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Abstract. In the last 10 years, the development of microturboreactors has experienced an exponential 

evolution. They have recently gained interest due to the significantly higher power output, which is primarily 

achieved by expanding the speed ranges of the key components, namely the compressor and the turbine. Also, 

the development of bearings with ceramic balls (also known as hybrid bearings) at high speeds of 80,000 rpm 

in the case of the present work, brings a challenge regarding the design of the main components (compressor + 

turbine), which must withstand very high centrifugal force demands that increase with the diameter of the 

component, especially for the turbine that faces additional thermal stress, respectively reaching a creep limit. 

From a technical standpoint, at relatively low power consumption, the challenges have been addressed for 

turbojets with a modest thrust of 40 daN (90 lbf), making such turbojets available at relatively low prices [1]. 

In the present work it is proposed to modify a 40 daN (90 lbf) turbojet and transform it into an axial 

turboexpander [2] capable of theoretically gearing an electric generator of 132/160 kVA (177/215 HP), by 

means of a gear reducer taking into account the losses related to the gear reducer and the electric generator. The 

proposed transformation has commercial values, such axial turboexpanders are able to work in electricity 

generation mode having the availability of a relatively low source of compressed air of maximum 10 bar (150 

PSI).  

Keywords. labyrinth, micro-turbojet, turbo-expander. 

1. Introduction 

The small turbojets of 40 daN (90lbf), have been developed in the last years especially for drone propulsion, 

being used for civilian and military purposes. In Romania, there is also a great interest for developing such 

applications with land and airspace monitoring drones and for many other civil and military applications. 

The present work has a special application regarding the production of energy where acces to compressed 

air sources is easily available, allowing the development of powers clearly superior to those developed by 

the free expansion of compressed air with ordinary turbines. The power is produced by the combustion of 

fuel. The power generation will be relatively high for its small dimension, and lends itself to local in situ 

applications.  

1

Technium Vol. 24, pp.1-10 (2024)
ISSN: 2668-778X

www.techniumscience.com

mailto:theodor.sirbu@comopti.ro
mailto:iulian.vladuca@comoti.ro


 In figure 1 is shown a such small turbojet complete equiped, with its calculation points marked [3]. 

The turbojet from the figure presents a small radial compressor and a small axial turbine, that are the 

subjects for modifications in the present paper. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Small 40 daN (90 lbf) turbojet 

2. Labyrinth design 

In the design of centrifugal compressors operating at high rotational speeds, a compression ratio of 

approximately πc ~ 4.5 can be achieved [4]. As a result, the pressure at point 31, at the entrance to the 

combustion chamber, will be around p31 = 4.5 bar, considering the losses in the intake nozzle. Using an 

external source of compressed air allows the removal of the centrifugal compressor, which can be replaced 

with a labyrinth seal. This labyrinth seal would not only serve its primary function but also counteract the 

axial force generated by the turbine, thereby balancing the net axial force of the entire assembly. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Turbojet modified for a turboexpander purpose 

Figure 2 above, shows the modification of the intake volute, the introduction of an adaptation 

component in place of the centrifugal compressor rotor and the introduction of the labyrinth thus designed 

with two shoulders. These are intended to handle the pressure that was theoretically present behind the 
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centrifugal compressor and to generate a force opposing the axial thrust force of the turbine, which is 

induced by the back pressure on the aerodynamic forces acting on it. The shoulder of the labyrinth was 

calculated in such a way as to almost equate the axial force acting on the disk of the rotor turbine (axial 

rotor turbine thrust), see figure 2.  

In table 1 have been presented the data from the preliminary calculation, in which were considered: 

two sealing stages of the labyrinth, the total pressure behind the axial turbine, the area of the rotor turbine 

disk  Aturb, the pressure behind the turbine (denoted as p41 in section 41of fig. 2), the total area of those two 

labyrinth steps given by the two diameters D1 and D2, where  D1 is imposed and D2 will result. Axial force 

on the labyrinth is: 

𝐹𝑎𝑥_𝑙𝑎𝑏 = 𝐴1 ∙ 𝑝1𝑙𝑎𝑏
+ 𝐴2 ∙ 𝑝2𝑙𝑎𝑏

~𝐹𝑎𝑥_𝑡𝑢𝑟𝑏    (1) 

