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Abstract 

This report present a two-spool, mixed stream turbofan engine- KO-22/23. The main goals which were achieved: 

 utilize the most modern technical solutions to bridge the gap between present and future 

 lower Thrust Specified Fuel Consumption and Net Thrust 

 reduced noise and pollution emissions were achieved due to application of modern solution in  the combustion 
chamber and new, unique chevron concept 

 minimize mass while maximizing efficiency and reliability for most conditions 

 used bladed rings (bling) technology simultaneously with variable trailing edges of fan blades 

 higher turbine inlet temperature 

Due to the fact that engine KO-22/23 would be implemented in airliners the main assumption was to improve 
aspects like cost, simplification of service and  lifetime of propulsion.  Modern materials to increase temperature 
at combustion exit, which decrease TSFC and increase thrust and to simultaneously reduced weight. 
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1. Introduction 

In this report our team wanted to present a unique candidate engine to drive next generation supersonic aircraft. KO-
22/23 is 2-spool, average bypass ratio turbofan that includes all of the most modern technologies and unique technical 
solutions to provide the safest, fastest and possibly most affordable transport by over 3400 nmi. Basic engine view 
with his destination is shown in Figures 1.1 and 1.2 followed by aircraft characteristic in Table 1.1[1.1]. 

 

Figure 1.1. Schematic KO-22/23 flowpath cross-section 

Figure 1.2. NASA aircraft concept (765-076F configuration)[1.2] 
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Table 1.1. Aircraft general characteristics 

Candidate engine was obliged to exceed by 5% Net Thrust and  Thrust Specified Fuel Consumption (TSFC) that are 
shown in Table 1.2. 

 Net Thrust 
(lbf) 

TSFC 
(lbm/hr/lbf) 

SLS 64625 0.520 

Hot Day Take-Off 56570 0.652 

Transonic Pinch 14278 0.950 

Supersonic Cruise 14685 1.091 

Table 1.2. Net Thrust and TSFC requirements. 

All the following considerations includes cycle design and optimization to make KO-22/23 a serious contender, as 
well at design as off-design conditions. As the competition run on civil supersonic transport, this report focuses on 
minimizing cruise TSFC. Nevertheless a lot attention was paid to meet Take-Off requirements along with 
environmental friendliness.  

2. Cycle analysis 

2.1 Adaptive Cycle Engine (ACE) Design Concept 

At the very first stage of this designing process ACE concept was taken into consideration. This idea gives a chance to 
optimize the engine for every step of a mission. However, this idea was blind alley because it is more complicated to 
apply some of necessary technical solutions, therefore more expensive avionics  have to be used, thus raising the 
overall price and mass of the engine.  

Furthermore ACE is a very popular concept mostly for a military aviation right now. 

Civil transport law is much stricter than military’s so that’s leads to a conclusions that ACE concept would not be 
ready to implement in 2025. 

2.2 Mixed-flow turbofan with average bypass ratio 

After the rejection of the ACE concept, KO-22/23 started being perceived as a 2-spool mixed-flow turbofan with 
bypass ratio (BPR) between 1.9 and 3. Such a concept includes a multi-stage compressor with high summary pressure 
ratio. This leads to very satisfying cycles without needs to apply higher total temperatures at the exit of the combustor 
chamber than 3200 °R. Furthermore, due to having a simpler structure KO-22/23 will be cheaper and lighter 
compering to previous idea which is another substantiation for this concept . 
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2.3 Engine main components 

KO-22/23 consist of nine main component: 

1. Supersonic inlet 

2. 2-stage Fan module preceded by Inlet Guide Vanes (IGV) 

3. 1-stage Booster 

4. 11-stage Axial High Pressure Compressor 

5. Combustor chamber 

6. 2-stage High Pressure Turbine 

7. 4-stage Low Pressure Turbine 

8. Mixer 

9. Nozzle 

 

  Fan Inlet HPC Inlet Combusor Inlet HPT Inlet LPT Inlet Mixer Nozzle Exit 
Mass Flow [lb/s] 602,1 168,8 167,1 164,6 171,4 605,2 605,2 
Total Temperature 589,8 760,4 1666,1 3194,0 2390,8 1105,9 1105,9 
Static Temperature 556,8 724,8 1624,0 3189,5 2335,9 1093,3 757,4 
Total Pressure [psia] 6,1 13,6 181,4 176,8 44,6 12,3 12,3 
Static Pressure [psia] 35521,0 16377,0 164,0 175,7 40,4 11,8 3,1 
Fuel-Air-Ratio [-] 0,000 0,000 0,000 0,027 0,026 0,007 0,007 
Absolute Velocity [ft/s] 635,8 658,7 754,9 263,9 901,7 401,0 2084,6 

Table 2.1 Flow parameters through the section 

2.4 Engine Cycle Modelling Process 

2.4.1 Selecting Base Engine Cycle 

The first step to model an engine that could meet supersonic cruise requirements. This was achieved using GasTurb 13 
software. Requirements attached to the RFP were given in section 1 in Table1.2. The most important step of a 
supersonic transport mission is the supersonic cruise. A cycle was thus selected and optimized to cruise speed and 
altitude (1.6 Mach at 52500 ft.). 

Results of this venture is shown in Figure 2.2 that presents Cycle Design of engine here and after the cycle, called 
Base Engine. 
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Base Engine perfectly meets requirements of cruise speed conditions, unfortunately its performance on Take-Off was 
insufficient. That is why more statistical data and trade studies were needed. 

2.4.2 Parametric Studies And Cycle Selection 

Parametric options are one of the many things that Gasturb 13 tools allow to obtain data and draw diagrams useful 
during parameters selection. This tool was used to make the following charts.  

Figure 2.2 Base engine cycle design 

Figure 2.3 Chart showing Mission Fuel Burn*, Bypass Ratio and Turbine Inlet Temperature [°R] 



 

[NAZWISKO AUTORA] 17 

 

 

 

 

Figure 2.5 Chart showing Mission Fuel Burn*, Overall Pressure Ratio and Turbine Inlet Temperature [°R] 
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Figures 2.2-2.4 shows that lowering OPR and T4 whilst simultaneously increasing BPR will lead Base Engine to the 
most economical cycle. Nevertheless it stands to oppose another goal which is the assertion of Take-off Thrust. It is a 
very serious problem, due to the fact that we cannot fly into the air lowering TSFC. Thus, Figure 2.5 and 2.6 delivers 
some data of thrust increment trends. 

 

Figure 2.6. Chart showing Net Thrust, Turbine Inlet Temperature [°R] and Overall Pressure Ratio 

 

 

Figure 2.7. Chart showing Net Thrust, Fan Pressure Ratio and Bypass Ratio 
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Figures 2.5 shows that minimalizing OPR is no longer a key to optimize Basic Engine, all cycles below black line do 
not provide enough Thrust. At the same time it shows that at least 33 OPR is needed. If losses would be excluded  and 
FPR would be tied 1.9 (from Figure 2.6) and 33 OPR together as the minimal values, High Pressure Compressor 
would have PR equal around 17.4.  

The value of minimal OPR will change simultaneously with T4 and BPR changes but it still gives some data for 
correctly selected HPC PR. 

Consideration about engine mass are more complicated. Since the lower OPR is chosen, the less number of stages is 
needed and reduce the engine weight. But when the higher OPR is selected that number of stages would increase 
which results in higher air density and lower radius dimensions which also affects positively on engine weight. 

Eventually after selecting the parameters above and using trade studies to optimize between FPR, HPC PR, BPR and 
T4 values to get lowest TSFC while providing the required Thrust at the specified mission point, our team managed to 
set perfect parameters. 

2.5 KO-22/23 Cycle presentation 

The engine meets all the requirements that were set for it. KO-22/23 is light, economical, powerful and most 
importantly, it does not include any risky solution to boost its performance. As mentioned before, safety first.  

 

 

Figure 2.8. KO-22/23 Supersonic Cruise Cycle Design 

Figure 2.7 shows engine Supersonic Cruise Cycle Design. It provides 5% lower TSFC and higher Thrust compared to 
what was given in requirements. The engine parameters that lead to this are shown in table 2.1. 
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Summary Data  

Design MN 1.6 

Design Altitude 52500 ft 

Design Fan Mass Flow 602.611 lb/s 

Design Gross Thrust 43971.4 lbf 

Design Bypass Ratio 2.57 

Design Net Thrust 14809.85 lbf 

Design TSFC 1.0360 

Design Overall Pressure Ratio 29.9488 

Design Fan/LPC Pressure Ratio 
Fan LPC 

2 1.12 

Design Chargeable Cooling Flow (%@25) 4 

Design Non-Chargeable Cooling Flow (%@25) 1 

Design Adiabatic Efficiency for Each Turbine 
HPT LPT 

0.9077 0.9122 

Design Polytropic Efficiency for Each Compressor 
Fan LPC HPC 

0.891 0.9037 0.8936 

Design HP/IP/LP Shaft RPM 
LP HP 

4230 9850 

Engine Total Mass 12 200 lb 

Table 2.2 KO-22/23 Summary table 

2.5.1 Engine off-design analysis 

Optimizing the engine to achieve the lowest TSFC and required Thrust at Supersonic Cruise is just the beginning . 
However, combined with off-design performance, whole project became much more complicated. The following 
summary tables show off-design performance. 

 

2.6 Weight estimation 

Weight estimation is based on equation 2.1 It is comparation of two engines. Comparing KO-22/23 to nowadays 
generation engines weight is 12 200lb. Bling and Blisk technologies allow to reduce mass approximately for 50%. 

 

Equation 2.1[2.1] 
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3. Inlet 

Preliminary design calculations emerged two-dimensional single-duct inlet as the best solution for KO-22/23. All of 
most important issues was taken into consideration as weight, costs, manufacturing and especially total pressure 
recovery. The inlet at Mach 1.67 resulted 0.95 in a TPR and 1% of bleed of at the critical condition. The design sizing 
calculation was made as was proposed in RFP. Total inlet drag are estimated at 27835 lbf.  

Location of inlet is consistent with NASA Final Report of Supersonic Civil Aviation for 2020 over the wings in the 
back of airplane[3.5]. 

To provide wide stability margin, low costs and low weight, which is approximately 4000 lb of same stress structure, 
the inlet is described as 2D mix compression configuration [.3.4]. Furthermore it is well known construction, it is used in 
the F-15, F-14 as well as in the Mig-29. The length of the axisymmetric inlet increase significantly. Maintenance is 
less complicated because inlet is one duct, there is direct access to fan and ramp servomotors. In case of mounting box 
with generators under the throat there would be well access as well. External compression elements incorporates two 
ramps to provide nearly isentropic free-stream compression (0.997; 0.998 static pressure loss to EX, and 0.993 to TH) 
prior to throat shock. First ramp is fixed and set to 5 deg. Second ramp is moveable and set to 6 degree in subcritical 
condition (Figure 3.1). The short diffuser length require some form of flow control devices like micro porous 
honeycomb composite materials to reduce potential for shock induced separation and energize diffuser flows[3.4]. It is 
calculated that bleeding valves have good influence on TPR [3.2], however, it takes some mass flow from main path. 
This air is implemented to second duct behind fan. To avoid suction of the boundary layer under the first ramp there is 
installed aerodynamically matched distributor. This issue is worth to be investigated in future because there could be a 
possibility to direct this mass of air straight to nozzle in order to reduce noise during take-off. On the other hand 
placement more curvature near inlet may cause the occurrence of oblique shocks, which may propagate to vertical tail. 

