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ABSTRACT 

The objective of this article is to develop a method for 1+1/2 type vaneless counter rotating turbine (VCRT) 

modelling in gas turbine engines and to analyse the influence of the VCRT on a turbofan engine. By studying 

the off-design features of the VCRT, a new method to describe the VCRT characteristic map was established. 

The new turbine maps were integrated into the gas turbine performance simulation model based on component 

maps. The throttle performance of a low bypass counter rotating turbofan engine was simulated and the results 

were validated with engine test data. The validation results show that the new method improves the accuracy of 

the VCRT engine performance simulation. The influence of the VCRT on the engine steady state performance 

was illuminated by comparing the performance of a VCRT engine with that of a conventional engine. Under 

low engine load conditions, the insufficient work capacity of the VCRT low pressure turbine was detected due 

to the decrease of both its efficiency and pressure ratio. Consequently, the VCRT engine’s turbine inlet 

temperature, fan rotating speed, mass flow rate and engine thrust decreased while its specific fuel consumption 

increased compared to that of a conventional engine. 

Keywords: Vaneless counter rotating turbine, gas turbine engine performance simulation, turbine 

characteristic maps, velocity triangle 
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NOMENCLATURE 

VCRT Vaneless counter rotating turbine 

NPSS Numerical Propulsion System Simulation 

HP High pressure 

LP Low pressure 

 

Symbols 

C Absolute velocity [m/s] P Total pressure [Pa] 

Cp Specific heat capacity [J/(kg∙K)] Ps Static pressure [Pa] 

FN Nominal engine thrust [N] T Total temperature [K] 

f Function [-] U Circumferential velocity [m/s] 

k Ratio of specific heat capacity [-] W Relative velocity [m/s] 

L Work of turbo machinery [W] Wfb Combustor fuel flow rate [kg/s] 

l Specific work of turbo machinery [W/kg] π Pressure ratio [-] 

Ma Mach number [-] η Efficiency [-] 

m Mass flow rate [kg/s] β Beta value for compressor map [-] 

N Rotating speed of spool [1/min] ERR Error equations 

 

Subscripts 

a Air h High pressure part 

c Compressor in inlet 

cor Corrected value l Low pressure part 

core Core part of the fan r Required value 

duct Duct part of the fan t Turbine 

f Fan  u Circumferential component 

g gas des Design condition 

 

1.0  INTRODUCTION 

The thrust-to-weight ratio, which is a major parameter to judge the advancement of a supersonic propulsion 

system, is becoming higher and higher as the demand for airplane performance grows. Encouraged by this trend, 

many advanced technologies have been investigated, and the VCRT technology is regarded as one of the most 

promising.1, 2 

The VCRT referred to in this article is the 1+1/2 type. In this kind of turbine, the high pressure (HP) turbine 

stage consists of one row of stator vanes and one row of rotor blades, while the low pressure (LP) turbine stage 

has only one row of rotor blades. The rotational direction of the HP rotor is contrary to that of the LP rotor, thus 

making the HP turbine blades able to provide the prewhirl for LP turbine blades. Consequently, LP guide vanes 

are eliminated. On one hand, the elimination of LP guide vanes contributes to shorter and lighter engine 

structures, thus increasing the engine thrust-to-weight ratio. On the other hand, counter rotating of the two rotors 

decreases the gyroscopic couple of the airplane during flight maneuvers, which ensures better airplane 

maneuverability.3, 4 

An essential step in the research of the VCRT technology is to simulate its performance in a gas turbine engine. 

Gas turbine engine performance simulation models have been built up to have different levels of fidelity and 

complexity. The famous Numerical Propulsion System Simulation (NPSS)5, 6 and the de-coupled gas turbine 

engine simulation model developed by Pachidis et al7, 8. are able to simulate the engine performance and provide 

three-dimensional component inner flow fields. However the most practical and widely used engine 

performance simulation model is the component maps based performance simulation model. It was first 

published by the NASA Lewis Research Centre in 1975.9 Its component maps based structure and off-design 

points matching technique have laid the foundation for many gas turbine engine performance simulation 

software such as the well-known Gasturb and the Gasturbine Simulation Program (GSP).10, 11 Since the 

component maps based model provides enough detail for engine performance design and analysis, it was chosen 

to simulate the performance of a VCRT turbofan engine.  
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The key of a high fidelity engine performance simulation, which uses the component maps based model, is 

appropriate component characteristic maps that represent the performance of each component. The more 

accurate the maps are, the closer the results reach the real performance of the engine. Therefore, accurate VCRT 

characteristic maps are essential to simulate the performance of a VCRT gas turbine engine.  

