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Abstract 
The concern of this study is modeling of the flow field in the diffuser of a 1.5 stage compressor test rig in 
which the mass flow is constrained at the exit of the diffuser. Constraining method is is applied through, 
throttling by means of a slab at the exit of the diffuser, where the flow enters the exit volute. Mass flow 
constraining enables achieving different mass flow rates through the machine. For this reason, modeling of 
the flow field in the diffuser during the throttling stages and how the compressor will be affected by that, is 
the question this study is answering. In attempt to answer the research questions, Ansys CFX platform has 
been used for numerical investigation. Various geometries of the diffuser are studied to examine the 
sensitivity of outflow to modelling strategies of the upstream diffuser and how the flow parameters at the 
outlet of the upstream compressor stage would change accordingly. In this study various geometry designs 
are considered including simplification of geometry according to flow behaviour in the diffuser, horizontal 
nozzle diffuser and annular diffuser design including slab with three sizes of outlet area.. From the model 
setup it is realized that extending the height of the outlet of diffuser has a significant effect on the model 
stability although changing the outlet area does not impact the results in terms of mass flow rate and inlet 
pressure profile. In addition transient studies were carried out to assess how the outlet flow is changing with 
the variations in the flow field at the inlet.  The results indicate that the fluctuations die out before reaching 
the slab and do not affect the outlet flow.   
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Sammanfattning 
Denna studie behandlar modellering av flödesfältet i diffusorn av en 1,5-stegs kompressor provrigg där 
massflödet begränsas genom strypning med en ventil vid diffusorns utlopp, där flödet går in i 
utloppskanalen. Denna strypning möjliggör olika massflöden genom maskinen och av denna anledning är 
modelleringen av flödesfältet i diffusorn under strypningsstegen och hur kompressorn kommer att påverkas 
av det, den fråga som denna studie svarar på. I försök att svara på forskningsfrågor har Ansys CFX-
plattformen använts för numerisk simulering. Olika geometrier hos diffusorn studeras för att undersöka 
känsligheten av utflödet till modelleringsstrategier hos uppströmsdiffusorn och hur flödesparametrarna vid 
utloppet hos kompressorsteget uppströms skulle förändras i enlighet därmed. I denna studie betraktas olika 
geometriska konstruktioner, bland annat förenkling av geometri i enlighet med flödesbeteendet i diffusorn, 
horisontell munstycksdiffusor och ringformad diffusor, inklusive plattan med tre storlekar av utloppsarean. 
Från modelluppställningen inser man att förlängning av höjden av diffusorns utlopp har en signifikant effekt 
på modellstabiliteten, även om ändring av utloppsarean inte påverkar resultaten i form av massflöde och 
inloppstrycksprofil. Dessutom genomfördes transienta beräkningar för att utvärdera hur utloppsflödet 
ändras med variationerna i flödesfältet vid inloppet. Resultaten indikerar att fluktuationerna dör ut innan de 
når plattan och påverkar inte utloppsflödet. 
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Nomenclature 
 

A     area   

B    Blockage factor 

𝐶𝐶1𝜀𝜀     Adjustable constant for transport equation 

𝐶𝐶2𝜀𝜀     Adjustable constant for transport equation 

𝐶𝐶𝜇𝜇     Adjustable constant for transport equation 

𝐶𝐶𝑝𝑝,𝑖𝑖𝑖𝑖      Ideal pressure recovery  

𝐶𝐶𝑝𝑝      Pressure recovery 

𝐶𝐶𝑥𝑥      Flow speed in the direction of x-axis 

𝐶𝐶𝑦𝑦      Flow speed in the direction of y-axis 

𝐶𝐶𝑧𝑧      Flow speed in the direction of z-axis 

𝑓𝑓𝑟𝑟𝑟𝑟𝑖𝑖      Reduced blade frequency 

H      Shape factor 

k(t)     Kinetic energy 

L      Length [m] 

𝑙𝑙𝑐𝑐      Blade chord length [m] 

n      Number of blades 

N     Rotor speed [rpm] 
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p      Pressure [pa]  

𝑃𝑃𝑘𝑘      Rate of production of turbulent energy 

Q      Conduction heat transfer 

𝑆𝑆𝑀𝑀𝑖𝑖     Sum of body forces 

𝑆𝑆𝑀𝑀      Momentum source term 

t      Time 

𝑢𝑢      Velocity in the direction of x axis [m/s] 

v      Velocity in the direction of y axis [m/s] 

VIGV      Variable inlet guide vane 

w      Velocity in the direction of z axis [m/s] 

W       Work on the fluid particle 

 

𝜖𝜖𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟      Diffuser effectiveness  

𝜎𝜎𝜀𝜀      Adjustable constant for transport equation 

𝜎𝜎𝑘𝑘      Adjustable constant for transport equation 

θ      Cone angle 

𝜇𝜇      Kinematic viscosity 

𝜌𝜌      Density of fluid 

Σ      Stabilization number 

Φ      Flow coefficient  

Ψ      Loading coefficient 
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1 Introduction 
The word turbo originates from Latin which means whirl around. Turbomachines are devices that allow the 
transfer of energy from a continuously moving fluid into the rotating blade rows, and they are consisted of 
turbine, compressor and combustion chamber. A turbine is a device that extracts energy from a fluid flow 
and converts it into useful work by expanding the incoming flow through a rotating blade row to higher 
velocities. During the process, stagnation enthalpy of fluid (enthalpy of fluid at rest) moving through the 
machine is decreased and power is extracted. Compressor is the device that compresses the fluid and 
increases its pressure, meaning that power input is required (In Figure 1-1 different parts of a turbomachine 
are shown). In other words, in compressors enthalpy change is bigger than zero while turbine experience 
negative enthalpy change since it receives work [1]. In most of the cases compressor power is provided by 
turbine itself. Combustion chamber is a device that converts the energy in a fuel or a hot source into thermal 
energy for expansion in turbine. It increases enthalpy and temperature of the gas before entering the turbine 
mostly by burning the fuel. An alternative is if the flow is heated by a heat exchanger, using a hot source. 

Depending on the flow path direction through the passage of the rotor, compressors are categorized into 
two types. In case that flow path is parallel to the axis of rotation, they are called axial flow compressor. 
And when the direction of the flow path is perpendicular to the axis, the device is termed centrifugal 
compressor.  

Axial-flow compressors are used in most gas turbine applications, particularly units over 5 MW. Axial-flow 
compressors consume 55-65% of the power produced by the gas turbine. Therefore, compressor design 
can have a significant impact on the turbine performance [2]. Axial compressor designs are typically used at 
applications with high flow rates and low differential pressure requirements. Axial compressors have high 
maintenance and running cost, also, they require high starting torque. However, they are suitable for high 
pressure ratio functions and comparing to radial compressors, they require less frontal area and have a higher 
isentropic efficiency. On the other hand, radial compressors have low maintenance and running cost, but 
they are only suitable for low pressure ratios up to 4. 

Generally speaking, the recent development in the field has resulted in gas turbines with high pressure ratios 
and minimum number of stages which results in high axial velocity at the exit of compressor. Most of these 
developments require weight reduction of the machine. This has led to compressor stages with fewer but 
higher loaded stages with less and thin blade designs, resulted on the increased stress on the structure. In 
addition, weight can be reduced potentially 20% when rotors are made as blisk.[3] Blisk designs further 
aggravate the vulnerability to vibration by taking out friction surfaces between blades and disk. [4] 

In a compressor stage, there are numerous loss sources that increases the entropy and reduces the total 
energy of the system. These can be categorized as 2D and 3D. The possible 2D loss sources are: the blade 
boundary layers, trailing edge mixing, flow separation, and shock waves. The major 3D loss sources are: end 
wall loss, tip leakage loss [5]. All compressor blades will suffer from boundary layer and trailing edge mixing 
loss. Separation occurs at off-design conditions, when the diffusion levels on the blade surfaces become too 
high, leading to excessive loss and possible stall or surge. And shock wave losses are only present in 
compressor stages with supersonic inlet which is the case of this study. 

In order to have effective operation, flow velocity at the exit of the compressor needs to be within a certain 
margin to secure the downstream combustor and have a stable flame in combustion chamber. For that 
purpose, diffusers are being used to provide low velocity flow for the input of combustion chamber [6]. In 
a test rig application throttling at the end of the diffuser is chosen, in order to obtain various mass flow rates 
through the diffuser. This study is around investigation of the flow field in an axial compressor, when the 
flow is being throttled by mean of the slab. For that purpose, numerical iterations are performed to find out 
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the best modeling method and the impact of different techniques on the compressor simulations. Detailed 
description of the objectives of this study can be found in chapter 3. 

 
Figure 1-1 Example of an industrial gas turbine, Siemen's V94.2 machine[7] 

 

2 Background 
In this chapter, background information for the numerical investigation is provided by looking at different 
literatures. First, we look into unsteadiness in the compressor and how it affects the compressor and the 
annular diffuser located afterward. Then surge will be discussed, particularly with the concern of low mass 
flow rates in the compressor. After that we will talk about the annular diffusers, their function and possible 
losses and instabilities. And in last chapter, study provides some foundations for the numerical investigation 
performed and modeling approaches to solve the problem. 

 

 

2.1 Unsteadiness in compressor  
In terms of unsteadiness, compressor blade rows experience periodic unsteady flow mostly generated by 
wakes from the upstream blade rows. In addition, by rotating stall (resulted from lobbed pressure patterns) 
and surge are extreme operating conditions that can destroy the engine quickly and should be avoided. 
During normal compressor operation the airflow through a compressor should be steady and have an 
axisymmetric distribution in a rotating coordinate system. However, at both very high and very low mass 
flow rates, often the compressor is not in the stable range of operation. This can lead to flow instability due 
to surrounding pressure fluctuations, flow separation at the inlet or other types of flow distortion. 
Instabilities may develop, and the compressor's performance may deteriorate. 

Furthermore, blade vibrations induced by flow can be categorized into two; Synchronous and non-
synchronous vibrations. Synchronous vibrations occur when integer multiple of rotational frequency, so 
called engine orders equals the natural frequency of structure. Peak amplitudes happen when rotor blades 
pass through a nonuniform periodic flow field which means peak amplitudes for a given eigenfrequency are 
strictly bound to fixed mechanical rotor speeds. Blade row interactions potentially come from wakes from 
upstream blade rows or potential fields from downstream. Compressor instabilities are often due to 
distortions at engine inlet which are at engine orders, that is, integer multiples of the rotation speed of the 
blade.  

On the other hand, nonsynchronous vibrations are not proportional to engine order. Nonsynchronous 
vibrations are due to vortex shedding, rotating instabilities that can occur as mere aerodynamic effects while 
not inducing notable motion of blades. Another nonsynchronous phenomena are self-excited vibrations 
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(flutter) which is a flow induced instability at or close to the eigenfrequency of the rotor blade [8].Note that, 
vortex shedding and rotating instabilities can grow into self-excited vibrations [9],[10],[11]. To predict the 
airfoil vibration, one must determine these unsteady forces which is due to their sudden occurrence, their 
rapid growth in amplitude, and their potentially very high peak amplitudes. 

D. Mimic et al. [12], studied the connection between perturbations in the annular diffuser and axial 
compressor stage. For the first time a correlation between pressure recovery of the diffuser and the integral 
flow parameters of the last row in the compressor is established. Also, it was explained that due to viscous 
effects, pressure recovery decreases when thickness of boundary layer increases as it reduces the cross-
sectional area. Through the diffusers, boundary layer separation can significantly increase the boundary layer 
thickness. More than that some suggestions were provided for increase of the pressure recovery namely: 
moderate swirl angles, tip injection, hub injection and increase in turbulence intensity. There is no distinct 
relation between pressure recovery and swirl number, tip jets and turbulence intensity, however Kuschel 
[13] proved explicit rotor-independent relation between pressure recovery and Reynold shear stresses. For 
more information please refer to reference [12]. D. Mimic et al [12], elaborated a link between unsteady 
phenomena in the boundary layer of the diffuser, blade configuration and operating point of the last stage. 
They have also demonstrated that the major source of vorticity entering the diffuser can be secondary flows 
generated in the final turbine stage. Following the purpose of the study, the author has proposed a 
stabilization number Σ as below: 

Σ =  
Ψ × 𝑓𝑓𝑟𝑟𝑟𝑟𝑖𝑖

Φ2  

Where Φ is flow coefficient, Ψ is loading coefficient and 𝑓𝑓𝑟𝑟𝑟𝑟𝑖𝑖 is reduced blade passing frequency. Reduced 
frequency 𝑓𝑓𝑟𝑟𝑟𝑟𝑖𝑖 can be found from the equation below where N is rotor speed in rpm, 𝑙𝑙𝑐𝑐 is the blade chord 
length, n is the number of blades and 𝐶𝐶𝑥𝑥 is the flow speed in the direction of x-axis (axial velocity). 

