference in the mass flow distribution
was observed for section 18 and 19 where DES gave a 1.3 % and 1.7
% lower mass flow. The difference in mass flow between the top and
bottom section was larger for the DES.
Decreasing the inlet mass flow in the reheater decreased the mass
flow for each section nearly proportional to the decrease in total mass
flow.

Chapter 9
Discussion
The discussion aims to relate the performed study back to the originally asked research questions presented in the introduction.

9.1

The behaviour of the flow in the reheater

The results from the study gives an overview of how the flow in the
reheater behaves. The fact that the results from the simulation of the
experiment geometry corresponded well with the measurements, presented in Section 7.1, indicates that the SST k − ω and especially LES
gave a fair representation of the flow in the tube banks. The behaviour
of the flow field, shown in Figure 7.1, also agrees with the flow visualization of a normal triangular array with plane tubes performed by
Umeda and Yang [29]. As was also observed in their flow visualization
the intersecting main streams appear to limit the vortex generation and
a nearly symmetrical flow is created around each tube. However, in
the LES the symmetry of the flow appears to be disturbed. This might
be due to the different Reynolds number but could also be caused by
the helical fins. According to Mon [13] horseshoe vortices have been
seen to develop between the fins in finned tube banks which might be
partly the reason behind the disturbed symmetry. However, it is not
investigated whether it is actually the case in these tube banks.
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The lack of experimental data to verify against is an issue when
it comes to the model of the entire reheater. Because of this it is difficult to verify how accurate the results presented in Section 7.3 are.
However, the results appears to be realistic and fall in line with expectations. The mesh dependence study performed with the SST k − ω
model showed good convergence, indicating that the grid resolution
should not be an issue for this model. The fact that SST k − ω gave
similar results to DES indicates that it is able to handle the problem
well. Therefore, the simulations can be seen as an indication of how
the flow in the reheater behaves. This can be used as a guideline to for
example, where there are regions with high velocity and where there
is circulation present. It also gives a picture of how the mass flow is
distributed in the tube package, and what it is affected by. However,
because of the uncertainty in the values on the boundaries and the lack
of experimental data to compare with it is difficult to say which of the
simulations gives the best representation.

9.2

Assumptions and simplifications

In this section the assumptions and simplifications that are judged to
have the most significant impact on the results from each model are
discussed.

9.2.1

Experiment model

A few assumptions and simplifications were made in the model of the
experiment. The major simplification made was to only include a part
of the tube bank from the experiment in the model. The same amount
of rows was kept while the height and the number of tubes in the transverse direction were reduced. This however seemed to not have any
significant effect on the results as the predictions of the CFD-model
were well in line with the measurements from the experiment. Even
smaller domains have been used in previous studies but since only a
limited comparison had been made to experimental data it was difficult to say if these domains gave an accurate prediction of the pressure
drop. In most of these cases the focus had on comparing different fin
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geometries where the difference in pressure drop was more interesting
than to accurately predict the pressure drop for the tube bank. Therefore it was desired to use a larger domain in this study so that the flow
behaviour would not be as restricted by the domain size, especially as
LES was to be used. In hindsight, it might have been better to try a
slightly smaller domain first. If this had given good agreement with
the experiment a smaller domain could have been used and hence reduced the computational costs.
Another simplification made was to refrain from including the tube
side fluid in the model. This simplification severely reduced the complexity of the model as an accurate modeling of the tube side fluid
would have involved phase change. To use a constant convection heat
transfer coefficient instead, as a boundary condition on the inside of
the tubes, showed to give good predictions of the heat transfer and
fluid temperature. However, the assumption that the heat transfer coefficient was the same on the entire tube inside might have lead to
the overprediction of the heat transfer and outlet temperature seen in
Section 7.1 . On the other hand, if a constant temperature boundary
condition had been used instead and the temperature had been set to
that of the tube side fluid the overprediction of the heat transfer and
the temperature had been larger.