A literature review was done to find descriptions of VCRT characteristic maps. Systematic research was carried 

out regarding a VCRT’s aerodynamic design,12, 13 hot streak effect,14, 15 off-design condition flow control,16 and 

cooling of turbine assemblies17 at the Institute of Engineering Thermophysics (IET) at the Chinese Academy of 

Sciences (CAS). Experimental work was also done by other researchers to demonstrate the VCRT’s capability 

to increase the gas turbine engine’s thrust-to-weight ratio.1, 18, 19 The effects of speed ratio on the performance 

and flow field of a counter rotating turbine was investigated by means of the CFD simulation.20 

However, the studies mentioned above were either focused on the design and optimization of turbine elements 

or the analysis of flow field details. The description and application of VCRT characteristic maps in an engine 

performance simulation model are not yet discussed.  

In this study, a new method was brought forward to describe VCRT characteristic maps by considering the 

influence of the HP turbine rotor on the LP turbine performance. Then the performance of a counter rotating 

turbofan engine was simulated and the method was validated using engine test data. With this method, the 

influence of a VCRT on the steady state performance of a turbofan engine was analysed. 

2.0  MODELING OF THE VCRT 

Appropriate characteristic maps of the VCRT are essential to the performance modelling of a VCRT engine. In 

this section, the off-design features of the VCRT are analysed initially in terms of the velocity triangle. Based on 

the analysis, the characteristic maps of the HP turbine and the LP turbine in a VCRT are described separately. 

Then the newly generated VCRT maps are integrated into the simulation model for a low bypass turbofan 

engine. 

2.1 Off-design features of the VCRT. 
As is shown in Figure 1, in a VCRT, the HP rotor provides the preswirl for the LP rotor directly as a 

consequence of the elimination of LP guide vanes. The HP turbine operating condition determines the velocity 

triangle and further influences the performance of the LP turbine. The velocity triangle method, introduced by Ji 

L,3 is used here to analyse the off-design features of the VCRT. The analysis can be performed from two aspects. 

One is varying the HP stage back pressure, the other is varying the HP rotor rotational speed. Note that this 

section does not offer precise quantitative analyses. Instead, it is based on theoretical analysis which illuminates 

how the HP turbine influences the LP turbine. 

 

Figure 1. Velocity triangles of vaneless counter rotating turbine 

In Figure 1, U1 and U2 stand for the rotational speeds of the HP rotor and the LP rotor respectively. W1 denotes 

the relative outflow velocity of the HP rotor, and W2 the relative inflow velocity of the LP rotor. C1 equals C2 

and stands for the absolute outflow velocity of the HP rotor, or the absolute inflow velocity of the LP rotor, and 

C3 the absolute outflow velocity of the LP rotor. α1 equals α2 and denotes the absolute flow angle between the 

HP and LP rotor, α3 the LP rotor outflow angle. β2 and β3 represent the relative in- and outflow angles of the LP 

rotor. 



4 ISABE 2017  

2.1.1 Varying back pressure. 
In this case, the rotational speed of the HP rotor is kept constant. The magnitude of the relative outflow velocity 

of a blade row changes with varying back pressure. So the off-design operation of varying back pressure can be 

presented in terms of how the changed relative outflow velocity of the HP turbine influences the velocity 

triangle and the performance of the LP turbine. The HP turbine relative outflow velocity increases as a 

consequence of decreasing HP rotor back pressure, see Figure 2. 

 

Figure 2 Varying back pressure 

The main changes of the velocity triangle and their influences on the LP turbine performance can be drawn as 

follows. 

1. Assume that the velocity triangle denoted by black vectors in Figure 2 provides the ideal angle of 

incidence for the LP rotor. The LP turbine efficiency decreases due to increased angle of incidence of the LP 

rotor. 