3.1 Preliminary calculations 

 

 

 

 

 

 

 

 

 

The path of calculations of inlet is based on points included in RPF chapter 5. The results of those calculations are all 
important for off-design. A description of matching operation is omitted in this report. Further calculations allow  to 
design geometry and well predict TPR are shown below. Inlet should be designed for Mlocal=1.67 (Figure 3.3) when it 
is located over the wings. 

 

 

Ax/Ay Value Area Value[ft2] Mass flow lb/s 

A0des/Ac 0.840 Ac 42.98 Wc 717.39 

Aobld/Ac 0.010 A0 36.75 W0 613.37 

Aobyp/Ac 0.015 A0byp 0.645 Wbyp 10.76 

A0/Ac 0.855 Abld 0.430 Wbld 7.174 

Aspl/Ac 0.135 Aspill 5.803 Wspill 96.85 

Aoi/Ac 0.865 Aoi 37.18 Woi 601.78 

A2/Ac 0.983 A2 42.23 Weng 602.61 

Factor Value Unit 

eRam 0.952 - 

Cdspill 0.01 - 

Cdbld 0.018 - 

Cdbyp 0.02 - 

D 27835.2 lbf 

Table 3.2 Drag factors and gross inlet drag 

Table 3.1 Main areas and mass flow 
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Table 3.3 Calculation results 

 

EX   Th  Diff    
Mlocal 1.67 ATh/Ac 0.733 2фD [deg] 15 pt2/pt1 NS 0.990 
β1 [deg] 41.63 ATh [Ft2] 31.48 αcowl [deg] 3 pt2/pth 0.959 

τ1 [deg] 5 Mth 1.15 αcowltop [deg] 3 pt2/pthdiff 0.953 
MaEX1 1.516 Mdiff 0.766 Yo 0.10 V2 [Ma] 0.550 
MaEX1n 0.905   Kf 0.011 pt21/pt11 0.99974 
β2 [deg] 47.05   Ko 0.008 pt22/pt12 0.99859 
τ2 [deg] 6   Km 1.220 pt2n/pt1n 0.99669 
Ma2EX 1.377   Kd 0.220 pt2f/pt2n 0.95651 
Ma2EXn 0.904     IPR 0.951 
 

 

3.2 Brief explanation of flow calculations 

Pattern for design geometry and calculate external compression 
shocks is Aircraft Propulsion 2-nd ed. By Saeed Farokhi. First of 
all it is essential to select how many ramps would be installed in 
2D inlet. It is proposed to install two ramps because this layout 
contains only one actuator. Three shocks has the same efficiency 
as 4 and more shock for 1.67 Ma. Oblique shocks created on 
ramps (focused compression) and on curvature between section L 
and 1 (distributed compression) are fall on cowl during supersonic 
condition.  An Oswatitsch criterion is used to choose a proper 
ramp angle, when the shocks are of equal strength, M1n=M2n The 
results are similar to Figure 3.1. 

It is desired to create a normal shock inside the inlet down the throat. The situation when normal shock moves to a 
cowl lip and even worse ahead the cowl lip is very undesirable. It cause magnified spillage and Buzz. A general rule is 
that MEX2 = 1.3 to avoid separation of the centrebody boundary layer at its interaction with the normal terminal shock. 
This Mach number might be larger but still  must be smaller than the inflow Mach number, MEX < ML

[3.3]. 

The cowl lip angles should align roughly to the angle of the flow at the cowl lip to minimize the generation of exterior 
shocks especially strong shocks. The cowl lip exterior angle should be 3-5 degrees greater than the interior angle to 
allow some structural bulk for the trialing edge3.3]. 

The standard that address the shock recovery of supersonic inlets is MIL-E-5008B and provides 0,962 for flight Mach 
number M0=1.6. 

TPR calculated on 0.951 is not perfect but in 
this report fuselage drag are omitted. Those 
drugs decrease Ml to lower values than 1.67, 
thereby increasing TPR[Fig.3.3]. In this report 
calculation of inlet do not take into account 
those drugs and elliptic top surface of inlet 
(implemented). Otherwise TPR is estimated to 
be at least 0.962. 

Figure 3.1 Wedge angle of Mach function[3.1] 

Figure 3.2 Inlet optimization scheme 
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TPR is very close to TPR which was calculated using CFD for 
similar inlet. That data was published in SUPIN: A 
Computational Tool for Supersonic Inlet Design, John 
W.Slater.[3.2] 

3.3 Pressure loses 

The surface of the diffuser is formed by tracing streamlines 
through the Busemann flow field. The process involves 
defining a tracing curve within the outflow and then 
integrating the streamlines in the upstream direction through 
the flow field. The tracing curve is a closed curve defined on a 
plane that is perpendicular to the flow. The tracing curve is built of 
separate super-ellipses for the top and bottom. The paper by Konscek 
presents one of the earliest applications of the super-ellipse for inlet design [3.3].  

 

 

Furthermore, an elliptic top edge decrease irregular flow in intake. The problem is due to vortices arising in curved 
structures. It is not a well-researched phenomenon.  

All of subsonic diffuser factors are taken from Inlet Performance Analysis Code 
Paul J. Barnhart. To begin with Kd-empirical subsonic diffuser total pressure loss 
factor (most effective 2фD angle is 10 deg., which makes diffusor very long, so 
great compromise is 16 deg. 

Kf-empirical subsonic diffuser friction loss factor 

Km-empirical subsonic diffuser throat Mach number factor 

Ko-empirical off-set loss factor 

A diffusor is designed to achieve a value of Y0 ~ 0. 

Figure 3.3 Over-wing Inlet design Mach[3.6] 

Figure 3.6 Characteristic “cane” curve for the Mach 1.6[3.2] 

Equation 3.4 Pressure loss 

 factor for subsonic diffusor[3.7] 

Figure 3.5 Example of streamline-traced inlet with tracing curves[3.3] Figure 3.4  Characteristic “cane” curve for the Mach 1.6[3.2]. 
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Figure 3. 8  Titanium front edge[in] 

 

 

 

 

3.4 Geometry  

At the figure 3.7 and 3.8 there are schematic shames of inlets. In the table 3.4 there are collected all important values 
related with dimensions of inlet. It is included to show the simplicity of the design and its originality. Orange color 
marks short diffusor dimension whereas blue total length of inlet. 

The geometry of KO-22/23’s inlet fully corresponds with flow properties. Few general targets are harvested below: 

a) Meet high performance on cruise condition 
b) Achieve no-bleed flow or though 1% to stabilize flow 
c) Length of ramps is caused by oblique shocks, length of diffusor is determined by 2фD angle and reduction of 

velocity Mth  
to M2. 

d) Minimize all factor associated with diffusor losses. Minimize Y0,  2фD, Ld. 
e) Minimize mass and cost of manufacturing and maintenance. 

 

 

In supersonic issues great attention is placed to noise reduction. Even factoring in the projection of 3-dB effective 
perceived noise level (EPNL) reduction from proposed Low Noise Fan[.3.5] To achieve noise reduction goals which are 
firm requirements for the HSCT most of inlets must have increase length. Additional treatment area was found in the 
2D inlet such that an increase in its length was not required. What is more there are many advantages of placement 
engine over wings. Sound waves are reflecting from the ramps and wings straight to space. It solves a problem of 
swirl which sucks dirt from the ground. 

 

  Value[ft] x/D2       
Lcowl 6.647 0.9 Lr1  1.1477 Hreq1 3.412 Hell Th 2.505 
Lcowl-Th 3.747 0.51 Wid 1 8 Areq/Ac  0.635 Hreq Th 1.968 
LTh-2 7.993 1.08 H1 5.908 Wid 2 8 HTh 6.008 
Lc 18.389 2.48 Hell1 2.495 Aell Th/Ac 0.5 hTh 1.53 

Table 3.4 Table 3.4 Geometric dimensions of the inlet 

Figure 3.6  Subsonic diffusion modeling elements[3.7] Equation 3.5  Equation of TPR[3.7] 
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Figure 3.7 Shame of inlet; 1. Moveable second ramp with servomotor, 2. Control system for the throat section, 3. Micro-scale composite 
bleed vanes, 4. Minimized difference between the fan axis and the middle of the throat, 5. Bypass door, 6. Reinforced Titanium rib 

3.4.1 Material and executive system 

Main material to produce such inlet could be Aluminum 2014 and Titanium Ti-6Al-4V for stiffening elements. Those 
elements should be located where the shocks occur and along the inlet axis. Another part made of Titanium must be a 
frontal edge of inlet. Mass of inlet is estimated at 4000 lb. 

An upper elliptic part is one-piece of metal what is made it easy to manufacturing. It may be built of just a few 
components because width and length is the same in section 1 and Th. In the same way second part of this sections 
may be manufactured with few components. The structure of inlet should be fixed to fuselage. 

All curvature connecting inlet and fuselage must be bent. Despite the hardship of produce such structure it is essential 
to reduce interfered drag.  

 

 

 

Figure 3.9 Face projection of inlet [in] 
Figure 3.10 3D model of designed KO-21/22 inlet 
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Area between bleed vanes and fan is lined with screen that absorbs noise. Blue net symbolizes reinforced hull inlet at 
the Figure and bleed vanes at Figure. While notch is bypass door which drain air to second duct. 

Inlet executive system contains just two servomotors. One is to control second ramp angle, and the other controls 
throat area. Two sheet metal parts of the throat are not connected to each other that which is inseparable with second 
ramp cover another. This allows moving the flaps freely and preventing leaks. System could be supplied with oil from 
the main tank. In case of wire break in general district this oil may be used to another more important sections. Cowl 
lip is not movable because a solution with elliptic top edge was chosen. Furthermore another servomotor increase 
mass, maintenance complication and thickening inlet cover. 

3.5 Anti-icing system 

Consequences of ice in inlet or fan blade are disturbed flow which may lead to unsteady work of compressor or 
detached ice formation may even damage blades.  To avoid such negative influence of ice, which may appear during a 
flight on structural parts of plane and engine are applied some kind of anti-icing system. In KO-22/23 it would be 
solved in the following way. From the fourth stage of compressor would be taken 1% of air mass flow which have 
around 954°R and would be used to warm nose cap. Also due to the fact that there is not so much space on edges of 
inlet to use air for warming it was decided to make it by electric system – the heating pads. The same system would be 
used to an inlet quid vane and bottom inlet ramp. Since engines would be placed on the wings and ice formation may 
settle there and after some time detach and damage engine is advised to put such heating pads in front of inlet.[39] 

4. COMPRESSOR DESIGN 

This chapter contains calculations of velocity triangles and geometry blades, stage-by-stage analysis of parameters, 3-
D compressor design and analysis of material selections. To start the design process the specific parameters like static 
and total pressure, static and total temperature, fan, LP and HP pressure ratio, mass flow are needed and are calculate 
by GasTurb. The shafts speed is selected based on the design choice of tip speed which is 1 642.32 ft/s. It can be so 
high because the compressor consists of blisk and bling technology, which also reduces mass by 30% [4.8]. 

