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Abstract: The structure of a counter-rotating turbine of an 
underwater vehicle is designed by adding the counter-rotating 
second-stage turbine disk to the conventional single-stage turbine. 
The available kinetic energy and the absorption power of the 
auxiliary system are calculated at different working conditions, and 
the results show that the power of the main engine and auxiliary 
system at the counter-rotating turbine system matches well with 
each other. The technology scheme of the counter-rotating turbine 
system is proposed, then the experimental simulation of the 
lubricating oil loop, fuel loop, and seawater loop is completed. The 
simulation results indicate that the hydraulic transmission system 
can satisfy the requirements for an underwater vehicle running at a 
steady sailing or variable working conditions.  
Keywords: underwater vehicles, counter-rotating turbine system, 
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1 Introduction1 

The turbine used for underwater vehicles is an axial-flow, 
short-blade, and partial-air admission impulse turbine engine. 
Some of its examples include the single-stage impulse 
turbine, multi-stage impulse turbine, and reentry impulse 
turbine. Speed loss for single-stage turbine is quite large, 
indicating that working gas still has higher kinetic energy 
after passing through the turbine, and that the intersection 
angle between air flow velocity and the axis of the turbine is 
still large, thus requiring the use of the kinetic energy of jet 
flow (Molland, 2011; Ahmadi et al., 2016; Huang et al., 
2016). 

The counter-rotating turbine system is mainly used in the 
aerospace area. The RB529 and the RB211 turbofan engine 
made by the Rolls-Royce Group in the UK adopted the 
counter-rotating turbine system. NASA carried out the 
energy efficient engine research program in 1970s, which 
considered the counter-rotating turbine system (Fang et al., 
2005). The F119-PW-100 turbofan engine used in the F-22 
fighter jets also uses a counter-rotating turbine technology.  

In China, research on counter-rotating turbine technology 
is still at the initial stage. Cai analyzed the characteristics of 
the element stage of the counter-rotating turbine (Cai, 1992), 
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whereas Yan expounded on the design principles of the 
liquid rocket engine turbo pump using the counter-rotating 
turbine (Yan, 1991). Moreover, other scholars have studied 
this system and investigated the flow field, the blade, and 
the cooling of the system (Quan et al., 2002; Yan, 2003). 

This paper presents a method of adding a counter rotating 
second-stage turbine disk to the single-stage turbine, which 
achieves an unfixed proportional relative rotation with 
aerodynamic coupling; here, the first-stage turbine drives 
the propeller and the second-stage turbine drags the 
auxiliary system with planet deceleration mechanism (Raha 
et al., 2002; Hu et al., 2015; Zhao et al., 2015). 

2 Counter-rotating turbine 

A counter-rotating turbine consists of a group of nozzles 
and two working turbines with the same structures. A 
diagram of the impulse counter-rotating turbine (Zhao, 2002; 
Akin and Sanz, 2014; Subbarao and Govardhan, 2014; 
Finney, 2011; Wang et al., 2011) is shown as Fig. 1. 

 

 
1. Shaft; 2. Turbine disk; 3. Working blade 1; 4. Nozzle; 

5. Working blade 2; 6. Case; 7. exhaust pipe 

Fig. 1 Cross-section view of the counter-rotating turbine 
engine 

Fig. 2 and Fig. 3 show the velocity triangles of working 
blade 1 and working blade 2, respectively (Baughman et al., 
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2004; Ji et al., 2008). In these figures, c1 denotes absolute 
velocity of gas at the inlet; w1 is relative velocity; c2 denotes 
absolute velocity of gas at the outlet; w2 is relative velocity; 
u is rotating speed; a is the direction of first-stage turbine 
shaft; u is the direction of rotating speed, α1 and α2, β1 and β2 
are the intersection angle between turbine disk plane and 
velocity, respectively. The aforementioned variables 
represent the parameters of working blade 1; the variables of 
working blade 1 are the same but with the superscript values 
(Johansson et al., 2015; Kanner, 2015). 

