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ABSTRACT

Inline tube configuration is used in various heat exchangers, such as power plant superheaters.
The important design parameters are the longitudinal and transverse spacing between the tubes,
as they determine the flow and heat transfer characteristics of the tube bank. In superheaters, the
transverse tube spacing is often relatively large in order to avoid clogging of the flow passages
due to deposition of particulate matter. To design and optimize superheaters is a challenging task,
especially because of the complicated vortex-shedding phenomenon. This also complicates the
Computational Fluid Dynamics (CFD) modeling, because unsteady simulation approach is
required. This paper discusses about various factors that affect the accuracy of prediction of heat
transfer and flow characteristics of inline tube banks with large transverse spacing. A suitable
CFD model is constructed by comparing different boundary conditions, domain dimensions,
domain size, and turbulence models in unsteady simulations. The numerically obtained Nusselt
numbers are evaluated against available heat transfer correlations. The correlation of Gnielinski
is recommended for tube banks with large transverse spacing, as it agrees within £13% with the
numerically obtained values. The guidelines presented in the paper can serve as reference for

future simulations of unsteady flow phenomena.



INTRODUCTION

Inline tube configuration is widely used in numerous heat transfer applications, such as in
power plant superheaters. In power plants, the particulate matter carried by the flue gas can deposit
on the superheater surfaces and cause clogging of the flow passages. To avoid this, the transverse
spacing S of the tube columns is usually designed relatively large. In this work, inline tube banks
with large transverse spacing are studied numerically with Computational Fluid Dynamics (CFD).
A CFD based approach is presented, which can address important design questions and give
detailed information related to flow characteristic and heat transfer in superheater tube banks.

Inline tube banks have been widely studied by both experimental and numerical means.
Zukauskas [1] has developed a widely used heat transfer correlation for varying tube spacing.
Since their work, multiple correlations have been developed such as the correlations of Gnielinski
[2] and Martin [3]. However, all of these correlations have been mostly fitted to experimental data
for compact tube banks, where the transverse pitch ratio is in the range a = S;/D < 3. Little
information can be found regarding accuracy above this range, even though the flue gas side heat
transfer coefficient has a large impact on the overall heat transfer predictions and is thus an
important parameter of detailed mathematical models and simulations of superheater systems, see
[4-6]. In this work, the available correlations are evaluated against numerical simulations in the
transverse pitch ratio range 1.8 < a < 7.2, in order to find the most suitable correlation for
evaluating the convective heat transfer in the flue gas side of superheaters.

Von Karman type flow oscillations are characteristic for inline tube banks and are an
important design factor to take into consideration. The oscillations can cause tube vibrations and
generate excessive acoustic noise in the flow channels, posing challenges to the dimensioning of

the tube banks. Many authors have conducted experimental studies and developed Strouhal



number charts, which can be used for calculating the critical flow velocity where vibration
problems may occur, see [7, 8]. Ziada [9] has reported a large number of experiments and flow
visualizations for vortex shedding in various tube bank geometries. The oscillations have been
studied also numerically for tube banks with different number of tubes [10-12]. Again, the majority
of the studies have concerned compact tube bank geometries. Therefore, the oscillation
characteristics and Strouhal numbers for large transverse spacing are analyzed in this work.

In recent years, together with the rapid increase of computational resources, the numerical
CFD analysis of flow and heat transfer in tube banks has increased. The recent publications are
trending towards Large Eddy Simulation (LES), which has become a widely used tool in academic
CFD studies also for tube banks [13-15]. Compared to the Reynolds-Averaged Navier-Stokes
(RANS) methodology, the LES simulations consume significantly more CPU time, and thus, are
not practical for industrial research and development. The RANS methodology is currently the
industrial standard, but its suitability especially for unsteady simulations (URANS) has been
debated in the CFD field. Unsteady flow separation, such as in the inline tube banks, is traditionally
considered the weakness of RANS type turbulence modelling. However, the studies of laccarino
et al. [16] and Elkhoury [17] show that URANS methodology is capable of predicting the main
flow characteristics also in this kind of complex flows. Both of these studies analyze a square
cylinder in cross flow, and show that the Strouhal number and length of the separation bubble can
be reasonably well predicted with URANS approach, if compared to experimental data and LES
simulations. In the present study, the URANS simulations are further analyzed, as the inline tube
banks with large transverse spacing pose an even more challenging flow problem compared to a
single square cylinder. Multiple state-of-the-art turbulence models are examined, including two

types of Reynolds Stress Model (RSM), Scale Adaptive Simulation (SAS) and k- SST model.



