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ABSTRACT 
 The complicated nature of axial compressor fluid dynamics instabilities such as stall and choke when 

utilizing air power left a lot of room for investigation during the state of operation. This dynamic 

instabilities diminished compressor efficiency, reliability, and even loss of engine power leading to 

catastrophic  failure. Therefore, it is extremely important to understand how choke and stall  occurs and 

the causes behind its inception. 

 The interactions between the shock wave and the tip clearance flow have been identified as the 

primary cause of stall. Thus, to explore its flow mechanisms and the physical trends as compressor throttle 

towards stall, fundamental questions are have to be answered in the course of investigation. These 

questions are the following: 

 How does the rotor blade tip clearance flow affects shock wave during interactions? 

 Does shock boundary layer leading to shock waves causes flow separation? 

 What is the possible behavior of both the shock wave and the rotor tip clearance flow? 

 Investigation rolls around NASA Rotor 67, a transonic axial compressor turbo rotor fan, operated 

without inlet guide vane(IGV) and stator. This rotor-only configuration enables comparison of its 

experimental data(A. J. Strazisar et. al., 1989) and the numerical flow analysis using computational fluid 

dynamics(CFD) simulation in OpenFOAM. Thus, actual application of fluid dynamics physical laws and 

theories into CFD tool is the main take-away of the author's academic gain on this study.  

 A three-dimensional unsteady Navier-Stokes equations and proper set of stable and accurate boundary 

conditions were studied and applied. The flow case was scrutinized to select proper solver and turbulence 

model. The OpenFOAM solver, rhoPimpleDyMFoam, and the k-ω-SST turbulence model applied to 

Approximate Reimann(ARS) solver fits the case showing good convergence with resulting flow field in 

agreement with the experiment.  

 Compressor performance map operating points(peak efficiency condition, near stall and stalled 

condition) were thoroughly investigated on the simulation by studying the flow fields in the rotor tip 

region. It is found that the interaction between the shock wave and the rotor blade tip vortex leakage flow 

is mainly the reason behind the stall of axial compressor.  
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CHAPTER 1: INTRODUCTION 

 Turbo-machineries are composed of complex parts and play a vital role for world's energy supply and 

mobility of the modern world. Turbo machines utilized a continuous flowing fluids for its operation 

through interactions of its physical sub-components, mainly a rotating blades, for the machine to operate. 

Aircraft engines and steam turbines are some examples of these.  Figure 1.1, (a) to (g) shows different 

applications of turbo-machinery: aero-planes turbine propulsion, wind turbine for electricity production, 

ship propulsion,  pipeline fluid transport, internal combustion engine turbo charging, steam turbine for 

power generation and process plant accessories. 

 

Figure 1. 1 - Turbo-machinery applications 
Source: http://en.wikipedia.org/wiki/Images 
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 Turbo-machines can be classified in three ways(Ingram, 2009), the type of fluid that they used is the 

first, second is based on direction that the fluid flow travel through  the machine and the third is whether 

the machine is delivering power to or extracting power from the working fluid.  

 The type of fluids used, split machine into two categories, the one that work on compressible 

fluids(stationary gas turbines, aircraft engines, high speed fans). The characteristics of these machines is 

that if the velocity of the fluid goes above the local speed of sound, shock waves may formed. The second, 

is those machine that work with incompressible fluids  such as water or oil(ship propellers , pumps, 

hydraulic turbines). Shock waves are not an issue in liquids but the phenomenon known as cavitation 

which occurs if the pressure of the fluids falls below its characteristic pressure properties. In addition, the 

fluid density is not constant anymore and varies along its path.  

 For the machine under direction of flow classification, essentially if the flow is along the longitudinal 

axis of the machine it is called axial machine but if the fluid flow direction turns and has component 

velocity in radial direction it is known as centrifugal or radial machine. 

 Lastly, a type of machine which extract energy from the fluids and the one that delivers energy to the 

fluids. The former refers to as turbines and the latter are called compressors, blowers or pumps depending 

on the type of fluids used and the magnitude of pressure rise.   

 For this study, we are dealing with compressible fluids that absorbs energy from the machines in axial 

flow direction.  

 Technological invention of turbo-machines are rich in engineering and physical phenomena that a 

curious mind would consider investigating for better understanding. This is where the governing laws, 

physics, equations etc. are taking place which pioneers of physics and mathematics, the likes of Newton 

and its contemporaries has left us to understand, study or improved. There are many ways how fluids are 

being process by this machines depending on its intended purpose and application. For this work, we are 

mainly focused on compression process done by compressors and its subsequent phenomena. Thus, this 

will be discuss in the subsequent sections and chapters. 

 As shown in Figure 1.1, compressors are one of the most important components of these turbo-

machineries.  Various components of internal combustion engine where compressor forms the first part of 

the engine is shown in Figure 1.1, (e). Compressors increases the total enthalpy of the working fluid using 

the work of the input shaft. Reciprocating, rotary, centrifugal and axial are four general types of 

compressors. Reciprocating and rotary compressors aimed at reducing the gas volume at delivery. 

Centrifugal and axial compressors transfers energy to the fluid by accelerating the fluids to high velocities 

and later decelerating it through a diverging channel to convert the kinetic energy into pressure energy. 

This work only deals with deals with axial compressor. 

.  
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1.1.  AXIAL COMPRESSOR - AN OVERVIEW 
 Compressor fluid flow operates in the concept of diffusion. Thus, its blade are arranged and design as 

a diffuser. A diffuser is any flow element that allows the flow to decelerate due to an increase in flow 

area(e.g. divergent walls), and this in turn permits the static pressure to rise due to Euler or Bernoulli 

equation. The diffuser is a comparatively simple element in which the fluid may attain complicated flow 

states. 

 The air compressor increases the air pressure, using the power input via the shaft to accelerate the air 

stream and convert the kinetic energy to pressure through the diffuser shaped blade channels. Figure 1.2 

below illustrates compressor blades as a diffuser. 

 

Figure 1. 2 - Compressor Blades as diffuser-Outlet area is larger than the inlet((David Japikse, 1997) 

 Using the continuity equation, assuming constant density for simplicity, one can see that the 

increasing area(diffuser effect) results in velocity reduction, so that kinetic energy is converted to 

pressure. 

By conservation of mass: ṁ = ρ(ν )= ρ(C1*A1 ) = ρ(C2*A2 )       (1-1) 

Assuming constant density, we can write:  
𝐴2
𝐴1

=  𝐶1
𝐶2

       (1-2) 

 

where:  A is passage area, C is the air velocity, ṁ is the mass flow, ρ is density, ν = specific volume, 

subscript 1 and 2 is the inlet and outlet respectively. 

 Since the flow moves towards higher pressure, which is the opposite to the rule of nature, there is 

always a risk for flow reversal and unstable operation, called stall. Growing boundary layer around the 

blades results in reduction of flow passage area, which can result in flow separation, called rotating stall, 

which can develop into full surge(more details on the next sections). Large forces are released during 

surge that can cause serious damage to the compressor. 

.  
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1.1.1. AXIAL COMPRESSOR VELOCITY TRIANGLES 
 When a body is moving with an object, it has velocity vectors that each are acting. An example of this 

is a person riding a bicycle on a head wind.  The bicycle is the frame of reference, which has frame 

velocity 𝑈��⃗ , the wind velocity can be called absolute velocity, we can label it 𝐶. Clearly the absolute 

velocity 𝐶 ���⃗ is the velocity that will be experienced by an observer watching the cyclist at the road side. On 

the other hand, the wind velocity experienced by the cyclist is different and it is called the relative 

velocity, 𝑊���⃗ . By inspection(since head wind) relative velocity 𝑊���⃗  can be solved through vector 

subtraction.(𝑊���⃗ =𝐶 ���⃗ - 𝑈��⃗ ). 

 Same analogy above can be applied on rotating compressor handling fluids. Velocity components can 

be resolved in a free body diagram called velocity triangles. The velocity triangles for an axial compressor 

stage is shown on Figure 1.3(a). The working fluid(mostly air) approaches the rotor with velocity C1 at 

angle α1, which is set by the compressor inlet guide vanes or by some other upstream feature. By vector 

subtraction of the blade speed U, the relative velocity W1 at angle β1 is obtained, which must be correctly 

aligned with the rotor blades for satisfactory operation. In passing through the rotor blade passage, the  

 
Figure 1. 3 - (a)Velocity triangle of axial compressor  (b)Changes in fluid properties in axial compressor 

.  
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flow is decelerated in the relative frame of reference(viewing flows from the point of view of the rotating 

component) and emerges at some lower velocity W2 and angle β2. This is by the geometry of the blade at 

the exit but not exactly equal to the blade exit angle. The difference between the blade and the flow angles 

is the deviation angle. For more details about blade terminology and cascade notation please refer Figures 

1.6 and 1.7. 

 At the rotor exit, the working fluid approaches the stator with the velocity C2 and angle α2(absolute 

frame of reference, since stationary blades), obtain by vector addition of the blade speed to the rotor exit 

relative velocity. As with the rotor,  this velocity should be properly aligned with the stator blades. The 

flow again is diffused through the stator and emerges with velocity C3 at an angle α3. The angle is set by 

the stator blade angle, but also with some degree of deviation. A typical stage design, is a repeating stage 

in which C3 is equal to C1 and α3 is equal to α1. In addition, it's been common to design stages for constant 

axial velocity, so that Ca1=Ca2=Ca3. A consequence of this, to satisfy continuity, the annulus area of the 

stage must decrease in the streamwise direction as the pressure and hence the density of the fluid 

increases. This can be seen on Figure 1.3(b), top most with rotor - stator profile. 

 Compressor flow is characterized by a deceleration of relative velocities. It can be seen in Figure 

1.3(a) the Euler velocity triangles of the rotor stator cascade. The work done by the blade is related to the 

change in tangential velocity(Ca),  

       W = Δh0 = U(Cu2 - Cu1)              (1-3) 

where, U is the blade velocity, Cu, from velocity triangles(Figure 1.3(a)) equals Ca*tanα. 

1.1.2. AXIAL COMPRESSOR COMPRESSION STAGE 
 The change of properties of the working fluid can be explained using the velocity triangles at inlet and 

outlet of the rotor and stator blades. Figure 1.3(b) shows the connection between velocity and various 

thermodynamic properties of the flow, such as absolute and static pressure, enthalpy, axial and relative 

velocity. As can be seen in theFigure 1.3(b), the absolute velocity C is increased between inlet and outlet 

of the rotor blades (flow is accelerated), due to energy input via compressor shaft. This results in increased 

total enthalpy, h0 over the rotor. Over the stator, there is no work input so that h0 remains constant. Same 

reasoning applies to the total pressure, P0 too, however, due to friction losses over the stator blades certain 

pressure drop takes place as shown. The static pressure, P is increased in both rotor and stator passage, due 

to diffuser effect. 

 Same analysis can be applied, illustrating the compression in a TS-diagram shown on figure 1.4. Two 

settings, namely total(with subscript pre-fix 0) and static(without prefix) properties are shown in the TS-

diagram, where the basic relations as stated above explains the change of properties over the compressor 
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stage. As one can see the difference between total and static properties are the dynamic values, dictated by 

changes in the flow velocities.  𝑇0 =  ℎ0
𝑐𝑝

= 𝑇 +  𝐶2

𝑐𝑝
                       (1-4) 

where: cp is the constant pressure specific heat, h0 is the total or stagnation enthalpy, T0 is the stagnation 

or total to total temperature and T is the static temperature. 

 

Figure 1. 4 - Temperature-Enthalpy diagram of the compression stage of axial compressor 

 Base on figure 1.4, stage performance can be analyzed expressing the total temperature change, Δ𝑇0S, 

of the stage :  

    Δ𝑇0S  = 𝑇03−𝑇01 = 𝑇03−𝑇02 = U∙C𝑎(𝑡𝑎𝑛𝛽1−𝑡𝑎𝑛𝛽2)       (1-5) 

where Ca is the axial component of the absolute velocity C, representing the mass flow, U is the blade 

speed and (𝑡𝑎𝑛𝛽1−𝑡𝑎𝑛𝛽2) is the flow deflection, indicating the level of diffusion. To maximize the 

energy transfer between the blade and the working fluid, one can try to maximize these three parameters. 

However, there are physical and practical limitation to how much one can increase these values. The blade 

speed is limited due to mechanical load on the blades, the axial component of the absolute velocity and 

thereby, the mass flow is limited due to size considerations and the turning of the flow, the diffusion is 

limited due to stability concerns. 

.  
 



P a g e  |7 
 

 It is important to introduce static and stagnation quantities. Static quantities define a thermodynamic 

state. Taking the statement base from Anderson(AndersonJr., 1984): static quantities is what you feel if 

you were moving with the flow. Total quantities is what you would feel if you're blocking the flow and 

adiabatically take the velocity to zero. Therefore, the total quantities taking into account kinetic energy(𝐶2

2
) 

and it is usually define by total enthalpy(h0), total pressure(p0) and total temperature(T0): 

           h0 = h + 𝐶
2

2
          (1-6) 

where: h = cp*T as static enthalpy, cp is specific heat at constant pressure and C the magnitude of absolute 

velocity. 

           p0 = p*(1 + 
𝛾−1

2
Ma

2
)

𝛾
𝛾−1       (1-7) 

           T0 = T*(1 + 
𝛾−1

2
Ma

2
)       (1-8) 

where, Ma = 
𝐶
𝑐
 , the Mach Number,  c = �𝛾𝑅𝑇 is the speed of sound, γ the specific heat ratio and R, is the 

specific gas constant. 

 Looking Figure 1.4, it follows that overall aerodynamic parameters can be defined. The adiabatic 

efficiency(ηa) and the total pressure(PR) are: 

           ηa = 
(p02

p01
)

𝛾−1
𝛾 − 1

𝑇02
𝑇01

 − 1
        (1-9) 

           PR = 
𝑝02
𝑝01

 ,          (1-10) 

where subscript 1 and 2 denote inlet and outlet of the rotor, respectively. 

 Adiabatic or isentropic efficiency(ηa) can be expressed also in terms of compressor isentropic work 

and actual work, Ws and Wa respectively: 

           ηa = 
𝑊𝑠
𝑊𝑎

          (1-11) 

           Ws = mcp(T02-S - T01)       (1-12) 

.  
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           Ws = mcp(T02 - T01)        (1-13) 

 Applying isentropic relationship:  
𝑇02
𝑇01

 = (𝑝02
𝑝01

)
𝛾−1

𝛾         (1-14) 

 Combining equations 1-11 to 1-14, will yield the same efficiency as Equation 1.8 in form: 

           ηa = 
(p02

p01
)

𝛾−1
𝛾 − 1

𝑇02
𝑇01

 − 1
       (1-9 or 1-15)  

 Please note that the values taken at point 1 and 2 are in mass average. 

1.1.3. COMPRESSOR STABILITY 
 Compressors are working against the law of nature, i.e. delivering the low pressure working fluid at 

high pressure at the compressor outlet. Many factors can disturb the flow, resulting in reverse flow and 

compressor instability. To have a general understanding of how these instabilities develop within the 

compressor stage and propagate through the component, short discussion below is provided.  

 There are many parameters, such as mass flow, pressure, temperature, and other properties of the 

working fluid, which changes between inlet and outlet of the compressor. To provide general analysis 

tools that help engineers with a general overview over the engine behavior, various dimensionless 

parameters have been derived. Dimensionless pressure and flow parameters, denoted by ϕ, as flow 

coefficient and ψ, as pressure or temperature coefficient are useful parameters for analysis of compressor 

stability. 

 
Figure 1. 5 - Compressor Stability  

.  
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 The ideal relationship between pressure coefficient, ψ, and flow coefficient, ϕ, over a stage, which is 

a first degree equation, is represented by a straight dash line in the Figure 1.5. However, flow coefficient 

ϕ, at higher and lower flows than the design flow, ϕd, deviation between the ideal and real case increases, 

indicated by the blue curve in the figure above. The design case efficiency ηd, represented by the red 

curve, which is at its maximum at design flow drops and the risk for instability increases. 