For the stage-by-stage analysis of parameters and calculations of velocity triangles the calculations were carried out 
for three different radiuses for each stage. For the correct results we used inlet guide vanes, because the swirl before 
the inlet to the fan is 204.19 ft/s. 

To avoid separation of airflow from the blade whole process of blade design was determined D-Factor which values 
should be around 0.6 and in calculations of compressors are around 0.51. 

 

 

 

Figure 3.11 View of stiffening elements Figure 3.12  View of bleed vanes 
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4.1  FAN DESIGN 

4.1.1 Inlet Fan Flow Parameters 

The total/static pressure and temperature and mass flow rate are given by GasTurb analysis.  All of them are detailed 
in the table 4.1.  

Parameters Value 
Static pressure [Psi] 11.98 
Total pressure[Psi] 14.7 
Static temperature [°R] 489.23 
Total temperature [°R] 518.67 

Density[lb/𝑓𝑡ଷ] 0.07 
Table 4.18 Parameters specified in GasTurb 

The values of inner and outer radius are given, so we can compute the pitch one, by using the equation: 

𝑟௠ = ට
௥೟

మା௥೓
మ

ଶ
  

Parameters Value 
Radius tip [in] 44.49 
Radius pitch [in] 28.92 
Radius hub [in] 13.35 

Area [𝑖𝑛ଶ] 5657.51 
Table 4.19 Geometric parameters of fan 

4.1.2 Fan exit flow parameters 

Due to the fact that compression is determined as a polytrophic process, it is used patterns: 

𝑝ଶ
∗ = ∏௦

∗ ∗ 𝑝ଵ
∗ 

𝑇ଶ
∗ = 𝑇ଵ

∗(1 +
(∏௦

∗)
௞ିଵ

௞ − 1

𝜂௦
∗

) 

We based our data from GasTurb and the pressure ratio fan is 1.99.  

Parameters Value 
Static pressure [Psi] 14.42 
Total pressure [Psi] 20.77 
Static temperature [°R] 551.16 
Total temperature [°R] 579.14 

Density [lb/𝑓𝑡ଷ] 0.11 
Table 4.20 Parameter specified in GasTurb 

When it comes to geometry, the main output pattern was the continuity equation which allows to count the area for 
each stage. 

ṁ = 𝐴𝜌𝐶 

An important point in the design of the compressor was the assumption that the hub radius is constant.  
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Parameters Value 
Radius tip [in] 44.49 
Radius mean [in] 33.37 
Radius hub [in] 22.24 

Area [𝑖𝑛ଶ] 2718.16 
Table 4.21 Geometric parameters of fan 

4.1.3 Shaft RPM 

The rotational speed of the shaft is 4230 RPM. The reason for this is the need for high tip speed which is 1 642.32 ft/s 
to create good compressor working conditions and to achieve supersonic profiles. Ultimately the Mach number tip is 
1.48. 

4.1.4 Stage-by-stage analysis  

For the fan design, it is significant to calculate stage-by-stage analysis for three different radius of blade. This process 
ensures regular growth of temperature and pressure. The calculations show that the fan has two stages. 

4.1.5 The velocity triangles  

 

Figure 4.1 Ko-22/23 HPC I- stage blade airfoils hub to tip  

The design begins with the velocity triangles from medium radius and the fact that the angle of swirl is 𝛼ଵ = 20˚, then 
using patterns with peripheral speed, axial velocity and trigonometric effects it is computed the other angles. 

𝑡𝑎𝑛𝛼ଶ =
ο𝑇 ∗ 𝐶𝑝

𝑈 ∗ 𝐶௫
 

𝑡𝑎𝑛𝛽ଶ =
−𝑈

𝐶௫
 

𝑡𝑎𝑛𝛽ଵ − 𝑡𝑎𝑛𝛽ଶ = 𝑡𝑎𝑛𝛼ଶ − 𝑡𝑎𝑛𝛼ଵ 

The condition that we must fulfill in the course of these calculations is the de Haller criterion.  

𝑊ଶ

𝑊ଵ
> 0,7 
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4.1.6 The velocity of rotor. 

Based on the book “Napędy lotnicze- Zespoły Wirnikowe Silników Turbinowych”- Z. Dżygadło, is founded the axial 
velocities 𝐶௫ are constant along blade on first stage from 524.93 to 721.78 ft/s.  

𝐶ଵ௨ = 𝐶ଵ௫ ∗ 𝑡𝑎𝑛𝛼ଵ, 𝐶ଵ = ට𝐶ଵ௫
ଶ + 𝐶ଵ௨

ଶ,  𝑈ଵ =
∏∗஽∗ே

଺଴
,  𝑊ଵ௨ = 𝐶ଵ௨ − 𝑈ଵ,  𝑊ଵ = ට𝐶ଵ௫

ଶ + 𝑊ଵ௨
ଶ, 𝐶ଶ௨ =

𝐶ଶ௫ ∗ 𝑡𝑎𝑛𝛼ଶ,  𝐶ଶ = ට𝐶ଶ௫
ଶ + 𝐶ଶ௨

ଶ,  𝑈ଶ = 𝑈ଵ,  𝑊ଶ௨ + 𝐶ଶ௨ − 𝑈ଶ,  𝑊ଶ = ට𝐶ଶ௫
ଶ + 𝑊ଶ௨

ଶ 

4.1.7 The velocity of stator. 

𝐶ଷ௨ = 𝐶ଷ௫ ∗ 𝑡𝑎𝑛𝛼ଷ,  𝐶ଷ = ට𝐶ଷ௫
ଶ + 𝐶ଷ௨

ଶ ,  𝑈ଷ = 𝑈ଶ,  𝑊ଷ௨ = 𝐶ଷ௨ − 𝑈ଷ,  𝑊ଷ = ට𝐶ଷ௫
ଶ + 𝑊ଷ௨

ଶ 

4.1.8 Results  

  I Fan stage II Fan Stage I Fan stage II Fan Stage I Fan stage II Fan Stage 

C1 [ft/s] 756.1 771.8 631.8 678.6 610.1 642.8 

C1a[ft/s] 593.7 593.7 593.7 593.7 593.7 593.7 

C1u[ft/s] -468.2 493.2 -216.1 328.8 -140.5 246.6 

W1[ft/s] 1129.8 678.1 1413.9 1080.4 1878.6 1516.4 

W1u[ft/s] -960.7 -327.7 -1283.3 -902.6 -1782.4 -1395.4 

U1[ft/s] 492.6 820.9 1067.2 1231.4 1641.9 1641.9 

Alfa1[deg] -38 40 -20 29 -13 23 

Beta1[deg] -58 -29 -65 -57 -72 -67 

C2[ft/s] 240.7 1244 640.4 939.9 613.9 806.9 

C2a[ft/s] 593.7 593.7 593.7 593.7 593.7 593.7 

C2u[ft/s] 520.4 1093.2 240.2 728.8 156.1 546.6 

W2[ft/s] 594.3 653.2 1018.1 777.9 1600 1245.9 

W2u[ft/s] 27.8 272.3 827.1 502.6 1485.8 1095.3 

U2[ft/s] 934.47 652.53 1288.4 1147.43 1642.33 1642.33 

Alfa2[deg] 41 61 47 51 34 43 

Beta2[deg] -3 -25 -37 -40 -68 -62 
Table 4.22 The velocity triangles on hub, pitch and tip radius 

4.2 LOW PRESSURE COMPRESSOR DESIGN 
4.2.1. Inlet flow low pressure compressor parameters 

The total/static pressure and temperature and mass flow rate are given by GasTurb analysis the pressure ratio LPC is 
1.12.  All of them are detailed in the table 4.6.  
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Parameters Value 
Static pressure [Psi] 25.32 
Total pressure[Psi] 28.9 
Static temperature[°R] 62 
Total temperature[°R] 64.38 

Density[lb/𝑓𝑡ଷ] 0.11 
Table 4.23 Parameter specified in GasTurb 

All of the calculations are made on the basis of the same formulas as fan design. 

Parameters Value 
Radius tip[in] 33.38 
Radius mean[in] 30.66 
Radius hub[in] 27.94 

Area[𝑖𝑛ଶ] 1047.19 
Table 4.24 Geometric parameters of low pressure compressor 

4.2.2 Exit flow low pressure compressor parameters 

Parameters Value 
Static pressure[Psi] 28.99 
Total pressure[Psi] 32.41 
Static temperature[°R] 64.46 
Total temperature[°R] 66.54 

Density[lb/𝑓𝑡ଷ] 0.12 
Table 4.25 Parameter specified in GasTurb 

Parameters Value 
Radius tip[in] 33.38 

Radius mean[in] 30.66 
Radius hub[in] 27.94 

Area[𝑖𝑛ଶ] 1016.94 
Table 4.26 Geometric parameters of low pressure compressor 

4.2.3 Shaft RPM 

The rotational speed of the shaft is the same like fan- 4230 RPM. The reason for this is that both fan and low pressure 
compressor work on the same shaft. 

4.2.4 Stage-by-stage analysis  

As in case of fan design, it is significant to calculate stage-by-stage analysis for three different radius of blade. This 
process ensures regular growth of temperature and pressure. The calculations show that the LPC has one stage. 

4.2.5 The velocity triangles  

To calculate the speed on each subsequent step we assumed that 𝐶ଷ௨ on the first stage is 𝐶ଵ௨  on the second stage and 
𝐶ଷ௫ on the first stage is 𝐶ଵ௫ on the second stage. When we passed from fan to low pressures compressor the  𝐶ଷ௨ on 
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the last stage is 𝐶ଵ௨  on the first stage and 𝐶ଷ௫ on the last stage is 𝐶ଵ௫ on the first stage. Rest of the velocities and 
angles are counted from the same patterns.  

4.2.6 Results 

  I LPC I LPC I LPC 
C1[ft/s] 621.9 617.2 613.6 
C1a[ft/s] 593.6 593.6 593.6 
C1u[ft/s] 185.4 168.9 155.2 
W1[ft/s] 1033.5 1130.9 1229.5 
W1u[ft/s] -845.9 -962.6 -1076.7 
U1[ft/s] 1031.3 1131.6 1231.9 
Alfa1[deg] 17 16 15 
Beta1[deg] -55 -58 -61 
C2[ft/s] 754.2 729.5 709.9 
C2a[ft/s] 593.7 593.7 593.7 
C2u[ft/s] 465.1 423.9 389.4 
W2[ft/s] 820.4 814.3 1030.7 
W2u[ft/s] 566.2 707.7 842.5 
U2[ft/s] 1037.88 1135.03 1232.19 
Alfa2[deg] 38 50 33 
Beta2[deg] -44 -36 -55 

 Table 4.27 The velocity triangles on hub, pitch and tip radius  

4.3 HIGH PRESSURE COMPRESSOR DESIGN 
4.3.1 Inlet flow high pressure compressor parameters 

The total/static pressure and temperature and mass flow rate are given by GasTurb analysis the pressure ratio fan is 
13.37.  All of them are detailed in the table 4.11 .  