THEORETICAL BASIS AND MODEL DESCRIPTION

The different tube bank geometries analyzed in the CFD simulations are presented in Fig. 1
(labelled with letters from A to E). The transverse pitch ratio a = S;/D and longitudinal pitch
ratio b = S, /D are varied from 1.8 to 7.2 and 1.5 to 2.7, respectively. Two standard tube outer
diameters D are used in the simulations (63.5 and 44.5 mm).

The velocity in the free flow channel before the tube bank is U, =5 m/s in most
simulations. This velocity represents a typical value in superheater flow channels. The Reynolds
number and Nusselt number used throughout this paper are defined using the tube bank void
fraction ¥ = 1 — /(4a) and the streamed tube length | = D /2, as follows:

Usl _—— hl
Reqj’l = W_V ; Nul = ? (1)

These definitions are used for being consistent with the heat transfer correlation of Gnielinski [2].
The mean convective heat transfer coefficient h for the tube bank is calculated from the

CFD results as:

)
- 2
h AAT, (2)

where (_2 (W) is the convective heat transfer rate of the domain tubes time-averaged over at least
ten oscillation periods in the statistically stationary solution. ATy, is the logarithmic mean
temperature difference of the flue gas across the simulation domain and A is the total surface area
of the tubes.

The simulation domains used in this work are presented in Fig. 2. The periodic domain (a)
has a width of S, a length in the flow direction of 55, , and a height of three tube diameters. Five
heat transfer tubes are included to ensure sufficient domain length in the main flow direction.

Periodic boundary conditions are used in all domain boundaries unless otherwise stated. The two-
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dimensional periodic simulations presented in the work are calculated with similar domain but
with zero height. The results of larger 2D domain of 144 tubes (label (b) in Fig. 2) are compared
to the periodic simulations. The large domain has periodic boundaries on the domain sides,
constant inlet velocity and pressure outlet boundary conditions. All meshes used in this work have
the first cell y* close to one and consist of hexahedral mesh elements. Sufficient mesh resolution
for different simulation domains is reached by conducting a mesh independence study for
geometry B and Rey ; = 5690, results presented in Table 1.

Material properties and other constants for the simulations and heat transfer correlations
are presented in Table 2. The properties are those for a flue gas containing N2, Oz, CO and H20O
in a temperature of 914 K, representing average temperature in a superheater. The tube surface
temperature is constant at 612 K. Constant material properties are used, because temperature
dependent values cannot be used with periodic boundary conditions in ANSYS Fluent 17.1.

The numerical CFD solutions are obtained with the Finite-Volume Method using
commercial ANSYS Fluent 17.1 software [18], but also OpenFOAM [19] is examined for code
comparison. The governing equations of fluid flow and heat transfer are described in fluid
dynamics books. All simulations are conducted time-dependently with the domain maximum
Courant number at approximately 0.6. The first order implicit scheme for time derivatives is used
in 2D simulations, whereas the bounded second-order implicit scheme is used in 3D simulations.
QUICK scheme is used for evaluating the cell face gradients for convective terms. URANS
methodology is chosen for its reduced calculation time compared to LES. The turbulence closure
problem is solved with multiple different turbulence models.

Two different types of 7-equation (5 egs. in 2D) RSM’s are evaluated. RSM is a closure

model that solves transport equations for each independent Reynolds Stress, and thus is not based



on the Boussinesq hypothesis. The two formulations differ by treatment of the pressure-strain term
and turbulent dissipation variable. The first model uses the Linear-Pressure-Strain formulation and
solves ¢ as a variable for turbulent dissipation, labelled RSM-LPe¢ in this work. The second model
uses the Launder-Reese-Rodi formulation for pressure strain and solves w to describe turbulent
dissipation [18]. It treats the wall boundary layers similarly as the standard k-« —model of Wilcox
[20], and is labelled RSM-w.

In addition to the RSM-models, the SST formulation of k-o —model and the SAS are
examined. The k- SST is a 2-equation turbulence model based on the Boussinesq hypothesis. It
is known to be efficient for solving complex boundary layer flows. The SAS model, on the other
hand, is a relatively new model and can be considered as URANS model with LES-like scale
resolving capabilities. It keeps track of a turbulent length scale and adjusts the resolved turbulence
structures during the solution procedure. In this work, the k- SST formulation of SAS is used.
More information about all described models can be found in the ANSYS Fluent theory guide
[18]. Only the k-« SST model is used in OpenFOAM simulations.