1.1.4. BLADE CASCADE NOTATION AND TERMINOLOGY  
 Figure 1.6 below, shows cascade nomenclature with the inlet and outlet station labeled 1 and 2 on the 

subscript with absolute velocities C and air angles, α used. In addition, Figure 1.7 are blade terminologies 

for reference terms used throughout this work. 

 
Figure 1. 6 - Blade Cascade notation 

From the figure: 

 i = α1 - α1b   air incidence angle 

 δ = α2 - α2b  air deviation angle 

 AOA = α1 - γ air angle of attack 

 ϴ = α1 - α2  air turning angle 

Other variable terms are: 

.  
 



P a g e  |10 
 

  C - air absolute velocities 
  α - air angles(note: positive α measured in cascade becomes negative β when applied to rotor) 
  γ - blade stagger angle 

  σ - solidity or (aspect ratio)pitch/chord ratio or 𝑠
𝑐
 

  s - blade pitch 

  c - blade chord 

  ϕ - blade camber angle 

 
Figure 1. 7 - Blade Terminology 

Source: http://en.wikipedia.org/wiki/Images 

1.2.  COMPRESSOR INSTABILITY 

 Compressors operates against the law of nature where fluids is sucked at inlet and should be delivered 

at outlet, higher than the inlet pressure. The complicated nature of the field plus a high blade loading on 

achieving high compression ratios makes it hard to establish large operating range sufficiently. The useful 

operating range of the compressors is only limited both at very high and very low mass flow rates. There 

is always a certain range to be achieved in order to ensure consistent performance that compressors are 

design for all applications. Beyond this certain range,  occurrence of strong shock waves and  the flow 

.  
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chokes at high mass flow rates is one of its limitation mentions earlier leading to significant reduction of 

efficiency. On the other hand, at low mass flow rates, the compressor is limited by the initiation  of 

aerodynamic instabilities called stall. Instabilities like this are characterized by the occurrence of limit 

cycle vibrations and strong fluctuations in the flow properties and mass flow rates. Continuous oscillations 

can lead to blade fatigue and engine failure which can lead into some catastrophic incident. Therefore, the 

major aspect of design and performance predictions must be understood by the designer related to 

aerodynamic instabilities and stall propagation. It also must avoided at all costs.  

 
Figure 1. 8 - Operational Stability. Matching Compressor Characteristics and Throttle Characteristics 

 Compressors has the ability to recover from disturbances that alter its operational equilibrium point 

during operation, this refers to as the compressor's stability. This disturbance maybe transient or deliberate 

changes to its operating point. The system is unstable if the disturbance drives away the compressor from 

its original point. This is obvious for a compressor being driven by the turbine shaft and the operating 

curve has point match changes than can be observed due to the transient change of mass flow. When there 

is deliberate changes to the operating point after changing the compressor shaft speed and new equilibrium 

.  
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is achieved, the compressor performance is stable as shown in Figure 1.8(a) where pressure recovers at 

point 2. When new operating point cannot be achieved as in point 3 in Figure 1.8(b) , it is unstable.  In 

practical sense, this can be observed during actual compressor operation that the compressor produce 

irregular disturbing sound. 

 Studies of compressor stability can be classified into two: operational stability and aerodynamic 

stability. Operational stability deals with the used of throttle valve or throttle sensors place at the 

downstream flow and compressor performance are match with compressor performance map versus the  

compressor characteristics actual result plots. The aerodynamic stability deals with the abrupt 

deterioration of performance due to stall, flow separation and chalked flow that can be observed on 

humming noise and violent vibrations during operation.  

 A typical performance map is shown in Figure 1.9. Stall or surge line is represented by the dash line. 

A parallel line down to the right is the surge avoidance line. Occurrence of surge or stall, is not always 

after the stall line to the left direction but may still occur before and right side of stall line(in the figure 

1.9)   if the flow is unstable due to instability. So the surge avoidance line serves as safety margin for the 

compressor operation to ensure that it is operating away from the region  that stall or surge may occur. 

Another reason why surge avoidance line is introduce is because compressor operational characteristics 

can be biased to a higher degree that the surge line may be poorly known. As mention earlier, there is 

always a limit on compressor operational performance, compressor operating point near surge line has a 

benefit of higher pressure ratio but a greater risk of stalling. 

 
Figure 1. 9 - Typical Compressor Performance Map, Emphasis on the Effect of Compressor Speeds 

.  
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1.3.  AXIAL COMPRESSOR BASIC OPERATION  
 In axial compressors, fluid flow enters and exits in axial direction. Compressors can be a single stage 

or multi stage(one pair of rotor stator only, or more than one pair, respectively). A single stage of axial 

compressor is shown in Figure 1.10. Each stage is made up of rotor blades and a row of stator 

blades(Figure 1.10(a)). The basic mechanism of operation is shown in Figure 1.11. At the rotor, the energy 

is transferred from the rotating blades to the passing fluids and the fluid accelerates. As the fluid reaches 

stator section, fluid flow decelerates as it passes through diverging nozzles and the kinetic energy is 

converted into pressure energy. There is work exerted by the stage to the fluids and subsequently 

compresses the working fluids through the series of progressive converging passage channels(Figure 

1.10(b)), resulting in an increase of its stagnation and static pressure. The pressure rise is dependent on the 

work done by the rotor on the fluid flow and also with the degree of how fluids decelerates through the 

stator. Thus the pressure ratio of the multi-stage compressor is much higher compared to the single stage 

compressor but for the expense of the overall efficiency, notwithstanding the weight and cost also.  

 
Figure 1. 10 - Single Stage of Axial Compressor 

(a) Cylindrical section view  (b)Axial section view 
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Figure 1. 11 - Axial Compressor Basic Mechanism of Operation 

 Modern axial compressors operations are very complex due to the fact that the flow is inherently three 

dimensional and transient cause by the relative motion between successive cascades of blades rows and 

the viscous effects in each stages. Sub-sonic and supersonic flow coexist in a region where flow is 

transonic under Mach number greater that unity. This happens usually near the rotor tip leading edge 

where the highest blade velocity is combined with the flow axial fluid velocity, leading to the formation of 

a system shock waves and three dimensional shock boundary layer interactions.  

1.4.  OBJECTIVES AND ORGANIZATION OF THE PRESENT WORK 
 The main objectives of this study is to understand the governing physics of the axial compressor stall 

and chalk during operation. Physical phenomena, theories and mathematical formulation will be dig 

deeper on the succeeding sections and chapters as part of the motivation to gain understanding and 

knowledge. Physical phenomena and the theories will be done through literature research while the 

physics and mathematical formulation of the stall and chalk phenomenon will be aided with computational 

fluid dynamics(CFD) as visualization tool to support and verify understanding on the pre-determined 

result. 

  Therefore the main take away on the authors academic gain and learning's are the following: 

• Fluid dynamics in axial compressor air flow. 

• Computational fluid dynamics modeling using CFD tool. 

• Using and running CFD(Open-FOAM) tool on fluid flow actual test case problem. 

.  
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 Numerous progress in the area of stall and chalked modeling in axial compressors had been done in 

the past one to two decades, this work will try to add contribution on flow visualizations necessary for 

understanding the nature of stall and chalked instabilities. 

 This thesis is organized in the following manner: Discussion of stall and chalk phenomena base on 

technical perspective is presented in Chapter 2. Governing mathematical formulas and equations for 

numerical simulation is introduced in Chapter 3. Chapter 4, presents the test case rotor and the numerical 

methods involved in setting up fluid flow case problems and simulating  into CFD tool. Results and 

discussion of the compressor operating points and stall inception studies are presented in chapter 5. 

Conclusions from this work and possible future work  are given in chapter 6. 
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CHAPTER 2: LITERATURE REVIEW 

 In this chapter, review about instabilities currently studied will be discuss. Related research work 

about compressor stall and choke will be presented. Review of Computational Fluid Dynamics(CFD) 

technique and the interface boundary condition implementation to CFD were studied and discussed. It is 

also important to include turbulence modeling topic discussed in this chapter since we are dealing 

instabilities in turbulent state.  

2.1.  FUNDAMENTALS OF ROTATING STALL 
 As been discuss, the stability of compressor is base on its performance map and has limitation due to 

instabilities. Manifestation on this instabilities can be the rotating stall and chalk. We will elaborate further 

on the proceeding sections. Airflow through the compressor at rotating coordinate system is initially 

steady. Supposedly, instability is introduced by changing the rotor speed, flow separation and other type 

of flow distortion ensued. Sign of compressor performance deterioration can lead mild stall or choke at the 

initial state depending on speed change. At this point the flow is no longer uniform in the axial direction. 

And it is only a matter of seconds for the stall to build up and if not remedied immediately, damage will 

be inevitable. Stall and choke can happen actually on both compressible and incompressible fluids. 

 
Figure 2. 1 - Rotating Stall Propagation(Individual column of blades defecting stall development) 

 The development of stall is shown in Figure 2.1. This representation is a single row of blade viewed 

from the top showing how stall propagates in time. At some point stall is present on the certain blade 

passage. It is still unknown, and uncertain why stall does not happen on all blades at the same instance as 
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shown on the figure. One possible hypothesis is dimensional tolerance.(Pampreen, 1993) Another 

possibility may be that the few blades are produced with different profiles, in short, manufacturing 

imperfections or could be blades are produced at higher stagger angles. This could cause inlet air non-

uniform angle of attack compared with the other blades. If this results one blade to stall, the flow angle 

relative to its axis increases, in addition there is blockage due to stall at the beginning, causing some of 

incoming flows diverted towards neighboring blades. This increases more the angle of attack and more  

blockage. Normal flow fortunately occur over that blade as it rotates since it moves away from the 

disturbance thus it recovers from high angle of attack to low angle of attack. But the neighboring blade 

passage that the stall transferred cause by the higher angle of attack mention above still operating in 

stalled flow region(stall cell) and continuously moving from that blade to the other and propagates around 

the annulus leading to a complete stall. The stall cell propagates in the same direction as the blade rotation 

in the inertial coordinate system. However, rotating stall moves in opposite direction to the blade rotation 

at a fraction of the blade speed with respect to axial coordinate system. It varies from 20 to 75% of the 

blade speed along the blade rotational motion(de Jager, 1995). This rotating stall cells had reportedly 

move faster also with typical frequencies from 10 to 50 times larger of those fully developed stall.  

 Typically stall cells have been reported to be one to nine stalled cells depending on the type of 

compressor. Stalled cells can be either abrupt or progressive. The later has gradual reduction of pressure 

ratio after the stall while the former has a sudden drop across entry and exit pressure and often happens in 

a single stalled region. 

 The average flow is steady with respect to time is one characteristics of stall but has non uniform mass 

decrease over its circumferential regions. This results cyclic imbalance of pressure along the blades that 

would cause fatigue vibrations that will eventually break the blade over time. The non-uniform 

distribution of shaft work leads to temperature increase that reduces blade life. 

 There are several types of rotating stall base from de Jager(de Jager, 1995): Full span stall(Figure 

2.2(Pampreen, 1993) where entire height is stalled along the annulus in different regions. Part span(Figure 

2.3(Pampreen, 1993) where stalled regions usually at the tip of the blades. And small or large scale span 

which is a combination of the two where small or large part of the annular flow path is blocked. 

 
Figure 2. 2 - Full-Span Stall(Pampreen, 1993), viewed in axial direction 
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Figure 2. 3 - Part-Span Stall(Pampreen, 1993), viewed in axial direction 

 Looking back at Figure 1.8, where onset of rotating stall can generate a sequence of pattern. When at 

point 2(Figure 1.8(a)) at the un-stalled, the tendency of the point to proceed to the stalled characteristics at 

point 3(Figure 1.8(b)) can occur and remain to operate on that point until measure is taken on the 

compressor to recover and bring back to point 2. Detection of this stall formation cannot be easily noticed 

except for the loud noise and irregular vibration or by some sophisticated sensors and if left for a period of 

time can be a precursor to a more dangerous and severe flow stability higher that stall, which is often 

called surge. 

2.2.  THE CONCEPT OF SURGE 
 Surge flow exhibit when flow of incidence in compressor blades starts to misaligned with their metallic angles, 

often resulted separation that produces losses and instability. This is closely related to stall phenomena and usually 

happens with low mass flow and airflow can simply stop, entering a surge cycle. 

 The behavior of surge attributed its characteristics on the type of compressors and the diffusers(de Jager, 1995). 

In high speed compressors shock wave is present while in low speed compressors, surge appears as in moderate 

pulse.  

 From pressure fluctuations and fluid flow perspective, there are four classes of surge(de Jager, 1995). Mild 

surge where no flow reversal, small periodic fluctuations of pressure base on Helmholtz resonance 

frequency. Second is classic surge is at lower frequency but has large oscillations, still no flow reversal. 

Third is modified surge, it is a combination of stall and classic surge. This is governed with non-axis 

symmetric flow in the entire annulus. The last one is deep surge, this is a strong version of classic surge 

where flow reversal is high and axis-symmetric flow. 

 At constant rotor speed, increasing the pressure at the exit of the plenum may cause mild surge to 

occur. This may followed by a modified surge that could develop further into deep surge. 

2.3.  FUNDAMENTALS CHOKED FLOW 
 Choked occurs with high mass flow at a point where passage blades are blocked that fluids cannot 

flow freely where in some cases flow reversal happens since delivery pressure drop significantly lower 

than the inlet pressure. Choked is a local instability that could affect the whole compression system. It is 

characterized by large amplitude cycle oscillations in mass flow rate. As mention, a complete flow 

reversal is possible. In contrast to stall, the average flow through the compressor is unsteady but the 
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circumferential flow is uniform. A lot of conditions during stall can also be present in choked like rotor 

blades are stressed due to oscillation and unbalance shaft work distribution. In addition, back pressure 

increases higher than the delivery pressure.  

 Choked flows are formed when there is a section in the flow passage area reaching a Ma = 1. It is 

elaborated for isentropic flows(White, 1994) that this critical flow area imposes a maximum mass flow. It 

is obvious that this phenomena must be seriously considered when designing a flow passage and more 

precisely on a turbo machine because as been mention, mass flow will always be limited. 

2.3.1.  COMPRESSIBLE FLOW 
 When fluid velocity is above Mach(Ma) number of 0.3, it is considered compressible flow. Mach 

number is comparable with the sound velocity, Ma is equal to one when fluids speed equals sound speed. 

In air, sound velocity is a function of state(such as a function of static temperature(T). In transonic region, 

which this study falls into, is in the characteristic range between 0.8 < Ma < 1.2. In such flows the 

following phenomena can happen: choked flows, surge flows and shock waves occurs.  

 Shock waves(AndersonJr., 1984) exhibits when flow enters at transonic state and are characterized by 

a thermodynamic state discontinuity.  Usually velocity decreases with an increase of  static pressure(p) 

and static temperature(T). This really provoke compression, which is the purpose of the compressor but 

are mainly a source of losses and noise. In a wall bounded flows such as happening in axial compressor 

region, shock waves are more complex due to interaction of the wall boundary layer. Flow reversal can be 

due to a shock wave(Sebghati, 1992) in high speed compressor operation. There is a high pressure behind 

the shock wave that can deform the casing and inlet. Rotational moments can then alter the twist of the 

rotor and blades. 

2.4.  ON ROTATING STALL AND SURGE  - A LITERATURE SURVEY   
 Earlier research about stall and surge were based on the assumption of incompressible flow. Later on, 

there were successful attempt that featured compressibility and two dimensional flow on the work of 

Bonnaure((Bonnaure, 1991). Further work on non-linear methods of instabilities can be found on the two 

works of McCaughan(McCaughan, 1989a, 1989b). 

 As mentioned, the flow inception  behind stall is not well understood both on high speed and low 

speed compressors. Studies about flow inception on high speed compressor was perform by He et 

al.,(1997). They numerically simulated stall in an isolated compressor blade row. The result they found 

was that the stall of supersonic inflow usually occur in one dimensional surge like pattern without 

experiencing rotating stall at first. 
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 Another numerical simulation on stall inception was conducted by Niazi et al.,(2000) in an isolated 

transonic compressor blade row. Result showed that at low mass flow rates, leakage at the tip section is 

stronger and the effect of tip shock interaction leads to compressor stall. They able to control stall back to 

normal state by incorporating bleed valves at the diffuser walls as a means of stall/surge control. 