9.2.2

Reheater tube package

In this model several assumption had to be made due to the lack of
information and some simplifications had to be made to reduce the
complexity of the model.
First of all was the simplification of the fin geometry, shown in Figure 5.1. Although the fin geometry sensitivity study showed a lower
pressure drop for fin geometry 3, presented in Table 7.6, it is difficult to
say how much effect it really had. Firstly, the exact fin geometry was
not know, fin geometry 1 was also an estimation. Secondly, fin geometry 3 gave a much lower pressure drop in the fin geometry study than
for the cross-flow model, presented in Table 7.7. This might be due
to the differences in the sizes of the domains and also the symmetry
conditions used on the sides in the fin geometry study. However, this
raises the thought that a smaller domain and symmetry conditions on
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the sides might not give an accurate representation of how sensitive
the model was to the fin geometry. Nevertheless, the simplification in
fin geometry made it easier to obtain a good mesh quality with fewer
elements. As several simulations would be performed with this fin geometry this reduction in the number of cells was seen as more valuable
than the potential underprediction of the pressure drop.
One assumption that might have affected the results was that the
density, viscosity and other thermodynamic properties were not affected by the pressure and temperature changes. The pressure drop
in the investigated section will not have much impact on the thermodynamic properties but the temperature change will have some effect.
Therefore it might have been better to use the IAPWS-IF97 formulation for these simulations as well. The inlet temperature should also
be changed to the mean temperature if the model was to represent
tubes in the middle of the tube package.
The next assumption is the low inlet turbulence intensity. A turbulence intensity of 1 % was used as the turbulence level was unknown
and the turbulence production in the tube package was assumed to be
large enough so that the inlet turbulence would not be as significant.
However, as the tube package is placed in a heat exchanger, where the
turbulence level is often high, the low turbulence intensity on the inlet might have led to an underestimation of the pressure drop in the
tube package. A higher turbulence intensity should also be used if
the model was to represent tubes in the middle of the tube package.
In that case the inlet turbulence level would be high to represent the
turbulence that would have been generated by the earlier rows.
It might have been better to include more rows in the tube package
model to get a better estimation of the average pressure drop in the
whole 34 row tube package. However, this would also have led to an
increase in the computational resources needed without necessarily
giving a significant improvement of the pressure drop prediction. In
fact, using six rows might be more than sufficient since the pressure
drop for row 2-5 was nearly constant, based on Figure 7.9. It is difficult
to say as there is no experimental data or previous studies of this to
compare with.
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Entire reheater

The largest simplification of the geometry was to model the tube package and the perforated plates as a porous medium. However, with
the right coefficients a porous medium should give the same pressure
drop as the real geometry would. Therefore, the accuracy in using a
porous medium to model the pressure drop should be related to the
accuracy of the pressure drop coefficients. To be noted is that the coefficients were obtained by fitting a polynomial to the pressure drops
obtained from the full scale model. This provided the coefficients that
gave the best fit for the two velocities used and necessarily not the coefficients that best described the pressure drop in the entire velocity
range. To increase the range of validity for the porous medium more
simulations could have been performed on the models with full geometry to obtain the pressure drop from more velocities. This would have
increased the accuracy of the coefficients and given a more complete
description of the pressure drop in the porous medium. The coefficients could also have been determined through another method, for
example the least squares method, to ensure only positive values for
the coefficients.
For the heat transfer in the porous medium a volumetric heat source
was used and the effect was based on the temperature difference between the outlet of the high pressure turbine and the inlet of the low
pressure turbine. In this case all heat transfer was assumed to occur
in the tube package which should be a valid assumption as the potential heat transfer from other sources should be small in comparison. In
this case the heat transfer in all of the sections was assumed to be the
same, however due to the condensation of the steam inside the tubes
the heat transfer might in reality be different in the upper and lower
part. It is likely that the heat transfer from the steam is higher in the
upper part of the tubes where the condensate film is thinner and the
thermal resistance is lower. This might even out the difference in outlet temperatures from the sections observed in Figure 7.14 and could
also affect the mass flow distribution.
An assumption that it would have been good to further investigate was the constant temperature used on the outside of the steam
pipes, drain pipe and drain box. These parts would contain primary
steam and condensate with a higher temperature than the incoming
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secondary steam and their surfaces should therefore have a higher
temperature than the surrounding fluid. However, as the temperature was unknown the surface average outside temperature obtained
on the fins in the cross-flow model was used. The heat transfer from
the primary steam and condensate to the pipes should be close to that
in the tubes. However, as the pipes have another thickness and surface area and the steam velocity was different the outside temperature
would probably be different as well. The mass flow distribution presented in Figure 7.20 appeared to be affected by the heat transferred
from the steam pipes. Therefore, it would have been useful to perform
an additional simulation where the steam pipes were considered to be
adiabatic. Then it would be possible to estimate how much the temperature variation, due to the heat transferred from the pipes, affected
the mass flow distribution.

