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Abstract: Jet engines are nowadays one of the most popular ways of propulsion for 

aircraft. This type of propulsion is widely used also in other sectors of industry. The main 

challenging task for designers is to design reliable and also powerful propulsion units. 

There are many manners for increasing the thrust of the particular jet engine and one of 

them is water injection into the compressor. In order to design such a system, it is 

necessary to have information about the flow parameters in the compressor. The proposed 

article deals with the CFD modeling of the radial compressor in order to estimate flow 

parameters for further research in the field of increasing thrust. One of the aims of the 

article is to develop a numerical model of the compressor and carry out the numerical 

analysis using CFD software ANSYS CFX. The analysis can be in further research 

performed multiple times for multiple regimes and results can be compared with the 

experimental measurements of thermodynamical values if the proper CFD model is 

developed. The main target of the paper is to establish the methodology for the amount of 

water estimation for particular engines. The methodology is introduced in the third chapter 

of the paper. Following the CFD model presented in the article and the methodology for 

water amount estimation, further research is presented in the fourth chapter of the article. 
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1 Introduction 

Centrifugal compressors are nowadays extensively used in an area of applications 

including small jet engines, turboprop engines, power generators, and auxiliary 

power units, air conditioning, etc. [1] The construction of this device is an 

important factor in terms of the performance and efficiency of the system. 

Centrifugal compressors have to meet some specific requirements to ensure 

reliable engine operation, such as reliable work during the particular phases of the 

flight, durability, resistance to high loads. [2, 1] Jet engines have to also provide 

enough thrust during their operation for the specific phases of the flight. [1] There 

are some special cases when a range of phenomena is occurring, including noise 

generation, tip clearance, surge, and unsteady flow and, also the compressor 

performance. In order to investigate the mentioned processes numerical modeling 

using the CFD method is a convenient tool. CFD modeling is not the only 

appropriate way to estimate characteristics of the compressors that are already 

made but also for the modeling flow during the design phase of the centrifugal 

compressors. An important aspect of the numerical calculation process is 

evaluating the results according to the experimental data [2, 3].    

Centrifugal compressor is a dynamic axisymmetric machine, which achieves a 

pressure rise by adding kinetic energy or velocity to a continuous flow of fluid 

through the impellers. Apart from the pressure rise in the impeller, the kinetic 

energy is converted to increase the pressure using the diffuser that is decreasing 

the flow speed and increasing the pressure [4]. 

The thrust of the jet engine is one of the fundamental parameters and is defined as 

the force to be the change in momentum of an object with a change in time. 

Momentum is the object´s mass times the velocity. [2] There are some ways for 

increasing the thrust and one of them is water injection into the compressor inlet 

of the engine. This principle has been well known for many years, so it is possible 

to implement the methodology for a particular engine. In order to design a water 

injection system, the thermodynamic parameters of the system should be well 

known, therefore, in this study, the flow parameters of the centrifugal compressor 

will be estimated. According to the flow parameters obtained from the CFD 

simulation, the methodology for the water injection system will be established [4]. 

In [4] different parameters of the centrifugal compressor were estimated using 

CFD analysis in ANSYS, also the impact of the flow on the compressor operation 

and phenomena were studied in [4]. Using a similar methodology the 3D 

modeling of the flow in the compressor is carried out. [6, 7]. 

There is a large number of centrifugal compressor types, investigated centrifugal 

compressor of the iSTC-21v jet engine consists of an inlet, impeller, diffuser, and 

the casing. [8] The compressor hub with impeller and stator vanes is shown in 

Figure 1. The model is partially modified for the CFD analysis. The impeller is 

semi-enclosed with 20 blades. Research is based on the data of iSTC-21v engine 
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but the methodology is also applicable on TKT-1 turbojet (which is almost the 

same as iSTC-21v). The TKT-1 is a single spool, centrifugal compressor, axial 

turbine jet engine, which is equipped with an annular combustion chamber [9, 10]. 

The object of the CFD study is the compressor section with the inlet. The inlet of 

TKT-1 got a vertical cylindrical air inlet duct due to the testbed location [9] and 

that is the main difference in comparison with iSTC-21v engine. Such an inlet 

allows air inlet from the undisturbed regions and minimizes foreign object damage 

possibilities. The Centrifugal compressor with the diffuser is presented in Fig. 1. 

The 3D model of the compressor has to be modified for the CFD analysis [9, 1]. 