2. The mass flow of the LP turbine increases as a consequence of an increase of the meridianal component 

of the LP rotor inflow velocity, see C2cosα2 in Figure 2. 

3. The LP turbine pressure ratio is closely related to the LP turbine’s specific work. Equation (1) and 

equation (2) define the turbine specific work in different terms. The former is in terms of the velocity triangle 

and the latter in terms of thermodynamic parameters. 

lt=U2 (C3sinα3 + C2sinα2) … ( 1 ) 

lt=Cpg Tin (1-1 / πt
(k-1)/k) ηt … ( 2 ) 

From equation (2), the turbine pressure ratio is derived as equation (3). Known from equation (3), the LP turbine 

pressure ratio increases with an increasing lt or decreasing ηt.  

πt =(1- lt / Cpg Tin ηt)-k/(k-1) … ( 3 ) 

C2 and α2 in Figure 2 both increase as W1 increases, thus causing lt to increase, see equation 1. Additionally, the 

efficiency decreases as stated in item 1. Known from equation 3, the LP turbine pressure ratio increases as the 

HP turbine back pressure decreases. 

2.1.2 Varying rotational speed. 
In this case, the back pressure of the HP stage is kept constant. The velocity triangles of varying rotational speed 

are shown in Figure 3. Assuming that U1 increases, shown as dU1, conclusions can be drawn as follows. 
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Figure 3. Varying rotational speed 

1. Assume that the velocity triangle denoted by black vectors in Figure 3 provides the ideal angle of 

incidence for the LP rotor. The LP turbine efficiency decreases due to decreased angle of incidence of the LP 

rotor. 

2. The mass flow of the LP turbine remains the same as is the meridianal component of the LP rotor inflow 

velocity, see C2cosα2 in Figure 3. 

3. The LP turbine specific work lt which can be derived as U∙ΔCu decreases as a consequence of C2 and α2 

decreasing, which further causes the LP turbine pressure ratio to decrease. Additionally, the efficiency decreases 

as stated in item 1, which is beneficial for the LP turbine pressure ratio to increase. In this case, the trend of the 

LP turbine pressure ratio becomes unpredictable. 

The velocity triangle analysis above is far from the reality of the VCRT off-design operation due to insufficient 

consideration of the 3D effect, the flow separation and the viscosity of the gas. Yet it offers a sense of how the 

HP turbine operating conditions influence the LP turbine performance. In a conventional turbine, these 

influences are ‘filtered’ by the stator ahead of the LP rotor which makes the LP turbine independent of the HP 

turbine’s operating condition. While in a VCRT, these influences should not be ignored. The HP turbine back 

pressure, represented by the pressure ratio, and the HP turbine rotational speed should be introduced into the 

description of the LP turbine’s characteristics. 

2.2 Description of VCRT characteristic maps 

In this section, the description of the VCRT HP turbine map and the VCRT LP turbine map are discussed and 

presented separately. The HP turbine maps have the same form as the traditional turbine. For the LP turbine 

maps, the HP turbine operating parameters, i.e. the pressure ratio and the rotational speed, are introduced into 

the description to consider their influence on the LP turbine performance. 

2.2.1 Description of HP turbine maps. 
Since the structure and mechanism of the HP turbine in a VCRT are the same as those of a conventional turbine, 

the VCRT HP turbine maps should also be the same as conventional turbine maps. In conventional turbine maps, 

the corrected mass flow, see equation (4), and the efficiency, see equation (5), are described as functions of the 

corrected rotational speed and the pressure ratio, see Figure 4. 

mh,cor = f1(Nh,cor, πt,h) … ( 4 ) 

ηt,h = f2(Nh,cor, πt,h) … ( 5 ) 

For each line in Figure 4, the corrected rotational speed is constant. The corrected mass flow, see Figure 4(a), 

and the efficiency, see Figure 4(b), change with the pressure ratio. Note that the values in Figure 4 are all 

relative values compared with design data. 
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(a) Corrected mass flow vs. pressure ratio               (b) Efficiency vs. pressure ratio 