Parameters Value 
Static pressure[Psi] 26.99 
Total pressure[Psi] 32.08 

Static temperature[°R] 633.51 
Total temperature[°R] 665.44 

Density[lb/𝑓𝑡ଷ] 0.11 
Table 4.28 Parameters specified in GasTurb 

All of the calculations are made on the basis of the same formulas as fan and LPC design. 

Parameters Value 

Radius tip[in] 19.18 

Radius mean[in] 14.38 

Radius hub[in] 9.58 

Area[𝑖𝑛ଶ] 866.39 

Table 4.29 Geometric parameters of high pressure compressor 
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4.3.2 Exit flow high pressures compressor parameters 

Parameters Value 

Static pressure[Psi] 34.38 

Total pressure[Psi] 40.61 

Static temperature[°R] 679.45 

Total temperature[°R] 712.43 

Density[lb/𝑓𝑡ଷ] 0.73 

Table 4.30 Parameters specified in GasTurb 

Parameters Value 

Radius tip[in] 19.18 

Radius mean[in] 18.8 

Radius hub[in] 18.42 

Area[𝑖𝑛ଶ] 116.99 

Table 4.31 Geometric parameters of high pressure compressor 

4.3.3 Shaft RPM 

The  rotational speed of the shaft is 9850 RPM. 

4.3.4 Stage-by-stage analysis  

As in case of fan and LPC design it is significant to calculate stage-by-stage analysis for three different radius of 
blade. This process ensures regular growth of temperature and pressure. The calculations show that the HPC has 
eleven stages. 

4.3.5 The velocity triangles  

To calculate the speed on each subsequent step we assumed that 𝐶ଷ௨ on the first stage is 𝐶ଵ௨  on the second stage and 
𝐶ଷ௫ on the first stage is 𝐶ଵ௫ on the second stage. When we passed from fan to low pressures compressor the  𝐶ଷ௨ on 
the last stage is 𝐶ଵ௨  on the first stage and 𝐶ଷ௫ on the last stage is 𝐶ଵ௫ on the first stage. Rest of the velocities and 
angles are counted from the same patterns. 

   

Figure 4.3-D model of compressor and fan and the blade of compressor 
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Figure 4.4 The blade of compressor 

4.3.6 Results 

  I HPC II HPC III HPC IV HPC V HPC VI HPC VII HPC VIII HPC IX HPC X HPC XI HPC 

C1[ft/s] 609.6 590.2 579 556.6 551.9 537.8 522.5 507.6 492.4 477.1 472.1 

C1a[ft/s] 593.7 577.3 560.9 535.8 528.1 511.7 495.3 478.9 462.5 446.1 429.7 

C1u[ft/s] 138.4 122.9 143.6 150.7 160.3 165.4 166.4 168.4 169.1 169.2 195.7 

W1[ft/s] 906.9 1076.8 1205.9 1260.7 1345 1396.7 1415.1 1442.6 1459.1 1469.9 1452.7 

W1u[ft/s] 
-
685.6 -909 

-
1067.6 -1141.2 -1237 -1299.6 -1325.6 -1360.8 -1383.8 -1400.7 -1387.7 

U1[ft/s] 823.9 1031.9 1211.2 1291.9 1397.3 1465 1492 1529.2 1552.9 1569.8 1583.4 
Alfa1[deg
] 7 12 14 16 17 18 19 19 20 21 24 
Beta1[de
g] -49 -58 -62 -65 -67 -69 -70 -71 -72 -72 -73 

C2[ft/s] 905.2 837.3 788.1 755.2 725.8 698.9 676.1 652.4 629.8 607.8 585.8 

C2a[ft/s] 593.7 577.3 560.9 544.5 528.1 511.7 495.3 478.9 462.5 446.1 429.7 

C2u[ft/s] 683.3 606.4 553.6 5233 497.9 476 460 443 427.5 412.8 398.2 

W2[ft/s] 610.1 717.1 864.3 959 1043 1113.4 1144.5 1187.1 1216.7 1240.1 1260.7 

W2u[ft/s] 140.7 425.5 657.6 789.4 899.4 988.9 1031.8 1086.2 1125.4 1157.1 1185.2 

U2[ft/s] 930.6 1116.8 1252.1 1363.8 1424.7 1472.1 1509.3 1536.4 1556.7 1577 1587.2 
Alfa2[deg
] 49 46 45 44 43 43 43 43 43 43 43 
Beta2[de
g] -13 -36 -50 -55 -60 -63 -64 -66 -68 -69 -70 

Table 4.32 The velocity triangles on hub radius 
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  I HPC II HPC III HPC IV HPC V HPC VI HPC VII HPC VIII HPC IX HPC X HPC XI HPC 

C1[ft/s] 600.8 584.9 578.9 552.3 551.9 537.7 522.9 507.4 492.4 477.1 472.1 

C1a[ft/s] 593.6 577.2 560.8 535.8 528.1 511.7 495.3 478.9 462.5 446.1 429.7 

C1u[ft/s] 92.3 94.6 121.7 133.7 147.1 155.7 158.1 162.1 164.1 165.1 191.7 

W1[ft/s] 1288.6 1372.6 1423 1427.6 1473.4 1491.3 1496.2 1504.7 1508.9 1511.1 1487.3 

W1u[ft/s] -1143.7 -1245.3 -1307.9 -1323.2 -1375.5 -1400.8 -1411.8 -1426.4 -1436.3 -1443.8 -1423.8 

U1[ft/s] 1235.9 1339.9 1429.5 1456.8 1522.5 1556.4 1569.9 1588.5 1600.4 1608.8 1615.6 

Alfa1[deg] 13 12 14 16 17 18 19 19 20 21 24 

Beta1[deg] -63 -65 -67 -68 -69 -70 -71 -71 -72 -73 -73 

C2[ft/s] 748.3 742.5 731.2 715.4 6983 680.1 6608 641.3 621.3 600.7 580.4 

C2a[ft/s] 593.7 577.3 560.9 544.5 528.1 511.7 495.3 478.9 462.5 446.1 429.6 

C2u[ft/s] 455.5 467 469.1 464.1 456.9 448.1 437.4 426.5 414.9 402.8 390.2 

W2[ft/s] 927.8 988.2 1024.6 1044.4 1060.8 1073.7 1077.2 1083.3 1086 1088 1070.8 

W2u[ft/s] 780.4 872.9 960.5 1016.2 1065.7 1108.4 1132.6 1162.1 1185.6 1206.1 1225.4 

U2[ft/s] 1289.45 1382.5 1450.23 1506 1536.5 1560.2 1578.79 1592.33 1602.48 1612.63 1617.71 

Alfa2[deg] 55 61 63 66 67 69 70 71 72 73 73 

Beta2[deg] -33 -30 -29 -28 -26 -25 -25 -24 -23 -22 -22 
Table 4.33 The velocity triangles on pitch radius 

  I HPC II HPC III HPC IV HPC V HPC VI HPC VII HPC VIII HPC IX HPC X HPC XI HPC 

C1[ft/s] 597.7 582.4 570.7 549.1 545.3 532.4 517.7 503.7 489.2 474.3 469 

C1a[ft/s] 593.7 577.3 560.9 535.9 528.1 511.7 495.3 478.9 462.5 446.1 429.6 

C1u[ft/s] 69.2 76.9 105.6 120.1 135.9 147 150.7 156.3 159.4 161.2 188 

W1[ft/s] 1686.6 1673.7 1641.1 1594.5 1601.6 1585.7 1577 1566.6 1558.7 1552.2 1521.8 

W1u[ft/s] -1578.7 -1570.9 -1542.3 -1501.7 -1511.9 -1500.8 -1497.2 -1491.6 -1488.5 -1486.8 -1459.9 

U1[ft/s] 1647.9 1647.9 1647.9 1621.8 1647.9 1647.9 1647.9 1647.9 1647.9 1647.9 1647.9 

Alfa1[deg] 7 8 11 13 14 16 17 18 19 20 24 

Beta1[deg] -69 -70 -70 -70 -71 -71 -72 -72 -73 -73 -74 

C2[ft/s] 684.9 690.9 692.9 685.7 676.1 664 647.2 631.2 613.4 594.6 575.3 

C2a[ft/s] 593.7 577.3 560.9 544.5 528.1 511.7 495.3 478.9 462.5 446.1 429.6 

C2u[ft/s] 341.6 379.7 406.9 416.9 422.2 423.2 416.7 411.1 402.9 393.2 382.6 

W2[ft/s] 1434.8 1393.3 1361.8 1346.1 1334.7 1327.3 1327.1 1326.2 1328.1 1331.6 1336.3 

W2u[ft/s] 1306.2 1268.1 1240.9 1231 1225.7 1224.7 1231.2 1236.7 1244.9 1254.6 1265.3 

U2[ft/s] 1648.3 1648.3 1648.3 1648.3 1648.3 1648.3 1648.3 1648.3 1648.3 1648.3 1648.3 

Alfa2[deg] 30 33 36 37 39 40 40 41 41 41 42 

Beta2[deg] -66 -66 -66 -66 -67 -67 -68 -69 -70 -70 -72 
Table 4.34 The velocity triangles on tip radius 
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I 
FAN 

II 
FAN 

I 
LPC 

I 
HPC 

II 
HPC 

III 
HPC 

IV 
HPC 

V 
HPC 

VI 
HPC 

VII 
HPC 

VIII 
HPC 

IX 
HPC 

X 
HPC 

XI 
HPC 

Pressure 
ratio stages 

1.41 1.41 1.12 1.26 1.26 1.26 1.26 1.26 1.26 1.26 1.26 1.26 1.26 1.26 

D-factor 0.61 0.6 0.61 0.61 0.61 0.61 0.61 0.61 0.61 0.61 0.61 0.61 0.61 0.61 
De Haller 0.72 0.72 0.72 0.72 0.72 0.72 0.72 0.72 0.72 0.72 0.72 0.72 0.72 0.72 
Work 
coefficient 

0.32 0.27 0.1 0.18 0.17 0.16 0.16 0.16 0.16 0.17 0.18 0.19 0.2 0.21 

Flow 
coefficient 

0.55 0.48 0.52 0.48 0.43 0.39 0.37 0.35 0.33 0.32 0.3 0.29 0.28 0.27 

𝑯𝒖𝒃

𝑻𝒊𝒑
 𝑹𝒂𝒕𝒊𝒐 0.3 0.5 0.84 0.5 0.63 0.74 0.8 0.85 0.89 0.9 0.93 0.94 0.95 0.96 

Number of 
Blades 

18 25 65 20 29 46 72 80 86 93 115 134 152 169 

Blade 
chord [in] 

7.7 5.5 1.35 2.85 2.9 2.11 1.66 1.27 0.95 0.83 0.64 0.52 0.44 0.37 

Aspect 
Ratio 

4.04 4.04 4.04 3.36 2.46 2.4 2.35 2.29 2.24 2.2 2.14 2.1 2.06 2.02 

Taper 
Ratio 

1 0.9 0.9 0.9 0.9 0.95 0.95 0.95 0.95 0.95 0.95 1 1 1 

Degree of 
Reaction 

0.6 0.6 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 

Mach 
Number 
(absolute) 

0.58 0.63 0.51 0.49 0.46 0.44 0.41 0.39 0.37 0.34 0.32 0.3 0.28 0.27 

Mach 
Number 
(relative) 

1.3 0.99 0.93 1.05 1.08 1.09 1.07 1.05 1.02 0.99 0.96 0.93 0.9 0.86 

Table 4.18 Parameters on pitch for compressors 

4.4 Blade material analysis 

An important point in the design of the compressor is the selection of the right material from which it will be made. In 
mainly depends on the temperature which show table 4.18. It is very high and not all metals can work in this way and 
it affects the strength properties of construction materials and value of stress resulting from the occurrence of 
temperature gradients in the engine. 