𝑓𝑓𝑟𝑟𝑟𝑟𝑖𝑖 =
𝑛𝑛𝑛𝑛𝑙𝑙𝑐𝑐

1
60

𝐶𝐶𝑥𝑥
 

 Afterward correlation following the experimental samples were established, for instance for R2= 0.968 
where R2 indicates that 96.8% of the results are predicted from the following correlation: 

𝜖𝜖𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝐸𝐸𝐸𝐸𝑃𝑃(Σ) = 2.5421Σ + 0.310 

In the above equation, diffuser effectiveness is 𝜖𝜖𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟=𝐶𝐶𝑝𝑝/𝐶𝐶𝑝𝑝,𝑖𝑖𝑖𝑖 where 𝐶𝐶𝑝𝑝,𝑖𝑖𝑖𝑖 represents the theoretical limit 
for the pressure recovery of a given diffuser geometry. Please find the correlation for 𝐶𝐶𝑝𝑝,𝑖𝑖𝑖𝑖  in the reference 
[12]. From the equation above it can be concluded that at a given compressor parameters (constant Φ and 
Ψ ), increase in reduced frequency will result to better diffuse performance and higher diffuser effectiveness.  

 

 

2.2 Compressor surge 
Compressors are designed to operate at the design point, or in other words inlet flow at each stage is at 
design conditions and this happens for one combination of mass flow and speed. In general, the design 
point is the condition where at 100% speed, the design pressure ratio is achieved, and this requires sufficient 
margin to the instability line as well (which is depicted on the Figure 2-1) [5]. For instance, in power plants, 
compressors should work at their match point most of the time however there are situations of low speed 
operation where proper efficiency and pressure ratio is expected from the compressor, an example of this 
situation is during the engine start. 
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Figure 2-1 Two graphs for a multistage axial compressor map [2]. 

 

Generally, compressors operate over a large range of pressure and flow rates, but they must stay in a stable 
condition. Lower limit of mass-flow rates of compressor operation is called surged and happens when 
compressor back-pressure is high, and the compressor is not able to pump against. Surge is a reversal of 
flow and is a complete breakdown of the continuous steady flow through the whole compressor. This flow 
reversal occurs due to the aerodynamic instability within the system. Subsequently, surge damages the 
compressor mechanically, creating damages to the blades and thrust bearings. However, they happen during 
the operation, along with destructive consequences. Surge happens following the decrease in the mass flow 
rate, increase in the rotational speed of the impeller, or both (Figure 2-1). Increase in efficiency depends on 
two basic parameters: increase in pressure ratio and increase in firing temperature. This is while operating 
at higher efficiency requires operation at higher pressure ratio which means closer to surge. In other words, 
on a specific speed line as the mass flow is reduced pressure ratio increases until it reaches limiting value on 
surge line. Usually surge is accompanied by a loud sound and excessive vibration.  
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The surge line slope on multistage compressors can range from a simple single parabolic relationship to a 
complex curve containing several break-points. As an illustration, the performance map of selected one and 
half stage compressor is depicted on Figure 2-2 which shows change in pressures ratio across compressor 
versus corrected mass flow (depicted as a percent of design value). The figure corresponds to various 
operating points in different motor speeds and in different angles of variable inlet guide vane. 

 
Figure 2-2 Compressor map for an axial 1.5 stage compressor (investigated case in this study) [4]. 

 

 

 

2.3 Annular diffusers  

2.3.1 Function and flow regime of the diffusers 

Annular diffusers are vastly being used in different mechanical applications, particularly, in turbomachines. 
As an example, in aircraft applications it can be used downstream of the compressor and upstream of 
combustion chamber. Diffusers increase the pressure of the outflow while decreasing the kinetic term which 
means reducing the exit velocity of flow coming from a bladed duct. Such diffusers are designed to handle 
flows having swirl at inlet, unsteadiness, turbulence and periodic flow components which come from the 
inlet guide vanes or any other component preceding the diffuser (for instance outlet guide vanes or struts).  

 Although annular diffusers are used in turbomachinery for long time it is only the last decade that there 
have been systematic studies over their performance characteristics [14], [15]. 

 A diffuser downstream of a compressor increases pressure ratio from flange to flange, and in addition 
improves the effective enthalpy difference of the bladed parts. In a one stage compressor, diffusers play a 
crucial role since kinetic energy after the blades can be more than 50 percent of the whole energy that is 
transformed.  

The typical arrangement is to have a pre-diffuser at the exit of the compressor to slow the flow velocity 
while maintaining sufficient amount of pressure recovery followed by a dump diffuser, a large region that is 
fairly inefficient in pressure recovery, but necessary to reach the low fluid velocity needed before entering 
the combustion. 

Diffusers are beneficial in many internal flow applications where the flow needs to be slowed down with 
minimal losses. Sovran and Klomp [16] provided fundamental knowledge concerning flow in diffusers in 
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𝐴𝐴 2
/ 

𝐴𝐴 1
- 1

 

various operating conditions by studying more than 100 annular diffuser geometries. The conclusion drawn 
was that exit flow blockage and not energy loss is the major influence on pressure recovery, also it was 
found that velocity profile at the discharge of the diffuser is largely dependent on the inlet velocity profile 
and the amount of distortion produced within the diffuser. In addition, they have provided useful curves to 
find the best configurations. According to them four parameters are needed to quantify the geometry of 
such a diffuser: the diffusion angle of the inner and outer walls, the inlet radius ratio, and a non-dimensional 
length. As an illustration please refer to Figure 2-4 which plots  𝐶𝐶𝑝𝑝 in terms of the geometry of the diffuser, 
L/𝑅𝑅1 and the area ratio A. Cone angle can be defined as the slope of the wall with the reference to the 
center line of the diffuser. Cp* represents points that defines the diffuser area ratio producing the maximum 
pressure recovery for a prescribed no dimensional length. Cp** represents points defining the diffuser non-
dimensional length, producing the maximum pressure recovery at a prescribed area ratio. Horizontal axis of 
graph depicts the area ratio of 𝐴𝐴2/ 𝐴𝐴1- 1. 

 

 
 

 

Figure 2-3 Plot of Sovran and Klomp test configuration geometry (L/ΔR and AR) with respect to the annular diffuser 
performance chart [16] 

 

Inflow of a diffuser usually has a high level of turbulence and wakes from the upstream blade row which 
has a high level of non-uniformity. Several parameters affect the flow in an annular diffuser, for instance 
swirl at the inlet which leads to less turbulent mixing. In addition, poor pressure recovery can be the result 
of inlet blockage. The effects of increased inlet turbulence over performance of annular diffuser were 
studied by S.J Stevens, et al [17], ranging from non-uniform to fully developed flow. After studying 
characteristics of outflow, in their results they showed a marked improvement in the stability of the outlet 

Dimensionless diffuser length N/ 𝑅𝑅1 
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flow and gains in pressure recovery, up to a maximum of 20 percent, with only small increases in total 
pressure loss.  

In general, annular diffusers are used because of their superior performance to conical diffusers, particularly 
where there is a swirl at the inlet. N Singh, et al.[6] studied effects of two parameters on the performance of 
annular diffusers: Inlet velocity profile and the geometry of the diffuser. Singh’s study aims to evaluate the 
relative performance of annular diffusers with different geometries but having the same equivalent cone 
angle They showed in their result that the parallel diverging hub and casing annular diffuser produces the 
best performance at high-swirl intensities among all the cases which have been investigated (Figure 2-5). In 
addition, they proved that annular diffuser performance is highly sensitive to swirl and they have investigated 
characteristics of diffusers for various swirl conditions. To study the effect numerical investigations is 
performed for swirling flows and flows without swirl and then they are compared in terms of coefficient of 
performance (Please find more information and related curves in the reference). The flow near the hub wall 
is separated for 20° swirl. 

 

 
Figure 2-4 - Various annular diffuser geometries analyzed by N Singh, et al [6] 

 

One of the contributions regarding various diffuser types is “Diffuser Data Book”[18] which has mentioned 
the factors that influence performance of simple diffusers: inlet/outlet ratio and the flow path which 
diffusion occurs. However, diffusers should not be treated as an isolated component and this is due to the 
interactions between upstream component (gas turbine or compressor), and presence of wakes and 
turbulences at the inlet flow.  

S. Ubertini, et al. [19] investigated the flow field through the diffuser by means of turbulent scale of 
dissipating eddies calculated with Kolmogorov theory [20], their discussion is focused on the distortion 
produced by the struts and flow separation around the walls. Struts are structural parts to support the hub 
(which are depicted on Figure 2-6) and they produce significant distortion in the flow field in comparison 
with simple diffusers with the same length and are ratio. Detrimental effects of the strut on the diffuser flow 
field, distortions and flow separation has been monitored. Plus, comparison of the performances in absence 
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and presence of struts has quantified this detrimental effect in terms of diffuser efficiency and pressure 
recovery. 

S. Ubertini , et al [21], Experimented a 35% scaled down model of a PGT10 gas turbine exhaust diffuser 
with and without struts in order to study the effect of struts on the flow field and performance as well. They 
found that more than noticeable performance rise in the absence of struts, comparison of pressure recovery 
between two cases leads to interesting results. Struts in the diffusers can cause blockage and slackening of 
the diffusion, and in addition, presence of wakes and flow separation causes losses and reduces pressure 
recovery. 

Moreover, they have pointed out to interesting conclusions:  

• Reduction of pressure recovery gradient due to flow separation in very last part of the diffuser has 
been observed even in empty S-shaped duct which gets stronger where there are struts. 

• Efficiency calculated over the shroud is higher than at the hub, for both the cases which have or 
doesn’t have struts. 

• It is evident that overall diffuser loss is significantly increased by the struts which occurs mostly in 
the axial region of struts and in the end-wall regions. 
 

 

 

 
Figure 2-5 Diffuser model together with struts [19] 

S.O. Adenubi [22] experimentally investigated the flow regime and the performance of straight-core annular 
diffusers operating immediately downstream of an axial compressor. Tests were carried out to study the 
effect of transient inlet flow parameters on annular diffuser performance and flow regime characteristics. 
Compressor’s discharge features were studied, and they found that periodic stream wise velocity component 
is quite small, and it decayed as the flow proceeded through the diffusers. Study on annular diffuser 
performance and flow regime characteristics shows that at the compressor's discharge, the relative intensity 
of the periodic component coming from the rotor blades is in the order of 1 percent in terms of pressure, 
while the stream wise relative turbulence intensity is in the order of 6 percent which is higher than is normally 
present in naturally developed velocity profiles. 

 

2.3.2 Flow separation in diffusers 

The process of slowing down the fluid in the diffuser may lead to number of unfavorable phenomena, 
one of them is separation of the flow from the wall. During the flow pass through the diffuser, there is a 
chance for development of an unfavorable adverse pressure gradient that can lead to flow separation. 
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However, the process of velocity reduction is necessary to ensure flow speed is in required range. In 
general, if the level of diffusion is too high for the boundary layer to overcome, flow will separate and in 
most of the cases the flow will not reattach but remains separated [23].  

There are number of contributions regarding flow separation in diffusers. For instance, Elkins, et al. 
suggested wall step for flow separation control in annular to conical diffusers. To explain more to be able 
to stabilize the wall boundary layer separation in the presence of core flow control which is due to active 
flow control techniques use of a step-wall diffuser was suggested. Y. Senoo [24] suggested a method to 
determine whether the flow will be separated in a diffuser and how to evaluate the pressure recovery.[25] 
They have mentioned that the shape factor of boundary layer at the separation point  is related to the 
blockage factor. To predict the separation, the following equation was used (as it is shown in Figure 2-7): 

𝐻𝐻 = 1.8 +  3.75 × 𝐵𝐵 

In which H is shape factor 𝐻𝐻 = 𝛿𝛿∗/𝜃𝜃 and B is blockage factor (B= 2𝛿𝛿∗/𝑅𝑅), more information can be 
found in the reference[25].  

 
Figure 2-6 Relation between "B" and "H" for a flow which is ready to separate everywhere.[25] 

On the other hand, D. Kluß [26] studied wake and secondary flow interaction in diffuser flow field. The 
slope of the diffuser is selected in a way that the flow is strongly separated according to well-known 
performance charts of Sovran and Klomp[16]. Configuration was tested in a test rig and in their numerical 
studies Ansys CFX 10.0 was used, and it is mentioned that only shear stress transport turbulence model 
was capable of predicting the flow at high rpm of the wheel (higher than 500) behind the diffuser (Figure 
2-8). It should be added that the wake and secondary flow are generated by a rotating wheel equipped with 
30 cylindrical spokes with a diameter of 10 mm. 

In conclusion they reached to the point that the mixing effect of wakes and secondary flow pattern is 
responsible for the reattachment in the annular diffuser flow. Moreover, the result is in that, in many 
cases, diffuser design based on well-established simplified schemes using standard correlations and on 
steady-state multistage analysis is too conservative. Therefore, considerably higher numerical costs 
associated with unsteady calculations must be accepted in order to increase the understanding of the 
physical phenomena in turbine exit flow and its interaction with the subsequent exit diffuser. 
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Figure 2-7 Diffuser test rig facility[26] 

Accurate prediction of flow separation from smooth walls is quite challenging plus the fact that there are 
few experimental data supporting it. In internal flows, strong coupling between rapidly growing boundary 
layers can produce flow behavior that is highly sensitive to small perturbation. And on the other hand, 
Jakirlic et al. [27], by comparing 10 different CFD codes they demonstrated that the results are very sensitive 
to the upstream secondary flows. Considering that by introducing swirl to the inlet, the size of separation 
can significantly be reduced. E. M. Cherry et al. [28], numerically and experimentally investigated the flow 
in two annular diffuser segments (straight inner walls and angled inner walls) to provide 3D velocity data 
for CFD validation, and also sensitivity of flow to inlet perturbations. It is also provided that results hold 
for fully annular diffusers as well. 