The main equations for the analyzed heat transfer correlations are presented in Table 3.
The correlation of Gnielinski [2] is recommended for inline tube banks in many heat transfer
books, detailed description can be found in VDI Heat Atlas [21]. Zukauskas correlation is
historically the oldest and still widely used, see description in [22]. Martin [3], on the other hand,
has demonstrated the usefulness of the Leveque analogy for many types of heat exchangers. The
Leveque analogy correlates the convective heat transfer rate to frictional pressure drop calculated
from the correlation of Gaddis and Gnielinski [23]. The correlation is relatively new, but already

recommended in some heat transfer books such as [24]. A shortcoming of Martin correlation [3]



is that is only recommended for transverse pitch ratios of a < 3, because of the validity range of

Gaddis and Gnielinski pressure drop correlation [23].

RESULTS AND ANALYSIS

Effect of domain on CFD results

With large superheater tube banks, the choice of simulation domain is not trivial because numerous
different possibilities exist. Simulation for a complete tube bank is not computationally feasible,
because to ensure sufficient boundary layer mesh resolution with even moderate Re-numbers, the
cell count rises very high already in 2D simulations. Because a tube bundle consists of a repeated
pattern of tubes, it can be divided into smaller periodic or symmetric domains to save CPU time.
Different approaches have been adopted, such as assuming the tube rows as hexahedral platens
[25], simulating one gap between the tube rows using symmetry boundary conditions [26], or
simulating only a few tubes using periodic boundary conditions [27]. The effect of simulation
domain and boundary conditions on the CFD heat transfer predictions is analyzed in this section
in order to clarify how the different choices affect the simulation results. Thus, the results can serve
as reference for future studies where unsteady flow phenomena in tube banks is studied.

The analyzed factors here are the effect of domain dimensions (2D vs 3D), the effect of the
domain size (large domain of 144 tubes versus vs periodic domain of 5 tubes) and the effect of
boundary conditions (symmetry vs periodic). The results are presented in Fig. 3, which shows the
typical time-varying heat flux signal for a single tube in the domain, calculated with the k- SST
model. The domain dimensions do not significantly affect the heat transfer predictions (graph on
the left), as both the 2D and the 3D domains predict the same time-average heat flux and oscillation

frequency. However, the amplitude of the fluctuations is slightly higher in 2D simulation. The



similarity is surprising, as the 3D results show that there are significant velocities in the direction
parallel to the tubes (Z-direction). The maximum Z-velocities in the domain are close to the free
channel velocity U,, = 5 m/s. To demonstrate the three-dimensional nature of the flow field, the
vortex structures and the local heat flux on the tube surfaces are demonstrated in Fig. 4 (SAS
turbulence model). The figure indicates that the strongest 3D vortices develop after boundary layer
separation from the tubes. The velocity field close to the tubes is more 2-dimensional, partly
explaining the similarity of the 2D and 3D heat transfer predictions.

The graph on the right side of Fig. 3 shows that the choice of the boundary conditions has
very large effect on the heat transfer predictions. Both simulations are calculated with periodicity
in the flow direction, but in the symmetry case the domain sides are defined symmetric (see label
(a) in Fig. 2), meaning the velocity gradients are zero and no flow goes through the boundary. The
symmetry condition reduces the flow oscillations significantly and results in 20% weaker time-
average heat transfer rate for the tubes. As seen later, the periodic simulations agree very well with
the heat transfer correlations, thus indicating that symmetry boundaries are not recommended for
tube bank simulations where significant oscillations occur. A larger domain with multiple tube
columns might result in better predictions if symmetry conditions are used on the domain sides.

Fig. 5 shows the results for the larger simulation domain with 144 tubes in geometry B (see
label (b) in Fig. 2) and Rey ; = 5690. The simulation has been conducted with OpenFOAM solver
using 2D domain and the k- SST model. The Fluent and OpenFoam codes were initially
compared with small periodic domain, both giving the same Nusselt number within 0.5 %
accuracy. As Fig. 5 indicates, the heat flux varies for different tube rows in the large domain, and
a mean Nusselt number of 58.8 is obtained for the tube bundle. This is close to the value of 64.0

obtained with the small 2D periodic domain and very close to the heat transfer correlation of



Gnielinski [2] (Nu, = 58.7). For more detailed comparison of the simulation domains, Fig. 6
shows the heat flux signals as a function of time for two tubes in the large domain (in rows 6 and
19) and for one tube in the small periodic domain. In the large domain, the heat flux signal for the
tube in row 6 varies consistently in time, whereas for the tube in row 19 the signal becomes more
chaotic. However, the Fast Fourier Transform (FFT) reveals nearly the same characteristic
frequency for both tubes (20 Hz). The heat flux signal is very similar for the tube in the small
periodic domain, confirmed by nearly the same characteristic frequency (23 Hz). The results
indicate that the periodic simulation domain is able to predict the unsteady behavior of the tube
bundle and provide useful information with considerable savings in the CPU time.