 Related numerical studies conducted by Hah et al.,(2004) using RANS analysis for isolated transonic 

compressor rotor produced indication that axial velocity has similarity to the stall signals captured from 

pressure transducers mounted upstream of rotor. It was revealed that the shock in axial position were 

detached from the rotor blade and varies from blade to blade and that this non-uniform shock triggers 

onset of stall. 

 Stall mechanism in an isolated transonic axial compressor rotor with different tip gap heights settings 

were studied by Haixin et al.,(2006). It was found out that both small tip gap at the trailing edge and large 

tip gap at the leading edge triggers stalls. Other researchers, Grietzer et al.,(1993) and Chima(1996) also 

studied similar setting and found out that various effects of different tip clearances on the flow field 

produced similar outcome of stall inception. 

 In addition, many experimental works have been attempted to detect stall and surge build up such the 

work of Indue et al.,(1991) and Lawless et al.,(1994). Precursor to stall and surge inception by collecting 

data of pressure signals based on correlation scheme done experimentally by the work of Dhingra et 

al.,(2003). The data were taken from both high and low speed compressor for comparison and the result 

showed consistent behavior for different rotor speeds. One important technique they found out was the 

proper location of the sensor. 

2.5.  COMPUTATIONAL STUDIES OF COMPRESSOR FLOW 
 In the design and analysis of fluid flow specially involving complex operation such that of a turbo 

machinery, computational technique through computational fluid dynamics have been widely used. In the 

early years, most of the work done was two dimensional potential flow solutions due to the limitations of 

the computational resources, meshing technique, three dimensional discretization schemes and stable time 

marching scheme. In addition, required thorough validation and some other aspects were not ready. 

 Effort to improved numerical technique increased in the course of time. Number of scientific research 

to achieved breakthrough continued up until the present.  MacCormack(MacCormack, 1969) successfully 

developed technique to integrate Navier-Stokes equation. Followed by meshing and grid generation 

technique development around general two dimensional and three dimensional geometry configurations. 

Then, stable implicit time marching were introduced successfully and used by Briley et al., (1984) and 

Beam et al.,(1978). These development, associated with the increase in the computer processing speed and 
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storage led the revolution of Computational Fluid Dynamic(CFD) studies. Further improvements of CFD 

techniques led to the ability of investigating flow fields around three dimensional and multiple row blades 

in real time. Studying instabilities, what limits its operating range and other problems can now be 

simulated and can be answered through CFD(Chima, 1987), (Chima, 1992), &(Hathaway, 1987).  

 Therefore CFD technique plays very important role in the design and analysis of compressor 

operations. Applications for different fluid flow problem cases both internal or external flows were 

performed using CFD. 

2.6.  TURBULENCE MODELING OF FLOW IN CFD 
 The physics behind onset of stall in axial compressor is complicated and to produce accurate result, 

high resolution turbulence model is necessary. As the compressor operate towards stall, flow separation 

occurs, large eddies and wakes start to grow thicker and thicker. Predicting such flows requires turbulence 

models that would resemble closely and capture the scenario accurately.  

 Most CFD methods used in the simulation and analysis of stall in axial compressors are based on 

Reynolds Averaged Navier-Stokes(RANS) approach, in which time-averaged mean effects are solved and 

turbulence closure models are used to provide the flow field turbulent effects, such the eddy viscosity, 

turbulent wake etc..   

 Base on number of additional equations used in the estimation of the flow turbulent viscosity, RANS 

closure model were divided in several forms. Spalart-Allmaras(Spalart & Allmaras,(1994)) model derived 

Navier - Stokes equation which transport equation for the turbulent viscosity or the turbulent kinetic 

energy is solved with length scales empirically specified. Specifying empirical length scales cannot be so 

appropriate for complex turbulent flows. To solved these issue two equation models were made which two 

transport equations for two turbulent variables(turbulent kinetic energy and turbulent dissipation rate)  are 

solved to estimate the flow field base on the predicted length scale and velocity scale. This is how k-ε 

model(Jones  et al.,(1972)) was established which solved the turbulent kinetic energy(k) and turbulent 

dissipation energy(ε). Similar two equation solution was presented by Wilcox(Wilcox, 1988), known as k-

ω model that introduced new term on the second variable which solved the turbulent dissipation rate(ω). 

Menter's k-ω-SST(Shear Stress Transport) model(Menter, 1994) solved Wilcox's k-ω model on near wall 

turbulent properties and switch to k-ε model to solved turbulent properties that are away/far from the wall. 

Base on the evolution of the RANS closure model discuss above, Menter's k-ω-SST(Shear Stress 

Transport) is appropriate choice to be used on this work. More details of this on the next chapter. 

.  
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2.7.  BOUNDARY CONDITION ON STUDIED DOMAIN 
 In axial compressor, the physics on stall inception is very complex, and there is a need to capture 

phenomena in an accurate physical interpretation of system working process . One that should be look into 

is the proper domain(rotor-stator) boundary condition used in the simulation. The flow field complexities 

is inherent by unsteady and three dimensional interactions between adjacent row blades. One major 

drawback, in simulating flow through multiple blade rows is the relative motion on the domain be it at 

rotor or at the stator blades(Rai). To avoid false reflections of the system work, stable and accurate 

boundary conditions must be used to capture correct local and global fluxes on the rotor or stator interface. 

There are works that models boundary conditions on the flow through series of rotor-stator cascades in 

turbo machineries(Wyss) et al.), (Denton, 1990) & Saxer  et al.,(1994).  These are the isolated blade row 

analysis, averaging plane methods, averaging passage methods and fully unsteady methods.  

 In this work, we adapt the single averaging passage method. On this set-up single blade or vane from 

inlet to exit were solved all corresponding fluxes from upstream to downstream. This method allows 

solving the blade rows and does not model any of the transient interactions between the successive blade 

rows. Details on the implementation will be covered on the use of the CFD solver on Open Foam(to be 

discuss on succeeding chapters). The equivalent term related to this approach is called cyclic boundary 

condition(cyclicGgi in OpenFOAM). This is the most convenient way of solving the compressor domain 

which lowers the computational time instead of using the entire domain that compose a more than million 

grid cells. Details of the averaging plane methods, averaging passage methods and fully unsteady methods 

are discuss on the following work references: [(Wyss) et al.), (Denton, 1990) & Saxer  et al.,(1994), (J. J. 

Adamczyk, 1985),  (Adamczyk et al., (1986), and (Rai)]. 

 

 

 

 

 

 

 

 

 

 

 

.  
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CHAPTER 3: NUMERICAL FORMULATION AND CFD TOOLS 

 The solution of the 3-dimensional Navier-Stokes equations is required to analyzed the flow details in 

compressors. Due to the complex nature of the governing equations there is a limits for analytical 

solutions that is why numerical techniques are required. Therefore, numerical formulation and 

CFD(OpenFOAM) tools employed in this study are documented on this Chapter. 

 Details of the OpenFOAM solver used can be found in Section 4.5.1, here the numerical methods used 

to implement the transonic density-based solver will be discuss.  In the solver, primitive variables [ρ, 

U,p]T(transpose matrix) are reconstructed by a Monotone Upstream-Centered Schemes(MUS)(Leer, 

1977). This will return inviscid numerical fluxes after the primitive variables were used as input to the 

approximate Riemann solver. Euler equations are solve through Godunov scheme(Toro, 1999), and then 

central difference discretization follows in which the resulting discretized form is nothing more than the 

conservative Navier-Stokes equation. These will result on a set of algebraic equations which are solved by 

a direct inversion method(Malalasekera et al. (1995)). For unsteady calculation, time discretization can 

reach 3rd order, and the local time-stepping is implemented as an accelerating convergence technique. The 

succeeding sections will provide further details. 

3.1. NAVIER-STOKES EQUATIONS 
The complete form of the N-S presented in the differential form(Reis, 2013)   is read 

       
𝜕𝐔
𝜕𝑡

 +  ∇ ∙ 𝐅𝑐(𝐔)  =  ∇ ∙ 𝐅𝑑(𝐔, ∇𝐔 )        (3-1) 

where U is a conservative state vector 

          𝐔 =

⎝

⎜
⎛

𝜌
𝜌𝑢
𝑝𝑣
𝑝𝑤
𝑝𝐸⎠

⎟
⎞

           (3-2) 

  𝐅𝑐 =  �𝐹𝑐
𝑥 , 𝐹𝑐

𝑦, 𝐹𝑐
𝑧 � is the convective flux tensor 

     𝐹𝑐
𝑥 =  

⎝

⎜
⎛

𝜌𝑢
𝜌𝑢2  + 𝑝

𝜌𝑢𝑣
𝜌𝑢𝑤

(𝜌𝐸 + 𝑝)𝑢⎠

⎟
⎞

 , 𝐹𝑐
𝑦 =

⎝

⎜
⎛

𝜌𝑣
𝜌𝑣𝑢

𝜌𝑣2  + 𝑝
𝜌𝑣𝑤

(𝜌𝐸 + 𝑝)𝑣⎠

⎟
⎞

, 𝐹𝑐
𝑧 =

⎝

⎜
⎛

𝜌𝑤
𝜌𝑤𝑢
𝜌𝑤𝑢

𝜌𝑤2  + 𝑝
(𝜌𝐸 + 𝑝)𝑤⎠

⎟
⎞

   (3-3) 

 

Furthermore,  𝐸 =  𝑝 �𝐶𝑣𝑇 +  1
2

(𝑢²  + 𝑣2  + 𝑤²)�    

where, 𝐶𝑣 is the specific heat at constant volume and T is the static temperature. Also, p is static pressure, 

and is related to total energy and velocities below: 

.  
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  𝑝 =  𝜌𝑅𝑇                      (3-4) 
 
  𝑝 =  (𝛾 − 1) �𝐸 −  1

2
𝜌(𝑢²  + 𝑣2  + 𝑤²)�              (3-5) 

 
 
In Equation (3-5), γ is the specific heat ratio,  equivalent to  1.4  for air.   
 

𝐅𝑑 =  �𝐹𝑑
𝑥 , 𝐹𝑑

𝑦, 𝐹𝑑
𝑧 � is the dissipative flux tensor 

              

 𝐹𝑑
𝑥 =  

⎝

⎜
⎛

0
𝜏𝑥𝑥
𝜏𝑥𝑦
𝜏𝑥𝑧

𝑢𝜏𝑥𝑥  + 𝑣𝜏𝑥𝑦 + 𝑤𝜏𝑥𝑧 + 𝑞𝑥⎠

⎟
⎞

 , 𝐹𝑑
𝑦 =

⎝

⎜
⎛

0
𝜏𝑦𝑥
𝜏𝑦𝑦
𝜏𝑦𝑧

𝑢𝜏𝑦𝑥  + 𝑣𝜏𝑦𝑦 + 𝑤𝜏𝑦𝑧 + 𝑞𝑦⎠

⎟
⎞

,    

                        (3-6) 

               𝐹𝑑
𝑧 =

⎝

⎜
⎛

0
𝜏𝑧𝑥
𝜏𝑧𝑦
𝜏𝑧𝑧

𝑢𝜏𝑧𝑥  + 𝑣𝜏𝑧𝑦 + 𝑤𝜏𝑧𝑧 + 𝑞𝑧⎠

⎟
⎞

 

  and 𝜏𝑖𝑗 the dissipative stress tensor 

          𝜏𝑖𝑗 = �
𝜏𝑥𝑥  𝜏𝑥𝑦  𝜏𝑥𝑧
𝜏𝑦𝑥  𝜏𝑦𝑦  𝜏𝑦𝑧
𝜏𝑧𝑥  𝜏𝑧𝑦  𝜏𝑧𝑧

�          (3-7)  

 

are considered symmetric and a linear function of velocity gradients due to Newtonian fluid 

assumptions(Malalasekera et al. (1995)). 

 In addition, 

   𝝉𝑥𝑥 =  𝝀�𝑢𝑥 + 𝑣𝑦 +  𝑤𝑧�  + 2𝝁𝑢𝑥 
 
         𝝉𝑥𝑦 = 𝝉𝑦𝑥 = 𝝁�𝑢𝑦 + 𝑣𝑥� 
 
    𝝉𝑥𝑧 =  𝝉𝑧𝑥 = 𝝁(𝑢𝑧 + 𝑤𝑥) 
                                  (3-8) 
             𝝉𝑦𝑦 =  𝝀�𝑢𝑥 + 𝑣𝑦 +   𝑤𝑧�  + 2𝝁𝑢𝑦  
 
               𝝉𝑦𝑧 = 𝝉𝑧𝑦 = 𝝁�𝑣𝑧 + 𝑤𝑦� 
 
             𝝉𝑧𝑧 =  𝝀�𝑢𝑥 + 𝑣𝑦 +  𝑤𝑧�  + 2𝝁𝑢𝑧  
and 
     𝑞𝑥 =  −𝑘  𝜕𝑇

𝜕𝑥
                           

 

.  
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    𝑞𝑦 =  −𝑘  𝜕𝑇
𝜕𝑦

                     (3-9) 
 
    𝑞𝑧 =  −𝑘  𝜕𝑇

𝜕𝑧
   

 In these equations, μ is the molecular viscosity and k is the thermal heat conduction coefficient of the 

fluid. In Equation (3-9),  λ , from the Stokes hypothesis, is - 2
3
 μ. 

 All quantities in the Navier-Stokes equations have been non-dimensionalized by their corresponding 

reference values. The following reference parameters have been used: 

   𝐿𝑟𝑒𝑓 = 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑜𝑡𝑜𝑟, 𝑎𝑡 𝑡ℎ𝑒 𝑏𝑙𝑎𝑑𝑒 𝑡𝑟𝑎𝑖𝑙𝑖𝑛𝑔 𝑒𝑑𝑔𝑒 

   𝑉𝑟𝑒𝑓 = 𝑎𝑎𝑚𝑏𝑖𝑒𝑛𝑡,   𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚 𝑜𝑓 𝑡ℎ𝑒 𝑖𝑛𝑙𝑒𝑡   =    𝑎∞ 
    
   𝜌𝑟𝑒𝑓 = 𝜌𝑎𝑚𝑏𝑖𝑒𝑛𝑡,   𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚 𝑜𝑓 𝑡ℎ𝑒 𝑖𝑛𝑙𝑒𝑡   =    𝜌∞           (3-10) 

   p𝑟𝑒𝑓 =   𝜌𝑟𝑒𝑓𝑉²𝑟𝑒𝑓

𝛾
  

 Navier-Stokes equations becomes Euler equations if viscosity and thermal conduction is neglected 

which are solved first by Godunov for compressible flow(Toro, 1999). When dealing with problems that 

admit discontinuities such as shocks, it becomes necessary to solve the N-S equations in a conservative 

form so that convergence of solution is certain(Wendroff et al.(1964)). 

3.2.  RANS EQUATIONS IN A ROTATING FRAME OF REFERENCE 
 In order to solve turbulence, the transonic density-based libraries are implemented under the N-S 

equations with mean flow quantities: the so called Reynolds-Average Navier-Stokes (RANS) equations 

becomes Favre-average Navier-Stokes equation with little variation from the former due to compressible 

flow solution. In principle, time average of the quantities, its variant uses a mass-average because density 

changes in a compressible flows. This work will used the Favre equations but in reference to the 

Reynolds-Average Navier-Stokes equation remain the same. 