 

 
In conclusion, little sensitivity to inlet perturbations was observed, stream wise velocity data showed 
significant momentum decrease downstream of the strut, however, this did not lead to local flow separation, 
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Figure 2-8 Detailed diffuser design in E.M.Cherry et all, [28] 
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for both of the diffusers. In addition, most of the perturbations caused by struts did not survived as far as 
the inlet of the diffuser. The larger-angle diffuser showed very small regions of reversed flow both with and 
without the wake disturbances while diffuser with lower angel did not stall. By the end of both diffusers, all 
secondary flows generated by the struts was damped by turbulence. Increased streamwise velocity 
nonuniformity due to the struts in the larger-angle diffuser was observed. This boils down to that in case of 
well-streamlined struts, effect on diffusers will be relatively small which do not stall as well.   

 

 

2.4 Overview of CFD  

2.4.1 Governing equations and the choice of turbulent models 

In order to reach the objective of the study, computational methods are used to model the flow passing 
through the diffuser. Excellent understanding of the governing equations, uncertainties and errors is 
necessary to find the correct answer to the problem. More than that the choice of turbulence model is 
important, as it is explained later on. For that purpose, both literature study and CFD investigation is 
performed [29], [30]. 

The foundation of computational fluid dynamics stems from the fundamental governing equations of fluid 
dynamics—the continuity, momentum and energy equations. These equations determine physics. They are 
the mathematical statements of three fundamental physical principles upon which all of fluid dynamics is 
based: the mass conservation (continuity) and conservation of momentum (Navier-Stokes) equations which 
describe the flow motion [31]. 

Navier-Stokes equation is obtained by applying the Newton’s second law of motion to the flow, assuming 
a Newtonian fluid, i.e., viscous stresses are proportional to the rates of deformation. These equations are 
given below in a Cartesian coordinate system: 

 

Continuity Equation: 

𝜕𝜕𝜌𝜌
𝜕𝜕𝜕𝜕

+ 𝑑𝑑𝑑𝑑𝑑𝑑(𝜌𝜌𝑢𝑢) = 0 

Momentum Equations: 

𝜕𝜕(𝜌𝜌𝑢𝑢)
𝜕𝜕𝜕𝜕

+ 𝑑𝑑𝑑𝑑𝑑𝑑(𝜌𝜌𝑢𝑢𝜌𝜌) = −
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑑𝑑𝑑𝑑𝑑𝑑(𝜇𝜇 𝑔𝑔𝑔𝑔𝑔𝑔𝑑𝑑 𝑢𝑢) + 𝑆𝑆𝑚𝑚𝑥𝑥 

𝜕𝜕(𝜌𝜌𝑑𝑑)
𝜕𝜕𝜕𝜕

+ 𝑑𝑑𝑑𝑑𝑑𝑑(𝜌𝜌𝑑𝑑𝜌𝜌) = −
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑑𝑑𝑑𝑑𝑑𝑑(𝜇𝜇 𝑔𝑔𝑔𝑔𝑔𝑔𝑑𝑑 𝑑𝑑) + 𝑆𝑆𝑚𝑚𝑦𝑦 

𝜕𝜕(𝜌𝜌𝜌𝜌)
𝜕𝜕𝜕𝜕

+ 𝑑𝑑𝑑𝑑𝑑𝑑(𝜌𝜌𝜌𝜌𝜌𝜌) = −
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑑𝑑𝑑𝑑𝑑𝑑(𝜇𝜇 𝑔𝑔𝑔𝑔𝑔𝑔𝑑𝑑 𝜌𝜌) + 𝑆𝑆𝑚𝑚𝑧𝑧 

 

Where 𝑆𝑆𝑀𝑀 is the momentum source term, including mainly the contribution due to the body forces such as 
gravity, but also a small contribution due to viscous stress terms. p refers to pressure which is a normal 
stress. The divergence term on the left-hand side is referred to as convective or advection term, and the 
divergence term on the right-hand side is called diffusive term. However, during the computational studies, 
no source term is considered. 

It should be added that 𝜌𝜌 is the density of fluid, 𝜇𝜇 is the kinematic viscosity and 𝑢𝑢, 𝑑𝑑 and 𝜌𝜌 are velocities in 
the direction of x, y and z axis respectively. 
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Energy Equations: 

The energy equation is derived from the first law of thermodynamics:  

                                                            ∆𝐸𝐸 = ∆𝑄𝑄 + ∆𝑊𝑊                                                                                

where Q is the conduction heat transfer, and W is the work done on the fluid particle. And E is the total 
energy of fluid which is the sum of internal, kinetic and potential energy.   

The energy equation can be derived as followed: 

𝜕𝜕(𝜌𝜌𝜌𝜌)
𝜕𝜕𝜕𝜕

+ 𝑑𝑑𝑑𝑑𝑑𝑑(𝜌𝜌𝜌𝜌𝜌𝜌) = −𝜕𝜕 𝑑𝑑𝑑𝑑𝑑𝑑 𝑢𝑢 + 𝑑𝑑𝑑𝑑𝑑𝑑(𝑘𝑘 𝑔𝑔𝑔𝑔𝑔𝑔𝑑𝑑 𝑇𝑇) +  Φ + 𝑆𝑆𝑖𝑖 

In the equation, ‘Ι’ shows internal energy and T is the temperature of the fluid. Potential energy which 
relates to gravity is considered as body force, hence included in source term. The first term in the equation 
is the result of work done by pressure. And the terms regarding viscous stress are deleted with the equal 
terms in work, the remaining effect of viscous stresses remaining in the work term are presented by the 
dissipation function, Φ. 

Based on the commonalities between the equations above, transport equation for a general property φ 
which could be a vector, or a scalar quantity can be written as below: 

𝜕𝜕(𝜌𝜌𝜌𝜌)
𝜕𝜕𝜕𝜕

+ 𝑑𝑑𝑑𝑑𝑑𝑑(𝜌𝜌𝜌𝜌 𝑢𝑢) = 𝑑𝑑𝑑𝑑𝑑𝑑(𝜇𝜇 𝑔𝑔𝑔𝑔𝑔𝑔𝑑𝑑 𝜌𝜌) + 𝑆𝑆𝜑𝜑 

For more information please refer to reference.[31] 

After understanding of governing equations, it is crucial to find the turbulence models that fits the solution. 
All the RANS turbulence models are Reynolds-averaged derived from Navier-Stokes equation plus an 
additional turbulence eddy viscosity term, however they differ on how to solve those equations. To be more 
precise each model calculates the flow close to the wall differently. In addition, they differ on the solution 
for additional variables and what these variables represent. Some of RANS turbulence models have been 
investigated here: 

 
 

• The k – 𝜺𝜺 model 
This model solves the transport equations for turbulent kinetic energy and dissipation of 
turbulent kinetic energy. The instantaneous kinetic energy k(t) is the sum of the mean 
kinetic energy K = 1

2
(𝑢𝑢2 + 𝑑𝑑2 + 𝜌𝜌2) and the turbulent kinetic energy 𝜅𝜅 =  1

2
(𝑢𝑢′2 + 𝑑𝑑′2 +

𝜌𝜌′2): 
K(t) = K + 𝜅𝜅 

 
The deformation rate of a flow element can be written in form of sum of a mean and 
fluctuating component. For convenience the components of the rate of deformation 𝑠𝑠𝑖𝑖𝑖𝑖 
can be written in matrix form which gives the following form: 
 

𝑠𝑠𝑖𝑖𝑖𝑖(𝜕𝜕) =  𝑆𝑆𝑖𝑖𝑖𝑖 +  𝑠𝑠′𝑖𝑖𝑖𝑖 
 
Result of work done by the smallest eddies against viscous stresses is dissipation of 
turbulent kinetic energy in which the rate can be written as: 
 

𝜀𝜀 = 2𝑑𝑑𝑠𝑠′
𝚤𝚤𝚤𝚤. 𝑠𝑠′

𝚤𝚤𝚤𝚤���������� 
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The eddy viscosity term can be written as: 

𝜇𝜇𝑡𝑡 =  𝜌𝜌𝐶𝐶𝜇𝜇
𝑘𝑘2

𝜀𝜀
 

The standard k- 𝜀𝜀 model uses the following transport equations for k and 𝜀𝜀. 
 

𝜕𝜕(𝜌𝜌𝑘𝑘)
𝜕𝜕𝜕𝜕

+ 𝑑𝑑𝑑𝑑𝑑𝑑(𝜌𝜌𝑘𝑘𝜌𝜌) = 𝑑𝑑𝑑𝑑𝑑𝑑 �
𝜇𝜇𝑡𝑡

𝜎𝜎𝑘𝑘
𝑔𝑔𝑔𝑔𝑔𝑔𝑑𝑑 𝑘𝑘 � + 2𝜇𝜇𝑡𝑡𝑆𝑆𝑖𝑖𝑖𝑖 . 𝑆𝑆𝑖𝑖𝑖𝑖 − 𝜌𝜌𝜀𝜀 

𝜕𝜕(𝜌𝜌𝜀𝜀)
𝜕𝜕𝜕𝜕

+ 𝑑𝑑𝑑𝑑𝑑𝑑(𝜌𝜌𝜀𝜀𝜌𝜌) = 𝑑𝑑𝑑𝑑𝑑𝑑 �
𝜇𝜇𝑡𝑡

𝜎𝜎𝜀𝜀
𝑔𝑔𝑔𝑔𝑔𝑔𝑑𝑑 𝜀𝜀 � + 𝐶𝐶1𝜀𝜀

𝜀𝜀
𝑘𝑘

2𝜇𝜇𝑡𝑡𝑆𝑆𝑖𝑖𝑖𝑖 . 𝑆𝑆𝑖𝑖𝑖𝑖 − 𝐶𝐶2𝜀𝜀𝜌𝜌
𝜀𝜀2

𝑘𝑘
 

 
Transport equations contain five adjustable constants: 𝐶𝐶1𝜀𝜀 , 𝐶𝐶2𝜀𝜀 , 𝐶𝐶𝜇𝜇 , 𝜎𝜎𝜀𝜀  , 𝜎𝜎𝑘𝑘. The constants 
in the equations above are obtained by data fitting for a wide range of turbulent flow and 
are assigned the following values: 
 

𝐶𝐶𝜇𝜇 =0.09,  𝜎𝜎𝑘𝑘  =1.00,  𝜎𝜎𝜀𝜀=1.30, 𝐶𝐶1𝜀𝜀=1.44, 𝐶𝐶2𝜀𝜀=1.92 
Production and destruction of turbulent kinetic energy terms, k and 𝜀𝜀, corresponds to 
each other in a way that 𝜀𝜀 is large where k is large. To compute Reynold stresses one 
should use Boussinesq relation, for more information please refer to reference[31] 
 
The standard k-ε model is a simple and robust model which is popular in industrial 
applications due to its good convergence rate and relatively low memory requirements. 
However, the model may not very accurately compute flow fields that contains adverse 
pressure gradients, strong curvature to the flow, or jet flow, but instead perform well for 
external flow problems around complex geometries. Other turbulence models listed below 
are all more nonlinear than the k-ε model, plus that they converge more difficult unless a 
good initial guess is provided. A good initial guess can be provided by k-ε model.  
 
Overall, standard k-ε model has poor performance for cases such as some unconfined 
flows, swirling and rotating flows and predicts inaccurately the layer between the fully 
turbulent region and the viscous sub-layer in low Reynolds number flows. The model over 
predicts the shear stress and suppresses separation. 
 

• Wilcox k - 𝝎𝝎 model 
The standard k–𝜔𝜔 model is developed more recently than the k- ε model. While in k- ε 
model the kinematic viscosity is the product of a velocity scale 𝜗𝜗 =  √𝑘𝑘 and a length scale 

= 𝑘𝑘3/2

𝜀𝜀
 , ε is not only determining value of length sale. standard k–𝜔𝜔 model uses alternative 

determining value 𝜔𝜔 = 𝜀𝜀/𝑘𝑘 as the second variable. By using 𝜔𝜔 the eddy viscosity is as 
followed: 
 

𝜇𝜇𝑡𝑡 =  𝜌𝜌𝑘𝑘/𝜔𝜔 
 

At high Reynolds the transport equation of k and 𝜀𝜀 is: 
 

𝜕𝜕(𝜌𝜌𝑘𝑘)
𝜕𝜕𝜕𝜕

+ 𝑑𝑑𝑑𝑑𝑑𝑑(𝜌𝜌𝑘𝑘𝜌𝜌) = 𝑑𝑑𝑑𝑑𝑑𝑑 �𝜇𝜇 +
𝜇𝜇𝑡𝑡

𝜎𝜎𝑘𝑘
𝑔𝑔𝑔𝑔𝑔𝑔𝑑𝑑 𝑘𝑘 � + 𝑃𝑃𝑘𝑘 − 𝛽𝛽∗𝜌𝜌𝑘𝑘𝜔𝜔 

 
𝜕𝜕(𝜌𝜌𝜔𝜔)

𝜕𝜕𝜕𝜕
+ 𝑑𝑑𝑑𝑑𝑑𝑑(𝜌𝜌𝜔𝜔𝜌𝜌) = 𝑑𝑑𝑑𝑑𝑑𝑑 �𝜇𝜇 +

𝜇𝜇𝑡𝑡

𝜎𝜎𝜔𝜔
𝑔𝑔𝑔𝑔𝑔𝑔𝑑𝑑 𝜔𝜔 � + 𝛾𝛾 �2𝜌𝜌. 𝑆𝑆𝑖𝑖𝑖𝑖  . 𝑆𝑆𝑖𝑖𝑖𝑖 −

2
3

𝜌𝜌𝜔𝜔
𝜕𝜕𝜌𝜌𝑖𝑖

𝜕𝜕𝜕𝜕𝑖𝑖
𝛿𝛿𝑖𝑖𝑖𝑖� −  𝛽𝛽1𝜌𝜌𝜔𝜔2 
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Where 𝑃𝑃𝑘𝑘 is the rate of production of turbulent energy, and constants of k and 𝜔𝜔 
equation can be estimated as: 
 

𝜎𝜎𝑘𝑘 = 2.0 ,  𝜎𝜎𝜔𝜔 = 2.0, 𝛾𝛾 = 0.553,   𝛽𝛽1= 0.075, 𝛽𝛽∗= 0.09 
 
Since k – 𝜔𝜔 model does not require integration to the wall, initially it drew attraction in 
low Reynolds number applications. The value of turbulent kinetic energy k at the wall is 
set to zero and 𝜔𝜔 tends to infinity around the wall. The k -ω model has much better near-
wall performance compared to the standard k -ε model, but it has the disadvantage of 
producing results which are dependent on the assumed free stream value of ω which is a 
serious problem where free stream boundary conditions are used as a matter of routine. 
 