Comparison of Turbulence Models

The different turbulence models are compared in Fig. 7. The k- SST model is kept as a baseline
model (solid lines) and the other models (dashed lines) are compared to its results. The figure
shows the typical heat flux oscillations for single tube in the domain (second complete tube in Fig.
2 a). Graph (a) in Fig. 7 shows the comparison of SAS and k- SST models in geometry B (3D).
SAS predicts a slightly lower mean and standard deviation for the heat flux compared to k- SST.
The fluctuations, however, have nearly same oscillation period and the flow fields are visually
very similar.

Graph (b) in Fig. 7 shows the results for k- SST and RSM-w for geometry C (2D). The
Reynolds Stress model predicts slightly lower average heat flux and its standard deviation. With
this geometry, the heat flux and force oscillations are more complicated and have multiple
characteristic frequencies. Both turbulence models predict the high standard deviation of (g) =~ 2
kW/m? for this geometry, and the FFT signals are similar with both models. No significant

differences between these models are observed.
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Finally, graph (c) in Fig. 7 compares the k-« SST and RSM- LPe for geometry E (2D). The
RSM-LPe model predicts significantly lower heat transfer rate and standard deviation. The
remarkable difference is that the RSM-LP¢ model shows nearly perfect periodicity in the solution,
while the k- SST has more chaotic heat transfer signal. The RSM-LPe has also been tested in
different tube bank geometries and similar periodicity prevails. The model predicts systematically
lower heat transfer rates compared to k- SST, especially for the compact tube bank geometries
(see Fig. 9). This indicates that the model is not suitable for complex boundary layer simulations,
especially so in the compact geometries where the boundary layers become even more dominant
part of the flow field.

Fig. 8 compares the temperature fields of k- SST and RSM- LPe for geometry B during
one flow oscillation period. One flow oscillation period results in two heat transfer peaks shown
in Fig. 7, as the flow attaches on the tube surface once from both sides of the tube. The different
behaviour of the models in the boundary layer can be clearly identified in Fig. 8. The k-w SST
model results in more complex vortex structures after flow separation and the flow field is overall
more nonlinear.

The turbulence model comparison concludes that the best turbulence models for the present
application are the models adopting the k-« formulation of Wilcox [20] for the boundary layer.
The SAS, k-w SST and RSM-w all use this formulation and give very similar results for the heat
transfer and flow field behaviour. The RSM-LPe¢ cannot accurately predict the complex boundary
layer phenomena and underpredicts the heat transfer rate especially in more compact geometries.
This is most probably characteristic also for other ¢-based turbulence models, such as the different

k-¢ models.
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Comparison to Heat Transfer Correlations

The simulation results for the mean Nusselt number of different tube bank geometries are
compared with the heat transfer correlations in Table 4. The numerical results are calculated with
the k-0 SST model. All results are presented in the Nusselt number form of Gnielinski [2], Eq. (1).
The correlation of Martin [3] is only valid for the transverse pitch ratios a < 3. Therefore, its
values are only presented for the compact tube banks (geometries D and E).

The comparison in Table 4 shows that the CFD results are remarkably close to the
correlation of Gnielinski. The maximum difference occurs with the largest transverse pitch ratio
a = 7.2, for which the Gnielinski correlation predicts 13% smaller Nusselt number than the CFD
simulation. For all other geometries, the Nusselt numbers are within £+8%. The additional
simulation with smaller tube diameter of 44.5 mm in Geometry C agrees very well with the
Gnielinski correlation as well.

The correlation of Zukauskas [1] predicts generally higher Nusselt numbers compared to
Gnielinski [2] and CFD results, especially with increasing transverse pitch ratio a. The Nusselt
numbers are nearly constantly 15% above the ones from CFD. Good agreement between the Martin
correlation and CFD results is obtained for the compact tube bank geometries D and E.

It is concluded that the CFD heat transfer results agree very well with the available
correlations. The results give additional reliability for the correlation of Gnielinski in the large
transverse pitch ratio range (a > 3) where very little experimental or numerical data is available
for comparison. The good agreement provides additional confidence for the correlation to be used
in dimensioning, modeling and optimization of superheaters.