Parameters Values 

𝑇ଵ
∗𝑓𝑎𝑛 518.67 [°𝑅] 

𝑇ଶ
∗𝑓𝑎𝑛 643.79 [°𝑅] 

𝑇ଵ
∗𝐿𝑃𝐶 643.79 [°𝑅] 

𝑇ଶ
∗𝐿𝑃𝐶 665.42 [°𝑅] 

𝑇ଵ
∗𝐻𝑃𝐶 665.42 [°𝑅] 

𝑇ଶ
∗𝐻𝑃𝐶 1465.74 [°𝑅] 

Table 4.19 Parametric of temperature in fan. LPC and HPC 

Citing the figure 4.2 of the material used will be SiC/SiC composite. It is the strongest material which can work in our 

the highest temperature 1 465.74R and also glass-ceramics density is low, 0.0505 
௟௕

௜௡య, so that composite density is 

low. [4.7] 
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Figure 4.5 Specific strength depending on temperature [4.6] 

The value of rotational speed affects the amount of centrifugal force acting on the rotor and very important is its 
relation with pressure, because it affects the value of longitudinal forces loading the rotor and its supports.  

Blades are counted from bending strength of the pattern: 

𝜎(𝑅) = 𝜌 ∗ 𝜔ଶ ∗
ோ೥

మିோమ

ଶ
  

Discs are counted from[4.1]: 

 strain from mass forces: 

 Radial 𝜎௥ =
ଷାణ

଼
∗ 𝜌 ∗ 𝑈ଶ ∗ [1 − (

௥

ோ
)ଶ]  

 Peripheral 𝜎௨ =
ଷାణ

଼
∗ 𝜌 ∗ 𝑈ଶ ∗ [1 −

ଵାଷ∗ణ

ଷାణ
∗ (

௥

ோ
)ଶ] 

 Coronary loads  

 If disc is without hole 𝜎௥ = 𝜎௨ = 𝜎௪ 

 Radial 𝜎௥ =
ఙೢ

ଵି(
ೃ೚
ೃ

)మ
∗ [1 − (

ோ೚

௥
)ଶ] 

 Peripheral 𝜎௨ =
ఙೢ

ଵି(
ೃ೚
ೃ

)మ
∗ [1 + (

ோ೚

௥
)ଶ] 

 Uneven heating  

 Radial 𝜎௥ =
ఉ∗ఢ∗்ೢ

ଷ
∗

ଵ

ோ
∗ {

ோయିோ೚
య

ோమିோ೚
మ ∗ [1 − (

ோ೚

௥
)ଶ] −

௥యିோ೚
య

௥మ } 

 Peripheral 𝜎௨ =
ఉ∗ఢ∗்ೢ

ଷ
∗

ଵ

ோ
∗ {

ோయିோ೚
య

ோమିோ೚
మ ∗ [1 − (

ோ೚

௥
)ଶ] −

௥యିோ೚
య

௥మ − 3 ∗ 𝑟} 

4.4.1 Construction of compressors 

To obtain the smallest mass: fan, LPC and HPC, it was decided to use bling, which is a monolithic bladed ring 
forming one rotor stage of the compressor, and blisk technology. They are seam welding with hollow blade in which 
is stiffening truss. Their advantages are: increasing maximal speed of the rotor and significantly reducing mass. 
Except that we decided to use adjustable trailing edges of the fan blades in order to optimum work in all conditions 
and all blades of compressors would be make of SiC/SiC composite but on the leading edge will be titanium plates 
to prevent foreign object damage. The compressors use labyrinth seal to avoid backflow of airstream and to limit 
losses of pressures. The high pressure compressor is designed with three supports on III and XI stage for reducing 
distance between them in order to achieve higher rotational speed and rings are with balancing hole. 
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5.0 Combustion system 

In this section all detailed information about the combustion chamber and the integrated features will be shown. KO-
22/23 uses an annular combustor chamber provided with a dump diffuser and additional fuel nozzle to pre-mix the air-
fuel flow. Mentioned in section 2, trade studies led our team to set T4=3197°R and Pt4=417,38 psia. Moreover, low-
emission and high efficiency design is preferred. 

5.1 Combustor Inlet Analysis 

Airflow exits the KO-22/23 compressor with Mach Number 0.39. Velocity inside the combustor liner has to be 4-5 
times lower[5.6]. At the end of the compressor a short with constant area section is applied. It minimizes the appearance 
of aerodynamic wakes leaving compressor exit-nozzle. The next section is a faired diffuser. The optimal opening 
angle (with minimal pressure losses) is between 7° and 12°[5.6]. In this section, airflow velocity is decreased to 60% of 
the primal value and then it is dumped to the chamber with the high cross-section area. Such a solution allows us to 
obtain the correct Mach Number inside the combustor liner as well as significantly lower the length and mass of the 
whole chamber[5.6]. 

 

Figure 5.1 Schematic drawing of all pre-liner sections integrity 

5.2 Combustor flows analysis 

Airflow leaving the dump diffuser is partitioned into 4 sub-flows: Primary Zone (PZ), Secondary Zone (SZ), Dilution 
Zone (DZ), Cooling Airflows (CA). 

Division of Mass Flow between zones is shown along with cooling effectiveness are shown in Table 5.1 

ṁpz [lb/s] ṁsz [lb/s] ṁdz [lb/s] ṁca [lb/s] ṁfuel [lb/s] φc 

10.644 0 335.3 70.856 8.87 0.82 

Table 5.1 Mass flow in each zone, Fuel Mass Flow, Cooling Effectiveness 
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Figure 5.2 Combustor flowpath cross-section 

One of the innovative solutions is Mass Flow of 0 in the Secondary Zone. This purposeful action leads to decreasing 
as much Temperature as possible in single row of dilution holes. This leads to significant reduction of NOx and CO 
due to shorter time in higher temperatures [5.5]. 

5.3 Combustor efficiencies 

The KO-22/23 combustor has a transpiration cooling applied. From the design on cooling, the authors have taken up 
almost 71 lb/s of air which is nearly 17 % of the total mass flow of primary flow. 

 Figure 5.4 Transpiration Cooling solution applied in KO-
22/23                                                                                                                          

 

According to Figure 5.3 KO-22/23 
combustor cooling effectiveness is of 
83%. Combustion efficiency is the 
most important parameter that 
describes its quality. To meet EPA 
requirements, the efficiency has to be 
at 99%. All calculation was done 
using Methods in Aircraft Propulsion 
by Farokhi. 

Figure 5.3 Cooling effectives in function of cooling air 

Figure 5.5  Combustion efficiency in function of CLP 
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Using the reaction rate parameter, b, we managed to plot Lefebvre combustor loading parameter (CLP) 

b= 382*(√2 ± 𝑙𝑛
ఝ

ଵ.଴ଷ
 =453.13                          (+ for 𝜑 > 1.03, - for 𝜑 < 1.03) 

CLP=θ=௣ଷభ.ళఱ∗஺௥௘௙∗௛∗௘
೅య

యబబ

ṁ௧
≈8.09*10ହ 

This results in combination with figure 5.4 gives information of nearly 100% combustion efficiency, which is satisfying 
to the authors. 

5.4 Temperature profile 

Spikes in temperature are very dangerous for combustor chambers and turbines, especially in the first stage. Therefore, 
the authors decided to set down the temperature profile. Based on the methodology of Farokhi, a pattern factor (PF) of 
0.2 was selected, as well as a profile factor (Pf) of 1.04. 

PF= ೟்೘ೌೣି ೟்ೌೡ೒

೟்ೌೡ೒ି்೟೔೙
 

Pf= ೟்೘ೌೣషೌೡ೒ି்೟೔೙

೟்ೌೡ೒ି்೟೔೙
 

Assumed PF and Pf lead to Ttmax=3453°R and TTmax-avg=3263°R 

5.5 Material application 

Following in the footsteps of General Electric, the authors decided to apply ceramic matrix composites (CMC) as the 
material for the combustor liner. CMC properties remain unchanged to temperatures of nearly 2800 °R. Mentioned in 
section 5.2, 17%-utilization of total mass flow as cooling airflows and applying extra protection using silicon carbide 
CMC’s provides satisfying safety. Due to CMC application, significant length and weight saves appear as well[5.1].  

According to NASA/TM—2002-211509 this material has over 260 hours of promising tests[5.2]. 

5.6. Combustor chamber geometry 

All main geometry features will be precisely described on 2D drawings. 

5.7 NOx and CO Emission 

Since air traffic increased, pressure from ecologists has intensified over the years. Thus, CO and NOx emission 
reduction is very important. The first step into this issue the authors made by limitation of Combustor Liner Exit 
Temperature.  

Figure 5.5 shows temperature boundaries for low emission combustion. The KO-22/23 with T4 of 3197°R (1776K) 
minimizes both CO and NOx emission[5.3].  

NOx exact computations were done based on equations 
given in RFP. 

Emission Mass per unit of Thrustቀ
௚

௞ே
ቁ =

∑(𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑖𝑛𝑑𝑒𝑥 (
௚

௞௚௙௨௘௟
) ∗ 𝑇𝑆𝐹𝐶(

௞௚௙௨௘௟

௛௥∗௞ே)
∗

𝑇𝑖𝑚𝑒 𝑖𝑛 𝑀𝑜𝑑𝑒 (ℎ𝑟)) = 71.8
௚

௞ே
 

Figure 5.6 Co and NOx emission in function of temperature 
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Emission Mass per unit of Thrustቀ
௚

௞ே
ቁ = 36.0 + 2.42 ∗ (𝑂𝑃𝑅) = 118.1

௚

௞ே
 

Above total emission of NOx is given.  Authors receive that result with assumption that supersonic cruise lasts for 3.5 
hour. This, in turn, was assumed based on TSFC, Thrust and total fuel in a tank. [1.1]. KO-22/23 provides nearly 40% 
reduction of NOx compared to allowable value. 