 To define the flow quantities of RANS: 
 
         𝐴 = �̃�  +  𝐴῎            (3-11) 
        
where the double prime is the fluctuation and the tilde is the mass-average quantity and has the form 

         �̃�  =  𝜌𝐴����

𝜌�
             (3-12) 

with 

        𝜌𝐴����  ≡  1
∆𝑡

 ∫ 𝜌𝐴𝑑𝑡.𝑡0 + ∆𝑡
𝑡0

          (3-13) 

.  
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 Eq. 3-1 expanded with Eq. 3-11 gives place to the RANS equations, see William(William).The 

following pseudo heat fluxes and stresses appear (also called Reynolds Stress) 

         (𝜏𝑖𝑗)𝑇𝑢𝑟𝑏  =  −𝜌𝑢𝚤
῎𝑢𝚥

῎�������           (3-14)  

        �(𝑞𝑗)𝑇𝑢𝑟𝑏 =  −𝐶𝑝𝑇῎𝜌𝑢𝚥
῎��������.          (3-15) 

The closure model of the RANS equations is made by expressing the Reynolds stress (Eq. 3-14) with the 

mean quantities. This is done with a linear relation between Reynolds stress and the mean strain tensor 𝑆𝑖𝑗 

when applied to the well known turbulence model, (k-ω(SST)) for this work(Wilcox, 1988). 

       �𝑆𝑖𝑗  =  1
2
�  �𝜕𝑈�𝑖

𝜕𝑥𝑗
 +  𝜕𝑈�𝑗

𝜕𝑖
�           (3-16) 

that is read,   �(𝜏𝑖𝑗)𝑇𝑢𝑟𝑏  =  −2µ𝑇𝑢𝑟𝑏 �𝑆𝑖𝑗  −  1
3

 𝜕𝑈�𝑘
𝜕𝑥𝑘

𝛿𝑖𝑗�  +  2
3

 𝜌�𝐾�𝛿𝑖𝑗. �     (3-17)  

Eq. 3-17 is the same with the linear constitutive equation for Newtonian flows 

     ��𝜏𝑖𝑗�𝐿𝑎𝑚 =  −2µ𝐿𝑎𝑚 �𝑆𝑖𝑗  −  1
3

 𝜕𝑈�𝑘
𝜕𝑥𝑘

𝛿𝑖𝑗� , �        (3-18) 

being �τij�Lam the laminar stress tensor: this analogy is called Boussinesq hypothesis(Schmitt, 2007). 

Note the last term in Eq. 3-17 is added to correct the trace of Reynolds stress(Eisfeld, 2006).    

3.3.  RANS NUMERICAL FORMULATION IN OPENFOAM SOLVER 
 RANS equation in OpenFOAM were written in vectorial form, where quantities are already in the 

mean value( Gönҫ et al. (2005)). This is express in the following equation below base on (Borm et 

al.(2011)):            
𝜕𝜌
𝜕𝑡

 +  ∇  ∙  �𝜌𝐔��⃗ 𝑟𝑒𝑙�  = 0 

    
𝜕𝜌𝐔��⃗
𝜕𝑡

 +  ∇  ∙  �𝜌𝐔��⃗ 𝑟𝑒𝑙  ⊗ 𝐔��⃗ �  +  ∇𝑝 =  −𝜌�𝑤 × 𝐔��⃗ �  + ∇ ∙ 𝜎 
     

𝜕𝜌𝐸
𝜕𝑡

 +  ∇  ∙  �(𝜌𝐸 + 𝑝)𝐔��⃗ 𝑟𝑒𝑙 + 𝑝𝐔��⃗ 𝑟𝑜𝑡�  =   ∇ ∙ �σ ∙ 𝐔��⃗ �  −  ∇ ∙ �⃗�  + ∇ ∙ (𝜇 +  𝛽∗∇𝐾) 
                        (3-19) 

                       𝜎 = (µ𝑇𝑢𝑟𝑏 + µ𝐿𝑎𝑚)( ∇𝐔��⃗ + �∇𝐔��⃗ �  −T  2
3

(∇ ∗ 𝐔��⃗ )𝛿𝑖𝑗) - 2
3

ρK𝛿𝑖𝑗)     (3-20) 

 Equation 3-20 is the total shear stress tensor which is the sum of Equations 3-17 and 3-18. It is usually 

called effective turbulent quantity(Landmann, 2008). 

.  
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3.1. HYPERBOLIC SOLUTION 
 Borm et al.(Borm et al.(2011)) formulated these equations for a transonic density-based solver 

implemented in OpenFOAM. It uses Approximate Reimann Solver(ARS) to calculate the inter-cell's flux 

based on characteristic's speed. Then, a Godunov scheme solves the hyperbolic system. 

3.1.1. GODUNOV SCHEME 
The Godunov scheme can be written in the conservative form (Toro, 1999)         

        𝐔𝑖
𝑛+1 =  𝐔𝑖

𝑛 + ∆𝑡
∆𝑥

 �𝐅𝑖−1 2⁄ − 𝐅𝑖+1 2⁄ �.       (3-21) 

One must consider the following conservative form of the 1dimensional Euler equations, to understand 

how the Godunov scheme is assembled: 

          𝐔𝑡 + 𝐅(𝐔)𝑥  = 0,          (3-22) 

with the conservative state vector and the flux 

         𝐔 =  �
𝜌

𝜌𝜇
𝜌𝐸

�       𝐅 =  �
𝜌𝑢

𝜌𝜇2  + 𝑝
(𝜌𝐸 + 𝑝)𝑢

�            (3-23) 

One can divide the spacial domain in N computing cells 𝐼𝑖  = � 𝑥𝑖−1 2⁄ , 𝑥𝑖+1 2⁄ � of length ∆𝑥  =

�𝑥𝑖+1 2⁄   − 𝑥𝑖−1 2⁄ � with a "height" of ∆𝑡 = [𝑡𝑛 −  𝑡𝑛+1] (Figure 3.40). Integrating Eq. 3-22 on cell 𝐼𝑖, first 

in space and then in time, it results will be the following: 

  

  ∫ 𝐔(𝒙, 𝒕𝒏+𝟏)𝒙𝒊+𝟏 𝟐⁄
𝒙𝒊−𝟏 𝟐⁄

𝒅𝒙 =  ∫ 𝐔(𝒙, 𝒕𝒏)𝒅𝒙𝒙𝒊+𝟏 𝟐⁄
𝒙𝒊−𝟏 𝟐⁄

+   

          ∫ 𝐅 �𝐔 �𝒙𝒊−𝟏
𝟐� , 𝒕��𝒕+𝟏

𝒕 −  ∫ 𝐅 �𝐔 �𝒙𝒊+𝟏
𝟐� , 𝒕��𝒕+𝟏

𝒕   (3-24) 

 

Figure 3. 1 - Descrization of mesh cells (Toro, 1999) 

.  
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The Godunov scheme is written in the following form below,   

          𝐔𝑖
𝑛 =  1

∆𝑥 ∫ 𝐔𝑥𝑖+1
2�

𝑥𝑖−1
2�

(𝑥, 𝑡𝑛)𝑑𝑥        (3-25) 

          𝐅𝑖±1
2� =  𝐅�𝐔�𝑥𝑖±1

2� , 𝑡��        (3-26) 

 This is the result when equation 3-26(Godunov flux or inter-cell numerical flux) and equation 3-25 is 

re-written into equation 3-24. 

3.1.2. SOLUTION OF THE RIEMANN PROBLEM  IN EULER  EQUATIONS 
 Considering the following initial valued problem with discontinuous data, the Riemann problem(Toro, 

1999) 

     Hyperbolic system    ∶       𝐔𝑡  + 𝐅(𝐔)𝑥 = 0, 
     Initial condition         ∶       𝐔(𝑥, 0) =  𝐔(0)(𝑥),       (3-27) 
     Boundary condition  ∶       𝐔(0, 𝑡) =  𝐔𝑙(𝑡), 𝐔(𝐿, 𝑡) =  𝐔𝑟(𝑡), 
 
in a domain 𝑥𝑙  <  𝑥 <  𝑥𝑟 using the explicit conservative formula of Eq. 3.54 The Godunov flux at 
interface 𝑥𝑖+1

2�  is defined by: 

              𝐅𝑖+1
2� = 𝐅 �𝐔𝑖+1

2
(0)�                 (3-28) 

being 𝐔𝑖+1
2
 (0) the exact similarity solution 𝐔𝑖+1

2
 (𝑥 𝑡⁄ ) of the Riemann problem. 

 This(Eq. 3-28) is the exact solution of the Riemann problem applied to the Euler equations but it is not 

efficient due to large number of iterations. Harten Lax Van Leer Contact (HLLC) approximate Riemann 

solver is the practical solution of this issue and it is used in  the simulations. 

3.1.3. THE HLLC APPROXIMATE RIEMANN SOLVER 
 Harten, Lax and Van Leer (HLL)( A. Harten  et al.,(1983)) introduced the HLL approximate Riemann 

solver which consisted in defining a new wave structure. Because they considered just two waves(Toro, 

1999), the solver becomes unacceptable when solving the Euler equations because the contact wave is 

missing. Toro, Spruce and Spears(E. Torro et al.(1994)) introduced the HLLC approximate Riemann 

solver that takes the HLL and recovers the contact wave. Base on Figure 3.2, the star region is composed 

by two states and the structure of the solution is presented. 

.  
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Figure 3. 2 - HLLC approximate solution structure(Toro, 1999) 

Then, the HLLC solver is given by: 
 

         𝐔(𝑥, 𝑡) =

⎩
⎪
⎨

⎪
⎧𝐔𝐿   𝑖𝑓 𝑥

𝑡
 ≤   𝑆𝐿

𝐔∗𝐿   𝑖𝑓  𝑆𝐿 ≤ 𝑥
𝑡

 ≤ 𝑆∗

𝐔∗𝑅  𝑖𝑓  𝑆∗ ≤  𝑥
𝑡

 ≤ 𝑆𝑅

𝐔𝑅    𝑖𝑓 𝑥
𝑡

 ≥   𝑆𝑅

�       (3-29) 

Relating the states in the star region (Toro, 1999), the Godunov flux to be applied into the Godunov 

scheme can be written as: 

      𝐅
𝑖+1

2

ℎ𝑙𝑙𝑒 =

⎩
⎪
⎨

⎪
⎧𝐅𝐿                                                  𝑖𝑓 𝑥

𝑡
 ≤   𝑆𝐿

𝐅∗𝐿 = 𝐅𝐿  +  𝑆𝐿(𝐔∗𝐿 −  𝐔𝐿)    𝑖𝑓 𝑆𝐿 ≤ 𝑥
𝑡

≤   𝑆∗

𝐅∗𝑅 = 𝐅𝑅 + 𝑆𝐿(𝐔∗𝐿 −  𝐔𝐿)    𝑖𝑓  𝑆∗ ≤  𝑥
𝑡

 ≤ 𝑆𝑅

𝐅𝑅                                                𝑖𝑓 𝑥
𝑡

 ≥   𝑆𝑅

�    (3-30) 

It only remains to calculate the wave speeds which can be done directly from data 

      𝑆𝐿 = 𝑢𝐿 −  𝑎𝐿, 𝑆𝑅 =  𝑢𝑅 +  𝑎𝑅           (3-31) 

 and 

     𝑆𝐿 = min�𝑢𝐿 −  𝑎𝐿, 𝑢𝑅 +  𝑎𝑅�,   𝑆𝐿 = 𝑚𝑎𝑥�𝑢𝐿 −  𝑎𝐿, 𝑢𝑅 +  𝑎𝑅�     (3-32) 
 
where 𝑢 denotes the particle speed and a the sound speed. For different approaches in calculating wave 

speeds or more details about the Riemann problem, see (Toro, 1999). 

3.1.4. RIEMANN SOLVER FOR CAPTURING SHOCKS IMPLEMENTED IN OPENFOAM 
 As mention in the last section the soundness and practicality of handling turbulent shocks of 

Approximate Riemann Solver(ARS) called Harten Lax Van Leer Contact(HLLC)  introduced by Harten, 

Lax and Van Leer(HLL) ( A. Harten  et al.,(1983)) was improved by Toro, Spruce and Spears (E. Torro et 

.  
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al.(1994))  using the original HLL, to recover contact wave which is missing when applied to Euler 

equation. 

 The performance and accuracy of Approximate Riemann Solver(ARS) using HLLC to capture shocks 

was tested rigorously in transonic density-based solver  on the work of Toro(E. Torro et al.(1994)). The 

result achieved perfect accuracy in slowly moving discontinuities. On the other hand, highly smeared 

results were produced in fast moving contact discontinuities. This means that the algorithm was reliable. 

Base on these result, HLLC solver in rhoPimpleDyMFoam solver can be used with safety in transonic 

flows in which implemented on this work. The parameters of the simulation implemented in OpenFoam 

code is given in Appendix 5. 

3.2. TURBULENCE MODELING 
 It is widely accepted that the 3D Navier-Stoke are the correct representation of turbulent 

flow(McDonough, 2007). Every length scales are modeled in a RANS approach such as Large Eddy 

Simulation(LES)(Frisch, 1995) or Direct Numerical Simulations(DNS). Landmann(Landmann, 2008) 

improved Kolmogorov scheme and its micro-scale theory, pointing out that one needs O(Re3/4) to resolve 

all turbulent length scales per space dimension. Due to the fact that turbulence is a three dimensional 

phenomena, one would need O(Re9/4) grid cells. 

 OpenFOAM have numbers of  turbulence models available and these transonic density-based solvers 

can use every RANS based model, like the ones that returns turbulent viscosity 𝑢𝑇. Borm(O. Borm et 

al.,(2011)) points out there might be some conflict in rotor-stator problems when using a turbulence model 

that use vorticity terms because velocity jumps in the interface. The Shear stress transport(SST) model 

was used and doesn't have this problem: it is described below. 

3.2.1. BOUNDARY LAYER  SHEAR STRESS TRANSPORT (SST) 
 Menter(Menter, 1993) introduced the SST model. This is a two equation model that takes the 

approach of the 𝑘 − 𝜔(Wilcox, 1988) at the inner region of the boundary layer, using the 𝑘−∈ in the outer 

region and free-stream. It modifies the definition of eddy viscosity by taking into account the transport of 

turbulent shear stress. This modification proved to be very important for accuracy in adverse pressure 

gradients(D. Johnson et al.(1985)) which is a requisite in aerodynamic turbulence models(Menter, 1994). 

The 𝑘 −  𝜔 formulation makes it robust and a good choice for the logarithmic and viscous sub-layer 

regions. For the outer region and free-stream, 𝑘 − 𝜔  predictions are very sensible to the free-stream 

specific dissipation rate 𝜔, therefore SST switches to 𝑘−∈ model which hasn't this behavior. In SST 

transport equations one can read the (1) Lagrangian derivative, (2) production term, (3) destruction term 

and (4) the dissipation term 

.  
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    𝑘:    𝐷𝜌𝑘
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1
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𝝏𝒙𝒋

����������������������
4

    (3-33) 

  𝜔 ∶      𝐷𝜌𝜔
𝐷𝑡�
1
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𝑉𝑇
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𝝏

𝝏𝒙𝒋
 ��𝝁𝑳𝒂𝒎 + 𝝈𝒌𝝁𝑻𝒖𝒓𝒃� 𝝏𝒌

𝝏𝒙𝒋
� +  2𝜌(1 − 𝐹1)𝜎𝜔2

1
𝜔

𝜕𝑘
𝜕𝑥𝑗

𝜕𝜔
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𝟒

   (3-34) 

 where constants:  𝐶𝑘𝜔, 𝐶𝑘∈ correspond to 𝑘 − 𝜔 model, 𝑘 −∈, respectively 

      𝐶𝑘𝜔  �

   𝜎𝑘1 = 0.85        𝜎𝜔2 =  0.5         𝛽1 = 0.0750  

    𝛽∗ = 0.09         𝑘 =  0.41         𝛾1 = 𝛽1
𝛽∗ − 𝜎𝜔1𝑘2 �𝛽∗�

� 

     𝐶𝑘∈  �

    𝜎𝑘2 = 1        𝜎𝜔2 =  0.856        𝛽1 = 0.0828  

    𝛽∗ = 0.09         𝑘 =  0.41         𝛾2 = 𝛽2
𝛽∗ − 𝜎𝜔2𝑘2 �𝛽∗�

� 

The constants 𝐶𝑘𝜔𝑆𝑆𝑇 will result of a combination between 𝐶𝑘𝜔 and 𝐶𝑘∈ that reads 

         𝐶𝑘𝜔𝑆𝑆𝑇 = 𝐹1𝐶𝑘𝜔  +  (1 −  𝐹1)𝐶𝑘∈      (3-35) 

and the model closes with the following relations 

       𝐹1 = 𝑡𝑎𝑛ℎ ���𝑚𝑎𝑥 � √𝑘
𝛽∗𝜔𝑑

, 500𝑣
𝑑2𝜔

� , 4𝜎𝜔2𝑘
𝐶𝐷𝑘𝑤𝑑2��

4
�  ,     (3-36) 

          𝐹2 = 𝑡𝑎𝑛ℎ ���𝑚𝑎𝑥 � 2√𝑘
𝛽∗𝜔𝑑

, 500𝜈
𝑑2𝜔

� ��2�  ,     (3-37) 

          𝐶𝐷𝑘𝑤  = 𝑚𝑎𝑥 �2𝜌𝜎𝜔2 
1
𝜔

 𝜕𝑘
𝜕𝑥𝑖

 𝜕𝜔
𝜕𝑥𝑖

, 10−10�  ,    (3-38) 

             𝜈𝑇𝑢𝑟𝑏  =  𝑎1𝑘
𝑚𝑎𝑥(𝑎1𝜔,𝛺𝐹2) ,     (3-39) 

being νTurb the kinematic turbulent viscosity. The derivation of Eq. 3-33 and 3-34 comes from a 

transformation of the 𝑘 −  𝜀  model to a 𝑘 −  𝜔  formulation with the following relation 

           𝜔 =  ∈
𝛽∗𝑘

           (3-40) 

and then a combination of both 𝑘 −  𝜀 and 𝑘 −  𝜔 models with a function F1 that acts like a switch in 

the inner and outer regions of the boundary layer. Full details are given in the works of  

Davidson(Davidson, 2006).  Other approaches can be found from (Menter, 1992) & (P. Spalart et 

al.,(2007)). 

