
  

 

Abstract—One of the main contributions that affect the 

efficiency of a turbine system is due to the pressure loss through 

the flow control valves. In this project a three valves system, 

which includes a stop valve and two governing valves connected 

by pipes between the boiler and the turbine, has been analysed 

using a three-dimensional Computational Fluid Dynamics 

(CFD) model. The main aim is to understand the complex flow 

through this complex configuration system under different 

operation conditions, so as to derive the necessary information 

for optimising the valve designs and the efficient operations of 

the whole turbine system. Three turbulence models are 

employed to perform the simulations and detailed results such 

as the pressure field, velocity field and distributions of the 

turbulence quantities are carefully analysed. It is found that the 

standard k-  model has produced the best predictions for this 

flow system. For the pressure loss analysis approximate 

calculations in each part of the valve system have also been 

carried out using simplified pressure loss models to testify the 

simulation results. The comparisons between the approximated 

loss coefficients and the predicted CFD results have shown 

reasonable agreements. 

 
Index Terms—CFD, pressure loss, turbine system, turbulent 

flow, valve. 

 

I. INTRODUCTION 

For a turbine system the operation efficiency is of great 

importance. There are many factors that can influence this 

efficiency, and in this project the effect on pressure loss in a 

three valves system that is located between the boiler and the 

turbine to control the mass flow rate in the turbine system, as 

shown in Fig. 1, has been analysed. For such a complex 

combination that appears in the middle of a turbine system 

the measurement of some leading parameters is both 

challenging and very expensive to be conducted. Therefore, a 

prediction method is necessary to be employed and CFD 

simulation is an ideal choice for such work.  

It is well known that steam is such a complicated fluid that 

it can have several different forms: wet steam, saturated 

steam and superheated steam. In this study superheated steam 

is used and the flow is assumed to be steady, turbulent and 

incompressible. Most published work concerns mainly a 

single valve flow problem or combined with the second 

phase effect. Mazur and coworkers [1], [2] reported their 

study of solid particle bearing steam flow through the main 

stop valve in a steam turbine using a 3D model and the 

FLUENT software, and they concluded that numerical 

simulation could be really used in a predictive manner. 

 
Manuscript received January 7, 2013; revised March 18, 2013. 

X. Du and S. Gao are with the Department of Engineering, University of 

Leicester, Leicester, LE1 7RH, UK  (e-mail: sg32@le.ac.uk) 

Advanced CFD techniques and improved computing power 

have made it possible to simulate more complex flows [3], 

[4]. 

The main focus of this research is on the prediction of the 

actual flow structures and the pressure loss analysis, so that 

the efficiency of the valve system can be improved by 

optimising the geometry designs to reduce pressure loss. 

Three turbulence models: standard k-   model, realizable 

k-  model and Spalart-Allmaras model have been employed 

for the simulations and results comparison. The loss 

coefficients through different parts of the system have been 

calculated approximately according to some empirical 

equations and experimental diagrams as described in [5] and 

[6], which can serve as useful validation comparison with the 

CFD predictions. 

 

Fig. 1. Schematic diagram of the turbine system. 

 

II. NUMERICAL METHOD 

A. Geometry and Mesh 

The simulated system includes three valves (one stop valve 

and two governing valves) and a three-dimensional pipe that 

connects the valves with the boiler and the turbine, as shown 

in Fig. 2. The condition reported here is that all the three 

valves are fully open.  

 

Fig. 2.  Geometry of the valve system. 
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The software GAMBIT is used for the mesh generation. 

The whole geometry is divided into different volumes, which 

can be meshed separately. Some volumes have complicated 

geometry and various methods can be used to mesh them. 

The first valve (stop valve), as shown in Fig. 2, includes a 

number of volume parts such as shell, throat, neck and seat. 

Shell has a complex shape and needs meshing with 

Tet/Hybrid elements. The volume part next to it is the throat 

which is meshed with cooper scheme and shown in Fig. 3 as 

an example. It can be seen that there are more grids near the 

wall on source faces and on the wall face grids are uniform. 

The whole system is meshed with due considerations and 

appropriate methods. The schematic diagram of the meshed 

geometry is shown in Fig. 4.  

 

Fig. 3. Computational grid of the throat of valve 1. 

 

 

 Fig. 4.  Mesh structures of the flow system. 

B. Turbulent Models 

To predict the turbulent flow an appropriate model needs 

to be employed, which is known as turbulence modelling. 