Figure 4. HP turbine maps of a VCRT 

2.2.2 Description of LP turbine maps. 
According to the analysis of the off-design features of the VCRT, the HP turbine back pressure and the 

rotational speed influence the LP turbine performance. Thus, the HP turbine pressure ratio πt,h and corrected 

rotational speed Nh,cor are introduced into the description of VCRT LP turbine characteristic maps. In addition, 

the LP turbine’s own pressure ratio πt,l and corrected rotational speed Nl,cor are also used. Finally, the LP turbine 

maps are described as functions of four parameters as shown in equation (6) and (7). 

ml,cor = f3(Nh,cor, πt,h, Nl,cor, πt,l) … ( 6 ) 

ηt,l = f4(Nh,cor, πt,h, Nl,cor, πt,l) … ( 7 ) 

Among the four variables on the right side of equation (6) and (7), Nh,cor and πt,h introduce the influence of the 

HP turbine on the LP turbine, while Nl,cor and πt,l define the operating condition of the LP turbine. With two 

additional variables compared to the conventional turbine maps, the VCRT LP turbine maps are more 

complicated from the aspect of both description and interpolation. However, the LP turbine maps will be the 

same as conventional turbine maps with fixed values of Nh,cor and πt,h. 

 

(a) Corrected mass flow vs. pressure ratio               (b) Efficiency vs. pressure ratio 
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(c) Corrected mass flow vs. pressure ratio               (d) Efficiency vs. pressure ratio 

 

 (e) Corrected mass flow vs. pressure ratio               (f) Efficiency vs. pressure ratio 

Figure 5. Vaneless counter rotating turbine low pressure turbine maps 

Figure 5 shows the LP turbine maps of a vaneless counter rotating turbine. All the data provided is the relative 

value divided by the LP turbine design data. The maps are divided into three groups by means of the variable 

separation approach according to different values of Nh,cor. Each group stands for a fixed Nh,cor and contains two 

sets of characteristic data regarding two πt,h values. For each line in Figure 5, the LP turbine corrected rotational 

speed is constant. As stated before, with fixed values of Nh,cor and πt,h, the LP turbine maps are the same as 

conventional turbine maps. For the purpose of higher fidelity, more Nh,cor and πt,h groups with a smaller step 

length are suggested. 

Four variables, Nh,cor, πt,h, Nl,cor and πt,l, in conjunction with the quaternion interpolation algorithm are required to 

get the exact values of ml,cor and ηt,l from the LP turbine maps presented above. The discussion of the quaternion 

interpolation algorithm is beyond the scope of this paper. The integration of the VCRT maps with the engine 

performance simulation model are discussed in the following section. 

2.3 Modelling of the VCRT in a turbofan Engine 

The objective engine used in this paper is a twin-spool low bypass turbofan engine which employs the 1+1/2 

type VCRT. A sketch of the objective engine, with station numbers, is shown in Figure 6. The definition of the 

station numbers are given in Table 1. 
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Figure 6. Sketch of two-spool mixed turbofan engine employing VCRT 

 

Table 1 

Engine station number definition 

Station number Definition 

0 Ambient condition 

2 Fan entrance 

22 Fan exit / Bypass entrance 

21 Fan exit / Compressor entrance 

3 Compressor exit / Combustor entrance 

4 Combustor exit / HP turbine entrance 

45 HP turbine exit / LP turbine entrance 

5 Turbine exit / Mixer entrance hot flow 

5Π Bypass exit / Mixer entrance bypass flow 

7 Mixer exit / Nozzle entrance 

9 Nozzle exit 

 

The performance simulation model of this VCRT turbofan engine is established by integrating VCRT maps with 

the component maps based simulation model. The steady state performance simulation model of a traditional 

twin-spool low bypass turbofan engine is presented in Table 2.21, 22 

Table 2 

Matching equations of twin-spool mixed turbofan engine 

State factors βf,duct、βf,core、βc、T4、Nl、πt,h、πt,l 

Equations 

ERR1=(mf,core - mc) / mc 

ERR2=(mh,cor - m’h,cor) / mh,cor 

ERR3=(ml,cor - m’l,cor) / ml,cor 

ERR4=(Lt,h - Lc) / Lt,h 

ERR5=(Lt,l - Lf) / Lt,l 

ERR6=(Ps5 - Ps5Ⅱ) / Ps5 

ERR7=(P7 - P7r) / P7 

Control parameter Nh 

 