.  
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3.3. SPATIAL DISCRETIZATION 
 The neighboring cells in every grid are computed per length scales to solve the field properties by 

discretization. The method of discretization implemented in this transonic density-based libraries is known 

as the method of lines(Morton et al.,( 1967)) which allows the selection of numerical methods with 

different accuracy for time and space. 

 The interpolation formulae of the inviscid terms is done with Van Leer's MUSCL(Leer, 1977) which 

defines them as second-order accurate in space. Taking the Godunov integral average for a specific 

quantity 𝜑𝑖
𝑛 in cell 𝐼𝑖 =  �𝑥𝑖 − 1

2
, 𝑥𝑖 + 1

2
�, the piece-wise linear reconstruction of MUSCL is given by: 

         𝜑𝑖
𝑛(𝑥)  =  𝜑𝑖

𝑛  +  (𝑥 − 𝑥𝑖)
∆𝑥

∆𝜑,    𝑥 ∈ [0, ∆𝑥]    (3-41) 

where ∆𝜑
∆𝑥

 is a chosen slope of 𝜑𝑖(𝑥) in cell I𝑖. Figure 3.3 shows the average and its linear reconstruction. 
         

 

Figure 3. 3 - Cells discretization method (Toro, 1999) 

 It is also of great importance the extreme points of  𝜑𝑖
𝑛(𝑥), they will define the right 𝜑𝑖+ 1 2⁄  and left 

𝜑𝑖− 1 2⁄  states introduced in Section 3.1.2 and are given by: 

      𝜑𝑖− 1 2� =  𝜑𝑖
𝑛 − 1

2
∆𝜑,     𝜑𝑖+ 1 2� =  𝜑𝑖

𝑛 + 1
2

∆𝜑.                                (3-42) 

The slope is read:  ∆𝜑 =  1
2

(1 + 𝜔)∆𝜑𝑖−1
2� +  1

2
(1 − 𝜔)∆𝜑𝑖+ 1 2�       (3-43) 

with     ∆𝜑𝑖−1
2�  ≡  𝜑𝑖

𝑛 −  𝜑𝑖−1
𝑛 ,   ∆𝜑𝑖+1

2�  ≡  𝜑𝑖+1
𝑛 −  𝜑𝑖 

𝑛     (3-44) 

and 𝜔 is a free parameter in the real interval [−1, 1]. Setting 𝜔 = 0 leads to a secondorder accurate 

upwind-biased linear interpolation. The MUSCL scheme needs to add more features when in presence of 

strong gradients. They are called limiter functions or limiters and are build to reduce the solution wiggles 

near discontinuities. 

 In all simulations the Venkatakrishnan(Venkatakrishnan, 1995) limiter is used. It is second order 

accurate 𝜔 = 0 and reduces the reconstructed gradient by the following factor, 

 

.  
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 � �∆1,𝒎𝒊𝒏
2 + ∈2� ∆𝟐+ 2∆2

2∆1,𝒎𝒊𝒏

∆1,𝒎𝒊𝒏
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2 + ∆1,𝒎𝒊𝒏  , ∆𝟐 + ∈2�      𝒊𝒇  ∆𝟐 < 0 

                           1                                𝒊𝒇  ∆𝟐= 0

�   (3-45) 

    where, 

        ∆1,𝑚𝑎𝑥=  ∅𝑚𝑎𝑥 −  ∅𝑖∆1,𝑚𝑖𝑛 =  ∅𝑚𝑖𝑛 −  ∅1     (3-46) 

 In Eq. 3-46, ∅𝑚𝑎𝑥 and ∅𝑚𝑖𝑛 are the maximum and minimum values of all neighbor nodes and the 

owner itself. The parameter ∈2 is meant to control the amount of limiting and it was found that it should 

be proportional to a local scale length, i.e. 

           ∈2=  (𝐾∆ℎ)3          (3-47) 

 It was found(Venkatakrishnan, 1995) that setting 𝐾 =  5 provided the best convergence properties 

with the best shock resolution thus this value is used in all simulations.  The viscid terms are build with 

central difference discretization which is second order. Therefore, this solver is second order in space 

although lower order can be used. 

3.4. TIME DESCRETIZATION 

3.4.1. STEADY SOLVER 
 To attain convergence steady state condition must be reach on the solution. In every control volume, 

Eq. 3-1 can be written in a semi discrete form 

           𝜕𝜐𝑼
𝜕𝑡

=  −𝐑(𝐔)          (3-48) 

with υ for volume and the residual vector 𝐑 being the full spacial discretization and a non-linear function 

of the conservative state vector. Integrating Eq. 3-48 with time, will result a steady state 𝐑(𝐔) = 0 or an 

unsteady solution and both solutions are available in the density-based libraries. 

 It is important to note that time accuracy in steady cases is irrelevant. The accuracy of the solution 

only depends on spatial discretization making the advantage of method of lines clearer. From the other 

side, in unsteady flows, the aim is to get the highest temporal accuracy possible. Runge-Kutta(A. Jameson 

et al.,(1981)) time stepping is available and will used in the simulations. It is given by:     

                𝐔0  =  𝐔𝑛 

                                                               𝐔1 =  𝐔0 −  𝛼1
∆𝑡
∆𝑥

 𝐑(𝐔0) 

                                                               𝐔2 =  𝐔0 −  𝛼2
∆𝑡
∆𝑥

 𝐑(𝐔1)                                                  (3-49)  

             𝐔3 =  𝐔0 −  𝛼3
∆𝑡
∆𝑥

 𝐑(𝐔2)        

.  
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                   𝐔4 =  𝐔0 −  𝛼4
∆𝑡
∆𝑥

 𝐑(𝐔3) 

                         𝐔n+1  =  𝐔4 
 
    with the following coefficients:   𝛼1 =  0.11 

             𝛼2 =  0.2766           (3-50) 

                                                                                              𝛼3 =  0.5 

                                                                                              𝛼4 =  1.0 

 By reducing the residual of equation 3-48 towards machine zero, a steady state will be reached.  

3.4.2. UNSTEADY SOLVER 
  On the onset of stall, the approach is to calculate the unsteady behavior. This approach from the 

solver is called dual time-stepping(DTS) and it is a common practice. Explicit Runge-Kutta and 

convergence acceleration techniques are not time accurate, therefore, Jameson(Jameson, 1991) introduces 

a pseudo-time 𝜏 solver that will re-formulate Eq. 3-48  in the following form, 

          
𝜕𝜐𝐔
𝜕𝜏𝑡

=  𝜕𝜐𝐔
𝜕𝑡

+  𝐑(𝐔) =  𝐑∗(𝐔)     (3-51) 

R∗(𝐔) is a new residual and the physical time derivative 
𝜕
𝜕𝑡

 is approximated by a second order accurate 

three-point backward difference(Blazek, 2001). Hence, 

      
𝜕𝜐𝐔
𝜕𝜏𝑡

=  3𝜐𝑛+1𝐔n+1− 4𝜐𝑛𝐔n+𝜐n−1𝐔n−1

2∆𝑡
+  𝐑(𝐔n+1) =  𝐑∗(𝐔n+1),          (3-52) 

with the steady state techniques mentioned above being used to reduce the residual R∗(𝐔). When the 

pseudo-time solver converges 
𝜕𝛀𝐔
𝜕𝜏𝑡

 ≈ 0, the physical time step advances. 

3.5. THE CONVERGENCE TECHNIQUES 
 There are numbers of convergence technique namely: the Local Time Stepping (LTS), Implicit 

residual smoothing (IRS), and Multigrid. The first will be discussed on this section, the second is mention 

in Section 3.4 introduced by Jameson(Jameson, 1983), and the last technique, one can refer to a number of 

literatures such as those from (Blazek, 2001), (A. Andrea et al.,(1993)) and (R.Swanson et al., (1991)). 

 In these section we will describe the only accelerating convergence technique implemented in the 

density-based libraries: the Local Time Stepping (LTS). 

 The LTS consists in using the maximum allowable time step taking the dissipative and convective 

contributions. Hence, according to Blazek(Blazek, 2001) they can be given by: 

.  
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 ∆𝑡𝑑 = 𝑚𝑎𝑥 � 4
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, 𝛾
𝜌

�  � 𝜇𝐿𝑎𝑚
𝑃𝑟𝐿𝑎𝑚

+ 𝜇𝑇𝑢𝑟𝑏
𝑃𝑟𝑇𝑢𝑟𝑏

�  �∆𝑥
𝜈

�
2

, ∆𝑡𝑐  =  (|𝑈| + 𝑐)∆𝑥      (3-53) 

 and Andrea et al.(A. Andrea et al.,(1993)) proposes the following final time step, 
 

        ∆𝑡 = 𝐶𝑐𝑓𝑙  (∆𝑡𝑑∆𝑡𝑐)
(∆𝑡𝑑+∆𝑡𝑐)

.          (3-54) 

 Applying all of these concepts to CFD and more precisely to residuals, one can make the following 

statement. Every cell residuals can be seen as a sequence and the whole mesh is the set of sequences in 

which  it is true that at each step they have a value. If a steady state is to be reached, in means steadiness is 

attained and will surely converged.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

.  
 



P a g e  |36 
 

CHAPTER 4: THE TEST CASE AND SETTINGS AT OPENFOAM SOLVER  
 In this chapter the description of the axial compressor being studied is introduced. The geometry 

configuration of the compressor will also be presented. The numerical scheme and boundary procedure 

discuss in the previous chapter will be implemented in the solver. The general set up of the test case will 

be implemented in the Open Foam solver. The necessary work to prepare the case in CFD OpenFoam tool 

and to extract results in Paraview will also be discuss. The actual procedures and the real work of running 

fluid flow problem in a test case using CFD is the main take away learning by the author. This chapter is 

the main highlight of the work. 

4.1.  THE TEST CASE - NASA ROTOR 67 
 The  test case is the NASA(National Aeronautics and Space Administration) Rotor 67 shown in 

Figure 4.1 below, labeled L.P. COMPRESSOR call out in the diagram. This is part of low pressure(LP) 

turbo fan's compressor set of the jet engine responsible  for generating thrust in common commercial 

airplanes.  

 
Figure 4. 1 -  Rolls Royce Jet Engine. Courtesy: (Royce)  

 The geometrical inputs of NASA Rotor 67 was reported in Table 1 on NASA Technical Paper 

2879(A.J. Strazisar et. al.,(1989)). It has 14 stacking blade profiles given, each has 35 specified 

coordinates points in radial, axial, and angular coordinates that comprised the whole rotor geometry. The 

.  
 



P a g e  |37 
 

input points were used to create the three dimensional model using CAD tool(Autodesk Inventor 2015). 

The resulting 3D CAD model of the rotor is shown Figure 4.2 where blades, hub and shroud are captured 

accurately. This are used for specifying the flow domain and boundary condition in setting up the case in 

CFD. The CAD model has also tip-gap clearance between shroud and tip of the blade of about 0.1 cm. 

 
Figure 4. 2 - NASA Rotor 67  

4.1.1. TEST PARAMETER DESCRIPTION OF THE ROTOR 

 Aside on simulating compressor stall in CFD, the work also aim by solving three dimensional flow of 

the transonic high speed axial fan, NASA rotor 67, and compare the compressor performance map to the 

experimental result.  

 This low aspect(σ=1.56) ratio rotor is the first stage rotor of a two stage transonic fan designed and 

tested with laser anemometer measurements at the NASA Glenn Research Center. The design pressure 

ratio is 1.63, at a mass flow rate of 33.25 kg/sec. The rotor has 22 blades with tip radii of 25.7 cm and 

24.25 cm at the leading and trailing edge, respectively. The hub/tip radius ratio is 0.375 at the leading 

edge and 0.478 at the trailing edge. The design rotational speed is 16 043 rpm, and the tip leading edge 

speed is 429 m/sec with a tip relative Mach number 1.38. To determine the rotor mass flow rate, a 

calibrated aerodynamic survey probes(orifice) shown in Figure 4.3 was used. A detailed description of 

blade and flow-path geometry, as well as measured data on total pressure, temperature, static pressure and 

flow angle data, can be found in the work of A. J. Strazisar et al.(A.J. Strazisar et. al.,(1989)).    Figure 4.4 

.  
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shows the locations where velocities were measured for this compressor labeled aero station 1 and aero 

station 2. The hub consists of two stationary and one rotational segments. The rotor hub is in the region of 

-3.533 cm < x < 7.106 cm and rotational wall conditions were applied to this region. 

 
Figure 4. 3 - Aerodynamic survey probes(A.J. Strazisar et. al.,(1989))    

 

 

Figure 4. 4 - Laser Anemometer and aerodynamic survey locations(A.J. Strazisar et. al.,(1989))  

.  
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4.2.  OPENFOAM OVERVIEW 
 The three dimensional flow and stall simulation will be done using Computational Fluid Dynamics 

software with the appropriate solver that fits the case. The CFD software used on this work is called Open 

Source Field Operation and Manipulation(OpenFOAM). It is an open-source software, for computer 

simulations of fluid dynamics and is freely available to anyone, distributed under General Public License-

GPL. Due to the open-source nature of OpenFOAM, it is easy to add new features. Since the source code 

can be access, the user can modify and implement the code to fit special requirement with the advantage 

of understanding how CFD methods work. This is why OpenFOAM is also a great tool, as L. Pirkl noted 

"When used properly, it can beat any commercial code available in terms of costs, speed or 

accuracy.(Pirkl, 2016) 

4.2.1. OPENFOAM WORK FLOW AND CASE STRUCTURE  
 OpenFOAM was written to be a library of functions for easy creation of applications for solving 

continuum mechanics problems. It all provides access to essential applications required for continuum 

mechanics modeling, pre-processing, solving and post-processing. Figure 4.5 shows the workflow in 

OpenFOAM. 