There are many different turbulence models, which can be 

categorised by the number of transport equations for the 

turbulence quantities being used in the model. The most 

popular turbulence models for engineering calculations are 

the so-called two-equation models, in which two separate 

transport equations are solved to determine the length and the 

velocity scales for the eddy-viscosity [10]. FLUENT 

provides following turbulence models: k-  models 

(Standard, Renormalization-group, Realizable), k-  models 

(Standard, Shear-stress transport), Spalart-Allmaras model, 

Reynolds stress model and Large eddy simulation (LES) 

model. The Spalart-Allmaras (S-A) model, standard k-   

model and realizable k-   model are selected for the 

prediction and the results are compared with these three 

models. All the model constants have used the standard 

default values as defined in FLUENT [12]. 

C. Numerical Solver 

Two numerical solution schemes are available in 

FLUENT: segregated solver and coupled solver. Using 

segregated solver the governing equations are solved 

sequentially. The coupled solver solves the governing 

equations of continuity, momentum, energy and species 

transport simultaneously [13]. For this problem the 

segregated solver is used for all the simulations. 

Second-order upwind scheme is applied to the discretization 

of the momentum and other turbulence equations. Three 

methods for pressure–velocity coupling are provided in the 

segregated solver: SIMPLE, SIMPLEC and PISO. In this 

project the default SIMPLE solver is selected. The standard 

wall function is selected automatically to deal with the 

near-wall treatment. 

The inlet of this flow system is defined as Pressure Inlet. 

The Gauge Total Pressure is defined as 7

0 1.34 10P Pa  . 

At the inlet the Reynolds number of the flow is defined as 
7Re 3 10  , so the turbulence intensity, which is defined as 

the ratio of the root-mean-square of the velocity fluctuation 
'u to the mean flow velocity 

avgu , can be estimated from 

[14]: 

 
'

1/80.16(Re )
avg

u
I D

u

                  (1) 

 

and a value of 1.8% is used in the simulations. The fluid is 

defined as water-vapour, with density 3/40 mkg and 

dynamic viscosity 25 /1085.2 msN   . 

There are two pressure outlets, outlet 1 and outlet 2 with 

same Gauge Pressure, which is in fact the static pressure 

defined as 71.2864 10 sP Pa . Backflow turbulence 

intensity and backflow viscosity ratio are given by 10% and 

100,000, respectively. These backflow values will be used 

only if backflow does appear in the process of solution. Even 

if no backflow is expected in the converged solution realistic 

values still should be set to minimise convergence difficulties 

in the event that backflow does occur during the calculation 

procedures [14].  

 

III. RESULTS AND ANALYSIS 

A. Flow Structure Analysis 

It is helpful to view firstly the flow structure inside the 

flow system in order to properly understand other results. 

Plots of path lines from different turbulent models are very 
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similar. As an example some results from the standard k-  

model are presented here. From Fig. 5 it is clear that flow 

recirculation exists inside spheral chamber (the seat) at the 

bottom of valve 1, and a secondary flow happens when the 

flow enters the neck pipe from the „right‟ side of the plug 

(around the plug). 

 Fig. 6 shows that a strong secondary flow happens in 

valve 2, which will lead to unstable flow in branch pipe 1 and 

make a big contribution to the pressure loss in valve 2. From 

the path lines shown in Fig. 7 it is clear that the flow is more 

uniform in valve 3, which suggests that the flow in branch 

pipe 2 is more stable. This has been confirmed by the nearly 

uniform path lines in branch pipe 2 (not shown here). 

 
Fig. 5. Path lines of particles released at the inlet of valve 1. 

 

 
       Fig. 6. Path lines showing strong secondary flow in Valve 2. 

 

 
Fig. 7. Path lines showing more uniform flow in Valve 3. 

 

Fig. 8 shows that the static pressure decreases when steam 

flows through the throat of valve 1 because the throat is a 

contractive part, which will accelerate the flow. Then steam 

flows into the main pipe where no big change of the geometry 

exists so the static pressure has not changed evidently. 

Through valves 2 and 3 there are two branch pipes that have 

diverged the flow into them. Clearly the flow is accelerated 

greatly at the two inlets (see also Fig. 10 and Fig. 11) and this 

leads to the heavy drop in the static pressure. After this the 

flow passes the two diffusers, which give a slow recovery of 

the static pressure. It is seen that the pressure is roughly kept 

at the same level in each smooth branch pipe. 

 
Fig. 8. Static pressure distribution with standard k-  model. 

 

 
Fig. 9. Velocity vectors in valve 1. 

 
Fig. 10. Velocity vectors in valve 2. 

 

The main difference of the k-  model prediction from the 

other two turbulent models is in the pressure drop after the 

inlet of valve 2. The results from the S-A model show a clear 

non-uniform pressure drop because the effect of the 

secondary flow is considered by this model. The 
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non-uniformity of velocities results in the non-uniform static 

pressure drop. The results from the realizable k-   model 

also show the similar effect. 

