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ABSTRACT

The present work deals with a numerical simulation of a
flow in finned tube banks arranged behind a gas turbine. Three
models of dual-pressure tube systems are developed and
analyzed in order to predict the static system performances by
optimizing the utilization of the exhaust gas from an existing
gas turbine without heat recovery system. For more precise
modeling, the theoretical analysis of finned tube banks systems
is based on the non-linear conservation equations of mass,
momentum and energy. Simulations are accomplished to prove
the effectiveness of the present work in performance prediction
of the dual-pressure tube systems. The obtained results clearly
show the necessity to take into account all relevant physical
phenomena in the simulation of flows in and across finned tube
banks installed behind a gas turbine. The results also reveal the
different operating behavior of the developed models
considering combined effects of the exhaust gas parameters and
the tube geometries.
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INTRODUCTION

In the concept of the global trend to deregulate the energy
market and to reduce the environmental pollution problems,
nowadays, flow heat exchangers are extensively installed
behind an existing gas turbine station, e.g. gas turbine for
compressor station [1-3]. This allows to recovery the waste heat
contained in the exhaust hot gas from gas turbines. In the
practise, especially for existing gas turbines without heat
recovery system, many flow arrangements can be used for the
heat transfer between working fluid and exhaust gas. Here, the
working fluid flows in finned tube banks and the exhaust gas
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pass across them. The produced steam is needed for the steam
turbine in order to drive a electrical generator. This contributes
to enhance the system overall efficiency [4-5]. The tube banks
arrangements strongly depend on the space available behind the
gas turbine. For dual-pressure systems, there are the parallel
and serial configurations of tube banks. In the parallel flow
tube banks, the exhaust gas gives heat to two water flows at the
same time. In the serial configuration, the exhaust gas
sequentially gives heat to the first and second tube banks [6].
These tube banks have a compact construction and its
configuration plays an important role for the system
performances including the optimal utilization of the exhaust
gas, the reliability and the safety of power plant operations. The
investigation of this system behavior is also considered in the
planning and design steps of power plants in order to improve
system static and dynamic performances in the operating
phase. The purpose of this work is to develop an approach,
which allows to optimise the utilization of the exhaust gas from
an existing gas turbine without any heat recovery system. Here,
the concept of the dual-pressure levels on the work fluid side is
considered [4,7]. Three configurations of tube banks systems
are analysed and compared. Since the heat transfer in heat
recovery processes is mainly convective, the present study
takes into consideration the variation of the heat surface load
along the once-through tubes. For more precise analysis, non-
linear mathematical system of equations are established in
modeling process. There, the two-phase steam/water flow is
simulated with the drift flux model according to the Rouhani
correlation. This allows to take into account the velocities of
water and steam phases [8-9]. The influence of the tube
geometries and the tube walls on the system thermal
performances are examined. Also, the effects of the exhaust gas
parameters on the flow-fields of the working fluid are analysed.
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NOMENCLATURE
Symbols
tube cross sectional area
specific heat
diameter
acceleration due to gravity
enthalpy
mass flow rate
pressure
vaporization heat
time
tube circumference
internal energy
flow velocity
steam quality
distance
convection heat transfer coefficient
tube orientation angle from the horizontal
void fraction
temperature
density
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Subscripts
steam phase
water phase
friction pressure drop
tube wall
f working fluid
hg hot gas
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2. SYSTEM DESCRIPTION

Fig. 1 shows the first and second considered models of
once-through heat recovery steam generator (HRSG) with two
pressure levels. The third investigated models are represented
in Fig. 2. The models 1 and 2 are characterized by

: : Mp : : .
Mgy = Mpgn =Tg and myp,) # My, respectively. The

three models mainly consist of two once-through systems in
counter current flow and a gas turbine with a vertical path for
the exhaust gas. The finned tube banks are used in order to
improve the heat transfer efficiencies. Preheating, evaporation
and superheating consecutively take place in finned tube banks.
Therefore, the position of the water-to-steam interface is free to
move through the tube banks, depending on the heat input from
the exhaust gas, the mass flow rate and pressure of the
feedwater.
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Figure 1: Dual pressure once-through HRSG systems in
parallel configuration
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Figure 2: Dual pressure once-through HRSG systems
in serial confuguration

3. SYSTEM MODELING

The theoretical analysis of the once-through HRSG
systems given in Figs. 1-2 is based on the conservation
equations of mass (1-2), momentum (3-4), energy (5-7) for
exhaust gas (only single-phase flow), working fluid (single-
and two-phase flow) and tube wall [10-11]. For the single-
phase flow, the mass conservation is given by:

o, obw) _, (1)
ot 0z

and for the two-phase flow, it can be written as follows:
0
= PLli=¢)+pge)

(2)
0
+g(PL(1 —e)W +pGEwG)=0
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where symbols and subscripts are defined in the nomenclature.
The momentum conservation for the single- phase flow is
defined by:

2
G(Pw)z_ﬁ(pw )—pgsinﬁ—@—@ )
ot oz oz oz R
and for the two-phase flow, it can be given by:
0
E(PL(l—E)WL +pG8WG)
0
+§(PL(1_8)W5 +pG8W(23 +p) 4)
+(pL(1-2)+pge)gsin B+ Pl _ 0
0z|g

The energy conservation for the single-phase flow is described
by:

U o o P
Y252 (on)+-Z (pwh
a4+ 5P at(p )+az(pW) (5)

and for the two-phase flow, it is given by:

U 0
4t 2 =L oo (1-2)EL +paet) .