 

• SST k – 𝝎𝝎 model 
This model is developed more recent compared to Wilcox model and it uses a combination 
of k -ε in the mainstream and k-ω near the wall. This was done due to the deficiency of the 
standard k -ε model for near the wall boundary layers with adverse pressure gradients. The 
k-equation in SST model is the same as in the k –ω model mentioned above, but the ε 
equation is transformed into an ω equation using the substitution of 𝜀𝜀=𝑘𝑘𝜔𝜔. Subsequently, 
the transport equation is rewritten as followed: 
 

𝜕𝜕(𝜌𝜌𝜔𝜔)
𝜕𝜕𝜕𝜕

+ 𝑑𝑑𝑑𝑑𝑑𝑑(𝜌𝜌𝜔𝜔𝜌𝜌) = 𝑑𝑑𝑑𝑑𝑑𝑑 �𝜇𝜇 +
𝜇𝜇𝑡𝑡

𝜎𝜎𝜔𝜔,1
𝑔𝑔𝑔𝑔𝑔𝑔𝑑𝑑 𝜔𝜔 � + 𝛾𝛾2 �2𝜌𝜌𝑆𝑆𝑖𝑖𝑖𝑖  . 𝑆𝑆𝑖𝑖𝑖𝑖 −

2
3

𝜌𝜌𝜔𝜔
𝜕𝜕𝜌𝜌𝑖𝑖

𝜕𝜕𝜕𝜕𝑖𝑖
𝛿𝛿𝑖𝑖𝑖𝑖� −  𝛽𝛽2𝜌𝜌𝜔𝜔2 + 2 

𝜌𝜌
𝜎𝜎𝜔𝜔,2

𝜕𝜕𝑘𝑘
𝜕𝜕𝜕𝜕𝑘𝑘

𝜕𝜕𝜔𝜔
𝜕𝜕𝜕𝜕𝑘𝑘

 

 
The difference is the extra source term on the right-hand side of the equation. A series of 
modification were performed to optimize the performance of the model. First, model 
constants were revised as: 

𝜎𝜎𝑘𝑘 = 1.0,  𝜎𝜎𝜔𝜔,1 = 2.0,  𝜎𝜎𝜔𝜔,1= 1.17, 𝛾𝛾2 = 0.44,   𝛽𝛽2= 0.083, 𝛽𝛽∗= 0.09 
Secondly, blending functions employed to overcome numerical instabilities may be caused 
by differences in computed values in far filed in the standard k -ε model and transformed 
k -ε model near the wall. 
Moreover, limitation was set over the eddy viscosity to give improved performance in flows 
with adverse pressure gradients and wake regions. Also, in order to prevent build-up of 
turbulence in stagnation points the kinetic energy production is limited as well. The limiters 
are as followed: 
 

𝜇𝜇𝑡𝑡 =  
𝑔𝑔1𝜌𝜌𝑘𝑘

max (𝑔𝑔1𝜔𝜔, 𝑆𝑆. 𝐹𝐹2)
 

 
Where  S =  �2S𝑖𝑖𝑖𝑖𝑆𝑆𝑖𝑖𝑖𝑖 , 𝑔𝑔1 is constant and 𝐹𝐹2 is blending function, and 
 

𝑃𝑃𝑘𝑘 = 𝑚𝑚𝑑𝑑𝑛𝑛 �10𝛽𝛽∗𝜌𝜌𝑘𝑘𝜔𝜔, 2𝜇𝜇𝑡𝑡𝑆𝑆𝑖𝑖𝑖𝑖. 𝑆𝑆𝑖𝑖𝑖𝑖 −
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3

𝜌𝜌𝑘𝑘
𝜕𝜕𝜌𝜌𝑖𝑖
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3 Objectives 

3.1 Statement of the problem 
This research is concerned with the investigation of different modelling strategies of constrained mass flow 
at the exit of 1.5 stage axial compressor. In order to do so, various geometries of the diffuser are studied to 
examine to what extent outflow is influenced by modelling of downstream diffuser and the exhaust. 
Configuration of constrained mass flow consists of throttle at the exit of diffuser and studying if this strategy 
leads to unstable flow in diffuser 

In the figure below (Figure 3-1), one and half stage compressor is depicted where flow enters the compressor 
axially and goes out of the diffuser perpendicular to the rotation axis. Variable inlet guide vane and the 
Stator are shown in blue color and the rotor in red. It should be added that flow before entering the diffuser, 
passes over struts which may add perturbations to the flow field (this is in addition to perturbations added 
by preceding components). Throttling is being done by means of a flat plate. Adjacent to the diffuser outlet 
shroud wall there is a plate which can move in and out of the flow passage which constrains the mass flow 
according to the operating points in compressor map (Figure 3-1).[4] 

 

 
Figure 3-1 Compressor Stage[4]. 

 

Diffuser Inlet 
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The question that arises is whether the configuration of constrained mass flow at the exit of a diffuser 
influence the outlet of the compressor in term of pressure? And also, how to model the diffuser? Plus, how 
sensitive is the compressor outlet to the geometry design and modelling? 

It should be noted that mass flow is being constrained by means of a slab at the exit of the diffuser adjacent 
to the shroud. This method may lead to flow separation upstream the slab plus the fact that flow separation 
may occur even in an open channel where there is no flow constraining. 

In addition, this study is also aimed to find out to what extent and in what way the upstream flow is sensitive 
to the modeling of the diffuser and the outflow? 

 

3.2 Objectives 
 

The objective of this study is to give answers to following questions: 

• To what extent is the compressor being influenced by different modelling strategies of the diffuser? 
How sensitive is the outflow modelling of downstream diffuser and the exhaust to different 
modelling strategies? The purpose of using different modelling approaches is to be able to compare 
them and find out which modelling approach can be more representative. 

• What are the potential disturbances in the flow field going through the diffuser due to various 
modelling strategies? This includes studying of potential flow disturbances and wakes coming from 
the upstream compressor. 

 

4 Methodology and tools 

4.1 Approach 
 

A numerical study is performed on an annular diffuser after a 1.5-stage axial compressor. In order to achieve 
the task various geometries of the diffuser were modelled in CFD. Please note that there are very few articles 
regarding the chocked diffuser as the throttled diffuser is specific to test rig application, as a result the 
iterative approach for modelling is selected. In short, the approach to tackle the problem is as followed: 

• Geometry modification in Design Modeler. 
Design Modeler is a CAD software in Ansys package. Using Design modeler, different 2D and 3D 
diffuser’s shapes were created. 
 

• Mesh generation using ICEM. 
Mesh generation was performed in Ansys ICEM. For all the cases a hexahedral fully structured 
mesh was considered, however the mesh itself differs for various cases. 
 

• Model setup 
All the simulations were performed in Ansys CFX, academic module. Boundary conditions are 
presented below. 
 

Inlet boundary conditions:  

To be able to model the flow correctly various inlet conditions were investigated.  
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- Constant total pressure and total temperature. In order to estimate these constant values, 
the average values of total pressure and total temperature, obtained from the compressor 
modelling in the absence of diffuser are used. These conditions correspond to operating 
points on the compressor map under 19 krpm operation (Figure 3-1). 

- Profiles of total pressure and total temperature (functions of the radius). These profiles 
represent the total pressure and total temperature in different distances from the axis of 
rotation. These total pressure and total temperature profiles originate from the 3D model 
of the whole compressor stage. 

 
Outlet boundary conditions:  
- Static Pressure  

Studies were performed for various outlet pressure with different averaging techniques 
including averaging over whole outlet or averaging with circumferential bands. 
 

Choice of turbulence model 
The choice of the turbulence model is SST k-ω which was made after studying various 
turbulence model and numerical investigation to confirm the literature study [29] [30]. In 
addition, the settings include second-order accuracy Euler backward time discretization 
with upwind scheme is used, with the convergence in the order of 5 (with residue property 
smaller than 10−5) . In transition studies, simulations performed in both automatic time 
scale and local time scale of 5. 

 

• Both symmetric and periodic studies performed 
In order to reduce the number of calculations, sector angles out of 360 degree of the full geometry 
is selected. For the side faces, to capture any tangential changes in flow parameters, both symmetric 
and periodic studies were performed and compared in order to confirm that they do match with 
each other.  
 

• Automatic wall functions are used for all the simulations. 
 
 

4.2 Mesh 
In order to generate a mesh for the study cases Ansys ICEM is used. The mesh used for all of the cases is a 
hexahedral fully structured mesh. The CFX solver provides a second-order accuracy implicit finite volume 
spatial discretization. To be able to capture to the boundary layer and secondary flows the resolution of 
meshes around the boundary layer are higher. In addition, the resolution of the mesh is locally increased for 
some parts of the geometry for instance near the throat area. An example of generated mesh is demonstrated 
in Figure 4-1. It should be added that in the solver, second-order accuracy Euler backward time 
discretization with upwind scheme is used. In addition to keep the quality of mesh minimum and maximum 
angle of elements were kept between 90 and 160 degree respectively.  
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Figure 4-1 Screenshots from generated mesh for 15 sector angle. 

In order to check the convergence level, a mesh independency study is performed. For that purpose, the 
scalar quantities of mass flow rate is used but non-scalar quantities such as the profile of pressure at the 
inlet, where convergence cannot easily be judged by GCI. Also grid convergence index in two levels is 
calculated and then it is checked whether the solution is in asymptotic range or not. To check how close is 
the solution to asymptotic range two sides of equation GCI12 = 𝑔𝑔𝑝𝑝GCI23 is compared Table 4-1 shows the 
related parameters for two of the geometries where GCI1 is GCI12 and GCI2 is GCI23. For the details of 
calculated parameters please refer to Roache’s study [33]. The figure below shows a medium sized mesh of 
the two studied case. Please note that closer the asymptotic range is to one, more accurate is the solution. 
It can be seen in Table 4-1 that for both of the case 1 and case 2, asymptotic range is quite close to one 
which proves that flow simulation is not mesh dependent and the required accuracy is achieved. By this 
method it is approved that required resolution is achieved and there is no need for a finer mesh.  

 
 

It should be added that GCI index can be calculated from the equations below: 

𝐺𝐺𝐶𝐶𝐺𝐺 ≡ 𝐹𝐹×𝜀𝜀
𝑟𝑟𝑝𝑝−1

      𝜀𝜀 ≡ �𝑓𝑓1−𝑓𝑓2
𝑓𝑓1

� 

Case 1 

Case 2 
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Where the variable “r” is grid refinement ratio and “p” is the order of computational method, and “f” is the 
quantity of the choice for GCI studies where index 1 to 3 respectively corresponds to coarse, medium and 
fine mesh. And the order of computational method can be calculated from the equation below: 

𝜕𝜕 = ln �𝑓𝑓3−𝑓𝑓2
𝑓𝑓2−𝑓𝑓1

� /ln (𝑔𝑔) 

4.3 Simulated cases 
To reach the objectives of study, simulations were performed for a number of cases. The model was 
improved stepwise based on the results from the prior cases. Studies are divided into two parts of 2D and 
3D models. CFX is not able to fully have 2D or axis-symmetric 2D computations. Hence, in order to 
perform 2D calculations 3D model with very small thickness is employed. In other words, all calculations 
are 3D but with only 2 elements per thickness and the right side-wall boundary condition they behave 2D. 
Studies in 2D were performed for small sectorial angle of 0.5° and 2° and simulations in 3D were performed 
for sector angles of 7.5°, 15° and 17.15°, the results were compared with each other afterwards. A list of all 
the simulated cases are presented below (Figure 4-2).): 

 

2D Simulations 

 

1a. Open Channel with no throttle at outlet, angle of 2° 

1b. Throttled by a flat plate at the exit of the diffuser, angle of 2° 

 
 

2. Perpendicular straight wall after the throttled area, angle of 0.5° 

 
 

3. Wall geometry improved to curved wall instead of flat (2 level of 
curvature studied), angle of 0.5° 
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4a. Shroud redesigned by adding curved wall according to the flow 
behavior in previous models, angle of 0.5° 

4b. Modified throat length for curved annular shape, angle of 0.5° 

 

 

 
 

5. Horizontal diffuser at the outlet of compressor (different throat 
lengths, various geometries, profile and constant pressure at inlet), angle 
of 0.5° 

 
 

6a. Straight wall geometry after the slab (Two outlet heights were 
studied), angle of 0.5° 

6b. Simulating 7 and 6 in presence of compressor, angle of 0.5°. 