Fig. 9 gives a graphical summary of the CFD and correlation comparison. The Nusselt

numbers of Zukauskas and Gnielinski are plotted as a function of transverse pitch ratio a for tube
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diameter D = 63.5 mm and free channel velocity U,, = 5 m/s. Three different longitudinal pitches
b are shown for the Gnielinski correlation, whereas b has no influence in the Zukauskas results.
The figure shows the similar trend of k- SST results and Gnielinski correlation, which deviate
only at the very high range of a. The figure also demonstrates the low Nusselt numbers of the
RSM-LPe turbulence model, compared to the correlations and k-« SST CFD results.
Comparison of Flow Oscillations in Different Geometries

Fig. 10 shows the typical oscillations of heat flux, drag force and lift force for a tube in geometry
B and Rey; = 5690. The heat flux and drag force oscillate at the same frequency. The maximum
heat flux coincides with the maximum drag. The lift force oscillates at half of the frequency of drag
and heat flux. One oscillation period is visualized in Fig. 8, where the maximum lift occurs at the time
t = 2T /6 and reaches minimum at t = 5T /6.

Fig. 11 shows typical lift oscillations for a tube in geometries C and D. The lift oscillations
can cause tube vibrations in the transverse direction of the flow. Thus, the frequency must not coincide
with the natural frequency of the tube bank geometry or with the acoustic frequencies of the flow
channel. Fig. 11 displays the Fourier spectra for each signal in order to identify the dominant vortex
shedding frequencies f;. For geometry D, the lift oscillations have a single dominant frequency of
18.35 Hz. Single frequency is also characteristic for geometries A, D and E. For geometry C, the lift
oscillations are more complicated and two dominant frequencies are identified as seen in Fig. 11.
Multiple frequencies can possibly have a higher tendency for generating acoustic noise or tube
vibrations. In addition, geometry C has a larger mean drag coefficient compared to other geometries,
as shown in Table 5. The different behavior is associated with smaller tube diameter and larger
longitudinal spacing compared to the other geometries. A similar trend was observed in the numerical

study of Liang et al. [10]; drag steeply increases with increasing longitudinal pitch ratio b.
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The dominant frequency of lift oscillations f; can be used for calculating the Strouhal

number St = f;D /U, for each geometry, as shown in Table 5. The numerical values are in the

range that can be found in the experimental Strouhal number chart of Ziada [9] (St = 0.04-0.2).
This indicates that the URANS simulations can be useful in analyzing the vortex shedding
frequencies in tube banks. No experimental data could be found for the exact configurations
simulated in this work and no definitive conclusions on the accuracy can be drawn. In any case,
the unsteady simulations conducted in this work have demonstrated the ability of URANS
simulations to reveal, at least qualitatively, interesting differences between the different tube bank
configurations.

The mean drag coefficient, standard deviation of drag and standard deviation of lift
coefficient are reported in Table 5. The mean lift was essentially zero for all geometries. It is
notable, that the 3D simulations for geometry B with SAS and k-w SST predict lower force
oscillations compared to the 2D simulation with k- SST. Similar trend was observed in the
previous section for heat flux oscillations. This indicates that for accurate prediction of the
fluctuations, a 3D domain is required. It is very interesting to note that the Strouhal number and
mean drag with k- SST are nearly the same in 2D and 3D simulations. Despite of the
discrepancies in force oscillation amplitudes, the 2D simulations are able to predict the mean heat
flux and forces, as well as Strouhal number comparable to 3D simulation. laccarino et al. [16] have
reported similar results for flow across a square cylinder. In their 2D simulation, the experimental
Strouhal number and mean drag coefficient was well predicted with the v — f URANS turbulence
model. The evident trend is that 2D simulations overestimate the oscillation amplitudes of heat
flux and forces, but are able to predict the mean values relatively well compared to 3D simulations.

The turbulence model, on the other hand, has larger effect on the mean values than the domain
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dimensions, as lower drag and Strouhal number are predicted by 3D SAS compared to 3D k-
SST. In further studies, the results of URANS simulations should be compared to LES for better

understanding of the accuracy of different RANS turbulence models.

CONCLUSIONS

A CFD based approach for predicting heat transfer and flow characteristics of inline tube banks
with large transverse spacing is presented. The studied geometries, Reynolds numbers and gas
properties are chosen relevant for power plant superheaters. In simulation domain study, it is
shown that a periodic domain of five tubes predicts the average Nusselt number for the tube bank
similar to a large domain of 144 tubes. Symmetry boundary conditions at domain sides are not
recommended for small simulation domains as they prevent flow oscillations and underpredict the
heat transfer rate.

The turbulence model comparison shows that the k-w SST, RSM-w and SAS give
comparable heat transfer results, whereas the RSM-LPe systematically underpredicts the heat
transfer rate. For this reason, the turbulence models adopting the k- formulation of Wilcox [20]
for the boundary layer are recommended. The numerical results of k-« SST model are compared
with the available heat transfer correlations, agreeing within +13% with the correlation of
Gnielinski for all analyzed tube bank geometries. The results give additional reliability for the
correlation in superheater dimensioning in the large transverse pitch ratio range (a > 3), where
little experimental or numerical data is available for comparison.

