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Abstract—The bypass exhaust system of a 160 MW combined 

cycle has been modeled and analyzed using numerical simulation in 
2D prospective. Analysis was carried out using the commercial 
numerical simulation software, FLUENT 6.2. All inputs were based 
on the technical data gathered from working conditions of a Siemens 
V94.2 gas turbine, installed in the Yazd power plant. This paper 
deals with reduction of pressure drop in bypass exhaust system using 
turning vanes mounted in diverter box in order to alleviate turbulent 
energy dissipation rate above diverter box. The geometry of such 
turning vanes has been optimized based on the flow pattern at 
diverter box inlet. The results show that the use of optimized turning 
vanes in diverter box can improve the flow pattern and eliminate 
vortices around sharp edges just before the silencer. Furthermore, this 
optimization could decrease the pressure drop in bypass exhaust 
system and leads to higher plant efficiency. 

 
Keywords—Numerical simulation; Diverter box; Turning vanes; 

Exhaust system.  

I. INTRODUCTION 
OMBINED Cycle power plants have become a serious 
alternative for standard coal- and oil-fired power plants 

because of their high thermal efficiency, environmentally 
friendly operation, and short time to construct. The combined 
cycle plant is an integration of the gas turbine and the steam 
turbine, combining many of the advantages of the both 
thermodynamic cycles using a single fuel [1]. 

In large gas turbine combined cycle power systems that 
produce more than 200 MW power, the cost of fuel is over 80 
percent of their operating expense [2] and any improvement in 
system efficiency will lead to substantial saving in expenses 
and pollutant reduction. Because of the high velocity and 
temperature of the exhaust gases (usually between 400 to 
650°C), it is necessary to use an appropriate exhaust system. 
Among the various aspects that have to be analyzed in a 
cogeneration and combined cycle plant design, the gas 
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exhaust system design can represent a critical aspect, in 
particular when a bypass stack, which allows the modulation 
of heat-to-power generation, is present, since it may influence 
the entire system working condition [3]. Moreover, an exhaust 
gas system has to satisfy several requirements and constraints, 
which include architectural and environmental impact, noise 
levels, structural resistance and thermodynamic efficiency [3]. 
For combined cycle power plant, the diverter box is used to 
direct exhaust gas of the gas turbine either into the waste heat 
recovery boiler or, when running under open cycle mode, 
exits directly to the by-pass stack [4].  

Numerical simulation of a dual-pressure once-through heat 
recovery steam generator used in combined-cycle gas and 
steam turbine power plants was carried out by Engoma et al 
[5]. Their results showed the influence of the temperature and 
the mass flow rate of turbine exhaust gas on the steam 
generator prediction behaviors. Pinelli and Bucci [3] analyzed 
different stack design configurations in a cogeneration power 
plant to obtain the most efficient configuration of exhaust 
system. In the plant considered in their work, the exhaust gas 
system consisted of a single steel stack through which both the 
main and the bypassed gas streams were ejected in it. The low 
Reynolds number k-ε Lam–Bremhorst formulation was used 
for turbulence modeling [3]. The characteristics of the gas 
flow in HRSG is far different than in exhaust system, because 
velocity of gas in much higher in exhaust system rather than 
HRSG; thus in the present work, we have employed standard 
k-ε turbulence model to simulate the flow field. 

Using turning vanes improves the flow pattern in diverter 
boxes by tempting the gas stream to flow more 
aerodynamically and preventing it from creation of large 
vortices, besides using of such equipment provides a uniform 
flow over silencer blades. This idea, using turning vanes, has 
been issued as an US patent in 1993 [6], but there is not any 
report in technical journals or conferences about the effects of 
practical utilization of them on the efficiency of power plants. 
Present research is willing to evaluate the effect of using 
turning vanes on the performance of bypass exhaust system in 
a combined cycle or exhaust system in a gas turbine cycle. 

II. PROBLEM DESCRIPTION   
The model of choice consists of the set of equipment that is 

located in the bypass exhaust system of a combined cycle 
plant. This equipment comprises of an inlet cone, diffuser, 
transition ducts, diverter box, silencers, and bypass stack. The
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Fig. 1 The 3D drawing (Left) and 2D model (Right) of the exhaust system 

 
geometry and dimensions are based on the Yazd combined 
cycle power plant units, and the physical properties of exhaust 
gases and required data related to the flow are in coincidence 
with the design point of this power plant. 