0
+§(PL(1—8)ELWL +pGeEGgwg)

2
w

where E, =h, +Tk+gzsin[3; k=L,G and
q:a(SW—S)

The tube wall energy conservation can be written as follows:
09
CwPw 7\” = 0thUhg (Shg -9y )

+ anUWf (Swf - SWf)

(N

The previous system of partial differential equations has been
numerically solved. Therefore, the difference finite scheme
(spatial and temporal discretization) is used to obtain the mass
flow rate, the pressure and the temperature for the single-phase
or the steam quality for the two-phase flow. The recuperator
model has been used to take into consideration the coupling of
the exhaust gas and the working fluid sides with the tube wall
[12]. For numerical solutions, the dual-pressure once-through
HRSG model is based on equidistant increments (space and
time). The numerical calculations of the state and the
thermodynamic values are performed on a sequential base.
Additionally, the constitutive equations are considered in the
calculations [11,13-15].

4. SIMULATION RESULTS AND DISCUSSIONS

As boundary conditions for the system behavior
investigations, the mass flow rate and the temperature on the
working fluid side are considered as constant at the inlet of both
systems. The gas turbine components are not simulated. The
consideration of the exhaust gas parameters in the calculations
is accomplished from the outlet of the gas turbine. This outlet
is characterized by the exhaust gas state, i.e., the mass flow
rate, the temperature, the pressure, the concentration of CO, and
the humidity of the exhaust gas. To calculate the
thermodynamic state of the exhaust gas, a program in
FORTRAN 90 is developed using the polynomial functions in
[16] which depend on the temperature. This program allows to
determinate, for the exhaust gas, the enthalpy, the specific heat,
the thermal conductivity, the dynamic viscosity, the Prandtl
number for dry air by 1 bar. The specific volume is calculated
using the ideal gas perfect relation. The properties of water and
steam are calculated by means of a written program in
FORTRAN 90 using the water and steam relations in [17]. For
the main model calculations, a high and intermediate pressure
levels of 105 bar and 25 bar are chosen for the systems 1 and 2
respectively for the three examined models. The mass flow
rates on the exhaust gas side are 200 kg/s for the models 1 and
2 as well as 220 kg/s for the model 3. The temperature of the
exhaust gas is 560°C. Furthermore, in order to validate the
developed model, the available experimental data from a single
pressure once-through HRSG test facility are compared with
the achieved simulation results corresponding in the single
pressure case. Fig. 3 clearly shows a good agreement between
the numerical results and experimental data for the temperature
distribution along the considered single pressure once-through
tube.
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Figure 3: Temperature versus tube length

4.1 Effect of the tube length

In order to investigate the effect of the tube length on the
outlet exhaust gas and working fluid parameters, the tube
diameter is kept constant with the values of 0.038 mm and
0.0316 mm for the inner and outer diameters respectively. In
the model 1, Fig. 4 shows the decreasing outlet exhaust gas
temperature with increasing tube length. In this analyzed case,
an augmentation of the tube length of 54.55% from 100 m
leads to a reducing of the average outlet exhaust gas
temperature of 13.8%. The exhaust gas temperature decreasing
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is greater for the system 2 than that for the system 1. The
corresponding curves of the density and steam quality as
function of the tube length are represented in Figs. 5-6. There,
its variations are shown within the tube inlet and outlet for both
systems.
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Figure 4: Temperature versus tube length
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Figure 5: Density versus tube length
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Figure 6: Steam quality versus tube length

Concerning the model 2 with a distribution of the exhaust gas
mass flow rate of 45% for the system 1 and 55% for the system
2, Fig. 7 presents the variation of the temperatures on the
exhaust gas and working fluid sides as function of the tube
length. It can be observed that 54.55% increasing tube length of
leads to a decreasing average outlet exhaust gas temperature of
14.8%. Moreover, the systems 1 and 2 have almost the same
exhaust gas temperature at the outlet.
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Figure 7: Temperature versus tube length

Regarding the model 3, Figs. 8-9 present the temperature and
the density as function of the tube length. From Fig. 8§, it is
clearly shown that the tube length strongly plays an important
role in the reducing of the outlet exhaust gas temperature which
corresponds of a decrease of 17.8% from 265.2°C. Also, the
working flow parameters depend of the tube length as shown
in Figs. 8-9.
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4.2 Effect of decreasing exhaust gas mass flow rate