5.8 Fuel Injection 

Fuel injectors are a very important factor in NOx and CO emissivity, as well as in combustion effectiveness. Carefully 
selecting and designing leads to success. In KO-22/23 an additional, besides the pilot fuel injector, Emission Control 
Fuel Nozzle (ECF), as a starter injector, and Lean Staged Fuel Nozzle (LSF), as main fuel injector, are applied. 
According to Japan Aerospace Exploration Agency (JAXA) this solution reduces NOx emission for 82% compared to 
ICAO CAEP/4 and drastic CO emission reduction. ECF with geometry is shown in Figure 5.6. It has three swirlers. 
The swirler vane angles are small to prevent the formation of a recirculation flow in the mixing-zone of the fuel 
nozzle[5.4]. The fuel is injected at a higher stream, compared to the pilot fuel injector. The modification has an effect, 
which makes the fuel film more uniform along with the air-fuel mixture. The airflow from the outer swirler keeps the 
fuel away from the fuel nozzle wall[5.4].  

  

      Figure 5.7 LSF Scheme with geometry properties. 

 

 

 

 

 

 

 

 

Figure 5.8 ECF Scheme with geometry properties 



 

[NAZWISKO AUTORA] 41 

 

6. Turbine design 

Introduction: 

This engine contains a high pressure (HPT) and Low Pressure ( LPT) Turbine, The first supplies Power to the HPC 
and the LPT provides Power to the fan and LPC. Everything works In two spool-system. This part of report includes: 
cycle analysis, material , blade and disk design, bearings, cooling. 

 
Figure 6.1 Scheme of KO 22/23’s turbine. 

6.1 Flow Calculation 

 This part contains absolute and relative flow paths In the HPT and LPT. Turbine was design to have a constant inner 
radius and axial velocity. Starting with parameters showed In „Gasturb 13”, a step by step process was followed to 
calculate the velocity triangles on each stage. [6.1]  

 

Design parameter Value 

ṁ(lb/s) 164.64 

T1(°R) 3194 

P1(psia) 176.805 

Density (lb/ft3) 0.1486 

ωHPT (RPM) 9850 

ω LPT (RPM) 4230 

Table 6.1 Inlet Pitchline flow parameters are taken from Gasturb 13 for the turbine of KO 22/23 at fly. 



 

[NAZWISKO AUTORA] 42 

 

 

Figure 6.2  General scheme of turbine’s velocity triangles and angles. [6.2] 

 
C(ft/s) absolute velocity W(ft/s) relative Velocity U(ft/s) rotation velocity Mach number absolute/relative 
Hub Pitchline Tip Hub Pitchline Tip Hub Pitchline Tip Hub Pitchline Tip 

Nozzle1 1958.20 2070.76 2183.59 1198.65 1217.81 1237.00 - - - 0.77/0.47 0.82/0.48 0.86/0.49 
Rotor1 1530.11 1543.93 1554.85 1758.72 1823.75 1890.02 791.47 886.18 980.9 0.70/0.61 0.73/0.62 0.77/0.63 
N2 2043.7 2162.50 2281.66 1284.21 1307.9 1331.66 - - - 0.86/0.55 0.90/0.58 0.92/0.60 
R2 1751.11 1891.79 2020.31 1954.00 2127.19 2290.05 791.47 887.86 984.25 0.85/0.76 0.89/0.91 0.94/0.98 
N3 886.15 938.35 990.81 573.26 584.05 594.91 - - - 0.38/0.25 0.42/0.26 0.45/0.27 
R3 808.07 823.88 886.07 889.73 924.24 998.22 339.89 382.38 424.86 0.35/0.39 0.37/0.41 0.40/0.45 
N4 927.75 1006.95 1088.12 623.12 659.41 683.95 - - - 0.41/0.28 0.46/0.30 0.50/0.32 
R4 828.31 895.70 951.73 908.13 995.83 1074.17 339.89 397.27 454.62 0.37/0.40 0.41/0.45 0.44/0.50 
N5 958.85 1032.18 1142.84 665.68 675.85 710.13 - - - 0.42/0.28 0.46/0.29 0.53/0.32 
R5 900.16 952.19 1035.20 974.14 1053.80 1163.28 339.89 412.14 484.41 0.37/0.41 0.45/0.50 0.47/0.54 
N6 973.45 1090.97 1220.96 672.44 705.18 748.26 - - - 0.45/0.31 0.52/0.34 0.60/0.37 
R6 869.94 981.46 1164.33 946.88 1087.27 1293.43 339.89 427.03 514.20 0.40/0.44 0.47/0.52 0.58/0.64 

Table 6.2 Detailed velocities on each stage (red colour -  parameters of HPT, LPT-yellow colour) 

 
α(deg) β(deg) Degree of reaction 
Hub Pitchline Tip Hub Pitchline Tip Hub Pitchline Tip 

Nozzle1 α1 / β1 12.67 11.97 11.34 21.00 20.65 20.32 - - - 
Rotor1 α2/ β2 87.03 86.70 86.38 60.32 57.68 55.18 0.28 0.30 0.33 
N2 α1/ β1 11.34 12.86 12.14 20.32 20.75 20.35 - - - 
R2R α2/ β2 86.38 87.40 87.30 55.18 63.54 62.66 0.34 0.37 0.4 
N3  α1/ β1 18.23 17.18 16.25 28.92 28.34 27.78 - - - 
R3 α2/ β2 87.58 87.33 87.24 65.15 62.92 62.08 0.32 0.36 0.38 
N4 α1/ β1 25.00 22.91 21.12 38.05 36.48 34.98 - - - 
R4 α2/ β2 87.64 87.45 87.26 65.68 63.97 62.25 0.29 0.33 0.35 
N5 α1/ β1 24.78 22.91 20.59 37.73 37.43 35.21 - - - 
R5 α2/ β2 87.64 87.54 87.17 61.66 64.75 61.53 0.32 0.36 0.38 
N6 α1/ β1 22.60 20.05 17.84 33.80 32.03 29.99 - - - 
R6 α2/ β2 87.76 87.50 87.46 66.74 64.40 64.06 0.29 0.40 0.42 

Table 6.3 Detailed angles on each stage (red colour -  parameters of HPT, LPT-yellow colour) 

6.2 Velocities step-by-step calculation 

Here we provide handmade velocities triangles calculation for the first stage of HPT 

k-isentropic coefficient  
R- gas constant 

Firstly we find turbine work which must be provided to HPC 

𝑙 =
௞∗ோ

௞ିଵ
(𝑇ଷ − 𝑇ଶ) =690906.2 J 

Then we calculated work divide between stages: 
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𝑙௦௧ =
ఓೞ೟భ

∑
ഋೞ೟೔

೜೙షభ
೙
೔సభ

𝑙 =329003 J for the first stage 

𝜇- load coefficient  
𝑞 -divide coefficient 
Then velocity c1 on pitch line must be find. 

𝑐ଵ = 𝜑ඥ2𝑙௦௧(1 − 𝜌) =2070.77 ft/s 

𝜌- degree of reaction on pitchline 
c1a=c1sinα1 

c1u=c1cosα1 
then we calculate velocity U: 

𝑈 =
𝜋𝑛𝐷

60
= 885.82

𝑓𝑡

𝑠
 

Then: 

𝛽ଵ = 𝑎𝑡𝑎𝑛
𝑐ଵ௔

𝑐ଵ௨ − 𝑈
= 0.36𝑟𝑎𝑑 

later we may count: 

𝑤ଵ =
𝑐ଵ௔

𝑠𝑖𝑛𝛽ଵ
= 1217.81

𝑓𝑡

𝑠
 

and: 

𝑤ଶ = 𝛿𝑐ଵඨ
𝜌

1 − 𝜌

1

𝛿௡
ଶ + (

𝑤ଵ

𝑐ଵ
)ଶ = 1823.75

𝑓𝑡

𝑠
𝛿 − 𝑟𝑜𝑡𝑜𝑟 𝑠𝑝𝑒𝑒𝑑 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 

𝛿௡ − 𝑛𝑜𝑧𝑧𝑙𝑒 𝑠𝑝𝑒𝑒𝑑 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡   

𝑤ଶ௨ = (1 + 𝜗)𝑈 = 974.80
௙௧

௦
  

𝑤ଶ௔ = ට𝑤ଶ
ଶ − 𝑤ଶ௨

ଶ = 1541.37
𝑓𝑡

𝑠
𝐶ଶ௨ = 𝑤ଶ௨ − 𝑈 = 88.61

𝑓𝑡

𝑠
𝛽ଶ = 𝑎𝑡𝑎𝑛

𝑤ଶ௔

𝑤ଶ௨
= 1.00𝑟𝑎𝑑 ∝ଶ= 𝑎𝑡𝑎𝑛

𝐶ଶ௔

𝑐ଵ௨
= 1.51𝑟𝑎𝑑 

We have all velocities and angles on pitchline, then same way should be used to count them on other radiuses. 
Same way of counting was used to make LPT. 

6.3 Flow parameters: 

This part contains calculated distribution of parameters such as temperature and pressure on blades on each stage. [6.1] 

Total temperature [°R] 
 Hub Pitch Tip 
N1 2963.98 2936.88 2908.18 
R1 2845.44 2809.86 2768.47 
N2 2595.77 2530.33 2457.28 
R2 2437.43 2353.80 2271.01 
N3 2389.99 2301.17 2211.69 
R3 2362.29 2270.35 2178.29 
N4 2310.29 2209.74 2106.75 
R4 2282.68 2178.65 2073.79 
N5 2230.60 2118.95 1999.80 
R5 2200.23 2077.50 1960.43 
N6 2142.98 2006.36 1870.36 
R6 2094.59 1966.04 1837.31 

Table 6.4 Temperature distribution on blades on each stage (red colour -  parameters of HPT, LPT-yellow colour 
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)  

Figure 6.3 Temperature distribution ono blades on each stage 

Total pressure [Psia] 

 Hub Pitch Tip 
0 176.8 176.83 176.83 
N1 122.32 116.89 111.36 
R1 96.51 92.04 86.07 
N2 61.28 54.81 48.29 
R2 43.58 37.2 32.38 
N3 39.57 33.33 28.52 
R3 37.18 30.99 26.27 
N4 33.34 27.18 22.38 
R4 31.27 25.72 21.01 
N5 27.92 22.47 17.65 
R5 25.95 20.19 15.85 
N6 22.71 17.53 13.64 
R6 20.10 15.39 12.14 

Table 6.5 Pressure distribution on blades on each stage (red colour -  parameters of HPT, LPT-yellow colour) 

 

Figure 6.4 Pressure distribution on blades on each stage 
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6.4 Material Selection 

From the beginning of aircraft there is seen a trend to maximize efficiency and performance of planes and engines but 
such strenuous requires modern, tough and immune to high temperatures material. Presently nickel-based super-alloys 
are in use, however, as engines works in higher temperatures, these alloys became inadequate and more complicated 
and advanced cooling systems are necessary. [6.3] That means a need of searching for a new material. And ceramic 
matrix composites seem to be a good candidate for a successor. These materials consist of fibbers cured in a matrix, 
usually carbon or silicon carbide. Silicon carbide fibres and silicon carbide matrix CMCs (SiC/SiC) are a good choice 
because of their thermal properties. They require not so much or even no cooling and are 60% lighter than nickel 
alloys [6.4] Because of those facts SiC/SiC was chosen as a material for KO 22/23’s turbine. That material is also 
attractive since General Electric tested it in 2015 in a GE F414 turbofan engine. [6.5] „The F414 CMC test -- which 
endured 500 gruelling cycles – validated the unprecedented temperature and durability capabilities of turbine blades 
made from lightweight, heat-resistant CMCs, allowing for expansive deployment of the advanced manufacturing 
material in GE’s adaptive cycle combat engine and next-gen commercial engines.” [6.6] Also that material was tested 
for up to 400 hours In 2642 °F and using tension of 10 KSI showed up to 0.7% tensile strain.[6.7] 

Material property: Value 

Young modulus [Msi] 43 

Max service temperature [°R] 3.37 

Table 6.6 Material Properties of SiC/SiC Ceramic Matrix Composite [6.8] 

6.5 Cooling system  

One of the consequences of  high temperatures  on first 
stages of turbine is need of using cooling system. Although as 
it was said previously SiC/SiC CMC has great thermal 
properties, however, there occur local temperature strikes up to 
3440 °R (look combustor section) and even this material can’t 
resist such tensile. Because of that fact there would be used 
thermal barrier coating Al2O3–Y2O3 which would increase 
thermal resistance for about 200 °R [6.9]. Moreover, due to the 
fact that KO-22/23 would be used in airliner and high 
durability of parts is one of main points lead to conclusion to 
use a film cooling on first stage of turbine.  