9.3

The mass flow distribution

It is clear that 1D-analysis gives a more even mass flow distribution
than the 3D-simulations, as observed in Figure 7.25. This can partly
be due to the simplifications made in the 1D-model. The 1D-model is
based on excessive simplifications of the geometry where each part is
only modeled as a straight pipe. The heat transfer in the tube package
was also heavily simplified. It is possible to create a more detailed 1Dmodel but it will still not escape the fact that potential 3D-effects will
not be included.
From the 3D-simulations it was seen that the pressure drop in the
tube package and over the perforated plates affected the mass flow distribution, although this connection was not as clear as in the 1D-model.
Therefore, changing the pressure drop over the perforated plates may
not have much impact on the mass flow since the turbulence level
and temperature variations also seemed to affect the distribution. It
is probable that the plates would have more impact on the mass flow
distribution if they were placed on the inlet side. In this case the flow
into the tube package would be redirected before entering and the hole
in the plates would limit the scale of the turbulent structures.
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9.4

Turbulence modeling

When it comes to accuracy, Large Eddy Simulation is the best choice
for turbulence modeling. It gave the best prediction of the pressure
drop when the experiment model was compared to the experimental results in Section 7.1. It also resolves the large eddies in the flow
and is time dependent which is beneficial when investigating the flow
through a tube bank where vortex shedding might be present. On the
other hand, it is the most computationally expensive method where
one simulation with 10 million elements might cost more than 10 000
core hours. In this regard the SST k − ω model has an advantage.
In spite of its limitation when it comes to handling vortex shedding
it gave fairly good predictions of the heat transfer and pressure drop
with only a fraction of the computational resources needed for the LES
on the same domain.
When it comes to modeling the entire reheater using DES for turbulence closure should in theory be more accurately than only using
the SST k − ω model. However, not much difference was seen in the
results from the models, as stated in Section 7.3.5. To be considered is
that DES results can be more mesh depended as the regions where LES
and RANS are used depends partly on the mesh size. In this case DES
was only used in one simulation on one mesh and more difference between the models might be observed for another mesh or flow case.
Nevertheless, using DES was far more time consuming since a very
small time step was needed and in this case it did not lead to much
difference in the results compared to the SST k − ω model.

9.5

Benefits and drawbacks of 3D-modeling

The benefit of using 3D-simulations to obtain the heat transfer and
pressure drop in a tube package is that the results from a well defined
model are reliable. If the method has been properly validated its accuracy is known. It can also be used to investigate more than just the
total pressure drop and heat transfer. These are the biggest advantages of using 3D-modeling for a tube package. The biggest drawback
however, is the computational time and resources required. Is should
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preferably also be validated against experimental data, which might
be both difficult and expensive to obtain. In this regard empirical correlations have a big advantage as the pressure drop and heat transfer
can be estimated within minutes. Barely any computational resources
are needed and no geometry and flow models need to be developed.
However, the difficult part is to obtain an adequate correlation. Although the chosen correlation have a suitable range for the parameters
it is still difficult to know the accuracy of the estimation. The correlations for pressure drop can deviate 20 % or more from the data they
are based on and different correlations can give different predictions
for the same set of parameters.
The benefits of using 3D-modeling for an entire reheater is that it
can capture flow phenomena that can not be seen in a 1D-analysis. In
this way a more complete and accurate picture of the flow in the reheater can be obtained. It can also be easier to determine which factors
affect the flow. Nevertheless, it was far more time efficient to set up
the 1D-model and barely any computational resources were needed.
Therefore, 1D-simulations are still a good tool if not the same accuracy is needed, or to make a first estimation. However, to completely
rely upon them to evaluate a new or existing reheater design might be
risky. In this case it was clear that the 1D-simulations gave a mass flow
distribution that was much more dependent on the pressure drop over
the perforated plates than the 3D-simulations. In the 3D-simulations
on the other hand, other factors appeared to nearly overshadow the
impact of the plates. To solely rely upon 1D-simulations would therefore increase the risk that the focus of the analysis is directed towards
the wrong factors. However, 1D-analysis could still be a very effective
complement to 3D-analysis, especially in industry since it requires less
time and resources.
The strength of 3D-simulations compared to 1D-simulations and
empirical correlations is the potential increase of the accuracy, with
too many assumptions and simplifications it might lose this advantage. It is only beneficial to use 3D-simulations if it leads to increased
accuracy or if it can show phenomenon that can not be captured by
simpler models. Otherwise it will only lead to an increased need of
computational resources without any gain.