In order to analyze the effect of a reducing of the exhaust 1
gas mass flow rate on the working fluid parameters, the exhaust
gas temperature is kept constant and the mass flow rate is
reduced of 5% from 200 kg/s for the model 1 and 3.2% from
220 kg/s for the model 3. The reducing exhaust gas mass flow
rate in the model 1 leads to a decreasing outlet working fluid
temperature of 7.5% from 514.5°C and 11.4% from 471.8°C
for the systems 1 and 2 respectively. Also, the average outlet
exhaust gas temperature decreases of 2.9% from 179.7°C as
shown in Fig. 10. In addition, from this figure, it can be
observed the displacement of the boiling end point to the tube
outlet for both systems. In this considered case, the outlet
density on the working fluid side is almost constant for both
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Figure 12: Steam quality versus tube length

In the model 2, the previous observed tendencies in the model 1
are similar as represented in Fig. 13 for the case of the
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temperature variation as function of the tube length. There, it is
clearly to remark the effect of an unequal distribution of the
exhaust gas mass flow rate on the working fluid temperatures
which decrease of 7.7% from 440°C and 7.1% from 550.8°C
for the systems 1 and 2 respectively.
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Figure 13: Temperature versus tube length

Concerning the model 3, Fig. 14 shows the reducing of the
working fluid temperatures of 2.5% from 530°C for the system
1 and 13% from 300°C for the system 2 at the tube outlets. This
is due to a decreasing exhaust gas mass flow rate. The exhaust
gas temperatures for the systems 1 and 2 are reduced of 1.7%
from 305°C and 2.2% from 217.1°C respectively. Also, for
both systems, the outlet exhaust gas temperature shows a
decreasing tendency with reducing of the exhaust gas mass
flow rate. The corresponding variation of the density on the
working fluid side is shown in Fig. 15 for both systems.
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Figure 14: Temperature versus tube length
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Figure 15: Density versus tube length

4.3 Effect of decreasing exhaust gas temperature

As in the case of decreasing exhaust gas mass flow rate,
the reducing of the exhaust gas temperature has an influence on
the working fluid parameters for the investigated models. Fig.
16 shows the temperature as function of the tube length for the
model 1. There, it is to observe the decreasing working fluid
temperatures at the tube outlet of 16.7% from 514°C and 19.7%
from 471.8°C for the systems 1 and 2 respectively. The average
outlet exhaust gas temperature decreases of 1.1% from
179.7°C. The corresponding curves of the density and steam
quality are represented in Figs. 17-18.
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Figure 16: Temperature versus tube length
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Figure 17: Density versus tube length
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Concerning the model 2, Fig. 19 shows the temperature as
function of the tube length. From this figure is to see the
moving of the boiling zone to the tube outlet with reducing of
the exhaust gas temperature. The average outlet exhaust gas
temperature decreases of 2.9% from 181.9°C while the working
fluid temperatures decrease of 15.8% from 440°C and 14.8%
from 550.8°C for the systems 1 and 2 respectively.
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Figure 19: Temperature versus tube length

In the model 3, the reducing of exhaust gas temperature of 2%
leads to a decreasing outlet working fluid temperatures of 4.7%
from 530°C form the system 1 and 8.2% from 300°C for the
system 2 as represented in Fig 20. The corresponding variation
of the steam quality is represented in Fig. 21. Here, it is clearly
to observe the displacement of the boiling end point to the tube
outlet with the reducing of the exhaust gas temperature.
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4.4 Model comparison

According to the performed investigations, the difference
from the three models is clearly observed. The achieved
working fluid temperature at the outlet for the system 2 in the
model 3 is lower than that for the system 2 in the model 1 and 2
for the same exhaust gas temperature. In spite of the different
pressure level of both systems in the models 1 and 2, these
models could be suitable used to obtain the almost working
fluid temperature at the outlet of both systems. Moreover, in
models 1 and 2, a perturbation in working fluid parameters
(mass flow rate, pressure, temperature) in a system has no
effect on the other system. On the other hand, in the model 3, a
reducing or an increase in working fluid parameters in the
system 1 strongly affect the system 2, which depends on the
heat transfer between the exhaust gas and the system 1.

5. CONCLUSION

In this study three models of a dual-pressure once-through
HRSG are developed and examined. They are modeled and
simulated considering all relevant physical behaviors in the
calculation, i.e. by means of a non-linear mathematical model, a
convective heat transfer situation at once-through HRSGs and a
slip between water and steam in two-phase flow. This leads to a
better understanding of the steady state of heat recovery system
with dual-pressure level. The obtained results from the three
models clearly show that the variation of the exhaust gas
parameters, mainly the temperature and the mass flow rate,
strongly affects the operating behavior of the three models.
Also, the results reveal the effect of the variation of the tube
length on the outlet exhaust gas parameters which present a
better tendency with increasing tube length.
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