 
Figure 4. 5 - OpenFOAM Workflow 

.  
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 Libraries are pieces of code in C++ object oriented programming language that can be used to build 

solvers or utilities. These libraries are organized based on the type of flow problems and assigned folder 

names as an identity label of the flow it is going to solved. Therefore, the user can select a folder that fits, 

duplicate the folder and set up the case. On the same manner, OpenFOAM have variety of solvers that are 

hard coded and usually designed for a specific type of problem like steady state or transient flows, 

incompressible or compressible flows and other complex physics also have dedicated solvers, which are 

ready. Thus user can select the correct solver as well within OpenFOAM. Utilities are executables that 

performs small tasks usually for pre-processing and post-processing the solution data. One worthy to 

mention is the unstructured meshing utility called snappyHexmesh that is used on this work and will be 

covered in section 4.4. 

 Preparing and setting up the case is where the real engineering application of the flow problems is 

carried out. Figure 4.6 is sample of a case structure that must be set up correctly to solve a flow problem 

successfully. These means modifying codes, adding features, filling up parameters etc. on the library files 

that embodies the whole physics of the flow problem. The solver is the main code that collects the entire 

codes  from libraries to run and execute the solution. The results can be post process by a post processing 

tool, Paraview, which is compatible with OpenFOAM. 

 
Figure 4. 6 - A sample OpenFOAM case structure 

.  
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4.3.  DATA 

4.3.1. EXPERIMENTAL DATA EXTRACTION 
 Experimental data is available at peak efficiency and near stall given on the work of A.J. Strazisar et. 

al.(A.J. Strazisar et. al.,(1989)). The tangential and axial velocity data were collected using laser 

anemometer(LA). Its technique is as follows, they used window numbering refer to as WNBEG along 

pitch-wise to cover 360 degrees of the rotor. 1100 windows in a single passage measured 50 positions 

along θ. Results were often presented in blade to blade(B2B) with coordinates in radius-theta-

meridional(r-θ-M). They took samples, 30 in axial position with nine surface revolutions which gives 

50x30x9 measuring positions in a rotor passage. Figure 4.7 illustrates how the positions of the 

measurements were defined.  

 
Figure 4. 7- Data Coordinate Measurement(A.J. Strazisar et. al.,(1989)) , RP-radial position,  

AP-axial position, CP-circumferential position 

 There are two plots that should be understood from the experiment to get good interpretation: the 

stream-wise and pitch-wise. Stream-wise will follow a streamline and a pitch-wise that follow along pitch, 

each has always in constant percent(%) span position. A stream-wise plot will be defined by constant pitch 

percentage and pitch wise plot will be defined by constant chord percentage position as shown in Figure 

4.8. The starting window number(WNBEG) for laser anemometer survey is available for all plots. The 

streamline define the pitch also, as 50 windows per passage define a range for pitch. How the windows are 

numbered is shown in Figure 4.9. 

.  
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 Radial measurement were taken up-stream and downstream of the rotor for the velocity blade surveys, 

including p0 and T0 that were used to calculate the overall rotor aerodynamic performance. National 

Advisory Committee for Aeronautics(NACA) corrected all data into standard day condition at sea level: 

p0 = 101325Pa and T0 = 288.15K. For more details refer NASA Technical Paper 2879(A.J. Strazisar et. 

al.,(1989)). 

 
Figure 4. 8 - (a) Streamlines (b) Constant chord percentage line(A.J. Strazisar et. al.,(1989)) 

 
Figure 4. 9-Window numbering(A.J. Strazisar et. al.,(1989))   with emphasis each blade having same window point(top) 
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4.3.2. NUMERICAL DATA EXTRACTION(POST-PROCESSING) 
 How experimental data is extracted should have similar resemblance on how numerical result should 

also be gathered in order to get better results comparison. With open source software, Paraview, 

numerical data extraction from a rotor is not straightforward. This is due to the way how experimental 

data is taken, a Cartesian referential is not appropriate to understand rotating geometries and solutions, 

while the visualizer, Paraview, does not have the necessary tools in the Graphic User Interface(GUI) to 

perform blade to blade cuts. To do the task, there is a python code developed by Borm(Borm, 2013), that 

works with Paraview.  

 With regards on extracting streamlines along span, a utility called Plot on Interception Curves from 

Paraview is used. It is being done by making a sphere with enough radius intercepting at span region to 

create the cut to approximate a streamline with constant pitch percentage. See Figure 4.10 illustrating the 

cut and purported data points, all plots of other percent cuts was done similarly.  

 
Figure 4. 10 - Data extraction in Paraview 

 It is also important to take notice that the simulation is using only one passage and the domain used in 

simulation is of C-type(not blade-to-blade). The streamline percentage of the experimental data(Figure 

4.8(a)) has its equivalent authors' logical  interpretation to be of similar numerically extracted data. Base 

on the concept of repeating stages(Mohsen Assadi, 2017), 80-percent pitch in the suction(Figure 4.8(a)) 

side wall, stream-wise in experimental data is equaivalent to 20-percent pitch in the pressure side of the 

numirical simulation data. This means, cut beyond 50 percent of the suction side in the experiment has 

equivalent result as the pressure side of the numerical simulation taking the percentage reference of the  

pressure side wall to the right, details is shown in Figure 4.11.  
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Figure 4. 11 - Streamwise pitch percentage of the flow passage   

  The extraction of pitch-wise lines can be straight forward, taking into account that chord 

percentage(the axial chord in pith-wise), coordinates of leading edge(LE) and trailing edge(TE) were 

taken and gathering the data follows naturally. Plotting the pitch-wise data can be difficult due to radius-

theta-meridional(r-θ-M) plane and window numbering(WNBEG) on experimental data which should 

correlate the numerical results.  Since only one passage is simulated, it is necessary to identify where all 

the relevant WNBEG windows is  in one numerical passage. Recalling that the domain has 22 number of 

blades, passage pitch range is associated with 16.3636 degrees(360
22

) at constant chord percentage to cover 

the overall domain and then get the two known window points. 

 OpenFOAM has a functionObject utility called patchAverage that acts like the radial surveys upstream 

and downstream of the rotor by area averaging and mass averaging of the variables on assessing overall 

aerodynamic performance. Area averaging is applied in this case because density varies in the simulation 

due to transonic nature flow of the fluid. patchMassFlow function object is also used to know if there is 

conservation of mass between the inlet and outlet of the rotor. 

 Finally, we often want more quantitative data from the case flow results. Discuss above, values can be 

taken directly from Paraview through plot over a line or curve with the filter Plot Over Line, this was 

utilized in some plots. While this is a bit convenient, we want to extract the values to a text file using 
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functions objects. This makes it easier to compare against data coming from other sources and it suited for 

this work when we want to compare the results for the velocity and pressure and create plots.  

 This is done by creating a file in the system folder with user appropriate filename on the type of 

parameter extracted. This contains the start and end coordinate extraction points with a specified fields, 

like velocity for example. Then the following line(see Figure 4.12) will be added at the end of the 

controlDict dictionary file. This is the sample on the plot of the residuals shown in the introductory part of 

Chapter 5, which plots the residuals for the pressure and velocity.  After the simulation, the file  is 

written in the postProcessing folder in .dat file type and data's can be extracted using plotting tools, in this 

work, using Microsoft excel. Similar code lines were applied to other parameter fields  that are going to be 

extracted to gather necessary data's for the entire work. 

 
Figure 4. 12 - Sample of a function object code for Plotting and data extraction(Residuals plots sample) 

4.4.  MESHING 

4.4.1. THE ROTOR GEOMETRY 
 The input data for rotor and the casing geometries from NASA Technical Paper 2879(A.J. Strazisar et. 

al.,(1989)) was converted into 3D model using Autodesk Inventor, a commercial design software. This 

creates blade surfaces and camber coordinates with given angles BETA in the meridional direction as 

introduced from the Technical paper. The blade surface and the camber line were defined with 35 points 

in the radial, theta-meridional plane and thickness was set symmetric to camber line. All 14 blade sections 

were linearly stacked from the hub. The created 3D rotor geometry from the input data is shown in Figure 

4.13. One can say that the resulting 3D CAD rotor is a complex geometry due to the twisting of the blade 

and an angled span. By inspection, this conforms by the given reference, shown in Figure 4.14 in which 

stacking is not linear. 
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Figure 4. 13 - Rotor Blade - CAD modeled 
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Figure 4. 14 - Meridional Plane(A.J. Strazisar et. al.,(1989) 

4.4.2. CREATING THE TRI-SURFACE PATCHES 
 The modeled rotor geometry needs triangulation or tri-surface meshing as a requirement for the fluid 

computational domain. An open-source software called Salome("https://www.salome-platform.org/,") 

have one of its varied capabilities which is to mesh CAD models. The modeled 3D geometry is then 

imported to Salome  for surface meshing or triangulation. Figure 4.15 shows the resulting mesh. The rotor 

geometry needs to have a complete boundary patches that comprises the overall flow domain that should 

be triangulated in the same manner . Figure 4.16 illustrates the rotor geometry with the additional patch 

boundaries which are the two side face patches(on the figure only one side is shown) and the shroud. One 

can notice that it is empty inside which means the meshed patches will serves as the geometry tri-surface 

boundaries in the process of creating the computational domain. The blade edges, tip and hub patches 

have fine meshes than the rest of the surfaces as shown(figure 4.15) to captures corner and edge transition 

accurately. 

 After rotor and additional geometries are meshed, it is exported to Stereolithography(STL) format 

with mesh retained giving each patch geometry a filename. These stl files are place at /constant/tri-surface 

folder and read by OpenFoam during unstructured meshing of the computational domain. The triangulated 

surface filenames are: Rotor_BLADE.stl, Rotor_HUB.stl, Rotor_INLET.stl, Rotor_OUTLET.stl, 
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Rotor_SHROUD.stl, Rotor_SIDEFACE1.stl and Rotor_SIDEFACE2.stl. STL geometries group into one 

makes up the flow patch domain as can be seen in Figure 4.16.(one side face stl geometry is hidden)  

 

Figure 4. 15 - 3D mesh of the rotor geometry in Salome 
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Figure 4. 16 - The tri-surface .stl geometries  as one flow domain(one face is hidden to see inside) 

4.4.3. MESHING THE COMPUTATIONAL DOMAIN 
 The success and accuracy of the solutions from any OpenFOAM simulation are subject to mesh 

quality of the computational domain. The computational domain is created using snappyHexMesh utility 

which generates 3-dimensional  hexahedra(hex) meshes automatically from the triangulated surface 

geometries(tri-surface) created in section 4.4.2. The generated mesh will approximately conforms to the 

input tri-surface boundaries by iterative refining processes. Edges of stl tri-surface geometries are 

extracted using surfaceFeatureExtract sub-dictionary in snappyHexMesh. The silhouette of the blade was 

extracted using open source editor called Blender("https://www.blender.org/,") to capture LE and TE 

edges and exported as .OBJ file so it will be readable in OpenFoam. These edges are used as feature 

refinement to achieved quality meshing at edges and corners. The required background mesh was created 

in Salome and exported as unv file and converted to OpenFoam mesh through ideasUnvToFoam 

command. There are two main and one optional process in snappyHexMesh: castellation, snapping and 

adding layers respectively. 

 SnappyHexMesh needs background mesh which defines the extent of the computational domain as the 

first step. The tri-surface .stl geometries inside the background mesh is shown in Figure 4.17. Within the 
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vicinity of the tri-surface boundaries and edges, mesh level refinement of background mesh cells were 

refine further.  

 
Figure 4. 17 - Background mesh with tri-surface .stl geometries inside(iso and top view) 

 Local mesh refinements is done also on the surface boundaries and edges that intersects with the 

background mesh. Intersects between tri-surface boundaries and background mesh is done according to 

the castellatedMeshControls sub-dictionary using eMesh file from surfaceFeatureExtract and tri-surface 

boundaries. Then the system recognized the computational domain region and splits the cells that intercept 

to the background mesh. After splitting is completed a user keep point specified in locationInMesh sub 
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dictionary removed unused cells creating the castellated computational domain mesh. Figure 4.18 shows 

the castellated mesh of the fluid computational domain. 

 
Figure 4. 18 - Castellated Mesh of the Fluid Computational Domain(Bottom) and tri-surface boundaries(Top) 
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  To preserve the geometry features of the tri-surface boundaries after castellated process, the next 

phase is surface snapping. This involves moving the cell vertex points onto the surface geometry to 

remove the jagged castellated surface from the mesh. With the latest displaced boundary vertices, internal 

mesh of the flow domain is then solved. The cells closest to the interface are snapped to the actual surface 

then faces are merge and smoothen. This is controlled by the snapControls sub-dictionary  settings in the 

snappyHexMeshDict  dictionary. Figure 4.19 shows the result of surface snapping mesh process. 

 
Figure 4. 19 - Surface snapping result in snappyHexMesh. mesh off(top), mesh on(bottom) 
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 At this point the domain is completely mesh internally and externally. The third steps of 

snappyHexMesh process is adding layers which is considered optional.(Greenshields, 2017) This layer is 

added to the external surfaces few thickness in length base on user specification to refine more the 

external faces, this is necessary if the boundary layer thickness plays important role on the simulation. In 

this work boundary layer thickness is an important factor due to friction since this is turbulent transonic 

high velocity flow, but due to the complexity of the geometry adding layers will not always be 

successful(Giljarhus, 2018). On snappyHexMeshDict file, addLayers parameter is set to false(disabled) 

and resolved by testing multiple snappyHexMesh sensitivity runs with different refinements levels to get 

the finest mesh possible outcomes . Sample of sensitivity runs on different meshes are shown in Figure 

4.20. 

 
Figure 4. 20 - Different mesh refinement level sensitivity run of the computational domain in snappyHexMesh.  

courser mesh(top), medium mesh(middle), finest attainable mesh (bottom) 
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 Under these three main processes of snappyHexMesh, sub-dictionaries under each step process has 

parameters that needs to be filled out correctly in order to execute snappyHexMesh in OpenFoam 

otherwise meshing of the domain will not be successful. The complete SnappyHexMeshDict dictionary 

with parameters input of this work is shown on Appendix 1.  

 SnappyHexMesh unstructured meshing in OpenFoam is done by running snappyHexMesh  in the case 

folder path DOS-prompt by keying-in snappyHexMesh command. The mesh results for each stage of the 

snappyHexMesh algorithm  can be seen in Figure 4.18 to 4.19, of  the castellated mesh and the snapped 

mesh respectively. Figure 4.22 shows  the final mesh in the simulation with the finest mesh achievable 

where snappyHexMesh run is successful. It is worthy to mention that the tip gap portion on the final mesh 

is more refine  to ensure that the grid has adequate resolution to resolve the leakage flow around the tip 

and the solid wall boundary layers.  The finished run time and successful snappyHexMesh meshing can be 

seen on Appendix 2. 

 To checked the quality of the mesh, a utility in OpenFOAM libraries called checkMesh is run. 

checkMesh provides a list of values for certain mesh quality measures. It also produces a full report with 

mesh quality metrics and element count statistics. Details of the checkMesh quality report is shown on 

Appendix 3. If Mesh OK, there are no major problems. However, special attention is given to non-

orthogonality and skewness values which must stay under 70 and 10 respectively. Figures 4.20 and 4.21 

presents some mesh details. It contains 641232 mesh cells base on checkMesh quality report. 

 
Figure 4. 21 - Blade section mesh detail 
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Figure 4. 22 - snappyHexMesh results of the computational domain. whole mesh(top), interior mesh cut-out view(bottom) 

4.4.4. THE PASSAGE ROTOR COMPUTATIONAL DOMAIN  
 In this work, only one passage is meshed. Figure 4.23 shows the passage flow studied. It is impractical 

to conduct full annulus simulation because of huge computational time cost for a full annulus simulation 
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that consist of 22 blades.  For 6.4x105 mesh cells, 22 blades can easily reach 14 million cells if whole 

annulus is considered and that can be intractable in modern computers. Using one passage is common 

practice because the simulation tool has option on specifying boundaries that virtually computes the full 

annulus. This boundary condition is referred to as cyclicGGI in OpenFOAM that would average field 

values on the meeting interface and then treated as periodic "circular array" base on the included angle 

input of one passage to reach full 360 degrees(More details on this on the boundary sections). 