Chapter 10
Further work
If 3D CFD is to become the primary tool for analysis of new and existing heat exchanger designs more studies should be performed on
the accuracy of the simulations and to benchmark suitable turbulence
models. A lot of work have already been done to investigate the accuracy of 3D CFD when it comes to plain tube banks but the same should
be done for finned tubes, where validation against experimental data
is scares. It would also be good to investigate how large the domain
has to be to obtain accurate results.
Further work should also be done to compare 1D-simulations to
3D-modeling. In this case only the mass flow distribution was compared, this does not give a complete picture of the benefits and drawbacks of both modeling approaches. By further evaluating the difference between 1D and 3D-analysis for this type of reheater it would
become clearer which type of analyses could be improved by the use
of 3D-modeling and in which cases 1D-analysis is sufficient. In this
way both the design and the evaluation process of reheaters could be
improved. As mentioned in the introduction this could lead to energy
savings, improved performance and prolonged lifetime of the equipment.
To improve the predictions of the flow distribution and pressure
drop in the reheater a new set of simulations of the tube package should
be performed with inlet boundary conditions based on the reheater
simulation. These should preferably be performed using LES, since
it will improve the accuracy of the predicted pressure drop, and the
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IAPWS-IF97 formulation for the thermodynamic properties, to include
changes due to pressure and temperature. In this case the flow velocities used to obtain the pressure drop should be selected in a wider
range or more velocities should be used. This would increase the range
of velocities for which the pressure drop over the porous medium can
be considered reliable. An additional simulation of the reheater with
adiabatic steam pipes would also be beneficial to see how much the
temperature increase, due to heat transferred from the pipes, affected
the mass flow distribution.
For a better understanding of how much the wrongly mounted perforated plates affects the flow in the reheater an additional study is recommended where the perforated plates are mounted on the inlet side
of the tube package. This way it could be determine if the pressure
drop between the reheaters are different, which in turn will decide the
mass flow distribution between them. It can also show if the perforated plates more effectively even out the mass flow distribution in
this case.
To evaluate the potential damage on the tubes due to the wrongly
mounted plates an investigation is recommended for whether the mass
imbalance between the section induces vibrations. Potential flow induced vibrations could also be investigated in the tube package. However, what is required of a 3D-model to accurately predict the vortex
shedding frequencies in a finned tube package need to be investigated
further. Detailed studies have been made for plane tube banks but its
not known if the same methodology is needed, and give accurate results, for a tube bank with finned tubes. To investigate this will also be
a further step towards a more complete picture on how 3D-modeling
can be used to improve the analysis of heat exchangers.
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Appendix A
IAPWS Industrial Formulation 1997
for the Thermodynamic Properties of Water and Steam
The IAPWS IF-97 formulation for the thermodynamic properties of
water and steam is recommended for industrial use and are valid in
the ranges of
273.15 K ≤ T ≤ 1073.15 K

p ≤ 100 M P a,

1073.15 K ≤ T ≤ 2273.15 K

p ≤ 10 M P a.

In this case the steam is well within the first range. The formulation includes several regions with their own respective equations that
cover different ranges of T and p. In this case the steam in the reheater
falls into region 2 which is the vapor region and is valid for the following ranges:
273.15 K ≤ T ≤ 623.15 K
623.15 K ≤ T ≤ 863.15 K
863.15 K ≤ T ≤ 1073.15 K

0 ≤ p ≤ ps (T )
0 ≤ p ≤ p(T )
0 ≤ p ≤ 100 M P a

ps is the saturation pressure, a more detailed description for the different ranges can be found in [30]. The equations in this region is based
on a fundamental equation of the specific Gibbs free energy g. The
equation is expressed in dimensionless form and is separated into an
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ideal-gas part γ 0 and a residual part γ r as follows
g(p, T )
= (π, τ ) = γ 0 (φ, τ ) + γ r (π, τ ),
RT

(A.1)

where π = p/p∗ and τ = T ∗ /T with p∗ = 1 MPa, T ∗ = 540 K and
R = 0.461526 kJ kg−1 K−1 . All the thermodynamic properties can then
be derived from this equation. Only small deviations of the thermodynamic properties was observed for the IAPWS IF-97 formulation compared to the “IAPWS Formulation 1995 for the Thermodynamic Properties of Ordinary Water Substance for General and Scientific Use”
(IAPWS-95) formulation, one of the maximum deviations observed is
that of cp when approaching the boundary for region 3 where it could
deviate up to 0.5 percent in a few cases. To increase the computational
speed so called Backward Equations have been formulated based on
A.1. Small deviations can be observed between the Backwards equations and Equation A.1.

Appendix B
Temperature profiles, experiment
model
Temperature profiles obtained from the SST k − ω model and LES for
the experiment model.
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Figure B.1: SST k − ω to the left and LES at 0.1 s to the right.

Appendix C
Temperature profiles, cross-flow
model
Temperature profiles obtained from the SST k − ω model and LES for
the cross-flow model.
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Figure C.1: SST k − ω to the left and LES to the right.