Wherein, ERR1-ERR7 stand for error equations detected during the aero-thermodynamic calculation along the 

engine flow path. ERR1 denote the mass flow balance equation between the core part fan and high pressure 

compressor. ERR2, ERR3 stand for the mass flow balance equation between combustor and HP turbine and that 

between HP turbine and LP turbine. ERR4, ERR5 denote the power balance between HP turbine and compressor 

and that between LP turbine and fan. ERR6 stand for the mixer inflow static pressure balance. ERR7 denote the 

nozzle mass flow balance. 

As is shown in Table 2, 7 state factors are estimated and 7 error equations can be detected when performing the 

aero-thermodynamic calculation along the engine flow path. Consequently, a 7 dimensional nonlinear equation 
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group is established. The Newton-Raphson method is employed to iterate the state factors until all the equations 

are balanced and the matching point is found. 

Since state factors and balance equations in the component maps based simulation model is partly determined 

by the turbine maps description and interpolation, they should be checked due to the implementation of the 

VCRT turbine maps. Four variables, Nh,cor, πt,h, Nl,cor and πt,l, are needed to interpolate the corrected mass flow 

and the efficiency from those VCRT LP turbine maps. With Nh given as a control parameter, three other 

variables, Nl, πt,h and πt,l, should be estimated as state factors. Additionally, two balance equations, i.e. the power 

balance between the LP turbine and the fan and the mass flow balance between the HP and LP turbine, can be 

detected. Compared with Table 2, the state factors and balance equations remain the same as in a conventional 

engine simulation model. 

All in all, the difference between the VCRT engine model and the conventional one lies only in the fact that the 

former employs the quaternion interpolation method in the LP turbine map interpolation. This feature ensures 

minimum modification of the engine simulation model when using the new VCRT maps. 

3.0  VALIDATION 

A ground test of the relevant turbofan engine was performed on a ground test bed and the main steady state 

parameters were measured. This test data was corrected to the sea level international standard atmosphere (ISA) 

condition according to the similarity theory before it was used to validate the VCRT engine simulation model. 

More details of the experiment were introduced by Jia L.22 Note that the values in Figure 7 are all relative values 

compared with design data. 

 

(a) Net thrust                                                   (b) Fan mass flow rate 

 

(c) Rotational speed of low pressure spool 

Figure 7. Simulation results validation 
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Figure 7 shows the corrected test data and performance simulation results of the engine thrust FN, the fan mass 

flow mf, and the LP spool speed Nl, versus the HP spool speed Nh. The simulation results employing 

conventional turbine maps are also provided to show the difference between these two turbine map description 

methods. The data shown in these figures are all relative values. 

 

 

Figure 8. Deviations comparison of two methods 

Figure 8 shows the relative deviations of the simulation results. As seen in Figure 8, in the region of Nh > 80%, 

the deviations of both methods are within 5.5%. However, significant differences are detected under the 

condition of Nh ≤ 80%. The deviations of the new method is obviously smaller than those of the conventional 

method. The maximum relative deviations of FN, mf and Nl of the new method are 8.1%, 4.8% and 2.5% 

respectively, while these deviations for the conventional method are 17.4%, 9.3% and 6.0% respectively. These 

results indicate that the new method for counter rotating turbine modelling can improve the accuracy of engine 

performance simulation, especially for deep throttle conditions. 

4.0  PERFORMANCE ANALYSIS 

The new VCRT map description method ensures a higher fidelity VCRT engine performance simulation, 

making it reliable to analyse the influence of the VCRT on a gas turbine engine using simulation data. In other 

words, a comparison was performed between the performance simulation results of a VCRT engine and those of 

a conventional engine. The design parameters of these two engines are the same, except for their LP turbine 

assemblies. The VCRT engine uses the VCRT maps provided in the previous section. The conventional turbine 

maps used by the other engine is produced with the VCRT HP turbine rotational speed and pressure ratio fixed 

at design values. 