Cooling air value of 2% on rotor and 2% on nozzle seems 
adequate. As seen in  figure 6.3 [6.10] 2% coolant flow responds 
around 0.55 cooling effectiveness.  
Cooling air would be taken from the last stage of HPC and 

would have around  
1620° R which will reduce temperature on  the first nozzle of 
HPT to ≈2610°R [6.1] 
 and it is surly enough to increase its life time. 
 

6.6 Turbine blade design and stress consideration 

 Blade design has been done using Farokhi, S, “Aircraft Propulsion.” Turbine was designed due to constant inner 
radius, also Zweifel coefficient was assumed as 1. 

 

 

 

Figure 6.5 Coolant Flow, Percent of Engine Flow 
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Table 6.7 Blade design and stress parameters (red colour -  parameters of HPT, LPT-yellow colour) 

Since radius of flow path is almost not changing on HPT that number of blades is same, important changes 
became from the stage four. Also because of some tip clearance and some bleedings it is advised to use 
labyrinth casing. It would decreases significantly flow loses on stators, moreover casing would be integrated 
in rotating blade rows.  

 

Stage: N1 R1 N2 R2 N3 R3 N4 R4 N5 R5 N6 R6 
HUB 
Radius 
[in] 

18.42 18.42 18.42 18.42 18.42 18.42 18.42 18.42 18.42 18.42 18.42 18.42 

Pitchline 
[in] 

20.62 20.62 20.66 20.66 20.71 20.75 21.49 21.52 22.32 22.36 23.11 23.14 

Tip [in] 22.83 22.90 22.91 22.94 22.95 23.00 24.56 25.1 26.22 26.25 27.87 27.91 
Area 
[in2] 

61.06 63.02 63.30 64.15 64.43 65.86 117.37 118.80 190.11 192.65 280.40 282.78 

AN2*109 

[in3/s] 
5,92 
 

6.11 
 

6.14 
 

6.22 1.14 1.17 2.09 2.11 3.40 3.43 5.00 5.04 

σc[psi] 260961 269337 270620 274039 48114 49160 87625 88745 141998 143492 209218 210712 
Blades 
number 

121 121 119 119 119 119 111 107 99 97 83 81 

Chord 
[in] 

1.47 1.49 1.50 1.50 1.51 1.52 2.04 2.22 2.60 2.61 3.15 3.16 

Blade 
spacing 
[in] 

0.86 0.86 0.87 0.87 0.89 0.89 0.94 0.95 0.97 0.97 1.01 1.01 
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Figure 6.6 Detailed scheme of turbine
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7. Nozzle 

7.1 Main design 

The propulsion system of supersonic engine needs nozzle with great performance. In fact, a I-percent gain here is at 
least three times as effective as a I-percent gain in performance of any other component. A I-percent change in 
subsonic cruise thrust coefficient affects range by about 2 percent, and the sensitivity to loiter thrust is the same as it 
was before. It can be worth a great deal of nozzle weight to keep performance high at all flight speeds[7.2]. Next 
generation engines require multi-dyscypline trade-off study. The exhaust nozzle system for a supersonic cruise aircraft 
mandates additional features such as variable throat and exit area, jet noise suppression, and reverse thrust. Main 
target is to reduce noise. To start with jet velocity which has great influence on jet noise as well on take off thrust. The 
solution turns out as an axillary inlet-ejector, [7.11]The velocity of exhaust gases will be reduced from 1450ft/s to about 
1250ft/s.[] 

 It was turned out that the variable geometry of convergent-disconvergent nozzle meets great efficient at all 
conditions. Despite of complication of construction and increased mass choose an C-D nozzle is a reasonable. There 
are three type general types of variable geometry nozzle as variable A8 or variable A9 or both. Control system of 
nozzle geometry is provided by movable flaps in 8 section and movable C-D flaps, on the one hand it is dedicated by 
ejector implementation, on the other it may turn out efficiency, figure[7.1].  

 

Figure 7.1 Nozzle area ratio schedule 

Auxiliary-inlet ejector nozzles have been used on the F-ll1 and SR-71 aircraft and are being considered for low-noise 
nozzles. The ejector flow model is based on the inviscid and viscid interaction between a high-energy stream (primary 
flow) and a low-energy stream (secondary flow) as shown in Figure 7.2. These two streams begin to interact at the 
primary nozzle lip. For the ejector operating in the supersonic regime the secondary flow is effectively "sealed off" 
from ambient conditions. When this occurs, the ejector mass flow characteristics become independent of the ambient 
static pressure. It is this ejector operating condition that is considered in the theoretical analysis. The flow regimes 
occurring within the ejector system can be categorized on the basis of the predominant flow mechanisms. When the 
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secondary flow to the ejector is low , the primary flow plumes out and impinges on the shroud wall. This causes an 
oblique shock to form and effectively seals off the secondary flow from ambient conditions.  

The secondary flow is " dragged" through the oblique shock by mixing with the higher velocity primary jet flow. If the 
secondary flow is increased, the secondary pressure increases and pushes the primary jet away from the shroud wall. 
Because the oblique shock can no longer be sustained at the shroud wall , the secondary flow accelerates and chokes 
within the shroud.  

 

The first step in calculating the performance of an exhaust system for 
a supersonic cruise aircraft is to get some idea how sensitive a mission 
is to its design. Some results of an analysis Getting enough range out 
of a supersonic cruise aircraft has always been a fundamental 
problem, and it is even more critical for commercial operations. For 
this mission the cruise nozzle efficiency affects range by 3.5 percent 
and is quite important. In fact, a I-percent gain here is at least three 
times as effective as a I-percent gain in performance of any other 
component of the propulsion system A I-percent change in subsonic 
cruise thrust coefficient affects range by about 2 percent, and the 
sensitivity to loiter thrust is the same as it was before. It can be worth 
a great deal of nozzle weight to keep performance high at all flight 
speeds.[7.2] 

The General Electric Company estimated that a 1-percentage-point 
change in transonic acceleration gross thrust coefficient is 
equivalent to a 2000-lb change in takeoff gross weight for a typical 
supersonic cruise aircraft. The sensitivity is therefore about one-fifth 
of that at supersonic cruise. The SCR program did not set a study 
goal for this flight condition, but a nozzle efficiency of 0.95 would 
probably be realistic 1% change in subsonic nozzle gross thrust 
coefficient is equivalent to a 3000-lb change in TGW for a typical 
supersonic cruise aircraft with a range of 4000 n mi and a 600-n mi 
subsonic cruise segment. This sensitivity is about one-third that at 
the supersonic cruise condition. The fight is for the every percent of 
gross thrust coefficient on cruise. A I-percentage-point change in 

nozzle gross thrust coefficient at takeoff was equivalent to only 
750 lb in takeoff gross weight, in contrast to 10 000 lb at 
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Figure 7. 10 Simplified mixer scheme 



 

[NAZWISKO AUTORA] 50 

 

supersonic cruise and 3000 lb at subsonic cruise.[7.2] 

7.2 Axillar Ejector 

The door of ejector are consist of two convergent beams, movable convergent-disconvergent flaps with has 
aerodynamic shape which has low drag factor, and may easily fit in nacelle during cruise. Moreover it has 15deg. 
boattail angle, analised as most effective. TSFC probably increase a little, but thrust should stay the same. The control 
system is provided by 4 servomotors and connected oil installation with A8 control mechanism. 

The ejector inlet doors serve two main functions within the 
exhaust nozzle. They provide for the opening and closing of 
the ejector inlets and form a portion of the subsequent 
flowpath for the external free-stream air and the engine 
flow. Therefor it improves regulation of A9/A8. In 25% 
control of nozzle geometry provide movable flaps on the 
end off nozzle(variable A9). Moreover “cold” air may be 
used for the same purpose, then feed in 8 section decrease, 
but it needs wider analysis, figure 7.5. This variation 
unfortunately is connected with inlet doors through air is 

supplied. During subsonic and supersonic cruise control of 
nozzle geometry is enabled by movable A8.  

 

Figure 7.5 Schame of KO-22/23’ nozzle system- dotted line symbolize variation of A8 area 

This kind of nozzle design may cause choke of nozzle. But in this studies it is predicted and variable of A8 is slightly 
(radial feed of servomotor is 5in.).  

Chevrons The application of chevrons on the ejector nozzle is expected to result in the enhanced spreading of 

the jet and forces the shear layer to attach to the inner surface of the clamshells thereby reducing the flow separation. 
In addition to the ejector nozzle performance improvement, chevrons have noise suppression capability in the low 
frequency part of the spectrum [7.3]. Large amplitude screech tone reduction were identified as a direction result of the 
drastic cross sectional modification, with reduction in the 7-8dB range achieved at all operation conditions[7.8]. 