 

Figure 1 

The geometry of the compressor TKT-1 

2 Numerical Study 

Currently, 3D virtual modeling is popular among designers due to its advantages, 

for instance, in the proposed study CFD modeling is an effective tool in order to 

estimate flow parameters. For the study, the ANSYS R19.0 software is used to 

carry out a steady-state analysis. Centrifugal compressor analysis involves the 

rotating flow domain. In ANSYS, the flow features associated with this problem 

can be also analyzed using the multiple reference frame capability. The analysis of 

the problem is including stationary and dynamic parts, compressor stator, and 

impeller, so the interaction of the parts is described in the following lines. 
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The analyses between the stationary and dynamic parts as the centrifugal 

compressor also often involves the examination of the transient effects. Transient 

effects are caused due to flow interaction between the rotor and stator parts. In the 

study, the sliding mesh capability of ANSYS is used to compute the transient flow 

in a centrifugal compressor. The interaction between the rotor and stator is 

modeled by allowing the mesh which is associated with the rotor to rotate relative 

to the stationary mesh associated with the stator part of the compressor [10, 11, 

12]. 

In the presented paper the Singe Phase study is performed, which means the water 

is not included yet. In this type of study ANSYS fluent solves for an arbitrary 

scalar Φk the equation: 

  (1) 

Where Γk and are the diffusion coefficient and source term you supplied for 

each of the N scalar equations. Note that Γk is defined as a tensor in the case of 

anisotropic diffusivity. The diffusion term is, therefore ∇ . (Γk .Φk). For isotropic 

diffusivity, Γk could be written as ΓkI where I is the identity matrix. For the steady-

state case, ANSYS Fluent will solve one of the three equations, depending on the 

method used to compute the convective flux [10, 11]. 

ANSYS compute the following equation in the case that the flux is not concluded: 

   (2) 

where Γk and  are the diffusion coefficient and source term you supplied for 

each of the 5 scalar equations. If the convective flux is to be computed with a 

mass flow rate, ANSYS Fluent will solve the equation: 

   (3) 

The software ANSYS is working as most CFD software solutions based on the 

Navier-Stokes equations for viscous flow. These consist of the continuity 

equation, the momentum equation, and the energy equation (2). The equations are 

reflecting the changes in flow in each solution element of computational mesh [10, 

11, 12]. Thermodynamics parameters can be estimated also analytically one of the 

methods is represented by the following formulas. The pressure in the inlet can be 

assumed as follows: 
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    (4) 

Where is the atmospheric pressure,  is the adiabatic exponent and M is the 

Mach number [10, 11, 12]. The temperature in the inlet can be estimated 

according to the formula: 

        (5) 

The T0 is the atmospheric temperature. The pressure at the inlet of the impeller 

can be estimated by multiplying formula (4) by the pressure retention factor [10].  

After modifying the formulas we can writhe the formula for the temperature at the 

outflow of the compressor as: 

         (6) 

Where T2t is the temperature at the inlet of the bladeless diffusor of the 

compressor, c4 is the speed at this point and cp is the heat capacity [11]. Then the 

overall pressure at the outflow of the compressor can be estimated according to 

the formula: 

      (7) 

p2 states for the overall pressure at the outlet of the compressor and p2t [12]. The 

formulas are showing one of the ways for calculation thermodynamical 

parameters, which are essential for the methodology described in Section 3. 

However, the results would be not precise due to calculation only in a particular 

point that is why CFD methods for calculation are used. The model is described in 

the following chapters also this model will be used in Chapter 3. 

2.1 CFD Modeling of Centrifugal Compressor 

The object of an investigation is axisymmetric assembly, which means that the 

numerical model can be divided according to the symmetry into 20 symmetric 

parts. The model represents single-stage radial compressor consists of two blade 

row - rotor blades and stator vanes. The geometry (Figure 1) is adapted for the 

cyclic symmetry analysis as the case of this study, thus one sector is created for 

both components stator and rotor. 

The computational domain consists of the inlet, rotating impeller, and stationary 

diffuser with frozen rotor interfaces between adjacent domains. The rotational 

speed of the impeller is set according to the experimental setup. 
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Figure 2 

Computational domain of the compressor 

2.2 Boundary Conditions 

Boundary conditions are clearly seen in Figure 2, the temperature and pressure are 

applied as the boundary condition at the inlet interface. Between the adjacent 

blade passages, the periodic boundary condition is applied. The study is performed 

for teen different regimes according to the measured data (Figure 5). For instance 

one of them 3rd regime is presented, where boundary conditions are defined by the 

inlet pressure and temperature at 39 960 rpm. 

 

Figure 3 

Radial compressor mesh 
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The mesh is created in the TurboGrid software. For mesh creation, it is essential to 

have some information about the system. Such information includes the location 

of the geometry files for all components (hub, shroud, and blades) the mesh 

topology type, and the distribution of mesh nodes. One of the crucial parts of the 

meshing process is the preparation of the geometry. Hub, shroud, and the blades 

have to be imported to TurboGrid software as coordinates with the axis of rotation 

Z. Subsequently, the geometry is generated in the software and the meshing 

process can be started. Once the geometry is defined, the next step is to create the 

topology that guides the mesh. Afterward the topology creation number of layers 

for both parts is defined. The mesh is created using the same ideology for both 

components stator and rotor and consists of the hexahedral elements. Mesh is 

represented by Figures 3 and 4. For the boundary condition application, ANSYS 

CFX software is selected, which is a highly accurate solver for robust solutions 

such as compressor assembly [10, 11, 12]. 