4.1 Steady state performance simulation and analysis 

The sea level ISA throttle performance of the two relevant engines were simulated. The simulation results are 

shown in Figure 9. Since the results of engine thrust, fan mass flow rate and LP rotational speed are already 

given in Figure 7, they will not be shown again here. Note that the values in Figure 9 are all relative values 

compared with design data. 
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          (a) Specific fuel consumption                       (b) Total temperature at NGV entrance 

Figure 9. Throttle performance comparison 

As seen in Figure 7 and Figure 9, in the region of Nh ≥ 80% no significant difference in FN, mf and sfc is 

detected. However, when Nh is below 80%, FN, mf and T4 of the VCRT engine are smaller, while the sfc 

becomes higher than those of the conventional one. These differences keep growing with the rotating speed 

decreasing. Take the state of Nh = 70% for instance, the FN, mf and T4 of the VCRT engine are respectively 13%, 

4% and 3% lower while the sfc is 4.5% higher. 

 

(a) Low pressure turbine efficiency                 (b) Low pressure turbine pressure ratio 

Figure 10. Low pressure turbine performance in throttle rating 

A conclusion can be drawn that the FN, mf and Nl of the VCRT engine all present a sharper decrease compared 

with those of the conventional engine during engine throttling. To fully understand how the VCRT influences 

the engine performance, the LP turbine performance is shown in Figure 10. Also, the specific work ratio 

(SWR=lt,h / lt,l) are provided in Figure 11. 
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Figure 11. Specific work ratio vs. throttle setting 

Again, the trend of πt,l is divided into two parts by the point of Nh ≈ 80%. On the right side, πt,l of the counter 

rotating turbine is larger than that of the conventional one, while the former is lower than the latter on the left 

side. Where Nh = 70%, the πt,l of the counter rotating turbine is about 3% lower. However, along the throttle 

operating line, the ηt,l of the counter rotating turbine is always lower. The difference reaches about 2% at the 

point of Nh = 70%.  

The efficiency trend is not contrary to the conclusions drawn by Ji L3 and Louis23 that the VCRT has the 

potential to maintain higher efficiency than a conventional turbine. Instead, it indicates the complicated 

mechanism and challenge of the VCRT on off-design points. To focus only on the off-design performance of the 

VCRT engine, the design turbine efficiency of these two engines were assumed to be the same. The lower 

efficiency detected in VCRT off-design operation is caused by the change of velocity triangles, as was discussed 

in the section of VCRT off-design features analysis. 

A sharper decrease of the engine thrust is detected in the VCRT engine during engine throttling. The decrease of 

the engine thrust is attributed to both the decrease of the specific thrust and the engine mass flow. For the VCRT 

engine in the region of Nh < 80%, on one hand, lower πt,l and ηt,l result in lower LP turbine work and lower fan 

rotational speed, see Figure 11(a), which further causes a decrease of the fan mass flow, see Figure 9(b). On the 

other hand, the decrease of the fan rotational speed and the pressure ratio result in lower compressor mass flow. 

Further, the change of the velocity triangles causes both the HP turbine reaction degree and the SWR to increase, 

see Figure 11(b). In this circumstance, for a given Nh, the counter rotating engine works at lower T4 and thus 

lower engine thrust. 

The specific work of the VCRT LP turbine decreases more sharply than that of a conventional turbine during 

throttling. In other words, the SWR of a VCRT engine increases faster during this process. This trend provides 

evidence for Ji L’s conclusion that the insufficient work capacity of the VCRT LP turbine under off-design 

conditions is a constraint to the application of the VCRT.3 Flow control methods such as the suction surface 

bump in HP rotor, the variable HP guide vane, and the coolant injection in HP rotor are suggested and studied to 

obtain better off-design performance by the VCRT.3, 13 

4.2 Transient performance simulation and analysis 

The transient state performance of a gas turbine engine is a key to evaluate the engine availability. So the 

influence of a VCRT on engine transient performance, such as the transient duration and the operating line, is 

also investigated in this paper. 

In engine transient maneuver, the change of thermodynamic parameters cause transient effects, such as the rotor 

acceleration and deceleration, the change of turbo machinery tip clearance, the storage of mass and energy in 

volumes and the heat suctions in engine structures. Refs. [24] and [25] offered some correlations to take these 

factors into consideration in an engine transient performance simulation model. 