An interesting results is that 2D simulation domain is able to predict the mean heat transfer
rate, drag coefficient and Strouhal number comparable to 3D simulations, but the force oscillation

amplitudes are overpredicted. Therefore, a 3D domain is recommended for accurate force
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predictions, but 2D simulations can provide fast estimations for the mean heat transfer and Strouhal
number.

The presented CFD approach with suitable simulation domain and turbulence models is
shown to give valuable information regarding the flow oscillations and heat transfer in inline tube
banks with large transverse spacing. The promising results obtained by the URANS simulations
are especially valuable from an industrial point of view, as LES modeling is still too time

consuming for fast-paced industrial design purposes.

NOMENCLATURE
A Surface area, m?
a Transverse pitch ratio of tube bank (= S;/D), dimensionless
b Longitudinal pitch ratio of tube bank (= S, /D), dimensionless
C Constant in Zukauskas correlation [1], dimensionless
Cp Drag coefficient (= F/(0.5pUZDL)), dimensionless
C, Lift coefficient (= F,/(0.5pUZDL)), dimensionless
Cp Specific heat capacity, J.kg*K™?
CFD Computational Fluid Dynamics
D Tube diameter, m
Fp Drag force, N
F, Lift force, N
fs Vortex shedding frequency determined from lift oscillations, Hz
faintine Arrangement factor in Gnielinski correlation [2], dimensionless
FFT Fast Fourier Transform
Hg Hagen number (= (£/2) Re%,.q,D), dimensionless
h Convective heat transfer coefficient, W. m2K*!
k Thermal conductivity, W. m*K*
k Turbulent kinetic energy, m?.s?
L Tube length, m
Lq Leveque number in Martin correlation [3], dimensionless
l Streamed tube length (= D /2), m
LES Large Eddy Simulation
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m Constant in Zukauskas correlation [1], dimensionless

Nujam, Laminar part of Nusselt number for flow across cylinder, dimensionless
NUiyurb Turbulent part of Nusselt number for flow across cylinder, dimensionless
Nu, Tube bank mean Nusselt number based on [ (= hl/k), dimensionless
Nup Tube bank mean Nusselt number based on D (= hD/k), dimensionless
Pr Prandtl number, dimensionless

Prg Prandtl number at tube surface temperature, dimensionless

0 Heat transfer rate, W

q Heat flux, W.m

Rey Reynolds number based on ¥ and [ (= U, l/¥v), dimensionless

Rey, p Reynolds number based on U, and D (= U,D/v), dimensionless
RANS Reynolds-Averaged Navier-Stokes

RSM Reynolds Stress Model

St Strouhal number (= f;D/U,), dimensionless

S Longitudinal tube spacing, m

St Transverse tube spacing, m

SAS Scale Adaptive Simulation

SST Shear Stress Transport

T Oscillation period, s

T, Flue gas mean inlet temperature, K

T Tube surface temperature, K

ATy, Logarithmic mean temperature difference, K

t Time, s

Uy Gap velocity in tube bank (= S;Uy /(Sy — D)), m.s*

Ug Free channel velocity before tube bank, m.s*

URANS Unsteady Reynolds-Averaged Navier-Stokes

X Time-average value of variable X, various

(X) Standard deviation of time-varying variable X, various

yt Distance to the wall, dimensionless

Greek Symbols

U Dynamic viscosity, kg.m s

v Kinematic viscosity, m?.s*

3 Darcy-Weisbach friction factor, dimensionless

p Density, kg.m™

T Normalized flow time (= t/t.,q, Where t,,4 is the end time), dimensionless
' Void fraction of tube bank (= 1 — 7 /(4a)), dimensionless

W Specific dissipation rate of turbulent kinetic energy, s*
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Table 1 Mesh independence study for geometry B and Rey; = 5690, first cell y* ~ 1 in all meshes

2D Periodic domain (5 tubes), k-0 SST Mesh1l Mesh2 Mesh3

# of cells 14000 24000 80000
Nu, 62.3 63.0 64.0
%-difference of Nu, to finest mesh 27% -17% -
3D Periodic domain (5 tubes), SAS Mesh 1  Mesh 2

# of cells 380 000 800 000

Nu, 58.3 59.3
%-difference of Nu, to finest mesh -1.7 -

2D Large domain (144 tubes), k- SST Mesh1  Mesh 2

# of cells 530 000 1570000

Nu, 57.8 58.8
%-difference of Nu, to finest mesh -1.7% -
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Table 2 Values used in CFD simulations and heat transfer correlations