The mesh is generated for both components stator and roto separately and during 

the preprocessor process, the computational domain from the two parts is created. 

 

Figure 4 

Computational mesh of the stator 

The mesh of the stator consists of 927 405 elements and the rotor of the 

centrifugal compressor consists of 1 055 168 elements. 

The analysis is performed for multiple regimes according to the measured data 

and for instance, in the proposed study the third regime is presented. The rpm 

(Figure 5), temperature, and pressure in the compressor section are measured.    

The boundary conditions are set according to the measured data in front of the 

centrifugal compressor. In Figure 5 the rpm for one run is measured using this 
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data it is possible to simulate multiple regimes of centrifugal compressor operation 

by CFD methods [13]. 

 

Figure 5 

Measured data of iSTC-21v jet engine 

In the presented study one regime is taken into an account in terms of CFD 

simulation. The third regime is simulated in ANSYS CFX software with 39 960 

rpm and the measured pressure at this operating point is 276 414,6 Pa. 

 

Figure 6 

Measured pressure of iSTC-21v jet engine 
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2.3 Results of CFD Analysis 

There are few most important parameters of the thermodynamic cycle of a jet 

engine that have a significant impact on the performance of the engine. During the 

analysis, the goal is to monitor mainly the temperature and pressure. These two 

parameters will be used for water injection methodology, which will be described 

in Chapter 3. 

 

Figure 7 

Temperature map of the compressor in meridional plane 

The temperature is one of the crucial aspects when the thermodynamic cycle of 

the engine is investigated. The temperature field computed using CFX is shown in 

Figure 7. The results are comparable with the measurement of the temperature in 

iSTC-21v jet engine. The second estimated thermodynamical parameter during the 

CFD simulation is the pressure at the outflow of the compressor. Maximal 

pressure during the simulated regime of the engine is 277 000 Pa, which is in the 

comparison with the measurement of highly accurate results (Figure 8). 

 

Figure 8 

Pressure field of the compressor in meridional plane 
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In Figure 9 the Mach Number is presented on the blade to blade plot. The plot 

shows an increasing trend of Mach number from inlet to the impeller and in the 

diffusor area the Mach Number is decreased, according to the theory. 

 

Figure 9 

Mach Number of the compressor 

Model is created for 10 regimes of the compressor operation, for instance, the 

comparison for the first four runs is in Table 1. The estimated temperature and 

pressure are compared using CFD methods. According to the results it can be 

clearly seen that the accuracy of the models is high and models of temperature and 

pressure will be used in the future while water injection system designing. Results 

for the rest regimes are in a similar range. 

Table 1 

Results Comparison of the Measured and Estimated Data 

Run Measured 

Temp. [°C] 

Measured 

Pressure 

Temp. 

[°C] CFD 

Pressure 

CFD 

Error  

Temp. [%] 

Error 

P.[%] 

1 423,8 234 000 421,4 237 100 0,566 1,325 

2 427,3 252 800 425,5 251 110 0,421 0,669 

3 437,5 276 414 447,3 277 000 2,240 0,212 

4 443,7 298 600 450,1 299 100 1,442 0,167 

In Figure 10 the behavior of the air in the centrifugal compressor of the iSTC-21v 

jet engine is shown. Streamlines are showing vortices that are generated behind 

the stator vanes. From the picture the character of the flow can be seen, there is no 

significant turbulence and we can consider also the numerical results as relevant. 

The presented results with the rest of the computed states are necessary for the 

creation of the new methodology, thus the results will be used in further research. 

Based on the computed temperatures and pressures error coefficient will be 

estimated according to the comparison with the measured temperatures and 
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pressures. The coefficient will be used for the model with the water injection 

system, the idea is described in Chapter 3. 