Fig. 2 and Fig. 3 demonstrate the flowing situation of the 
fuel gas in the working blades, which contributes to the 
performance calculation of the counter-rotating turbine 
system. 

 
Fig. 2 Velocity triangle of working blade 1 of the first-stage 

turbine 

 
Fig. 3 Velocity triangle of working blade 2 of the 

second-stage turbine 

3 Power balance of the counter-rotating 
turbine system  

While utilizing the second-stage turbine to drag the 
auxiliary system, the auxiliary system power and the 
available kinetic energy of the second-stage turbine change 
at different working conditions. To ensure the normal 
operation of vehicles, the auxiliary system power should 
match the available kinetic energy, which means that the 
available kinetic energy of the second-stage turbine must be 
larger than the power of auxiliary system. Hence, the 
auxiliary system power and the available kinetic energy of 
the second-stage turbine must be respectively calculated. 

The power of the generator to drive the electrical 
equipment changes little with the turbine power, so the 
generator power can approximate to constant as expressed 
by 

gP C                     (1) 

The power of the fuel pump, the oil pump, and the 
seawater pump can be computed using the equation 

/k k k kP p Q                   (2) 

where Δpk means the pressure rise of each pump, Qk denote 
the volume flow rate, and ηk is the efficiency of the pump. 

The second-stage energy can be obtained by calculating 
the outlet gas kinetic energy of the first-stage energy using 

2
20.5kvP mc                    (3) 

The power of the propeller is decided by the velocity 
triangle of working blade 1. 

 1 1 2 2cos cosp pP k mu c c            (4) 

The results of these computations are shown in Table 1.

Table 1 Comparison of power of energy system 

Speed/kn Generator Fuel pump Oil pump
Seawater 

pump 
Auxiliary 

power 
Second-stage 

energy 
Propeller 

Improved 
efficiency/% 

30 7 1.3 1.22 12.4 21.9 70.49 64.8 25.20 

50 7 8.5 3.4 29.3 48.2 163.78 300 13.80 

70 7 33.89 6.67 54.7 102.36 233.93 823.3 11.06 

 
Conventionally, the power of the auxiliary system at 

vehicles is dragged by the first-stage turbine, and the kinetic 
energy of working gas at the turbine outlet cannot be used. 
As shown in Table 1, the overall efficiency of the power 
system improves by approximately 10% at high working 
conditions when the second-stage turbine drags the auxiliary 
system, and reduces with the velocity of vehicles. Moreover, 
the auxiliary system power accounts for a higher proportion 
when vehicles are working at low velocity, at which the 
overall efficiency of power system would be much larger 
(Fu et al., 2012; Liu et al., 2013). 

Hence, the second-stage turbine that drags the auxiliary 
system has a great help in increasing the efficiency of the 

power system, which in turn, improves vehicle speed and 
range correspondingly. This method provides theoretical 
foundation for future studies on the design of a turbine 
power system for use by underwater vehicles.  

4 Counter-rotating turbine system model 

The schematic diagram of the underwater vehicle 
counter-rotating turbine power system is shown in Fig. 4, in 
which turbine engine is placed at the power tank of vehicles, 
and the output shaft of the first-stage drags the propeller 
through deceleration. The planet deceleration mechanism is 
deployed in the engine, after which the second-stage turbine 
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drags the generator, fuel pump, seawater pump, lubricating 
oil pump, proportional relief valve at the seawater loop, 
proportional pressure-reducing valve at the seawater loop, 

proportional relief valve at the lubricating oil loop, and other 
servo mechanisms and motors (Luo et al., 2009). 