 

 
 

 

3D Simulations 

 

7a. Straight wall at the exhaust (Short and long wall for outlet studied), 
angle of 7° 

7b. Transient Study of case 11, by means of a function with variables of 
time, theta and pressure at inlet, angle of 7° 

 

  



-28- 
 

 

8a. Thick slab (10 mm) with a bit wider outlet area, angle of 7° and 15° 

8b. Transient Study of case 11, angle of 7° and 15° 

8c. Transient Study of case 11, using time varying function of pressure 
at inlet, angle of 7°. 

 
 

 

9a. Outlet area increased by moving the wall further out, angle of 7° and 
15° 

9b. Transient studies of case 12, using functions mentioned above in 13, 
14, 15, angle of 7° 

 

 
 

10a. Transient Study of exhaust with smaller outlet area, angle of 7° 

10b. Simulation of 17.15 ° angle 

 

 
 

 
Figure 4-2  Simulated cases and schematic presentation of geometries on top of each other 
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5 Results and discussion 

5.1 Basic parameters 
In this chapter results obtained from the CFD simulations are presented and discussed. Please note that 
there are very few articles regarding chocked diffuser as this configuration is specific to test rig purpose, as 
a result the iterative approach is selected. 
The fore mentioned rig compressor operates under transonic conditions which leads to number of 
conditions that affect the convergence and uncertainty of the simulations. These conditions include: flow 
separation over the walls and choke in the throat. In addition secondary flows have been seen in the outlet 
as the flow expands after the throat. This will be described in details in related cases.  

The study investigates the objectives through several modeling steps. These stepwise modeling approaches 
consists of investigation of various modelling strategies for various configuration and modifications of the 
geometry, as it is explained in the section 4.3. In addition, numbers of boundary conditions are investigated. 
Table 5-1 presents five different inlet conditions that were used through the modeling procedure. Boundary 
conditions are extrapolated assuming standard atmospheric conditions at the inlet of the compressor and 
an isentropic compression to the desired compressor pressure ratio (compressor pressure ratios can be 
found in table 5-3). At the beginning of the study, with the focus on better understanding of the geometry 
and flow through the diffuser, a rough estimation of boundary condition is used (item 1 in the Table 5-1), 
and then boundary condition is improved to the result from compressor simulations (item 2 in Table 5-1). 
The rest of the items (3,4 & 5) in Table 5-1 corresponds to operating points on the compressor map when 
VIGV angle is zero and the rotational speed is 19 krpm, as it is depicted on the Figure 5-4. (Details of the 
calculation of these points are discussed later).   

Inlet Conditions 
  1 2 3 4 5 
Total Pressure [kPa] 120 145.387 155.3 146.3 130.9 
Total Temperature [K] 300 327.69 325.5 320.1 310.1 

Table 5-1 Boundary conditions used for inlet of diffuser. 

Table 5-2 gives information regarding the simulation results. Later in this text, each case is described 
together with pictures from the simulation results. In the Table 5-2, numbers in the column of inlet 
conditions corresponds to items in Table 5-1, and “p” shows that profile of total pressure and total 
temperature is used which is explained later in the report (Figure 5-6 shows plot of the functions). In order 
to calculate the average value of thermodynamic parameters, mass flow averaging is used for pressure and 
temperature is calculated by averaging over the length of the surface, as it is suggested by N. A. Cumpsty 
[34]. And the parameter y+ is calculated by averaging over the shroud surface. This is due to the fact that 
y+ value changes along the shroud so it is suggested that average y+ over the whole surface can be more 
suitable for comparing different cases. The shroud surface is chosen for averaging for two reasons: first of 
all, it is where potentially the flow separation and back flow may occur which need to be recognized and 
second is that more variation in flow parameters can be seen there.  

During the modeling process, the approach is that after setting the initial boundary conditions, the 
simulations are then performed for number of different outlet static pressures. The outlet static pressure is 
reduced step by step from high pressures to low pressure, till the flow reaches the choke condition in the 
throat area. Due to the choke the flow rate in choke area is more or less the same and it can be seen that 
after the choking, the flow rate doesn’t change considerably (except the cases with horizontal design, which 
will be explained later). 
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5.1.1 Constant values boundary conditions 

Study began with a 3D investigation a sector of 72° of the diffuser with the boundary conditions specified 
in the table 5-2, however, we skip this part since although it was a necessary step to proceed through the 
investigation, in reality diffuser will be always throttled while case 1 includes an open channel diffuser 
without being throttled. Three different items in case 1 respectively corresponds to use of SST, k-𝜀𝜀 and SSG 
turbulence models. The reasons for variation in mass flow rate between three different items in case 1 are 
inability of k-𝜀𝜀 in capturing secondary flow and model limitation in SSG. As we can see in Table 5-2 we 
have more or less same values for mass flow rate , however the average y+ is very different. Please note that 
same type of mesh were used for all three models. As it mentioned in section 4.2, the resolution of mesh 
near the wall and throat area is higher. 

Noteworthy to mention about value of making sure about the accuracy of y+. For numerical solution of 
flows near the wall, it is important that the lower limit of y+ does not fall within viscous layer. In that case 
the mesh should be created in a way that values of y+ is above 20. However, there are flow conditions 
where the universal near wall behavior over a practical range of y+ may not be recognizable. In that case 
the wall function concept breaks down and its continual use during numerical solutions will lead to 
significant errors. In that case to resolve the viscous sub-layer inside the turbulent boundary layer, y+ at the 
first node adjacent to the wall should be set preferably less than unity for the low Reynolds number k-ε 
models, while a higher y+ is acceptable for the standard k-ω model (y+ ∼ 2) or even larger in some flow 
cases so long as it is still well within the viscous sub-layer (y+ = 4 or 5). Depending on Reynolds number, 
it is always important to ensure that there are more than 5-10 grid nodal points between the wall and the 
location where y+ = 20 to resolve the mean velocity and turbulent quantities. Adequate boundary layer 
resolution generally requires at least 8–10 grid nodal points in the layer. In this study there is a minimum 20 
nodal points in the boundary layer for different meshes. The post-analysis of the solution also confirms that 
a good degree of resolution is achieved (using GCI method which is explained in detail in the section 4.2). 

 

Case  Item Inlet 
Conditions 

 

Average 
y+  

Static Outlet Pressure 
[kPa] 

Massflow Rate 
[kg/s] 

1 
1 1 2 100 17.094 
2 1 1.8 100 17.111 
3 1 50 100 16.641 

Table 5-2 List of simulation results for the case 1. 

In the next step, the sector angle is reduced to 2° (Figure 5-1). This is done to improve the results, and 
reduce the calculations, as it is explained in the methodology section. Figure 5-1 compares item 1 and 2 of 
the case 2 from table 5-3 where open channel and throttled channel are compared respectively. Studies are 
carried out for both the open channel with no throttling and semi-closed channel in which slab blocks part 
of the flow passage. As the literature studies suggests [17], acceleration of the boundary layer and separation 
of the flow near the shroud is observed in both cases. However, the thickness of secondary flow is smaller 
at the exit of the semi-closed channel. We can see that in case of open channel the flow will choke at the 
smallest cross section. Even at increased pressure difference between inlet and outlet, there will be high 
speed inflow, and outlet will self-choke as there is a blockage. Figure below shows Mach number distribution 
in the diffuser. For information regarding results parameters including mass flow please refer to table 5-3. 
As it can be seen in table 5-3, after throttling massflow rate has been decreased by 19% when 30% of the 
outlet area is throttled. Please note that static pressure at the outlet area for both of the items are the same 
equal to 100kPa. 
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Case  Item Inlet 
Conditions 

 

Average 
y+  

Static 
Outlet 

Pressure 
[kPa] 

Massflow 
Rate [kg/s] 

Massflow 
average Inlet 

Total 
Pressure 

2 1 1 5.7 100 16.803 120 
2 1 5.4 100 13.589 120 

3 1 1 11.05 70 15.605 120 
2 1 19.8 70 13.121 120 

Table 5-3 List of simulation results for case 2 and 3 

 

 
In the Figure 5-1 it can be seen in the left figure that flow speed at the inlet of the open channel is supersonic 
near the boundary and transonic through the channel, however, this is not the case for throttled channel 
although the outlet static pressure is the same as open channel. This is because of reduction of the outlet 
area where the minimum area is at the outlet while for open channel is near the inlet. As a result choking 
occurred at the inlet for open channel and for the throttled channel it happened near the outlet. Plus, as it 
can be expected, mass flow rate is lower in the throttled channel for a given inlet and outlet conditions 
(please refer to table 5-2). The reason is that higher mass flow rate is needed to provide enough pressure at 
the outlet. 

In table 5-3, the result of simulation can be seen for case 3 as well. The difference between case 3 and case 
2 is that the static outlet pressure is further reduced to 70kPa. In this case, item 1 and 2 are representing 
open channel and throttled channel respectively. We can see in the table that by decreasing the outlet 
pressure for open channel from 100 kPa to 70 kPa, mass flowrate is decreased by 7%. For the throttled 
channel reducing the outlet pressure has not changed the mass flow rate more or less. This is due to the 
choking in the outlet area for the case of throttled channel. 

 

Case  Item Inlet 
Conditions 

 

Average 
y+  

Static 
Outlet 

Pressure 
[kPa] 

Massflow 
Rate [kg/s] 

Massflow 
average Inlet 

Total 
Pressure 

4 
1 2 14.5 70 10.554 145.4 
2 2 15.4 70 10.580 145.4 
3 2 18.6 70 14.866 145.4 

Table 5-4 List of simulation results for case 4 

 

Open 
Channel 

Throttled 

Figure 5-1 Mach number plots for two cases of throttled and open channel (left) , screen shot of the 2° sector angle 
mesh (right).  



-32- 
 

For the case 4, a configuration with a flat wall and a slightly curved wall was considered after the throttling 
area (Figure 5-3). These cases inlet boundary conditions are specified in table 5-1 as condition number 2 (all 
the geometries have 70 kPa outlet pressure). In the Figure 5-3 items are being compared that they vary in 
terms of height of the outlet wall and also whether the shroud wall after the slab is straight or curved. 
However, most notable difference is the throat area. For all of the items there is a region of high velocity 
flow at the inlet. It can be seen that although adding curvature did not affected the item 1 and 2 (which has 
smaller throat area and longer wall extension) in terms of Mach number distribution. For all the cases the 
flow behind the slab is stable and well distributed. As it can be seen in table 5-4, items 1 and 2 has 
approximately same mass flow rate while for item 3 mass flow rate is higher which is due to the fact that 
less outlet area is throttled.  

   
Figure 5-2 Mach number plots for three items of case 3 (Item 1 to 3 respectively from left to right). Three pictures on 

the bottom are presented in different scale just for better understanding. 

 

The next phase of investigations is simplifying the duct geometry according to the flow behavior in previous 
models. For that purpose, new geometries are generated in Design Modeler by modifying the shroud wall 
(Shown in Figure 5-8). To show the importance of the diffuser curvature on the flow, this model is 
compared with a horizontal diffuser which is shown in Figure 5-5 (Item 4 to 6). This design is basically 
having the throat after the straight extension of the compressor outlet. The design of the simplified model 
is done by extracting the shape of the separated flow and adjusting the shroud wall accordingly and re-
adjusting afterwards through several steps. Please note that flow separation and also backflow increases the 
uncertainty of the results which is eliminated in simplified models. These simplifications are made for three 
different throat lengths corresponding to three different operating points in the compressor map (Figure 5-
6) for 19000 rpm. Details of the operational parameters are listed below, which is calculated by estimation 
of isentropic conditions: 

 

 

 

Flat Wall 

Item 2 

Curved Wall 

Item 1 

 

Flat Wall 

Item 2 

Curved 
Wall 

Item 1 

 

Flat Wall 

Item 3 

Flat Wall 

Item 3 
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19000 rpm 
 Operating 

point 
ṁ 

[kg/s] 
Pressure 

Ratio 
 

Gamma 
𝛾𝛾 

Gas 
Constant 

R 

T_amb 
°C 

Inlet Total 
Temperature °K 

𝑇𝑇𝑡𝑡  

Percentage 
of opening 

Annular 
Diffuser 
Design 

1 13.83 1.55  1.4 287 15 326.4 37% 
2 14.35 1.44 1.4 287 15 320. 1 40% 
3 14.46 1.30 1.4 287 15 310.4 45% 

Horizontal 
Diffuser 
Design 

1 13.83 1.55 1.4 287 15 326.4 60% 
2 14.35 1.44 1.4 287 15 320. 1 66% 
3 14.46 1.30 1.4 287 15 310.4 73% 

Table 5-5 Calculation properties for opening percentage in throat area 

The equation used for calculation of throat length is presented below[35], where 𝑃𝑃𝑡𝑡 is total pressure, 𝑇𝑇𝑡𝑡 is 
total temperature and M is the Mach number (By knowing the area of the throat which is denoted as “A” 
we know the opening percentage as well). 