 As mentions earlier, a single blade passage is modeled assuming blade passage to succeeding passage 

periodicity. Although full annulus analysis is needed to simulate the compressor rotating stall inception, 

the same flow phenomena can occur in a single blade passage during actual stall(Hah et al.,(2006)) and 

this is adequate assumption according to Davis et al. (Davis et al.,(2005)).  

 

Figure 4. 23 - Passage Rotor Domain 

4.5. NUMERICAL SET UP 

4.5.1. THE SOLVER 
 Density-based solver implemented in OpenFOAM libraries named rhoPimpleDyMFoam is used in the 

simulations. A brief explanation of the selected solver name " rhoPimpleDyM " signifies the following: 
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rho or density-based is for pressure and velocity coupling for high Mach number(transonic) compressible 

flows of the continuity equation. Algorithms of PISO and SIMPLE are combined to become PIMPLE 

algorithm which is used as an iterative procedures for coupling momentum and mass conservation 

equations for transient flows. "DyM" means dynamic mesh functionality which can handle optional mesh 

motion and topology changes described in dynamicMeshDict file. The dynamicMesh dictionary in this 

simulation is set to staticFvMesh, thus there will be no mesh motion because we are in the relative frame 

of reference. 

 Fluids and a rotating body interaction results velocity vectors that differs each other with respect to the 

rotating frame of reference. In this regard, additional dictionary to be coupled to the solver is added named 

MRFZones which denotes Multiple Rotating Frames and must be specified to the desired blade speed and 

the direction of rotation is specified with positive or negative value. The simulation has blade speed of 

16042 rpm equivalent to 1680 rad/second. This dictionary not only sets the blade velocity but it is where 

also the relative frame of reference is defined in the mesh. The set of cells that defined the relative frame 

of reference was taken from the utility called cellset or regionCellSets in OpenFOAM.  

 transportProperties dictionary used Sutherland's law and links the absolute temperature to the 

dynamic viscosity, which is set to 1.8x10-5 kg m-1 s-1. Additional details about the solutions and how 

governing equations implemented into the solver were already given in Chapter 3. See also Appendix 5. 

4.5.2. TURBULENCE MODELING 
  As described in Chapter 3, the transonic density-based libraries were implemented in OpenFOAM  

using RANS equation  for solving turbulence, so turbulenceProperties dictionary will be set to RASModel. 

Turbulence model specification comes with the RASProperties dictionary and it is set to kOmegaSST(k-ω- 

Shear Stress Transport) as  the model of choice mention in Section 2.6. We considered computing the flow 

down to the walls and the distance to the nearest walls should be about two wall units(Piomelli, 1996) (y+ 

~ 1). This is some percentage of the total boundary layer thickness somewhere at the viscous sub-layer 

region shown in Figure 4.24. 

 
Figure 4. 24 - Boundary layer regions(Bakker, 2002) 
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4.6. INITIAL AND BOUNDARY CONDITIONS 
 In obtaining a meaningful solution, initial and boundary conditions must be supplied to the 

computational domain  which are needed for defining both mesh and each field for Navier-Stokes 

equation. Figure 4.25 details the boundary conditions used in the analysis. At the start, the calculation of 

the  flow properties everywhere inside the plenum are assumed to be uniform, such that pressure at inlet to 

outlet are the same and the velocity is a function of total temperature, To at the inlet. As the compressor 

begins to draw air in, the pressure at inflow drops relative to the outflow and the mass flow rate begins to 

gradually change with time. The mass flow reaches either steady state or at cycle oscillation, depending on 

whether the compressor is running close to design conditions or at off-designed stalled conditions.  The 

implementation of the initial and boundary conditions is presented in this section. 

 
Figure 4. 25 - Boundary conditions used in the analysis 
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4.6.1. INLET BOUNDARY CONDITION 
 In this boundary, the stagnation temperature,T0, and the total pressure, p0, are assumed to be known. 

These quantities may be set as ambient conditions as the compressor is drawing air from the atmosphere. 

Therefore, standard day conditions are imposed at inlet so that all solution data can be compared with 

experimental results. Table 4.1 shows the parameter values at this boundary condition. In order to built the 

compressor map, a back pressure is specified equal to 115000 Pa to compare with experimental data. 

Since the compressor does not have inlet guide vane(IGV), it is safe to assume that swirl does not exist at 

inlet and the tangential velocity component is set to zero. At the inlet, to account for the effect of acoustic 

disturbance, Reimann characteristic equation explain in section 3.1.2. is applied. 

 

 

 

 

 
Table 4. 1 - Inlet Boundary Conditions 

4.6.2. OUTLET BOUNDARY CONDITION 
 The exit static pressure is iteratively adjusted until the prescribed mass flow rate is achieved. All other 

quantities such as the density, the three components of velocity and turbulence quantities are interpolated 

from the interior of the domain. There is a back-flow control that switches the pressure at outlet to 

zeroGradient if indeed backflow occurs. This is implemented in OpenFOAM foam through inletOutlet 

boundary condition name sub-dictionary to fix the velocity with fixedValue and let pressure float with 

zeroGradient. 

4.6.3. WALL BOUNDARY CONDITION 
 All walls are modeled as adiabatic and with no slip conditions. This condition is applied to the hub, 

casing and blade surfaces. The velocity on the walls of the inlet is set to zero, while the velocity for the 

grid points on the compressor blades and shaft, that part which is moving, is set to 𝜔��⃗  x 𝑟. The temperature 

values at the solid surfaces are directly extrapolated from the interior flow field since it is assumed that 

adiabatic wall boundary condition. The pressure is found by solving the momentum equation in the 

normal direction to the blade surfaces. The density values are found from continuity equation after 

temperature and pressure are computed. Turbulence wall boundary conditions  in OpenFOAM is at 

turbulenceProperties dictionary with thermophysicalProperties values that can be found in Appendix 5. 

Inlet Boundary Condition 

p0 = 101325 Pa 

T0 = 288.15 K 

µTurb = 0.0001 Pa s-1 
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4.6.4. PERIODIC BOUNDARY CONDITION 
 Since only one passage is modeled, it is assumed that the flow through first blade and the last blade 

passage are nearly identical and a periodic boundary condition is applied. At the two side faces, the flow 

properties values are computed by averaging the properties on either side of the periodic boundaries. The 

C-grid cut accounts for the neighboring blade passages, see Figure 4.26.  

 Implementing periodic boundary in OpenFOAM uses General Grid Interface(GGI) for cell periodic 

boundary faces that does not match before interpolation can be done. Because the number of cells in the 

suction side is usually different in the pressure side, cyclicGGI is used as periodic boundary-this couples 

the two rotationally cyclic face patches. The dictionary reads as below, see Figure 4.27. 

 

 
Figure 4. 26 - C-Grid boundary cut of the computational domain 
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Figure 4. 27-Periodic boundary cyclicGgi dictionary 

 Periodic, the boundary condition name and refers to the repetition of the rotor domain. type specifies 

the kind of boundary condition whether nFaces and startFaces refer to which faces the boundary is 

assigned. shadowPatch is the name of the boundary patch which makes a pair for the repetition, therefore 

this needs similar entry as the boundary name assigned as periodic_2. zone defines the global position for 

the boundary faces to treat the parallelism assigned as periodicZone. bridgeOverlap is a parameter that 

checks of every face in the specified boundary is covered in the corresponding pair, setting to false 

disallows partially or completely uncovered faces. rotationAxis defines the rotation axis of the 

rotationAngle. rotationAngle specifies how many degrees (-16.363636° for 22 blades to cover full 360°) 

the patch should be rotated about its rotation axis to match the shadowPatch. separationOffset is used for 

translational cyclic patches, that is why it is set to (0,0,0). 
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CHAPTER 5: RESULTS AND DISCUSSION 
 The numerical schemes and case settings discuss in the last two chapters were implemented as a case 

of the NASA Rotor 67 CFD simulation. After setting all the required field of the case explained in section 

4.2.1, rhoPimpleDyMFoam solver has to be checked that the case run and solution converged. The 

solution is converged and the final residual of the equation is solved when the residual is approaching 

zero. Getting and plotting the residual is explained in section 4.3.2. Sample plot of the converged residual 

is shown in Figure 5.1. The sample parameters taken which are pressure, horizontal and vertical 

component of velocities converged at almost 140 iterations (time is not a physical time, but solver 

iteration of the solutions) giving very small or relatively zero deviation of the correct solution. Therefore, 

the descritization and physical model is adequate in which  CFD solution converged and gives good result. 

In Appendix 4, a portion of the  rhoPimpleDyMFoam  solver output will re-enforced this results showing 

other indicators of successful convergence. 

 
Figure 5. 1 - Sample of the residual plot 

  In this chapter, results and discussions are being presented. Securing the required data and relevant 

extraction and calculation of parameters to produced plots, graphs and contour representations were 

discussed in the last four chapters. In Section 5.1, comparison of the experimental data with the CFD 

results are given in the form of contour plots, graphs and streamlines at the peak efficiency condition 

while Section 5.2 presents the results on the onset of stall and stall initiation. 
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5.1. RESULTS ON PEAK EFFICIENCY CONDITION 
 In the present study, the solver was applied to the flow simulation of  NASA Rotor 67 compressor at 

peak efficiency conditions, for which experimental results may be found in Reference work of A.J. 

Strazisar et al.(A.J. Strazisar et al., (1989))The CFD case results are presented and compared with the 

experimental data. 

 As pointed out in Section 4.6, the flow properties in the computational domain were assumed to be 

uniform and were set to their inlet free stream ambient condition values. As the flow field advanced in 

time, the pressure at the inlet drops relative to the outlet flow. This drop in pressure depends on the 

compressor speed. Since NASA Rotor 67 is a transonic compressor at its design speed, the pressure drops, 

particularly in the blade suction side near the leading edge and expected to produce close to no pressure in 

that region. The pressure was allowed to drop in the suction side of the blades gradually to achieved 

steady state flow. To observed possible stall, different speeds were tried in the simulation: sampling 30% 

of the design speed, 50% and 100% of the design speed. At each time step mass flow is collected at each 

trial together with the total pressure. Thus, total pressure were also checked. The radial distribution of the 

total stagnation pressure were averaged across the annulus to calculate the total pressure ratio using 

equations discussed in Chapter 1which is Equation (1-10 ) in particular for pressure ratio. Figure 5.2 

shows the periodic fluctuations of mass flow rate values can be observed.  Total pressure fluctuations also 

plotted in Figure 5.3. There is 1.2% difference between the computed mean mass flow rate versus the 

experimental data, the later is 36.62 kg/sec while the former is 34.23 kg/sec base on the result. What this 

means is that the mass flow and total pressure fluctuations on this peak efficiency operating condition are 

very small, less than 1%. 

 
Figure 5. 2 - Peak Efficiency condition time history of mass flow rate fluctuations 
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Figure 5. 3 - Pressure and mass flow rate fluctuations at peak efficiency conditions 

 

 

Figure 5. 4 - Comparison between the CFD Results and experimental results of inlet axial velocity(Ca) at peak efficiency 
conditions 
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 Figure 5.4 shows a comparison between CFD prediction and the measured normalized axial velocity 

distribution at the inlet survey station 1 in Figure 4.4. The velocity is normalized by critical velocity at 

standard day conditions, Vstd = 310.63 m/sec. CFD result is compared to the measured data and good 

agreement were obtained as shown on Figure 5.4. It is also seen that the grids have enough resolutions to 

capture the boundary layer profiles near the walls at 0%(hub) and 100%(shroud). 

 The shock boundary layer interactions, 3-dimensional shock system, clearance flow and three-

dimensional separation makes a very complicated flow pattern for a transonic flow such as this NASA 

Rotor 67. Relative Mach number comparison between experiment and CFD result at a specified span 

location is shown of Figures 5.5 through 5.6. Figure 5.5 shows the relative Mach number contours at the 

70% span locations, measured from the shroud. Experimental contours were obtained from the work of 

(Anthony J. Strazisar, 1989) et al. Good quality contour maps can be hardly produced as can be seen, this 

were attributed due to background noise, blade flash stability of the laser anemometer, non-uniform 

survey locations in viscous regions and the wakes due to turbulent flows all contributing to poor quality 

plots. Experimental contours undergone interpolation and smoothing as detailed on the Reference 

work(Anthony J. Strazisar, 1989) et al. The Mach numbers were 0.95 and 0.60 at the inlet and outlet 

respectively on the experimental result.  

 
Figure 5. 5 - Mach number plot at 70% span from shroud near peak efficiency 
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 CFD calculations showed that most of the flow at this span location is subsonic. But small regions 

having supersonic flow, with relative Mach numbers about 1.150712 were observed few position ahead of 

the suction surface of the blades. The numerical results in Figure 5.5 show shear layers over the blade and 

in the trailing edge that are not visible in the experimental contour plots. This may be due to lack of 

adequate stable measurement locations in the viscous regions as earlier mention. 

 Figures 5.6 and 5.7 show the experimental and CFD computed result of relative Mach number at 10% 

span at two different azimuth locations 30% and 50% pitch. To emphasized zero percent and 100 percent 

chord on these plots represent the blade leading and trailing edge, respectively. There are shock structure 

that was observed and the comparisons generally agree well with each other, though there is a maximum 

difference of five percent(5%) between the experiment and the computed. 

 The static pressure contours and shock locations of the flow passage at two different radial positions, 

30% and 70%, are shown in Figure 5.8. This shows how the pressure through the compressor builds up. 

Following Bernoulli theory, both of these radial locations pressure drops on the blades suction surfaces as  

 

 
Figure 5. 6 - Comparison between experiments and CFD results of relative Mach number at 10% span and 30% pitch at peak 

efficiency conditions 
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Figure 5. 7 - Comparison between experiments and CFD results of relative Mach number at 10% span and 50% pitch at peak 
efficiency conditions 

  

Figure 5. 8 - Static pressure gradient contour plots at 30% and 70% span at peak efficiency conditions 
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a consequence of flow acceleration. The static pressure gradient is much higher at 30% span than that of 

70% span location, which means it(30% span) has a low total pressure. This conforms with the theory 

since at 30% span,  radial velocity is higher than that of 70% span. Also a bow shock occurs, the shock is 

very strong at the upper portion of the blade(near tip) than close to the hub(70% span). This is strongly 

influenced by a vortex roll-up on the leading edge that is close to the hub. Details of this will be discuss on 

the next section. At the pressure side of the blades, no shock forms on this surface boundary layer. 

 Figure 5.9 shows the relative velocity vectors at 50% span viewed from the top of the rotor. It can be 

seen that the shock of the flow domain, velocity vectors nearly covers the gap of the blade, suggesting 

choke conditions are imminent. There is no evidence of reversed flow as velocity profiles are well 

behaved in the passage. The velocity flow field were almost identical on the entire domain, such a well-

behaved flow is of course expected at the peak efficiency conditions. 

 

 
Figure 5. 9 - Relative velocity vectors at mid-span(50% span) at peak efficiency condition 

 

5.2.  STALL INITIATION 
 The stable design condition results under peak efficiency condition was discuss in the previous section 

of the test case NASA Rotor 67. It had find out that at selected operating point, it has a very small pressure 

and mass flow fluctuations. From the contour and velocity vector plots, no disturbance were observed and 

the flow were uniform. As been discuss earlier on introductions and literature review, from this stable 
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point when mass flow is increased or decreased, instability and disturbance grow leading unstable 

conditions. In this section, this is what we are going to find out by initiating stall through reduction of 

mass flow, as this is also one of the main goal of this work. Results will be presented in the succeeding 

sections. 

5.2.1. RESULTS OF INDUCING STALL 
 To study the flow structure as the compressor approaches towards stall, the flow fields along a 

compressor  speed line are simulated. As already been point out earlier, a single blade passage is modeled 

assuming blade passage to succeeding passage periodicity. Although full annulus analysis is needed to 

simulate the compressor rotating stall inception, the same flow phenomena can occur in a single blade 

passage during actual stall inception while requiring much lower computational cost(Hah et al.,(2006)). 

This assumption is considered adequate up to stall inception point(Davis et al.,(2005)). 