𝐴2 =
(𝐹𝑎𝑥𝑡𝑢𝑟𝑏

−𝐴1∙𝑝1𝑙𝑎𝑏
)

𝑝2𝑙𝑎𝑏

= 𝜋/4 ∙ (𝐷2
2 − 𝐷1

2)    (2) 

Using Eq. 1 and 2, we will determine the diameter D2. Where p1_lab = p31=4.5.ξ=4.4 bar abs.,  ξ=0.98 

(loss coefficient), the pressure after the first step of the labyrinth p2_lab = 3.3 bar abs (given by the simulation 

data) and  the central diameter of the shaft, dax ,on which the labyrinth is located (see figure 3). The turbine 

being half active and half reactive, the axial thrust given by the reactive force can be neglected as it is 3 

orders of magnitude smaller, and, so, the main axial thrust is given by pressure on the rotor disk area Aturb. 

The p41 = 2.86 bar abs is the static pressure on the Aturb area and is given by the GasTurb 13 [5] calculations. 

Table 1. Parameters data in the analysed points 

Aturb 

[mm2] 

p41  

[bar 

abs] 

Fax_turb 

[N] 

p1_lab 

[bar 

abs] 

Dax 

[mm] 

A1 

[mm2] 

D1 

[mm] 

p2_lab 

[bar 

abs] 

D2 

[mm] 

A2 

[mm2] 

D’2 

[mm] 

A’2 

[mm2] 

3215 2.86 552.8 4.4 14.3 747.3 34 3.3 45 678.7 58.1 1754 

Given the technological constraints and potential higher pressures experienced during testing, a 

larger diameter of approx. D2'=Ø60mm (with a specific value of Ø58.1, as seen in fig. 3) is used for the 

labyrinth. The turboexpander being subjected during the tests to higher pressures, there may be greater 

forces on the turbine disc that should be compensated, the maximum resultant force in normal operation 

(4.5 bar abs suction) will be: 

𝐹𝑟𝑒𝑧 = 𝐹𝑡𝑢𝑟𝑏 − 𝐹𝑎𝑥𝑙𝑎𝑏(58.1𝑚𝑚)
= 351.2𝑁 (79 𝑙𝑏𝑓)   (3) 

The axial force on the turbine disc, as calculated, is managed by the axial-radial hybrid bearings. 

The chosen hybrid bearings are of the angular contact type, designed to handle both combined axial and 

radial loads. These bearings are equipped with ceramic balls to enhance performance and durability [6] and 

are paired to ensure proper operations.  
The total air flow through the turbine is considered at M=0.7 kg/s. The air flow accepted as losses 

in labyrinth is 2% of the initial flow, namely: mloss=M.0.02=0.014kg/s. Figures 3 and 4 illustrate the detailed 

dimensions of the labyrinth and the specifications of the teeth. The labyrinth calculations have been 

performed using both analytical and numerical methods to ensure accuracy and reliability. 
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Fig. 3. Labyrinth design 

 
Fig. 4. Details of the labyrinth 

The analytical method has been developed based on previous calculations made by P. Kaszowski 

et al. [7] and D. Joachimiak [8]. In the methods described in [7, 8] the calculations are made by iterations, 

based on several assumptions: 

a. The flow through the teeth is considered isentropic 

b. The mass flow through the teeth is constant 

c. The total enthalpy is constant, and the fluid loses its energy by being transformed into heat 

(increasing the enthalpy) 

In figure 5 is shown a schematic drawing of the labyrinth [7]. 
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Fig. 5. Scheme of the labyrinth 

 In figure 6, the Fanno line for a labyrinth seal with a step is shown. From above, the flow through 

a tooth is considered isentropic, and as is shown in fig. 6, from point 0 to point 1 is a drop of enthalpy given 

by the equation: 

∆ℎ =
𝑐2

2
      (4) 

where 𝑐 is the velocity of the flow bypassing the gap 𝑔 of the seal, through the area. For first step: 

𝐴𝑔1 =
𝜋

4
((𝐷1 + 2 ∙ 𝑔)2 − 𝐷1

2)    (5) 

and for the second step: 

𝐴𝑔2 =
𝜋

4
((𝐷2 + 2 ∙ 𝑔)2 − 𝐷2

2)    (6) 

The gas velocity at the exit of the seal segment I is given by the equation of continuity: 

𝑐𝑖 = 𝑣𝑖 ∙
𝑚̇𝑖

𝐴𝑖
      (7) 

where 𝑚̇𝑖 , 𝐴𝑖 , 𝑣𝑖 are the mass flow rate, area and specific volume in the point 𝑖, respectively. 