ṁ =
𝐴𝐴 × 𝑃𝑃𝜕𝜕

�𝑇𝑇𝜕𝜕

× �
𝛾𝛾

𝑅𝑅
× 𝑀𝑀 × �1 +

(𝛾𝛾 − 1) × 𝑀𝑀2

2
�

� 𝛾𝛾+1
2(1−𝛾𝛾)�

 

 

 
To be able to model each operating point, different geometries with different opening ratios are needed 
(since changes in opening percentage by the slab changes the mass flow rate). This is due to the fact that 
mass flow depends on the pressure difference between inlet and outlet of the diffuser, which related values 
are given in the table 5-3. Different geometries actually have a different throat area, where the choke occurs 
as well (given in table 5-3). This is calculated based on ideal gas law and isentropic efficiency. The reason 
for studying horizontal diffuser (as it is shown in Figure 5-5) is that the curved diffuser can affect the back 
pressure to the compressor and thus change the compressor behavior, especially when the diffuser is 
choked. The investigation is that if we can replace the complicated curved diffuser component with a straight 
choked nozzle which can give us the same mass flow and a very nice flow at the diffuser inlet/compressor 
outlet. However, this doesn’t mean that the same throat length by both horizontal and annular diffuser can 
give us the same mass flow rate as well. The design of the horizontal diffuser (axial) is a computational 
simplification that gives the same mass flow rate as the curved one. 

OP1 

OP3 

OP2 

Figure 5-3 Compressor Map [10] 
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Figure 5-5 shows plots of Mach number over the side surfaces for different items of case 5, which they have 
different opening ratio as well (Please see the details in tables 5-2 and 5-3). It should be reminded that each 
operating point corresponds to different opening ratio as the mass flow is being constrained by the slab. 
This Figure shows Mach number variation in two different scales for convenience, for the six geometries. 
The choke in the throat area can be observed in all the plots (since the choke corresponds to Mach number 
equal 1 in the throat). The approach chosen is to constrain the mass flow of the chosen simulated channel 
and to make sure the flow is choked in the throat area by choosing a sufficiently low outlet pressure. For 
that pressure is reduced till the choke occurred, the results are given in table 5-2 where we can see increase 
in mass flow rate respectively. After the choke occurred in the throat, reduction of back pressure will not 
change the mass flow through the diffuser. 

Item 3, Case 5 

Operating Point 3 

Item 1, Case 5 

Operating Point 1 

Item 2, Case 5 

Operating Point 2 

Item 1, Case 5 

Operating Point 1 

 

Item 2, Case 5 

Operating Point 2 

 

Item 3, Case 5 

Operating Point 3 

Item 4, Case 5 

Operating Point 1 

Item 5, Case 5 

Operating Point 2 

 

Item 6, Case 5 

Operating Point 3 

 

Item 4, Case 5 

Operating Point 1 

 

Item 5, Case 5 

Operating Point 2 

 

Item 6, Case 5 

Operating Point 3 

 

Figure 5-4 Mach number plots for different geometries of curved simplified and horizontal axial diffuser 
(First row and third represent plots in Mach number 0 to 1.5, and second and fourth are scaled between Mach 

number 0 to 1). Each item correspond to different operating points in compressor map. 
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In the case of simplified model of the diffuser shape (curved one), it can be seen that the choke occurs at 
the throat near the slab, this is where the minimum area is specified (Please find the throat length in the 
Table 5-3). Plus, another realization is that the choking surface which poses Mach number 1, is not flat and 
horizontal (Perpendicular to the x axis), in fact as it can be seen in the Figure 5-8 it is inclined, and it is 
slightly curved. 

5.1.2 Profile boundary conditions 

For the rest of the simulations the boundary condition is changed. In fact, total pressure and total 
temperature at the inlet was specified as functions of radius which are obtained from the outlet of the 
compressor in the absence of the diffuser, for the operating point 2. In Figure 5-9 plots of these functions 
against the radius at the inlet of the diffuser is shown. 

 
Figure 5-5 Plot of inlet functions of total pressure and total temperature. 

After setting the inlet boundary condition as the compressor outlet pressure field, simulations for three 
different operating conditions for six geometries are performed, using the functions explained above for 
the inlet conditions (Figure 5-6). These six geometries can be categorized in to two: simple horizontal 
diffuser shape (items 10 to 12 in Figure 5-7) and simplified annular diffuser design (items 7 to 9 in Figure 
5-7). Graphs of Mach number on the periodic faces of the geometries using these simulations is presented 
in 5-7, and each item is presented in two scales: from Mach number 0 to 1.5 and from Mach number 0 to 1 
(This is done for better understanding and so that the plots would be more representative of the Mach 
number distribution on periodic faces). The difference between item 7 to 9 is the length of choking area 
(throat length) which respectively corresponds to values given in Table 5-3 (Same applies for items 10 to 12 
which respectively corresponds to items 1 to 3 in Table 5-3). Please note that although similar items in Table 
5-3 for annular diffuser and horizontal one, have the same throat area, the opening percentages are different 
which is because having different radius from axis of the machine (for instance item 1 of horizontal diffuser 
design and item 1 of annular diffuser design). 

 By looking at Figure 5-7 we can see that all the items have quite stable flow through the diffuser before the 
choking area and also afterwards near the outlet. The same applies for horizontal diffuser as well. However, 
the static pressure profile and velocity profile near the inlet is different for two geometries, as it discussed 
in section 5.1.5. In addition by comparing similar items of two geometries with same opening area we can 
see that the back pressure at which choking started to occurs is different. (It is lower for horizontal diffuser 
as it is listed in Table 5-2).   
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Case  Item Inlet 
Conditions 
 

Average y+  Static Outlet 
Pressure [kPa] 

Massflow 
Rate [kg/s] 

Massflow average 
Inlet Total Pressure 

5 

1 3 27.3 110 12.9 155.3 
2 4 27.2 105 13.3 146.3 
3 5 26.9 92 13.3 130.9 
4 3 5 100 13.8 155.3 
5 4 5.1 98 14.3 146.3 
6 5 4.9 90 14.4 130.9 
7 p 20.7 105 12.2 146.3 
8 P 21.8 98 13.3 146.2 
9 p 24.6 92 14.6 146.1 

10 P 4.4 98 15.5 146.5 
11 p 4.2 98 14.1 146.4 
12 P 3.8 97 12.8 146.3 

Table 5-6 List of properties for case 5 

 

 
Figure 5-6 Plot of Mach number for simplified curved and horizontal diffuser with a profile at the inlet boundary. Items 
in first and second row are scaled between Mach number 1 to 1.5 while items in second and fourth are between Mach 

number 0 to 1  

Item 9 

 

Item 7 

 

Item 8 

 

Item 8 

 

Item 9 

 

Item 10 
 

Item 11 
 

Item 12 
 

Item 10 

 

Item 11 

 

 

Item 12 

 

Item 7 

 



-37- 
 

 
Figure 5-7 Plot of iso-surface at mach number equal “1” at the throat for curved simplified and horizontal diffuser.  

After the simulation it can be seen that geometries with throat length corresponding to the points on 
compressor map, actually have deviation from corresponding mass flow rates (Target mass flow).  This is 
because, similar to previous simulations (item 1, 2, 3), in case of items 7 to 9 (curved geometries), it can be 
seen that the actual throat area seen in the flow is actually tilted, and it is not horizontal. As a result, choked 
surface is bigger than what was expected, and minimum area is bigger than calculated values. The change in 
choked area alleviates mass flow rate as well. 

 
Figure 5-8 Comparison between result of simulation results and corresponding mass flow in compressor map. 

To tackle the problem, new throat length is guessed based on the values from the previous simulations. 
Figure 5-9 shows plot of mass flow rate versus throat length for the geometries with same inlet boundary 
condition, with boundary conditions corresponding to operating points 1 to 3 which have different opening 
ratios as well (Table 5-2). The blue line in the figure shows results obtained with profiles at inlet (item 7, 8 
and 9), whereas red line corresponds to target mass flow extracted from the compressor map (As it is shown 
in Table 5-6). Target mass flow is obtained from the compressor map which relates to operating points 
(Figure 5-4). Based on the fact that mass flow changes linearly versus throat length, the new throat length 
is estimated to be 20,84 mm (opening percentage is calculated from the throat length, throat length is 
mentioned in the text since calculations are based on that). The equation of the linear estimation is shown 
in Figure 5-9, where we can see it quite closely fits the data.  

Using the new geometry and two different boundary conditions:  constant total pressure at the inlet and 
previously discussed inlet profile (Items 1 and 2 of case 6 in Table 5-1 where inlet respectively are constant 
values of operating point 2 and profiles at inlet). Plot of Mach number on the periodic surfaces are 
demonstrated in Figure 5-10.  For these geometries mass flow rate stability is reached in lower outlet 
pressures equal to 70 kPa, (please find the inlet boundary conditions in Table 5-1, and result of simulations 
in Table 5-7).    
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Case  Item Inlet 
Conditions 
 

Average y+  Static Outlet 
Pressure [kPa] 

Massflow 
Rate [kg/s] 

Massflow average 
Inlet Total Pressure 

6 1 4 27.4 70 13.352 145.8 
2 P 22.2 70 13.299 146.2 

Table 5-7 Properties of case 6 (Inlet condition for item 1 is listed in Table 5-1 and item 2 has a profile inlet condition 
depicted in Figure 5-6). 

 
Then the two cases of simplified version of annular diffuser design (with the new throat length, item 6.2) 
and horizontal diffuser geometry is compared (Figure 5-14 respectively). We can see that although both 
geometries have the same boundary conditions (at inlet total temperature and total pressure profile is used), 
the static pressure is different along the radius in each geometry (Figure 5-11) which is related to axial design. 
At the section 5.1.5, two geometries are compared in terms of how they affect the compressor. By 
comparing mass flow rate through the diffuser (As it is presented in the table in Figure 5-11) we can see the 
two geometries have more or less same mass flow rate with only 1.6% difference. The mass flow of the two 
geometries of horizontal diffuser and simplified annular diffuser are respectively 2% and 3.6% different 
from the target mass flow with the flow rate of 14.35 kg/s (Target mass flow can be found in Table 5-3, 
mass flow related to operating condition 2). In section 5.1.7, static pressure at the inlet for different 
geometries is compared. However, although similar mass flow rates are expected from two geometries, 
pressure profile of horizontal diffuser differs from the other geometries (Explained in section 5.1.7). 

 
Figure 5-10 Plot of inlet parameters for simplified curved and horizontal diffuser. 

Afterwards, the geometry is changed to the design with the wall extended straight up after the slab, as it is 
depicted in Figure 5-12. In fact, this figure shows that at the pressure difference that choke occurs reducing 
back pressure will not change flow distribution behind the slab. We can see that at back pressure lower than 
40 outlets have a similar distribution (as it was expected) and mass flow rate has reached a constant value. 

 Mass flow [kg/s] 

Curved annular 13.85 

Horizontal 14.08 

6.2 6.1 

Figure 5-9  Mach number plots on symmetric faces for case number 6. 
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The same thing about the impact of increased pressure difference after the choking is true for the other 
geometries as well.  

 

 
On the other hand, Figure 5-13 shows plots of Mach number for two different outlet pressures: 50 kPa and 
70 kPa. On the figures on the right black vectors can be seen which shows the direction of the velocity, and 
there is small back flow near the free slip wall. It can also be observed that reduction of the outlet pressure 
will reduce the thickness of the boundary layer. This is due to the high velocity of flow which may help re-
attaching the separated boundary layer by pushing the boundary layer toward the walls. However, this is not 
the case for the short extension, since when the height of the extension is not long enough, the boundary 
layer formation is not complete. In overall, we can see that the flow field after the slab, particularly in longer 
extension is stable. All the items have similar boundary condition at the inlet (using profiles mentioned 
before) and for the side faces symmetry boundary condition is used (Results checked with the results of the 
same simulation with periodic boundary condition, it was completely identical).It can be seen in Table 5-8 
that Mass flow rate of 7.1,7.2 and 7.3 is almost the same but 7.4 has 1% more mass flow rate which is not a 
significant difference.   

 

 

Outlet Pressure: 30 kPa 

Mass flow: 13.3 kg/s 

Outlet Pressure: 40 kPa 

Mass flow: 13.3 kg/s 

Outlet Pressure: 60 kPa 

Mass flow: 12.8 kg/s 
Outlet Pressure: 50 kPa 

Mass flow: 12.9 kg/s 

Figure 5-11 Flow distribution for different boundary conditions where outlet static pressures are: 30, 40, 50, 60 kPa 

Outlet:70 kPa 

Outlet 
50 kPa 

Figure 5-12 Mach number in periodic faces (Top row figures corresponds to 70 kPa Static outlet pressure and bottom 
figures are 50 kPa outlet) 

Item 7.1 

Item 7.4 

Item 7.2 

Item 7.3 

Item 7.1 

Item 7.4 

Item 7.2 

Item 7.3 

Outlet:70 kPa 

Outlet:50 kPa 
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In addition something that we can notice in Figure 5-12 and 5-13 is that choke occurs at the throat and then 
we have a stable jet of flow after the slab location. Stability of the outflow is improved by increasing the 
height of the extension which allows the flow to reach stability. 