The transient effects are considered and the engine transient performance simulation model is developed based 

on the steady state simulation model. The engine transient performance simulation is in fact a matter of solving 
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differential equations. The implicit Euler scheme is utilized to establish the equations and again the Newton-

Raphson method is used to solve them. 

The transient performance of some counter rotating turbofan engine is simulated employing the transient 

performance simulation program. To indicate the effects of the VCRT on engine transient performance, the 

simulation results is again compared with that of a conventional turbofan engine. 

4.2.1 Acceleration performance simulation and analysis 
Given the same acceleration control schedule (Wfb/P3 =f5 (Nh)), engine acceleration performance is simulated. 

The acceleration interval is from 65% Nh to maximum Nh and the engine works at sea level ISA, Ma=0.0. (See 

Figure 12) 
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Figure 12. Counter rotating turbofan engine acceleration performance 

As can be seen from Figure 12(a), given the same acceleration control schedule, the acceleration time of the 

VCRT engine is longer. The trend of the turbine inlet total temperature is similar and both encounter an over 

temperature of 5% of the designed T4 (Figure 12(b)). 

Figure 12(c) and Figure 12(e) illuminate the reason why a lag is detected in VCRT engine acceleration. For low 

Nh conditions, the changes of Nl and Nh cause the change of the velocity triangles of the LP turbine which finally 

leads to the decrease of both the LP turbine efficiency and the pressure ratio. Although the LP turbine efficiency 

and the pressure ratio of the VCRT engine is higher near design point, it can’t make up the delays at the 

beginning of the acceleration. 

In Figure 12(f), no significant difference is detected in the gas generator operating lines. This can also be 

explained using the gas turbine engine matching theory in which the operating line of the gas generator is 

regarded to be a single line with the LP turbine throat being critical or super critical.  

4.2.2 Deceleration performance simulation and analysis 
Given the same deceleration control schedule (Wfb/P3 =f4 (Nh)), engine deceleration performance is simulated. 

The deceleration interval is from the maximum Nh to 65% Nh and the engine works at sea level ISA, Ma=0.0. 

(See Figure 13) 
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Figure 13. Counter rotating turbofan engine deceleration performance 

As shown in Figure 13(a), the deceleration time of the counter rotating turbofan engine is longer than that of the 

conventional one, given the same deceleration control schedule. Also the trends of the turbine inlet total 

temperature are the same (Figure 13(b)). 

The ratio of Nh to Nl for the counter rotating engine is higher (Figure 13(c)) because its fan rotating speed is 

lower at the same HP spool rotating speed. Meanwhile, the efficiency and the pressure ratio of the counter 

rotating LP turbine are also lower than those of the conventional one (Figures. 13(d) and 13(e)), which is 

conductive to engine deceleration. However, due to the reason that the ending LP rotating speed is lower, the 

deceleration time of counter rotating engine is still longer than that of the conventional one. 

As is shown in Figure 13(f), no significant difference is detected in the gas generator operating lines during 

deceleration. 

5.0  CONCLUSION 

In this paper, a new method of the VCRT maps description was established. The maps are integrated with the 

engine performance simulation model and the simulation results of a low bypass turbofan engine were validated 

with test data. The influences of the VCRT on the engine performance was studied by means of comparing the 

performance of a VCRT engine with that of a conventional engine. 



16 ISABE 2017  

Validation results prove that, by considering the influence of the HP turbine on the LP turbine, the new method 

of the VCRT performance modelling can improve the accuracy of VCRT engine performance simulation.  

In comparing the performance of these two engines, no significant difference is detected near design conditions. 

While under deep throttle conditions, the insufficient work capacity of the VCRT low pressure turbine is 

detected due to the decrease of both its efficiency and pressure ratio. Consequently, the engine thrust, the fan 

mass flow, the HP turbine inlet temperature and the LP spool rotating speed decrease while the specific fuel 

consumption increases. To improve the off-design performance of the VCRT engine, some flow control 

methods are suggested. 

The VCRT maps description method and the VCRT turbofan engine simulation model introduced in this paper 

can be adjusted for other type of gas turbine engines which employ a VCRT. Also, the performance analysis can 

be a guide for VCRT engine design and analysis. 
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