Property Value
Flue gas mean inlet temperature, T, (K) 914
Tube surface temperature, T (K) 612
Flue gas density, p (kg/m®) 0.365
Specific heat, ¢, (J/kg.K) 1302
Dynamic viscosity, u (kg/m.s) 3.84e-5
Thermal conductivity, k (W/m.K) 0.064
Prandtl number at T, Pr (-) 0.78
Prandtl number at T, Prg (-) 0.76
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Table 3 Heat transfer correlations analyzed in this work

Correlation Main equations for tube bundle Nusselt number

Validity range

ml = fA,inline (03 + ’Nulzam + Nufurb>

0.7(b/a — 0.3)
W15(b/a + 0.7)?
Nuj,m = 0.664Rejy . Pr'/3
0.037Reg7Pr

fA,inline =1

Gnielinski [2]

10 < Rey,; < 10°
0.6 < Pr < 1000
b>12
Correction factor for less
than 10 tube rows

N =
Htarb = D 443Re; 51 (Pr2/3 — 1)
— Pry/4 3 5
Nup = CRe}} ,Pr036(— 10° <Rey p<2-10
D Ug.D Pr Ugs
C =027 s Other C and m values for
m 0' 63 } for inline tube bank and Reug_D range different Re,, p, ranges.
= . g
Zukauskas [1] U = SrUe 0.7 < Pr< 500
97 5. =D a<3
_Ugb Correction factor for less
ReUg,D - than 16 tube rows

Rey,p+1 \™
Rey,,p + 1000
(4a/m—1)

Nu, = 0.4—04—Lq1/3<

Martin [3] Lq = 1.18HgPr
Hg = (¢/2) Re%,g’D from pressure drop correlation of Gaddis and

Gnielinski [23]

1<Rey,p<2-10°
0.7 < Pr< 700
1.02<a <3
b<3
Additional term for less
than 10 tube rows
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Table 4 Comparison of CFD results (k- SST) and heat transfer correlations. The percentage difference for
correlation compared to CFD shown in parenthesis. Correlation of Martin is valid only for compact tube banks

D a b Rey, Nu, Nu, Nu, Nu,
Geometry

(mm) ) ) ) CFD Gnielinski [2] Zukauskas [1] Martin [3]
A (2D) 635 720 150 5300 58.0 50.7 (-13%) 66.9 (+15%) -
B (3D) 635 480 150 5700 61.9 58.7 (-5%) 71.7 (+16%) -
B (3D) 635 480 150 4500 53.5 51.1 (-4%) 60.9 (+14%) -
C (2D) 445 685 270 3800 48.3 48.5 (+0%) 54.7 (+13%) -
D (2D) 635 315 189 6300 70.3 73.8 (+5%) 78.8 (+12%)  75.2 (+7%)
E (2D) 635 1.89 1.89 8100 92.1 99.5 (+8%) 99.5 (+8%) 93.6 (+2%)
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Table 5 Strouhal number, mean drag coefficient, and standard deviations of drag and lift coefficients for the
simulated geometries. Results calculated with 2D domains and k- SST turbulence model, but 3D results are also

shown for geometry B

Geometry St from simulations Mean drag Standard deviation Standard deviation
coefficient Cp (-) of drag (Cp) of lift (C;)
A 0.13 0.42 0.66 0.92
B 0.10 (SAS, 3D) 0.33 (SAS, 3D) 0.38 (SAS, 3D) 0.69 (SAS, 3D)
0.12 (k-w SST, 3D)  0.45 (k- SST, 3D)  0.47 (k-w SST, 3D) 0.78 (k- SST, 3D)
0.12 (k-w SST, 2D)  0.46 (k- SST, 2D)  0.68 (k-w SST, 2D) 0.98 (k-w SST, 2D)
0.10 (large domain)  0.33 (large domain)  0.49 (large domain) 0.66 (large domain)
C 0.19 and 0.06 0.79 0.78 0.89
D 0.16 0.39 0.35 1.00
E 0.14 0.38 0.34 0.92
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List of figure captions
Figure 1 Tube bank geometries analyzed in CFD simulations

Figure 2 (a) 3D simulation domain with 380 000 hexahedral cells. Periodic boundary conditions are
used in all domain boundaries. (b) Large 2D simulation domain with 144 tubes. The domain sides are
periodic, inlet has constant velocity and outlet has constant pressure boundary condition

Figure 3 Comparison of 2D and 3D calculation domains (left) and periodic and symmetry boundary
conditions (right) in terms of typical heat flux oscillations of single tube. Average and standard deviation
calculated from longer flow period than presented in figure