 

Figure 10 

Streamlines of the air in the compressor 

3 Methodology for the Water Injection System 

Design 

The water injection into the compressor was already used for the thrust increase 

and multiple studies were performed, the amount of water was estimated mainly 

experimentally, however until nowadays there is no unified methodology for the 

water amount estimation. Also, the methodology for water injection which would 

be based on numerical models is not developed. Using obtained models from the 

previous chapters the method will be developed. The numerical model (Figure 2) 

from the previous chapters is used as one part of the scheme in Figure 11. There 

are some articles, in which the water injection impact on the compressor is 

investigated, for instance in the paper [14], the effect of the water vaporization on 

the compressor is investigated. In [15] are presented the results of a calculation 

study of motion and evaporation of water in the compressor flow path of a GT-

009 gas-turbine. Other articles deal with the use of water for cooling engine parts 

[16], but also with the water injection into the other parts as for example the 

combustion chamber. The impact of the water injection is tested and the results 

are compared in [17] for the microturbine, the results are compared in 

characteristic maps and running curves of the compressor, the contribution of the 

water on the power augmentation was proved. Also, in paper [18] is presented the 

water effect of the environmental conditions on the thermodynamic cycle 
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processes of a gas turbine, by using analytical relations. There are many studies of 

the water impact of the turbine performance, the evaporation of the water, 

experiments, etc. [19] but there is not a methodology of the water injection, which 

is based on the estimation of the amount of water using CFD methods. 

The main goal of the proposed article is the development of a new methodology 

for assessing the amount of the injected water into the compressor for a thrust 

increase. Injected water is usually estimated experimentally [20, 21] but in the 

presented article the new approach using modern tools such as CFD modeling and 

experimental modeling is revealed. The methodology is based on the numerical 

simulations that are compared with experimental results. The main idea behind the 

methodology is presented in Figure 11. 

As was already mentioned the whole process is depended on the numerical 

simulation, and that is the reason why the basic element of the scheme (Figure 11) 

is a 3D model. The methodology can be divided into three sections, the first one is 

the CFD simulation without the water injection, the second part is the simulation 

with the water injection and the third one is the experiment. For both simulations 

(with and without water injection) the thermodynamical parameters should be 

estimated for multiple regimes. For particular working conditions of the 

compressor, the temperature and the pressure should be computed. 

 

Figure 11 

Methodology for the water injection system development 

The computed temperature T2t and pressure p2t have to be compared with 

measurement in the real engine, so the error of CFD simulation can be estimated. 

It means we can assess the error coefficient by performing a sensitivity study 

between the CFD simulation (without water injection) and experimental data for 

multiple regimes. 

Once the error coefficient of the CFD study is estimated it is possible to create an 

accurate CFD simulation of the compressor with a water injection system. It is 

possible to create a CFD simulation of the system for water injection and inject 
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different amounts of water into the compressor (also perform few regimes the 

same as without the injection) and multiply the results with error coefficient [22]. 

Using this methodology the impact of water on the T2t and p2t can be obtained. 

Subsequently, according to the computed T2t , p2t (with water injection) [23] and 

measured data T2t , p2t it is possible to estimate the thrust of the engine [24, 25]. 

The described method in Figure 11 is applicable to each engine, by creating 

particular parts of the method for the particular engine. The method is innovative 

due to the fact that the amount of water is possible to estimate using numerical 

modeling [26, 27]. 

As for further research in the field, the methodology will be applied to the TKT-1 

turbojet engine and according to the simulations, the water injection system will 

be designed. The number of the nozzles and their diameter will be estimated as 

well as the pressure of the water that will be injected into the compressor.         

The preliminary design of the system is shown in Figure 12, the methodology will 

be applied to the model in the following figure. 

 

Figure 12 

Preliminary design of the water injection system 

Conclusion 

Future research is strongly based on the proposed methodology in the article. 

According to the 3D CFD models, it is possible to create other analyses for the 

research in the field of water injection and its impact on the thermodynamic cycle 

of the jet engine. The CFD models created in the first part of the work are highly 

valuable, according to this model it will be possible to create mathematical 

dependence between the measured data and CFD models. 



M. Spodniak et al. Methodology for Water Injection System Design Based on Numerical Models 

 – 60 – 

The results presented in the paper are highly valuable for further research in terms 

of the water injection system. Figures 7 and 8 are showing that the results are 

credible due to the small deviation between the measured data in the engine iSTC-

21v and estimated temperature and pressure using CFD analysis. The analysis was 

performed for the third regime and the measured pressure during this operating 

point is 276 414,6 Pa, estimated pressure using CFD analysis is 277 000 Pa so the 

error between the analysis and measured data is 0.21%. Also, data in Table 1 

represents the high accuracy of the created model of iSTC-1v turbojet. Based on 

the results presented in the first section of the paper the error coefficient will be 

estimated for the model with a water injection system (Figure 12). Using this 

dependence, it will be possible to estimate an accurate CFD model with a water 

injection system. 

Further research will be based mainly on the proposed methodology and the 

created CFD models, the preliminary idea of the water injection system is in 

Figure 12. The ideology is based on the tested CFD model with an added domain 

in front of the compressor. The domain is a preliminary water injection system. 

According to the methodology in Figure 11 and the model in Figure 12 the 

amount of water will be estimated. The simulation will be carried out for multiple 

regimes (Figure 5) and the results will be used for the water injection system 

design. The number of injection nozzles, the water pipe, water pump, etc. will be 

estimated according to the results. 
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