 

Figure 7.11 Nozzle velocity[7.3] 
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7.3 Mixer 

The fan/core mixer design was to serve multiple purposes. It was located just aft of the turbine exhaust case (Figure 
7.8), and the basic functions were to: 

1. Mix fan and core flows to reduce gas temperature, extending mixer/ejector life 
2. Hold fan pressure ratio constant to operate at high efficiency 
3. Increase stall margin 
4. Improve specific fuel consumption 
5. Suppress noise through improved hot/cold-stream mixing 
 
Aside from performance, a fixed-area fan/core mixer would be much easier to design, due to the removal of moving 
parts, and offer the added benefit of weight reduction. performance losses. There was a small performance loss at 
subsonic cruise (about 3%) at 60% thrust setting. Takeoff performance differences between variable and fixed mixers 
were negligible. The design effort at that point was redirected to develop the fan/core mixer as a fixed-area concept 
(Figure 7.5). To provide mixer lightweight while making it strong enough to overcome the vibration characteristic of a 
large-panel .  
Design Issues – The prominent design challenge to a fixed-area fan/core mixer is to keep the mixer lightweight while 
making it strong enough to overcome the vibratory characteristics of a large-panel Structural – In the context of 
viewing the nozzle as a long axial box neccel which is the principal structural members of the nozzle. Sidewall is 
interrupted by axillar door inlet. These sidewalls are 2.5 in thick and constructed of 6-2-4-2 Titanium truss core. The 
integral beams are formed 6–2–4–2 Ti sheet metal with a typical thickness ranging from 0.045 to 0.063 in. Analysis 
indicated that, with a good fan/core mixer, improving flow coming into the mixer and improved ejector acoustic lining 
could reduce this penalty to 0.5 EPNdB or less.[7.1] 

 

 

 

 

 

Figure 7.13 Right look of mixer. Blue lines symbolize score guides Figure 7.12 Front look of KO-22/23’ mixer 
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Figure 7.10 View of mixer and nozzle 

Mixer efficiency is estimated for 85% with all responsibility, and no losses through mixer[7.1] (underestimated 0.98 in 
GasTurb calculations). It is justified by the trend, in the 1960-s this factor was estimated for 0.85, and 0.67 was 
achieved[7.5], but in 2005 during NASA calculations it was 80%.[7.1] 

Acoustic Tiles 

An enabling, ceramic-matrix-composite, acoustic-tile design could allow the HSCT to use a higher temperature 
capability and/or lighter acoustic liner relative to the baseline CPC metallic liner. The acoustic tile was designed 
specifically for noise suppression. It was considered two distinct methods of using tiles for noise suppression. The first 
was a SDOF sandwich structure consisting of two face sheets with a honeycomb core. The top, cold sheet is solid, but 
the bottom sheet is perforated. The porosity is on the order of 10 to 12% (Figure 7.6).This style of suppression is tuned 
to reduce a specific frequency. Although it does a good job for a specific frequency and is a proven design, it offers 
little suppression for other frequencies. In addition, this design is conventional for metallic liners; however, it is very 
difficult to fabricate from CMC. The broad-band design offers much more benefit in terms of design and fabrication 
flexibility. It is easier to design with because it allows suppression for a wide range of frequencies as well as allowing 
more room for error when defining the specific frequency band of interest. This design consists mainly of a single, 
high-porosity face sheet with a porous foam absorber backing. This particular design also has a thermal-protection 
system that does not assist in noise suppression but protects the back structure from hot exhaust gas. This design 
varies significantly from typical 2D nozzles that have cooled liners. The acoustic liners allow hot exhaust gas to pulse 
in and out through the holes in the porous face sheet in order to suppress noise. This air infiltrates the porous foam and 
comes into contact with the back structure.[7.1] This broad-band design is relatively simple; therefore, fabrication 
options are tiles are the baseline design for the KO-22/23 nozzle. They are located primarily on the nozzle divergent 
flaps and aft of the mixer[7.1].  

 

 

  

 

 

Figure 7.914 Mixer structure[7.1] 

Table 1 Figure 7.8 Acoustic tile strucyure [7.1] 

Figure 7.11 Integrated chevrons 
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Materials 

Centerbody(plug)-CMC; Mixer-TiAl, midframe-Inco 718, Divergent flaps-TiAl, Ejector doors-Inco 718, Sidewalls-
TiAl, Chevrons-Inco 718, Duct-Inco 718,  

Noise 

The maximum noise levels of those aeroplanes covered by, when determined in accordance with the noise evaluation 
method of Appendix 1, shall not exceed the following: 108 EPNdB for airplanes with MTOW 272 000kg, and 
102EPNdB at 34 000kg. It is require to achieve, for 130 000kg airplane, approximately 106EPNdB, and 100EPNdB at 
flyover[7.6] 

Estimation of noise reduction of KO-22/23 

-exhaust velocity V9
~1250ft/s (ideal would be 1100ft/s, what might be achievable in case of increasing axillar inlet 

flow) 

-chevrons-12 of them installed in inlet door, noise amplitude reduction of 7-8dB and screech 10-25dB[7.8] 

-long duct forced mixer-1-2EPNdB at Lateral and takeoff; TRL 6-7[7.7] 

-acoustic tiles-suppression mixing low frequency noise[7.1] 

-inlet liners, and liners integrated with anti-icing system; TRL 4-6; 1-3dB[7.7] 

-zero splice inlet liners; TRL 7-9; 1-4dB[7.7] 

-turbine-hot stream acoustic liners, aerofoil counts; TRL 9; 2-4dB reduction[7.7] 

-combustor-cavity acoustic plugs; TRL 4-5; 4-9dB[7.7] 

-3 to 4 dB in broadband noise may be achieved by aerodynamic and geometric blade 
optimization via swept rotor design and swept and/or leaned stator designs, active stator 5-8dB (TRL 3)[7.7] 

8. Bearings 

 
Figure 8 .1 Scheme of engine and places of bearings 
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Even the best rotating machinery especially jet engines to work efficiently  and to be stable needs well placed and 
high quality bearings. As a main design option was decided to use classical bearings , which are well-know and 
reliable,  as ball and roller bearings. These are cheap and technology of usage and production are mastered. For this 
bearings would be used metal named: M50NIL. It is a high speed bearing steel that is melted as VIM + VAR melt 
type.  This grade has increased molybdenum which helps improve wear resistance and strength at high 
temperatures. [8.1] 
Also as an alternative was predicted usage of foil bearings. These bearings were designed specifically for high speed 
and high temperature applications and were successfully tested on  Boeing 737 during the early 1960s. Drawback of 
it is complicated system of air delivering and need of taking some part of air mass flow from the compressor which 
obviously will reduce such parameters like thrust. 

9. The lubrication system 

The lubrication system which we use is dual cycle installation. It is built similar to installation working in a shortened 
cycle, but around 10% of the oil from the cooler is directed through the reactor to the tanks. So in this kind of 
installation 90% of oil circulates skipping the oil tanks, but the remaining part does flow through. Behind it, a pump id 
placed which gives oil to the force pump. The diagram of the dual cycle installation is shown in figure 9.1. [9.1] 

 

Figure 9.1 Diagram of the dual cycle installation. 1- oil tanks, 2- auxiliary pump, 3- check valve, 4- heat sensor of forced oil, 5- force 
pump, 6- pressure sensor, 7- oil injector, 8- suction pump, 9- heat sensor of  oil extracted from the engine, 10- filter, 11- centrifugal froth 

breaker, 12- cooler of the oil, 13- reduction valve, 14- reactor [9.1] 

10. The fuel system 

The fuel system works closely with the engine management system but also with auxiliary installations, for example 
oiling. Applied by us the fuel system was used by jet engine CFM-56 which was flying in an airliner Boeing B737. 
The fuel from tanks flowing through the filters is directed to set of engine fuel pumps. The fuel is served first to the 
low-pressure pump, therefore subsequent flowing to the fuel-oil heat exchanger of electric generator and oil 
installation, then to the high-pressure pump. From this pump the fuel flows to the hydromechanical regulator, then 
through the electrohydraulic pilot valve that measures amount of fuel flowing. From the hydromechanical regulator, 
the fuel that flowed through a flow meter is directed to the combustion chamber injector. Excess fuel delivered to the 
electrohydraulic pilot valve is directed back before the high-pressure pump. Part of the fuel pressed through high-
pressure pump is used as a hydraulic fluid. This fuel is delivered from the hydromechanical regulator to the actuators, 
enabling the adjustment of variable stator blades.  The power supply system also comes through the airframe and 
engine stop valves, which ensure the safe operation of the engine and fuel cleaning filters.   [10.1] 
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Figure 10.1 Flow chart of fuel supply system: A-airframe, B-pump set, C-hydromechanical regulator; 1-fuel tanks, 2-filters, 3-pump, 4- 
engine stop valves, 5- low-pressure pump, 6- fuel-oil heat exchanger of electric generator, 7- fuel-oil heat exchanger of oil installation, 8-

high-pressure pump, 9- electrohydraulic pilot valve, 10- electromagnetical stop valve, 11- flow meter, 12- injector, 13- fuel-oil heat 
exchanger of control fuel, 14- engine auxiliary system, 15- engine digital electronic controller, 16- relay of fire protection system, 17- 

engine control lever, 18- airframe system [10.1] 

11. Conclusion 

Many of trade studies are made to predict as well as possible potentiality of engines. New technologies and 
advances calculations allows to project more efficiency mechanical devices. The engine KO-22/23 meet all of the 
requirements which are demanded for the next generation airliner.  

To visualize the giant step of technology the KO-22/23 was compared to previous generation supersonic airliners 
engine Rolls-Royce Olympus. Some values are collected below 

 SLS Thrust [lbf] SLS  TSFC  
[lb/lbf/s] 

Cruise TSFC 
[lb/lbf/s] 

Mass [lb] 

KO-22/23 64650 0.487 1.036 10300 
Rolls-Royce 
Olympus 

31000 1.39 1.195 7000 

Table 11.1 Comparison of previous and next generation supersonic aircraft 

Used of modern technology cause increase of efficiency and reduction of manufacturing costs. 

Almost no bleed short diffuser  with ramp control system inlet ensure well TPR – 0.952, reduces loses and prevent 
unsteady work of compressor. Utilization of high pressure ratio, hollow blades, bling and blisk technologies 
provide effective mass reduction, approximately 50%. Moreover, transpiration cooling system used in combustor 
and usage of only one row of dillution holes decrease emission of NOx and CO for about 30%. Also Turbine has 
its own film cooling system which increases lifetime of component, furthermore decision for using SiC/SiC CMC 
as main material allows to work in higher temperatures which allows to find optimal one and reduces mass. 
Convergent-divergent ensure high performance at all mission points. To reduce acoustic emission was used 
advanced shape mixer, chevrons and tiles.  
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Parameter Required Value Design Value Margin Relative to 
Requirement 

Hot Day Takeoff Thrust [lbf] 56570 56799 0.4% 
Max Thrust at Transonic 
Pinch Point 

14278 15193 6.4% 

Max Thrust at Supersonic 
Cruise 

14685 14829.43 0.9% 

TSFC at Take off 0.652 0.6147 5.7% 
TSFC at Transonic Pinch 
Point 

0.95 0.834 12.2% 

TSFC at Supersonic Cruise 1.091 1.036 5.04% 
Fan Diameter 89 89 0% 
Bare Engine Weight (excl. 
inlet) 

13000 10320 20.6% 

Takeoff Exhaust Jet Velocity 
[ft/s] 

1375 1250 9% 

LTO NOx [g/kN] 118.14 71.8 39.2% 
Supersonic Cruise NOx 
[g/kN] 

242.01 65.3 73% 

Table 11.2 Performance requirements matrix 

For last 50 years of aviation people have been expecting to fly commonly, relatively cheap and fast. Nowadays 
after studying needs of society and  due to new technology supersonic travels are closer than ever, however, even 
the best aircraft would not match these goals without proper propulsion like KO-22/23.
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