 
Fig. 4 Schematic diagram of the counter-rotating turbine system’s structure 

In accordance with the command information from the 
onboard computer, the rotating speed controller would 
control the fixed rotating speed of the second-stage turbine 
at any given working condition (the rotating speed of the 
second-stage turbine at high working condition is taken as 
the theoretical rotating speed). Then, the control signal is 
outputted according to the theoretical rotating speed and real 
rotating speed from speed sensor in order to define the 
output flow of the lubricating oil, the pressure after seawater 
pump, and output flow (Ang et al., 2005; Jaw and Mattingly, 
2009; Solingen and Wingerden, 2015; Saxena and Hote, 
2016). 

The mass flow rates of seawater, fuel, and lubricating oil 
change greatly at different working conditions, such as 
variable velocity and variable depth. Therefore, the 
controller sends the control command to change the inclined 
dish angle of the fuel pump, so that the mass flow rate of the 
fuel pump becomes equal to the required fuel flow at this 
working condition (Mccurry et al., 2009; Gao and Gao, 
2016). Meanwhile, by adjusting the overflow rate of 
proportional relief valve at the lubricating loop, the 
lubricating oil rates at different components and friction pair 
match the required lubricating oil rate at this specific 
working condition. The proportional pressure-reducing 
valve at the seawater loop can change the pressure after 

seawater pump, and by adjusting the proportional relief 
valve, the pressure and flow rate at the seawater loop 
matches the required pressure and flow rate at this working 
condition. The output power of the second stage is balanced 
with the seawater loop and the lubricating loop (Xue et al., 
2007). 

5 Simulation experiment 

The schematic diagram of the counter-rotating turbine 
system is shown in Fig. 5. As can be seen, working blade 1 
drives the propeller, and working blade 2 drives the 
auxiliary system, including the lubricating oil loop, fuel loop, 
and seawater loop. 

 

 
Fig. 5 Schematic diagram of the counter-rotating turbine 

system 
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The counter-rotating turbine system employs the 
closed-loop control mechanism. The closed-loop control 
system structures for the rotating speed of working blade 1 
and working blade 2 are presented in Fig. 6 and Fig. 7, 

respectively, where Gc(s) is the transfer function of the fuel 
pump displacement control mechanism, and the subscripts i 
and j of the transfer function Gij(s) refer to the input and 
output, respectively. 

 

 
Fig. 6 Closed-loop control system structures for the rotating speed of working blade 1 

 
Fig. 7 Closed-loop control system structures for the rotate speed of working blade 2 

 
By modeling the turbine system, we can simulate the 

response characteristics of the auxiliary system under 
variable conditions of underwater vehicles equipped with 
the counter-rotating turbine system. 

5.1 Lubricating oil loop 
Fig. 8 and Fig. 9 indicate the variation curves of 

lubricating oil flow when vehicles are working at variable 
depth and velocity conditions, respectively. When t=0 s, the 
velocity of vehicle v is equal to 70 kn, and the sailing depth 
y is 30 m. The velocity of vehicles is reduced from 70 kn to 
50 kn from 0 s to 10 s; moreover, the required lubricating oil 
for every component and friction pair is decreased, whereas 
the lubricating oil flow passing through proportional relief 
valve at lubricating oil loop increased. Vehicles descend 
from 30 m to 300 m from 10 s to 30 s, and the real velocity 
of vehicles is below 50 kn as a result of the increase of 
seawater back pressure. Moreover, the required lubricating 
oil for the power system would decrease, and thus, the flow 
passing through proportional relief valve at lubricating oil 
would increase slightly. Vehicles dive to 300 m at 30 s. The 
seawater back pressure remains unchanged from 30 s to 40 s, 
the velocity returns to 50 kn gradually, and the depth 
remains at 300 m. Therefore, the flow passing through 
proportional relief valve at the lubricating oil loop would 
decrease slightly. 