Figure 4 Left: Instantaneous 3D vortex structures determined by Q-criterion and colored by Z-velocity.
Right: Local instantaneous heat flux at tube surface, demonstrating the 3D nature of the flow field.
Periodic domain is repeated once to display two columns of tubes, SAS turbulence model

Figure 5 Instantaneous temperature field for the large domain of geometry B (144 tubes, 2D). Graph
below shows the time-average heat flux for each tube row. The mean Nusselt number for the tube bundle
is 58.8

Figure 6 Heat flux signal of a single tube as a function of time and its Fourier transform. Top: tube in
row 6 of the large domain. Middle: tube in row 19 of the large domain. Bottom: Tube in the small
periodic simulation domain

Figure 7 Comparison of turbulence models in terms of typical heat flux oscillations for single pipe in
different tube bank geometries. Average and standard deviation calculated from longer flow period than
presented in figure

Figure 8 Temperature field during one lift oscillation period in geometry B (3D) and Rey ; = 4500, k-
@ SST and RSM-LP¢ models. The models result in different boundary layer behavior, k-o SST
characterized by more vortical flow field

Figure 9 Comparison of CFD results with correlations of Zukauskas [1] and Gnielinski [2]. Results of
k- SST agree remarkably well with Gnielinski, whereas RSM-LPe¢ underestimates the Nusselt number

Figure 10 Typical oscillations of heat flux, drag and lift for tube in geometry B (3D) and Rey ; = 5690,
SAS turbulence model. Heat flux and drag oscillate at same frequency, and at twice the frequency of
lift

Figure 11 Lift coefficient C, and its Fourier spectra for geometries D (top) and C (bottom)
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Figure 1 Tube bank geometries analyzed in CFD simulations
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Row: 1”2
(a) Small periodic domain, 3D (b) Large domain of 144 tubes, 2D

Figure 2 (a) 3D simulation domain with 380 000 hexahedral cells. Periodic boundary conditions are used in all
domain boundaries. (b) Large 2D simulation domain with 144 tubes. The domain sides are periodic, inlet has
constant velocity and outlet has constant pressure boundary condition
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Figure 3 Comparison of 2D and 3D calculation domains (left) and periodic and symmetry boundary conditions
(right) in terms of typical heat flux oscillations of single tube. Average and standard deviation calculated from
longer flow period than presented in figure
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Figure 4 Left: Instantaneous 3D vortex structures determined by Q-criterion and colored by Z-velocity. Right:
Local instantaneous heat flux at tube surface, demonstrating the 3D nature of the flow field. Periodic domain is
repeated once to display two columns of tubes, SAS turbulence model
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Figure 5 Instantaneous temperature field for the large domain of geometry B (144 tubes, 2D). Graph below shows
the time-average heat flux for each tube row. The mean Nusselt number for the tube bundle is 58.8
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Figure 6 Heat flux signal of a single tube as a function of time and its Fourier transform. Top: tube in row 6 of the
large domain. Middle: tube in row 19 of the large domain. Bottom: Tube in the small periodic simulation domain

31



20 - 20 - 20 -
16 - 1

E 12 12 £\ 7\ /, .

§ >y -

= 8 1 1

= A (a) Geometry B (3D), Rey; = 5700 A (b) Geometry C (2D), Rey ; = 3800 A (€) Geometry E (2D), Rey; = 8100

—— k-0 SST: § = 11.8, (g} = 0.7 kW/m? — k-0 SST: g = 13.0, (g) = 2.0 kW/m? — k-0 SST: 7 = 16.1, (g} = 0.7 kW/m?
o 1777 SAS: G =112, (q) = 0.6 kWn —== RSM-0: § = 12.9, {¢) = 1.7 kW/m ~==RSM-LPz: § = 13.2, {g) = 0.4 kW/m?

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Normalized Flow time, 7 (-)

Figure 7 Comparison of turbulence models in terms of typical heat flux oscillations for single pipe in different tube
bank geometries. Average and standard deviation calculated from longer flow period than presented in figure
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Figure 8 Temperature field during one lift oscillation period in geometry B (3D) and Rey; = 4500, k- SST and
RSM-LP¢ models. The models result in different boundary layer behavior, k- SST characterized by more vortical
flow field
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Figure 9 Comparison of CFD results with correlations of Zukauskas [1] and Gnielinski [2]. Results of k-@
SST agree remarkably well with Gnielinski, whereas RSM-LP¢ underestimates the Nusselt number
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Figure 10 Typical oscillations of heat flux, drag and lift for tube in geometry B (3D) and Rey; = 5690, SAS
turbulence model. Heat flux and drag oscillate at same frequency, and at twice the frequency of lift
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Figure 11 Lift coefficient C; and its Fourier spectra for geometries D (top) and C (bottom)
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