 As mentioned earlier, the compressor performance map is the relation between the total to total 

pressure ratio and the compressor mass flow. In this study, the flow solver was run for 10 different 

operating conditions to construct the overall rotor performance map. This is done by running the 

compressor  to the targeted mass flow rate and letting the static back pressure float. From the pressure 

difference between the inlet and outlet, that mass flow rate through the compressor can be calculated and 

the performance map obtained with the operating points. The radial distributions to total temperature and 

stagnation pressure are mass averaged across the annulus.  

 The calculated total pressure ratios at full speed are plotted against the normalized mass flow and 

compared to the experimental data (A.J. Strazisar et. al.,(1989)) is shown in Figure 5.10. The calculated 

and experimental data are non-dimensionalized by their corresponding choked mass flow rates. The 

calculated CFD result choked mass flow rate is 34.7 kg/sec and the experimental choked mass flow rate of 

NASA Rotor 67 is 34.96 kg/sec, there is a 0.7% difference. It can be seen that the performance map agrees 

well with the experimental data. Three points indicated on the performance map A, B, and C, are the 

operating points that the detailed flow field was studied. Point A represents the peak efficiency condition 

that was studied in the previous section, point B represents the near stall operating condition and point C is 

in stall condition. 

 A mass flow rate convergence history for points A, B, and C is shown in Figure 5.11. Decreasing the 

mass flow rate after point B causes the compressor to stall. It is observed that as the mass flow rate 

through the compressor decreases and the compressor approaches stall, the fluctuations in the mass flow 

rate is increasing slowly up until near stall where it increases more. Therefore, monitoring these 

fluctuations can be used to detect the onset of stall. 
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Figure 5. 10 - Experimental and CFD Result Comparison of the Performance map 

 
Figure 5. 11 - Mass flow rate convergence history for NASA Rotor 67 operating points A, B, and C. 
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 The ratio of the ideal input work needed to raise the total pressure of a working fluid from lower(p01) 

to higher pressure(p02) to the actual work needed to accomplish this process is called adiabatic efficiency 

of the compressor. The adiabatic efficiency of the compressor is calculated using the formulas obtained 

from  equations (1-11) to (1-15 ). Figure 5.12 shows the comparison of the experimental and CFD 

computed adiabatic efficiency for different operating conditions. As can be seen, the experimental peak 

efficiency result occurs at a slightly lower mass flow rate as compared to the CFD results. 

 
Figure 5. 12 - Comparison of experimental (AJ. Strazisar et al. (1989)) and CFD computed adiabatic efficiency 

 As discuss in Chapter2, tip clearance flow is one of the causes of flow instabilities leading stall 

inception. Flows on this region plays a very important role in stall inception of compressor. The 

interactions between the shock wave and the tip clearance have been the primary cause of stall in transonic 

compressors. This had been studied by some researchers, experimental(K. Suder et al.(2001)) and 

numerical(Zaki, 2009) investigation indicated that stall initiates in the tip region of the rotor.  

 Therefore, the role of the tip clearance flow and the shock wave as the compressor throttles is 

examined to explore the flow mechanisms and the physical trends leading into stall at the tip region. To do 

so, the averaged flow fields at two operating points A and B along the compressor map shown in Figure 

5.10 are studied. Point A represents the peak efficiency condition and point B represents the near stall 

operating condition. The flow field in the rotor tip region for both operating points A and B is studied in 
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detail. The turbulence model used is the k-ω-SST in carrying out the simulation as discussed earlier. The 

results shown in the current work are obtained from single passage simulations and copied to the 

neighboring blade passage for better visualization. Contour plots and vector flow fields are presented. 

 The shock wave and tip clearance flow and its interactions are investigated. Using calculator Filters in 

Paraview, where it is possible to input independent parameter to conduct calculation 'on the fly' using the 

resulting CFD numerical results were used to plot non-dimensional contour plots. Figures 5.13 and 5.14 

shows the non-dimensional static pressure contours in the tip section of the rotor blade and in the tip 

clearance region respectively for both points A and B. This regions at the tip section of the blade are 

independent of the frame of reference. When the rotor rotational velocity is combined with the main flow 

axial velocity, supersonic flow appears due to its transonic flow nature, and the relative Mach number 

exhibits shock formation when it exceeds unity. Tip vortices and tip clearance leakage flow are generated 

in the flow due to the pressure difference between the suction side and the pressure side of the rotor blade 

which is of the same manner with the aerofoil principles. High pressure flow from the blade's pressure 

surface rolls over the blade tip to reach the lower pressure flow at the blade's suction surface. Rotor tip 

leakage interacts with the main axial flow creating a vortex sheet that rolls up into the leakage vortex as it 

travels further. The formation of the tip leakage flow vortex reduces the effective main flow stream area 

and adds more blockage to the flow passage. As the mass flow rate through the compressor decreases, the 

angle of the tip vortex will increase, encroaching at a more forward location on the adjacent rotor blade 

surface. This in turn can cause the flow to spill over the adjacent blade leading edge and induce stall(A.D. 

Hoying et al.( 1998)) & (D.H. Vo et al.). 

 As the compressor operates towards stall from the peak efficiency point A to the near stall operating 

point B, as shown in Figure 5.13, the following flow phenomena are observed. Base on the figures, darker 

regions represent low pressure areas and lightly shaded regions correspond to the high pressure areas. For 

the peak efficiency operating point A in Figure 5.13a the very dark is the low pressure area extending 

from the rotor tip till middle passage represents the tip clearance leakage flow vortex as it travels 

downstream. This figure shows that the shock wave is very close to the rotor leading edge and the shock 

in the front is uniform. The shock wave passes continuously across the passage where it intersects to the 

tip vortices and bends. For the near stall operating point B, in Figure 5.13b, the low pressure area which is 

very dark in the figure near rotor tip represents the tip clearance flow leakage vortex as it travels 

downstream. This shows that the shock wave is stronger and stands away upstream from the rotor leading 

edge. The shock wave front becomes non-uniform which indicates the high unsteadiness of the shock 

wave at the near stall condition. Compared with the peak efficiency condition, the shock wave passes 

continuously across the passage where it intersects the tip vortex closer to the rotor blade suction surface. 
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It is worthy of mention that the shock wave then bends prior intersecting the rotor suction surface further 

upstream compared to the peak efficiency condition. 

 
Figure 5. 13 - Tip section static pressure contours 

 Figure 5.14 shows the flow entropy contours at middle looking in meridional view plane for the peak 

efficiency operating point A and the near stall operating point B. Darker regions represent low entropy and 

lightly shaded regions represents high entropy in this figure. It is clearly observed that the entropy rises at 

the tip section. As can be seen, the entropy increases at the near stall condition as compared to the peak 

efficiency condition. The shock wave interactions with the tip vortex are not strong in peak efficiency 

condition as shown in Figure 5.14a while for the near stall condition(Figure 5.14b), it shows that the rotor  

 

 
Figure 5. 14 - Entropy contours at meridional plane view at the middle(50% pitch) 
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blade tip vortex is scattered and large in size. Also the interactions with the shock wave are stronger at 

near stall condition compared to the peak efficiency condition. This was also indicated in the work of 

Chima(Chima, 2006) in which he also found out that entropy rises across the rotor blade passage at the tip 

section of the blade on the near stall operating condition compressor configuration. 

 The rotor tip gap leakage vortex shedding streamlines for the two operating points A and B is shown 

in Figure 5.15. On operating point A, it is observed that only the forward portion of the tip leakage flow 

emerges to form the leakage flow vortex core. There is an interaction that can be observed between the 

vortex shedding core and shock wave at the leading edge side of the tip gap. The interaction is not strong 

and slightly alters the shape and trajectory of the vortex. The trajectory of the vortex is parallel to the axial 

flow direction and the shock wave has a minor impact on the tip vortex trajectory. In Figure 5.15b, for the 

near stall operating point B, it is again observed that only forward portion of the tip leakage flow emerges 

to form the leakage flow vortex core, which is now located further ahead compared with the operating 

point A  condition. At near stall condition there is high blade loading in which larger pressure differences 

between the pressure side surface and the suction side surface of the rotor blade near the tip. The tip 

vortex is larger in size compared to the peak efficiency design condition. The vortex interacts with the 

shock wave closer to the rotor suction surface. The interaction is strong and impacts the shape and 

trajectory of the vortex. The vortex is now perpendicular to the axial flow direction. This agrees with the 

stall inception conducted by Hoying et al. (A.D. Hoying et al.( 1998)) on their vortex kinematic analysis 

when the trajectory of the tip gap clearance vortex revealed perpendicular to the axial flow direction.  

 

 

Figure 5. 15 - Tip gap leakage vortex shedding streamlines 

 There is a low momentum flow in the boundary layer which is subjected to the pressure rise across the 

shock wave during shock wave-boundary layer interaction. The abrupt pressure rise acts as a high adverse 
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pressure gradient on the boundary layer and when the shock wave is strong enough, the pressure increase 

across boundaries will cause the boundary layer separation, due to this, induce flow separation possibility 

of the shock boundary layer interactions will be assessed. This might occur on locations where the shock 

wave interacts with the tip clearance leakage flow vortex or at the shroud casing surface. Examining the 

rotor tip gap clearance flow stream lines at near stall condition shown in Figure 5.15b, it can be observed 

in this region that no flow separation occurs. Theoretically at the shroud casing surface, tip clearance 

vortex reversed flow occurs which eliminates the possibility of the flow separation. 

 In-stall operating condition at point C was analyzed  through velocity vectors near the rotor blade tip 

leading edge as shown in Figure 5.16. This operating condition shows a flow spillage that occurs over at 

the rotor tip leading edge which can be observed. This observation is in agreement also with Vo et al's 

(D.H. Vo et al.) work which also showed forward spillage of the tip clearance vortex flow  during stall 

inception. The rapid growth of the tip leakage vortex over tip gap causes some reversed flow. 

 
Figure 5. 16 - Operating point C(in-stall condition) velocity vectors near leading edge 
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CHAPTER 6: CONCLUSION AND FUTURE WORK 
 The flow investigation on the onset of stall and choke on the NASA Rotor 67 compressor rotor has 

been made with the open source CFD software OpenFOAM. A density based algorithm supported by a 

Godunov scheme discretized the average Navier-Stokes equations, which were the main model of the 

numerical simulation. The tip-gap region geometry is a very important parameter on turbo-

machinery(Tang, 2004) and so, different operating point conditions on the compressor performance map 

were thoroughly studied on this region. 

 The motivation for this work had two components: First, flow investigation of stall and choked. 

Second, is the author's desire to learn and apply fluid dynamics in CFD tool. As a result, a big range of 

subjects were learned and mentions here, from pure mathematics to the fundamentals of fluid dynamics 

and engineering applications. These all were thought to be presented with such a structure that the answers 

to the following sought questions from the start: How does the rotor blade tip clearance flow affects shock 

wave during interactions? Does shock boundary layer leading to shock waves causes flow separation? 

What is the possible behavior of both the shock wave and the rotor tip clearance flow?  

 To answer the preceding questions, one conclusion can be drawn.  

• Compressor stall could be detected by monitoring global flow characteristics such as its flow 

coefficient fluctuation(mass flow rate) and the pressure coefficient(flow pressures). By exploring 

the flow field as the compressor throttles towards stall, the following flow phenomena were 

observed. Upstream from the rotor blade leading edge, the shock wave moves further and 

becomes stronger. At near stall conditions, the rotor tip clearance flow vortex grows larger and 

stronger due to the high blade loading. The shock wave and the rotor blade tip gap vortex 

interactions also become more unsteady and stronger. These create disturbance and those 

interactions alter the trajectory of the rotor blade tip vortex which in turn generates a low 

momentum area near the adjacent rotor blade tip leading edge  that causes the flow spillage on the 

surrounding regions. Therefore, the interactions between the rotor blade tip vortex and the shock 

wave are believed to be the main reason behind the stall inception in the compressor. Other 

published  research were consistent with these findings regarding compressor stall. 

 Other conclusion that could be drawn along the course of the work were the following: 

• Regarding flow structures across rotor, it is clear that the hyperbolic system is being well resolved 

and did not need many cells base on the unstructured mesh applied(snappyHexMesh) to reach 

good accuracy based on successful convergence and in agreement result with the experimental 

data. 
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• The flow structure that was known to exist in anticipation with other research results was captured 

by the HLLC-tip gap vortex trailing edge vortex and shock. This assured that the solver chosen 

was robust capturing the implementation of the numerical methods. 

• There were huge challenged on learning OpenFOAM and difficulties on extracting numerical data 

but essentially, all that is needed is patience, persistence and hard work. 

For the future work, a similar work but focusing on choke phenomena as a sole subject of the investigation 

will be worthy to explore since results on choke instabilities on this work is not fully covered. 
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APPENDIX 1 - SNAPPYHEXMESH FILE DICTIONARY 
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 Above, is the snappyHexMesh file dictionary for creating the unstructured meshing of the rotor 

passage domain using shappyHexMesh. Please refer to the following document,  A Comprehensive Tour 

of snappyHexMesh, 7th OpenFOAM Workshop, 25 June 2012 (http://www.engys.eu) for the 

comprehensive explanation of the parameters involved. 
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APPENDIX 2 - SNAPPYHEXMESH RUN 
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 Shown above is the successful run of the unstructured meshing set up of the computational domain. It 

showed Finished meshing without any errors which is very self explanatory. Please note that this is only a 

portion of the entire report, emphasizing the successful result. 
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APPENDIX 3 - CHECK MESH OF SNAPPYHEXMESH RESULT 
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 Shown above is the quality reports of the result of check Mesh. It gives the output Mesh OK which 

means every mesh quality test is passed. Checking patch topology informs the name of the boundaries and 

Checking geometry informs about skewness, non-orthogonality, aspect ratio, etc, which are all intended to 

mesh quality. Mesh stats on the other hand, informs about the number of points, cells and boundaries 

while Mesh topology signifies if mesh are well connected. 
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APPENDIX 4 - PORTION OF RHOPIMPLEDYMFOAM SOLVER OUTPUT 
 

 

 The rhoPimpleDyMFoam solver is run and the resulting  max and mean Courant number is overly 

small, the maximum value should be typically less than 1. Courant number represents the fraction of the 

cell that the flow advances during a time step, by formula Co = 𝛥𝑡∗ 𝑈𝑓
𝛥𝑥

 , where Δt is time step, Uf fluid 

velocity, and Δx is adjacent cells distance. Continuity error of the last loop stays small as shown above. 

Final residual is in the order of  ten power to the minus seven, which approaches to zero. These are 

indications that the rhoPimpleDyMFoam solution converges successfully.  

 The Navier Stokes equation solved by the solver end up in the form of a matrix when the domain is 

discretised into cells and the equation is solved by integral calculation and then discretised for each cell. 

The resulting system of equations in a matrix form is solved by matrix inversion.  OpenFOAM implements 

solvers to invert the matrix, these are: the Preconditioned BiConjugate Gradient(PBiCG), the algebraic 

multi-grid which is GAMG(Geometric-agglomerated Algebraic Multigrid) and the smooth solver for the 

residuals  which is Diagonal-based Incomplete Lower Upper(DILU) smoother for asymmetric matrices, 

this simulation has  asymmetric matrices therefore DILUPBiCG can be seen above(Greenshields, 2017). 
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APPENDIX 5 - TURBULENCE PROPERTIES  
 

 

 Because we use the transonic rhoPimpleDyMFoam, some dictionaries have  to exist and be added like 

the MRFZones. The turbulence properties shown above is set to RASModel with turbulence set to on. Print 

coefficient set to on means coefficients are printed at the beginning of the iterations. 

 The thermophysical Properties is shown below. The gas is air.  This should be normalized as a specie 

to be normalizedGas in solving Euler equation in evaluating the performance of the HLLC on computing 

the hyperbolic system. In that case, normalization of gas, the value of molWeight becomes 11640.3, and 

Cp becomes 2.5. Again, this used of solving the Euler equation. 

 The time step in controlDict is set to 0.002 with courant number equal to 0.18 in reference to 

Toro(Toro, 1999). 
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