 
Fig. 8 Required flow rate of lubricating oil of every 

component at working conditions with varying 
depths and velocities 

 

 
Fig. 9 Flow rate of the relief valve at lubricating oil loop at 

working conditions with varying depths and velocities 
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5.2 Fuel loop 
The fuel pump sucks fuel from fuel storage tank, which is 

delivered to the combustion chamber after being pressurized 
by the variable displacement fuel pump. The fuel pump 
connects with the second-stage turbine with a constant 
rotating speed. The output flow of the fuel pump is changed 
by altering the inclined disk angle of the fuel pump with the 
servo mechanism. The variation curve of the output flow of 
the fuel pump at working conditions with varying velocities 
and depths are shown in Fig. 10. As can be seen, the velocity 
of vehicle v is equal to 70 kn at 0 s, and the sailing depth y is 
30 m; the output flow of fuel pump is 1 L/s at this moment. 
The velocity of vehicle v decreases from 70 kn to 50 kn 
from 0 s to 10 s, and the output flow of the fuel pump also 
decreases to 0.5 L/s. The depth of vehicles dives from 30 m 
to 300 m from 10 s to 30 s. The seawater back pressure 
increases gradually with increasing depth, and the output 
flow of the fuel pump also begins to increase. Vehicles dive 
to 300 m at 30 s; therefore, the output flow of the fuel pump 
tends to be stable at 30 and 40 s. 

 

 
Fig. 10 Variation curve of the output flow of fuel pump at 

the working condition with variable velocity and 
depth 

5.3 Seawater loop 
The variation curve of pressure at the outlet of the 

seawater proportional pressure-reducing valve is shown in 
Fig. 11. As can be seen, the velocity of vehicle v is equal to 
70 kn when t=0 s; in addition, the maximum outlet pressure 
of the proportional pressure-reducing valve is 9.5 MPa. The 
velocity of vehicles decreases from 70 kn to 50 kn, the 
required cooling seawater decreases, and the outlet pressure 
of the proportional pressure-reducing valve also decreases to 
2.1 MPa. At 10 s, vehicles begin to dive at the depth of 30 
mm, reaching a depth of up to 300 m at 30 m. From 10 s to 
30 s, the outlet pressure of the proportional pressure- 
reducing valve increases as a result of the increase of 
seawater back pressure. The outlet pressure would remain 
constant once vehicles reach the stable state at 300 m. 

The variation curve of the outlet flow of the seawater 
proportional relief valve is shown in Fig. 12. The velocity of 
vehicle v is 70 kn at 0 s, and the flow of the proportional 
relief valve is at the minimum point. The velocity of 
vehicles decreases from 70 kn to 50 kn from 0 s to 10 s, and 
the demand for seawater also decreases; hence, the flow of 
the proportional relief valve also rises. At 10 s, vehicles 

begin to dive at the depth of 30 mm, reaching a depth of up 
to 300 m at 30 m. From 10 s to 30 s, the outlet pressure of 
the proportional pressure-reducing valve increases as a 
result of the increased seawater back pressure. The outlet 
pressure would remain constant once vehicles reach the 
stable state at 300 m. 
 

 
Fig. 11 Exit pressure of seawater proportional pressure- 

reducing valve at working conditions with variable 
velocities and depths  

 

 
Fig. 12 Flow rate of seawater relief valve at working 

conditions with variable velocities and depths  

6 Conclusions 

The following conclusions can be obtained with the 
theoretical analysis and simulation experiment. 

1) Compared with the conventional single-stage turbine 
power system, the counter-rotating turbine power system 
can greatly improve the overall efficiency of power system. 
when the second-stage turbine drags the auxiliary system, it 
can improve the efficiency by approximately 10%–25%. 

2) The experimental simulation of the counter-rotating 
turbine system is proposed. The results indicate that the 
requirements for an underwater vehicle running can be 
satisfied by the hydraulic transmission system properly. 

3) The investigation of the counter-rotating turbine 
system can guide future research on the closed-loop control 
of a thermal power propulsion system employed in 
underwater weapons in China. 
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