The flow structures can also be examined by viewing the 

velocity vectors as shown in Fig. 9-Fig. 11 from the standard 

k-  model. It can be seen that for valve 1 there exists strong 

flow recirculation. The secondary flow in valve 2 and a 

relatively uniform flow in valve 3 are also evident. 

 

 

Fig. 11. Velocity vectors in valve 3. 

 

B. Pressure Loss 

The total pressure loss can be generally regard as the sum 

of the main loss due to the frictional effects in fully 

developed flow in constant-area tubes, and the local loss due 

to entrances or fittings area changes. For this valve system 

obviously the local loss plays a leading role. Turbulence is 

responsible for the majority of the local pressure losses. The 

pressure variations from the inlet to outlets at some important 

cross sections, as shown in Fig. 12, are computed from the 

FLUENT standard k-  model, and the results are presented 

in Fig. 13. It can be seen that the total pressure has a large loss 

in the following regions: 1-2 (from position 1 to 2), 2-3, 4-5 

and 4‟-5‟. The maximum total pressure loss of the system is 

5.21x105Pa, between Inlet and Outlet2. The mass flow rates 

are 54.64 kg/s at Inlet, 32.41kg/s at Outlet1, and 22.23 kg/s at 

Outlet2, respectively.  Therefore, the flow split is: Outlet1 

shares 59% and Outlet2 has 41%. 

 

 

Fig. 12.  Pressure surface specification at selected locations. 
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Fig. 13. Pressure variations at selected regions. 

Detailed pressure loss calculations using published 

experimental curves for simplified geometries [5], [6] are 

also conducted at the selected regions and the results are 

compared in Table 1 with those obtained from the FLUENT 

standard k-  model, as an example. The loss coefficient K is 

defined as 

2/2/ 22 U

P

gU

H
K









                    (2)

 

where H is the total head loss, and P the total pressure 

loss. 
 

TABLE I:  PRESSURE LOSS COMPARISONS IN THREE REGIONS 

 Experimental 

approximations 

Values from  

FLUENT 

Difference 

(%) 

Region 1-2 2.75 2.33 -15 

Region 2-3 0.92 0.97 +5.4 

Region 4-5 5.10 5.26 +4.3 

 

It can be seen the comparisons between the two 

approaches are reasonably close. Region 4‟-5‟ has almost the 

same structure with region 4-5, therefore, the loss coefficient 

in this part is not included in Table 1. The above analysis has 

shown clearly that the geometries in those four regions lead 

to big pressure loss for this flow system. The system 

efficiency can be improved by optimising the geometries of 

those parts. 

 Region 1-2 is basically a step on the plug, which causes a 

big effect on pressure loss and can be eliminated. The bottom 

of this region produces strong flow separation, as discussed 

earlier, and this part can be made into a longer converging 

nozzle to reduce the separation effect. Obviously in region 

2-3 the sudden expansion from the inlet to the big spherical 

chamber results in big pressure loss. This may be improved 

by adding an arc on the connection part between the inlet tube 

and the seat of valve 1. Furthermore, the size and shape of the 

seat can also be reconsidered. For regions 4-5 and 4‟-5‟ the 

steps on the plug also make contribution to the whole 

pressure loss. But the major pressure loss is caused by flow 

changing direction and this effect needs to be reduced. For 

example, the inlet of the converging nozzle may be made 

wider. Apparently the pressure losses in regions 5-7 and 5‟-7‟ 
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(see Fig. 12) are mainly due to the diffusion and sudden 

expansion effects. Each of the two parts is composed of a 

diffuser and a step, and they can be improved by an optimised 

pipe design and a rounded smooth step to reduce the pressure 

loss.  

 

IV. CONCLUSION 

All the CFD simulations have been carried out using the 

software package GAMBIT and FLUENT. The 

computational models have been carefully constructed and 

meshed using GAMBIT, and then subsequently solved by the 

FLUENT solver. Successful simulations have been carried 

out by employing three widely used turbulence models: the 

one equation Spalart-Allmaras model, the two equations 

standard k-   model and realizable k-   model. Detailed 

results such as the pressure field, velocity field and 

distributions of the turbulence quantities are analysed and 

compared with the different turbulent models, though only 

some selected results are presented in this paper. It is found 

that overall the standard k-  model has produced the best 

predictions for this flow system and the results from this 

model are recommended for further valve design 

improvements. 

To ensure the reliability of the simulations, detailed code 

validations and grid independence tests have been conducted 

prior to the production simulations reported in this paper. For 

the pressure loss analysis approximate theoretical 

calculations in each part of the valve system have also been 

carried out using a simplified pressure loss model to testify 

the simulation results. The comparisons between the 

approximated loss coefficients and the predicted CFD values 

have shown reasonable agreements. Moreover, the CFD 

predictions have produced detailed flow structures and 

demonstrated CFD as a powerful tool for analysing complex 

industrial flows. 
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