Case  Item Inlet 
Conditions 
 

Average y+  Static Outlet 
Pressure [kPa] 

Massflow 
Rate [kg/s] 

Massflow average 
Inlet Total Pressure 

7 

1 p 9.1 70 13.004 146.2 
2 P 9 70 12.959 146.2 
3 p 9.3 50 13.000 146.2 
4 P 16.6 50 13.150 146.2 

Table 5-8 Properties of case 7 (All these items have profile inlet condition depicted in Figure 5-6) 

5.1.3 Configurations include slab and part of the outlet volute 

Subsequently, investigation continues with consideration of the slab thickness of 10 mm in the flow path 
and also a shroud wall extension after the slab as it is depicted in the Figure 5-14 which includes part of the 
outlet volute. It should be reminded that during the setup, the use of artificial wall which is normally being 
added automatically by CFX, is disabled. The reason is that adding of artificial wall may lead to better 
convergence but leads to more unrealistic results (by ignoring the backflow).  These geometries lead to more 
back flow and less well distributed flow at the outlet which is related to the formation of vortices adjacent 
to the high-speed flow jet going out, after the slab. To be able to find how to extend geometry, two types 
of geometry is studied: first short heighted extension, second is long-heighted extension with twice the 
height of the previous one which provides more stable outlet flow. Plots of Mach number on the periodic 
faces for these geometries can be seen in the Figure 5-14, also there is significant back-flow present at the 
outlet, thus the simulation result may not be physical. Two types of geometries are depicted (case 8): short 
heighted outlet and more extended outlet where top row belongs to cases with outlet static pressure of 70 
kPa (items 1 and 2) and bottom row is at 50 kPa (items 3 and 4). For the outlet boundary condition pressure 
averaging over whole outlet is selected. Similar to previous geometries more stability in the flow field can 
be seen as the outlet height of the diffuser is extended. Mass flow rates and other specifications are shown 
in table 5-9.  

 
Figure 5-13 Plot of Mach number on periodic faces for Case 8. 

As the next step numerical modeling is performed for the similar geometry with wider outlet area with the 
length of 215 mm which is increased significantly (Figure 5-15) comparing to the previous case with the 
outlet of 47 mm. Figure 5-15 demonstrates four different items of case 9: items 1 and 2 has outlet 
pressure of 70 kPa while items 3 and 4 are at 70 kPa. Like other cases more stability in the extended outlet 
height can be observed following that increasing the outlet area results to more instabilities in the outflow 
of all four items. However, it can be seen that high-speed flow jet demonstrates similar behavior as the 
previous simulations where it is high speed flow jet is almost unaffected by the instabilities next to it.  

Item 1 Item 2 

Item 3 Item 4 

Item 1 

Item 4 

Item 2 

Item 3 
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Figure 5-14 Plots of Mach number on periodic faces. 

Case  Item Inlet 
Conditions 
 

Average y+  Static Outlet 
Pressure [kPa] 

Massflow 
Rate [kg/s] 

Massflow average 
Inlet Total Pressure 

8 

1 p 3.1 70 12.058 144.6 
2 P 2.4 70 13.017 144.6 
3 p 2.5 50 11.349 144.6 
4 P 3.2 50 13.210 144.6 

9 

1 p 3.1 70 12.655 146.2 
2 P 3.4 70 13.075 146.2 
3 p 2.47 50 11.114 146.4 
4 P 3.2 50 12.567 146.2 

Table 5-9 Properties of case 8 and 9 (All these items have profile inlet condition depicted in Figure 5-6) 

5.1.4 Pseudo time stepping 

After studying various geometries and comparing the output parameters the same meshed geometry of case 
9, pseudo-transition continuation is adjusted. Pseudo-transient continuation (Pseudo time-stepping) is a 
technique for solving the steady-state solution of time-evolving partial differential equations by setting an 
initial guess and using a time-stepper to evolve the solution forward. For the inlet boundary conditions, 
profiles are used and both symmetrical and periodical boundary conditions for side surfaces performed 
(Figure 5-16 relates to model with symmetry boundary but result of periodic boundary simulations is 
identical). These studies are divided into two categories: automatic time scale simulations and Local time 
scale simulations. This approach of pseudo time iterations is performed to find out converged solution. 
Local time scale is averaging out the pseudo time stepped RANS equations differently in different parts of 
the domain thus helping convergence in flows of different scales.  In Figure 5-16, solver convergence history 
is also added. In Figure 5-16 plot of mass flow rate in the inlet and outlet during the computation is shown 
at the bottom of the figure. In addition, oscillations in the velocity field next to the high-speed jet is 
observed, this increases the uncertainty and make it difficult to converge. And this is the reason that this 
approach is selected. Boundary condition of these models include: overall pressure averaging over the outlet 
and local time scale of 5, for the inlet same profile that was used before is used. 

Case  Item Inlet 
Conditions 
 

Average y+  Static Outlet 
Pressure [kPa] 

Massflow 
Rate [kg/s] 

Massflow average 
Inlet Total Pressure 

10 
1 p 2.4 50 13.30106 146.2 
2 P 2.7 50 13.07534 146.2 
3 P 2.4 50 13.0603 146.2 

Table 5-10 Properties of case 10 (All these items have profile inlet condition depicted in Figure 5-6) 

Item 1 Item 2 

Item 3 Item 4 

Item 1 

Item 4 

Item 2 

Item 3 
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Figure 5-15 Plots of Mach number, and convergence of mass flow for two cases with manual time scale used. 

 

In Figure 5-16, the two simulation studies of item 1 and 2 of case 10 in Table 5-1, are compared in terms of 
Mach number distribution on periodic faces. The boundary condition for these cases includes: profiles at 
inlet, periodic faces on the side, no slipp wall functions for shroud and hub and 50 kPa of back pressure at 
the outlet. As it can be seen while inlet mass flow rate is very stable, outlet mass flow is fluctuating for the 
case at the right, however outflow of the cases on the left is quite stable. This means that it was harder for 
the case to the left to converge, particularly since artificial wall built by CFX is disabled which makes the 
convergence harder. In order to solve this problem, stepwise approach was employed by running number 
of simulations in a row where back pressure is reduced each time by 10 or 5 kPa, starting from 100 kPa at 
the outlet. 

Figure 5-17 compares two cases with local and automatic time scale where the boundary condition is the 
same as cases 10.1 and 10.2 which was explained in previous paragraph. What is evident in the case which 
local time scale is used (item 2), there is velocity variation in the flow field, however, this is not the case for 
item 1. This velocity variation is in the low speed flow, next to high speed jet going out, after the slab. The 
reason that this variation can be seen only in local time scale simulation result, is in local time scale averaging 
the time steps is differently in different parts of the flow. In overall, the flow field through the diffuser and 
behind the slab matches for both of the cases in terms of pressure and Mach number variations and also 
mass flow through the diffuser as well (More properties of items of case 10 is listed in Table 5-2). 

Figure 5-18 is a plot of total temperature through the diffuser. This is plotted as an index for losses, as it 
can be expected, most of the losses are near the shroud wall and also after the slab in the boundary layer 
between high speed flow and low speed circulating flow.  
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Figure 5-16 Mach number comparison for two cases with automatic and manual time scale. 

 
Figure 5-17 Plot of total temperature for two study cases.  

5.1.5 Comparing two geometries in the presence of compressor 

So far all the simulations performed were just for the diffuser with estimation of outlet boundary condition 
of the compressor. In this section what it is presented, is simulation results of the combined system of 
diffuser and compressor as it is depicted in the Figure 5-19 (Just the outlet of the compressor can be seen 
in the picture and not the compressor stage). To reach the objective, diffuser geometry is added to the outlet 
of the compressor and then it is compared with the case when there is no diffuser afterward. The 
comparison is made in different locations of the compressor (various machine parts is depicted in Figure 3-
1), in terms of loadings, pressure coefficient, static and total pressures. To be able to see the span wise effect, 
all the comparisons are made in 5% and 50% of span height. Plots of static pressures are presented in Figure 
5-19 and plots of total pressures is presented in Figure 5-20. Where we can see that annular design follows 
the compressor profile more closely both in terms of static pressure and total pressure at the outlet of 
compressor. However, the mass flow rate through the diffusers are close as it is depicted on Figure 5.19 
(Differences are under 0.3 %). In addition we can see that while the pressure is being built up as the radius 
is decreased for both the case of annular diffuser and compressor outlet without the diffuser, however, this 

Automatic time scale Local time scale of 5 

Item 1 Item 2 

Item 3 Item 2 
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is not the case for the horizontal design which has a lower pressure profile near the inlet and slightly higher 
through the rest. However, all three cases have approximately equal mass flow rate through the diffusers as 
it is depicted on Figure 5.19 . 

 
Figure 5-18 Plots of iso-pressure over the boundaries of the outlet of compressor (For three geometries: compressor and 
annular diffuser to the left, in absence of diffuser in the middle and compressor together with horizontal diffuser in the 

right side). 

 

 
Plot of pressure coefficient against normalized axial cord, helps for better understanding of loadings and 
relative pressures in the flow field. These plots have been made for two span wise locations: 5% two 50%. 
First plot (Figure 5-21), monitors these parameters at the location of the inlet strut of the compressor. We 
can see for all three cases of: no diffuser added, horizontal diffuser and curved simplified diffuser, they 
follow the same pattern along the chord. The same behavior can be observed for variable inlet guide vanes 
in Figure 5-22, where all three lines matches each other closely. 

Figure 5-19 Plots of total pressure over the boundaries of the outlet of compressor (For three geometries: compressor 
and annular diffuser to the left, in absence of diffuser in the middle and compressor together with horizontal diffuser in 

the right side).. 

Mass flow 14.07 kg/s Mass flow 14.13 kg/s Mass flow 14.10 kg/s 
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Figure 5-20 Pressure coefficient plots in the inlet strut. 

 
Figure 5-21 Pressure coefficient plots in the VIGV. 

 

 
Figure 5-22 Pressure coefficient plots in the rotor. 

In contrast to previous figures, more deviation can be observed in Figure 5-23, which is extracted at the 
location of rotor (exact location is shown in Figure 3-1). We can see that particularly in 5% of span, 
simplified curved diffuser follows a pattern more similar to no diffuser case comparing to horizontal 
diffuser. However this deviation is smaller in 50% of span. We can see that we as we go from the inlet 
toward the outlet guide vanes more deviation can be seen. 

Figure 5-24 represents pressure coefficient at the outlet guide vane where it can be clearly since that changing 
pattern of horizontal diffuser (in green) differs from the other two considerably, mostly in 5% of mid span. 

5% 50% 

5% 50% 

5% 50% 

no diffuser horiz. diff. curved, simplified diff. 

no diffuser horiz. diff. curved, simplified diff. 

no diffuser horiz. diff. curved, simplified diff. 
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Figure 5-23 Pressure coefficient plots in the outlet guide vanes. 

 

5.1.6 Study of disturbance at inflow (Transition conditions) 

The other main part of the study is regarding the transient conditions where there are disturbances in the 
flow entering the diffuser. As it is mentioned in the literature studies number of flow disturbances and 
instabilities can occur during the operation, for instance formation of instabilities from the inlet guide vanes 
or wake formation after the blades of the rotor. 

To proceed through this research question, a function of total pressure at the inlet of the diffuser is defined 
which is varying with radius and theta (Theta is circumferential angle). The function of total pressure which 
is discussed, is presented below:  

 

 
Equation 5-1 

Where 𝑃𝑃𝑐𝑐 is the function defined for inlet total pressure, 𝑃𝑃𝑖𝑖𝑖𝑖 is previously discussed total pressure function 
(as it is plotted in Figure 5-6) and k1 is a constant determining the amplitude of variations in pressure. In 
the equations above, 𝜔𝜔 is angular frequency, 𝜌𝜌 is an index of angular distortions in the sinuous function 
(Sector angle is different for each geometry, as it is listed in section 4.3) and 𝜃𝜃 is the angle in radian. Please 
note that during the literature studies [22] it is found that distortion level is around 2 % of inlet condition. 
In this study, higher distortion levels are studied, to see that at very high inlet distortions, are these 
disturbances sustained or even these are suppressed in the diffuser. However, it can be that in smaller 
distortion levels flow will be less affected by distortions, and more uniform distribution of outlet over the 
time should be observed. Plus, less the output will be affected by distortions, more desirable will be the 
condition in respect of inflow to the combustion chamber. Boundary condition for these simulations 
includes: circumferential averaging over the outlet and periodic side faces, the rest of conditions are similar 
to previous models. The time step is defined here as it is presented below: 

Ts =
1

τ × 20
           where  τ =

19000 × 21
60

  

Figure 5-26, projects Mach number over the periodic faces. The figure shows two type of transition 
conditions: first, when there is no theta component (is zero in equation 5-1) and second is with consideration 
of theta component (The same definition of theta which is explained below the equation is added to sinuous 
function). Three set of figures for Mach number and pressure distributions are shown in different time steps 
to monitor the changes in time. Please note that k1 is set to 0.1 which means amplitude is 10 times stronger 
than expected value of below 2% (amplitude of instabilities is 10%). We can see in the Mach number plots 
there are variations in propagating pressure fields through the diffuser during the time steps, near the inlet 

𝑷𝑷𝒐𝒐 = 𝑷𝑷𝒊𝒊𝒊𝒊 + 𝑷𝑷𝒊𝒊𝒊𝒊 × 𝐬𝐬𝐬𝐬𝐬𝐬(𝝎𝝎𝝎𝝎 + 𝝋𝝋) × 𝒌𝒌𝒌𝒌 

𝜌𝜌 = 𝜃𝜃 × 2𝜋𝜋/𝑆𝑆𝑆𝑆𝑆𝑆𝜕𝜕𝑆𝑆𝑔𝑔 𝐴𝐴𝑛𝑛𝑔𝑔𝑙𝑙𝑆𝑆,      𝜔𝜔 = 2𝜋𝜋 × 𝑓𝑓   @ 19000 𝑔𝑔𝜕𝜕𝑚𝑚 

5% 50% 

no diffuser horiz. diff. curved, simplified diff. 
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and also in the boundary layer close to the hub. We see small fluctuations in the boundary layer close to the 
inlet, but after the slab flow regime of outflow stays almost untouched. Plus, we can see that more stability 
in the flow field can be seen when theta component is added to the distortion function which can have a 
positive effect in terms of flow stability. 