 
III. GOVERNING EQUATIONS AND BOUNDARY CONDITIONS 
Since gas flow has high temperature, ~841°K, and high 

velocity, the effect of fluid compressibility must be 
considered. So, the following preconceptions were considered 
in the analysis; 

 
 Governing equations consisted of two-dimensional 

Navier-Stokes equations. 
 The flow was considered in steady state condition 

under the effect of fluid compressibility. 
 Because of using isolated walls, all the fluid thermal 

properties, except density, were considered constant 
corresponding to working temperature, ~841°K. In 
addition, the state equation of ideal gas was used to 
calculate the gas density due to high working 
temperature. 

 Turbulence modeling was carried out via  ε−k  
standard model. 

Navier-Stokes equations in the 2D and steady state 
condition alongside with energy and continuum equations 
used in this research are as follows:  

 
( ) ( ) 0=

∂
∂

+
∂

∂
y
v

x
u ρρ  (1) 

Momentum equation in the tensor format corresponding to a 
compressible fluid: 
 

( ) ( ) gPvv rrr ρτρ +∇+−∇=∇ ...  (2) 
 
Where g is the gravity acceleration, and τ is stress tensor with 
following equation: 

( ) ⎥⎦
⎤

⎢⎣
⎡ ∇−∇+∇= Ivvv T rrr .

3
2μτ  (3) 

Where μ and I are viscosity and unit tensor, respectively. 
Primarily simulation revealed that the velocity in some 

regions of the physical domain increased to some excessive 
amounts, and the Mach number exceeded 0.3; therefore, it was 
necessary to add compressibility stress terms to the governing 
equations. It is especially clear when fluid is squeezing 
through silencer splitters, which is a kind of geometrical 
obstacles in front of the flow, causes sudden change in the 
cross section area. The sound velocity c  has been calculated 
by  “(4),”: 

RTc γ=  (4) 

And the density in every element can be calculated from ideal 
gas relation: 
 

T
MW

R
PPop +

=ρ  (5) 

And the energy equation is as follows: 
 

( )( ) ( )TkPEv eff ∇∇=+∇ .. ρr  (6) 

Where effk is the overall thermal conductivity which is a 

combination of the turbulent effects and thermal conductivity 
of the fluid. And the energy term, E , is defined by “(7),”: 

2

2vPhE −−=
ρ

 (7) 

IV. TURBULENCE MODELING 
The ε−k standard model has been utilized in order to 

model the turbulence of the flow. k refers to turbulent 
kinetic energy and the term ε refers to turbulent energy 
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dissipation rate. Among all two-equation turbulence 
models that have been presented so far, the model 
proposed by Launder and Spalding is the most well-
known, k-ε standard model. In this model, the turbulent 
viscosity is calculated as following: 

 

ε
ρμ μ

2kCt =
 (8) 

 

Where k and ε were calculated from the following partial 
differential equations: 
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V. NUMERICAL APPROACH 
In order to numerically simulate the flow field within the 

domain, the commercial FLUENT 6.2 software was used 
based on the control-volume approach. The equations of 
scalar variables were discretized by QUICK scheme. For 
handling the pressure–velocity coupling, the SIMPLE 
algorithm was implemented. 

It should be noted that there were some serious 
convergence problems. In order to get to reliable results, we 
started from lower inlet mass flow rates and then increased it 
step by step. Every time the convergence was obtained in a 
specified mass flow rate, before increasing the mass flow rate 
to a higher level we switched the equations to time dependent 
conditions and after getting to semi-steady state conditions, 
we again switched to steady state equations. 

 
VI. GRID INDEPENDENCY 

In order to achieve a suitable grid with proper 
concentration, the selected geometry was meshed using four 
different sets of grid with different concentration. The grid 
independency was checked out using the bypass exhaust 
system model without inserting turning vanes.  

According to Fig. 2, which represents the angle of velocity 
vectors at the inlet cross section of diverter box, the grid with 
422691 elements provided the results independent from grid 
concentration, in the other words, finer mesh did not have any 
effect on accuracy of the results. 

 

 
Fig. 2 Grid independency checkout 

 
VII. RESULTS AND DISCUSSION 

The purpose of this research is investigation of the effect of 
diverter box turning vanes on the energy loss and pressure 
reduction in the exhaust system of a combined cycle. In this 
research, first the current diverter box design which is 
installed in Yazd power plant was studied, and the flow of 
exhaust gases through this system was simulated.   