 
Figure 5-24 Plots of Mach number in transition conditions for different time steps (although flow is quite stable 

through the diffuser we have small variations near the inlet and boundary layer close to the hub). 

In addition to what we have discussed, flow disturbances are also studied for the extended outlet geometry 
as it is shown in Figure 5-27 We can see in the figure, plots of Mach number on the periodic faces in different 
time steps for both cases with and without theta component. The boundary condition for this model 
includes: k1 equals to 0.1 and rotational speed of 19000 rpm.  

 We can see in Figure 5-27 that although we have variation in the flow field through the diffuser near the 
inlet, the outlet is not changing considerably, in both cases. The regions of higher pressure (lower Mach 
number) starting at inlet and propagating through the diffuser, die out before reaching the slab and flow 
after the slab stays the same during the timesteps. Please note that velocity contours over the inlet surface 
reflect the difference when there is a theta component and when there is not. In the pictures on top (no 
theta component), acentric curved lines of the velocity contours differ from the pictures on bottom 
(Including theta component) where radial and angular variation on the inlet surface can be seen.  

This can be seen in Figure 5-28 as well, which represents mass flow variations at inlet and outlet for both 
cases, extracted from solver history. It can be clearly seen in that less variations at the outlet mass flow can 
be seen when theta component is added in comparison with the case which doesn’t have theta component 
in its disturbance function. For the case when there is no theta component we see big variations at inlet 
mass flow rate, outlet is not changing considerably. But for the case which theta component is added the 
effect is vice versa, in which small variations in inflow is accompanied by fluctuations in the outlet, however 
the high jet speed shows a well distributed gradient over the time. 

No theta variation 

Including theta variation 

Timestep 300 Timestep 305 Timestep 313 

Timestep 300 Timestep 305 Timestep 313 
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Figure 5-25 Plots of Mach number in transition conditions for different time steps. 

 

Figure 5-26 Mass convergence graphs for two cases of with and without theta component in the function equation. 

 

 

5.1.7 Compressor outlet, diffuser inlet parameters 

In this section pressure profiles for different geometries and simulation results are being discussed and 
compared. In the Figures 5-29 and 5-30 some of the items discussed in chapters 5.1.1 to 5.1.4 are presented 
and discussed). These graphs present static pressure at the inlet of the diffuser vs the radius. Another table 
is added which briefly explains all the cases, Table 5-12.  
In Figure 5-29 pressure profile of cases 4, 6 and 7 is presented Case 4 is the diffuser geometry before throat 
area modification and after simplification of the diffuser shape according to flow behavior. Cases 6 and 7 
corresponds to geometries after modification where case 6 is simplified version of the diffuser shape and 
case 7 includes slab.  

No theta variation 

Including theta variation 
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Figure 5-27 Plots of inlet pressure profile for various geometries. 

4.3 Simplified geometry according to flow behavior 

6.1 Modified throat after simplification with constant inlet boundary condition 

6.2 Modified throat after simplification with profile inlet boundary condition 

7.1 Modified geometry including slab outlet pressure 70 kPa short outlet 

7.2 Modified geometry including slab outlet pressure 70 kPa long outlet 

7.3 Modified geometry including slab outlet pressure 50 kPa short outlet 

7.4 Modified geometry including slab outlet pressure 50 kPa long outlet 

8.1 Modified geometry including diffuser outlet pressure 70 kPa short outlet 

8.2 Modified geometry including diffuser outlet pressure 70 kPa long outlet 

8.3 Modified geometry including diffuser outlet pressure 50 kPa short outlet 

8.4 Modified geometry including diffuser outlet pressure 50 kPa long outlet 

9.1 Modified geometry including short diffuser outlet pressure 70 kPa short outlet 

9.2 Modified geometry including short diffuser outlet pressure 70 kPa long outlet 

9.3 Modified geometry including short diffuser outlet pressure 50 kPa short outlet 

9.4 Modified geometry including short diffuser outlet pressure 50 kPa long outlet 

Table 5-11 Short description of illustrated cases 

We can see in Figure 5-29 that items 6.1 to 6.2 and 7.1 to 7.4 follows almost similar pattern of changes. 
Reminding that case 6 corresponds to modified throat length with simplification in shroud wall and case 7 
corresponds to the models where no simplification is considered where the wall is extended after the slab. 
We can see from the graph that although different modeling strategies results to slight differences in flow 
distribution through the diffuser, specially before the throat, however the inlet pressures are almost the 
same. Please note that these items have similar mass flow rates. 

 
Figure 5-28 Plots of inlet pressure profile for various geometries. 
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Figure 5-30 shows profiles of cases 8 and 9 in comparison with 7.3 (Case 8 and 9 correspond to geometries 
12 and 13 in Figure 5-31). It can be seen on the graph that items 7.3, 8.2, 8.4,9.2 are on top of each other 
and 9.4 follows a very close pattern of change. This shows that when we have a similar mass flow rates for 
both of the extension with short outlet area and larger outlet area, they have similar inlet pressure 
distribution. However, we see the big difference in item 9.3 which is because of short height of outlet in 
that item, presence of backflow near the outlet region. Items 7.3, 8.2 and 9.2 are on top of the each other 
and they have identical profiles. 

Please note that the simulations where performed in different outlet pressures and different geometries 
shapes as a result we have various mass flow rates for the models. To aid better understanding of the impact 
on the compressor, we need to compare graphs with similar mass flow rates which means they corresponds 
to specific operating point on compressor map. For that purpose, more set of graphs is added and discussed. 
Figure 5-31 shows all the geometries which is discussed further down in this report. 

 

 

 
Case Outlet 

Pressure 
Sector 
Angle 

Inlet 
Pressure 
Profile 

Massflow 
Rate 

1 50 0.5 Varying 10.91 kg/s 
2 50 0.5 Varying 14.43 kg/s 
3 50 0.5 Varying 10.86 kg/s 
4 100 0.5 Constant 13.66 kg/s 
5 100 0.5 Varying 13.3 kg/s 
6 98 0.5 Varying 13.85 kg/s 
7 50 0.5 Varying 13.2 kg/s 
8 50 0.5 Varying 11.32 kg/s 
9 50 0.5 Varying 11.35 kg/s 

10 50 0.5 Varying 13.06 kg/s 
11 50 0.5 Varying 13.08 kg/s 
12 50 0.5 Varying 13.06 kg/s 
13 50 7.5 Varying 13.24 kg/s 
14 40 7.5 Varying 13.23 kg/s 

1 3 

2 4 12 

5 15 13 

9 11 

16 

10 

7 

14 8 6 

Figure 5-29 Schematic figures of studied cases, for better understanding.  
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15 98 0.5 Constant 12.82 kg/s 
16 100 0.5 Varying 13.07 kg/s 

Table 5-12 Details of properties of discussed cases. 

For better understanding of the rest of the graphs which are presented afterwards, mass flow rates and some 
Figure 5-32 is added. While case 1 and 2 differs in the length of closure of the slab, case 1 and 3 differs only 
on the shape of the extended wall. Between the case 5 and 4 only difference which can be observed is the 
boundary conditions in which case 4 has constant inlet parameters while for case 5 radially varying profile 
of total pressure and total temperature is used. This is while case 6 follows the same boundary condition as 
case 5 with wider outlet opening. Case 8 is simulated in steady condition, case 10 is in automatic time scale 
and for case 12 local time scale is used. Plus, case 15 and 16 corresponds to the models with bigger sector 
angles of 7.5 degree. And finally, the difference between case 15 and 16 is the boundary conditions in which 
the same boundary conditions as of cases 4 and 5 are used respectively. 

The first figure to discuss is Figure 5-32 which shows all the cases together in one graph. However, because 
of the number of curves in one figure which makes it hard to distinguish, the detailed explanations are given 
in the figures afterwards. For almost all the cases we can expect higher pressure near the hub surface and 
lower near the shroud except case 15 and 16 which is shown in thick blue and red lines respectively. The 
reason behind this difference is that in annular diffuser shapes velocity gradient near the curved surfaces 
differ with radius, plus the acceleration of the flow near the shroud as the flow goes into the diffuser. 
However, this cannot be seen in horizontal geometries (Cases 15 and 16, the difference is on inlet boundary 
conditions). Note that while some geometries demonstrate similar pressure level and patterns of pressure 
gradient, some others differ, which is further explained in the next figures.  

 
Figure 5-30 Plots of inlet pressure profile for various geometries. 

Figure 5-33 shows the inlet pressures for the geometries with the throat lengths around the investigation 
values. To be more precise, case 3, 4 and 5 corresponds to throat lengths before modification, and case 6, 
7 and 8 have the modified throat length. By comparing case 4 and 5 the difference of boundary conditions 
is quite evident where the curve for the case 5 is more steep, due to use of functions of radius is used. In 
Figure 5-33, case 3, 5, 6 and 7, similar shapes and pattern of change in pressure is shown while pressure 
levels differ. This is related to the effect of the geometry shape on the flow parameters. Curves 5 and 7 are 
on top of each other and they have same profile at inlet.  
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Figure 5-31 Plots of inlet pressure profile for various geometries. 

The next figure which is Figure 5-34, geometries with almost identical inlet profiles are shown. We can see 
that geometries 11, 12 and 13 correspond to almost same pressure change patterns and values in respect of 
the radius. Change in outlet area had a negligible effect on the inlet static pressure profile of the flow.   

 
Figure 5-32 Plots of inlet pressure profile for various geometries. 

As it was expected, cases 11, 12, 13 and 14 has similar inlet pressure conditions which is different from 15 
and 16. Case 15 has a constant total pressure boundary condition at inlet while for case 16 profile (Figure 
5-6) is employed. We can see that these two cases have constant static pressure over the radius which is 
because of the shape of the geometry, this is different for the rest of the cases. Cases 13 and 14 are on top 
of each other. Although case 15 and 16 has well distributed pressure over the radius, they possess different 
pressure profiles at inlet from the compressor pressure profile (Please refer to section 5.1.5). As a result, 
they can affect the pressure profile of the compressor.  

3
Curved wall extension, 
less closure

4
Curved wall extension, 
more closure

5
Curved simplified 
diffuser

6
Curved simplified with 
wider outlet 

7
flat wall extension with 
calculated throat length

8
Extended wall including 
slab

11 2D large outlet area 
including slab

12 2D smaller outlet 
area including slab

13 3D large outlet area 
including slab
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Figure 5-33 Plots of inlet pressure profile for various geometries 

 

6 Conclusion 
This study investigated different modelling strategies for throttling of a transonic one and a half stage axial 
compressor. To reach the goal, both literature studies and numerical methods are employed. Literature 
studies helped to perform accurate numerical studies and provided fundamental information regarding the 
physics of the flow in various machine parts. However, there are very few articles about throttling in a 
diffuser since it is specific to test rig application. 

Influence of different modelling strategies, including geometry modification and CFD model setup have 
been investigated. While geometry modification dictates the flow behavior, proper model setup is crucial 
for finding converged results with acceptable uncertainties. In this study acceptable order of convergence 
was10−5. According to the specific objectives set for this study following conclusions are achieved: 

 

 Subsequent to various modelling techniques, it can be concluded that for the cases of annular 
diffuser design including the slab geometry, the mass constraining methods has a negligible impact 
on the compressor parameters. This can be concluded from the similarity between pressure profile 
at the inlet of the diffuser and the pressure profile of the compressor when there is no diffuser. 
This means that the impact on the loading of the compressor would be negligible. However further 
study to confirm this conclusion in more operating points and other rotor speeds is needed. 
 

 Transient study of distortions at inlet indicate that when there is a distortion at the inlet, fluctuations 
seem to die out before reaching the outlet of the diffuser. This lead us the conclusion that flow 
fluctuations within the expected range of less than 2% will not affect the outlet parameters.  It is 
found that when the choke condition is reached in the throat area, a stable flow downstream of the 
slab and also in the diffuser upstream the slab can be expected. 
 

 Extending height of the outlet area can improve the model stability and outlet flow parameters 
significantly. In addition the results imply that extending outlet area does not change the outlet 
parameters. 
 

11 2D large outlet area 
including slab

12 2D smaller outlet 
area including slab

13 3D large outlet area 
including slab

14 3D smaller outlet 
area including slab

15

  
constant inlet 
boundary

16 Axial diffuser, profile 
inlet boundary
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 By reducing the static pressure at the outlet boundary will reach a point that choking occurs in 
throat area. From that point onwards, reducing the outlet pressure will not change the mass flow 
rate of the diffuser. 
 

 Comparison between 2D and 3D models suggests that 2D simulation is adequate provided there is 
no distortion at inlet. This can be concluded by comparing the mass flow rate of 2D and 3D models 
and also in section 5.1.7 (For instance case 11 and 13 in Figure 5-35). 
 

 Models setups where periodic boundary condition and symmetric boundary conditions is used for 
side faces of the section match each other perfectly. As a result either can be used for CFD model 
setup. In addition comparison between using manual time scale and automatic time scale for 
studying transient conditions lead to similar numerical solution. As a result it can be said use of 
automatic time scale is adequate  
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