The profile of velocity vectors in Fig. 2 represents that the 
attacking angle of the turning vanes in the inlet section of 
diverter box should be set at 13 degrees by average so that to 
provide the vanes with most streamwise conditions. Then 
simulation of flow field performed in several cases so that the 
other geometrical factors of the turning vanes were designed 
based on trial and error approach. The aim of these 
simulations was to reach to a design that most appropriately fit 
the idea of eliminating vortices and reducing the intensity of 
turbulence in the flow field. The results of these simulations 
showed that the end angle of the first turning vane should be 
90 degrees in order to reduce the large vortex hat has been 
produces at the top sharp edge of diverter box and split it to 
two smaller vortices. 

Also this may have some consequences such as unsuitable 
flow separation at the back of the vane. This can be seen in 
Fig. 4. In this figure, it is evident that the especial design of 
the first vane has reduced the dimension of the vortex just 
above diverter box at the expense of creating inappropriate 
exit conditions of the flow. The other conclusion from these 
simulations is that the exit angle of the other vanes should be a 
bit less than 90 degrees. This would result in more appropriate 
distribution of flow through silencer. 

Fig. 4 shows that using turning vanes increases the 
efficiency in terms of increasing engaged cross section area 
and eliminating large vortices which often form because of 
sharp geometries. Having better distribution of fluid just 
before the silencer is another advantage of applying such 
modifications. 
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Fig. 3 Flow pattern in exhaust system in two models (dimensions in meters) 

 
 

 

Fig. 4 Comparison of flow pattern in diverter box (velocity vectors m/s) 
 
 

According to Fig. 5, in the improper design the fluid 
separation and vortex formation at the outlet section imposes 
an extra pressure drop.  

To evaluate the performance of an exhaust system in a 
combined cycle system two main criteria, the efficiency of 
system in terms of pressure drop and noise reduction, are 
being considered. However, since this system is not used 
while ordinary service of combined cycle power plants, the 
environmental issues and reduction of pollutants is not the 
main concern of designers. 

Installation of turning vanes affects the velocity vectors 
angle profile at the inlet of diverter box, as it reduces the 
dimension of vortices at the bottom of diverter box. This is 
shown in Fig. 7 where the height in which the velocity vectors 

angle is about 180 degrees, in the optimized model is less than 
that of the present model. 

The most important criteria in the evaluation of exhaust 
system performance in a combined cycle power plant are the 
efficiency of system in terms of pressure drop and reduction 
of noise created due to gas flow conditions. Calculations have 
been done in three different mass flow rates and the results are 
shown in Fig. 8. According to the graph shown in this figure, 
using turning vanes causes decreasing in pressure drop; so, 
gas turbine will work in higher pressure ratio thanks to have 
the diverter box equipped by turning vanes, which increases 
gas turbine efficiency. 



International Journal of Mechanical, Industrial and Aerospace Sciences

ISSN: 2517-9950

Vol:3, No:9, 2009

1065

 

 

  
Fig. 5 Comparison of pressure contours in present and optimized model (pa) 

 

  

Fig. 6 Comparison of entropy contours in present and optimized model ( kgKJ / ) 
 

 

 
 

Fig. 7 The velocity angle at the inlet of diverter box 
 
 

 

 
Fig. 8 The influence of using turning vanes on exhaust system 

pressure drop (pa) 
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VIII. CONCLUSION 
2D simulation of exhaust gas flow using FLUENT 6.2 

software to investigate the effect of implementation of turning 
vanes in order to modify the flow pattern in diverter box 
showed that the angle of turning vanes equal to 13 degrees 
provides the best efficiency regarding pressure drop and 
energy loss.  

Turning vanes increase efficiency due to eliminating of big 
vortices created in sharp corners, which it has a prominent 
effect on the modification of flow pattern and on the 
decreasing energy and pressure dissipation and this leads to 
higher plant efficiencies. 

It should be noted that two dimensional modeling can not 
involve all the details of the considered system and it may 
cause some exaggerations in pressure drop in the system 
because of neglecting bypass paths for the flow encountering 
obstacles, particularly in silencer splitters. Also, since there 
was not any experimental data in fingertips, verification of the 
results obtained by numerical simulation could not be 
performed. Therefore, these results could be as an estimation 
of what occurs in reality.   
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