From figure 6, the gas undergoes an isobaric transformation from point 1 to point 1’. During this 

transformation the kinetic energy given by the velocity 𝑐 is converted into heat and added to the enthalpy. 

The enthalpy in the point 1’ will be: 

ℎ1
′ = ℎ1 + ∆ℎ = ℎ0     (8) 
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 Fig. 6. Fanno line for two step seal with hi+1>hi 

 Finding the thermodynamic parameters in the points 1…n-1, it is assumed that the specific gas 

constant 𝑅 and specific heat capacity at constant pressure cp are constant values. As the pressure will 

decrease along the teeth of the labyrinth, the density of the gas will also decrease (the specific volume will 

do the opposite), the velocity of the gas will increase along the labyrinth teeth. The enthalpy in point 0 had 

been obtained from the thermodynamic tables [9]. The total temperature in the point 1’…n-1’ will increase 

slightly, given by the reduction of the gas flow. The total temperature is given by the equations: 

 𝑇𝑖
′ = 𝑇𝑖 ∙ (1 + (

𝑘−1

2
) ∙ 𝑀𝑖

2)     (9) 

𝑀𝑖 =
𝑐𝑖

𝑎𝑖
;  𝑐𝑖 = 𝑓(𝑚𝑖, 𝐴𝑖 , 𝑣𝑖);  𝑎𝑖 = √𝑘 ∙ 𝑝𝑖 ∙ 𝑣𝑖   (10) 

𝑣𝑖 = 𝑣𝑖−1 ∙
𝑝𝑖−1∙𝑇𝑖

𝑝𝑖∙𝑇𝑖−1
     (11) 

 𝑣𝑖
′ = 𝑣𝑖−1

′ ∙
𝑝𝑖−1∙𝑇𝑖

′

𝑝𝑖∙𝑇𝑖−1
′      (12) 

 𝑇𝑖 = 𝑇𝑖−1 −
∆ℎ𝑖

𝑐𝑝
     (13) 

𝑚𝑖 = 𝐴𝑖 ∙ √2 ∙
𝑘

𝑘−1
∙
𝑝𝑖−1

𝑣𝑖−1
∙ [(

𝑝𝑖

𝑝𝑖−1
)

2

𝑘
− (

𝑝𝑖

𝑝𝑖−1
)

𝑘−1

𝑘
]   (14) 

 where,  𝑐𝑝 = 1003.4 
𝐽

𝑘𝑔∙𝐾
, and 𝑅 = 286.7

𝐽

𝑘𝑔∙𝐾
 . T0=50°C=323.16K.  𝑇𝑖 is the static temperature in 

the point 𝑖, 𝑣𝑖  is the static specific volume in the point i, 𝑇𝑖
′ is the total temperature in the point i’, and 𝑣𝑖

′ 

is the total specific volume in the point i’. 𝑝𝑖
′ = 𝑝𝑖 (total pressure will become static pressure between the 

labyrinth teeth). The total number of teeth considered is 28 and the number of spaces between them is 26. 

The step is between the teeth no. 7 and 8, where is a step of the area from A1g to A2g, from diameter D1=34 

mm to D2=58.1 mm. For iterations, the difference pressure from the entry and the exit of the labyrinth is 

divided to the number of spaces between teeth. The initial pressure gap will be: 

∆𝑝𝑖 =
𝑝0

𝑝𝑛∙26
=

𝑝31∙𝜉

𝑝𝑎𝑡𝑚
= 0.13026    (15) 

 where: patm = 101,325 N/m2. 
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 As the mass flow through the teeth is a non-linear function of pi, some corrections have been 

introduced using the differentials of the mass flow function of pi and pi+1 [7, 8]. The equation (14) is 

developed into Taylor series, keeping the first derivative and so is obtained the equation: 

𝑑𝑚̇𝑖 =
𝜕𝑚̇𝑖

𝜕𝑝𝑖−1
𝑑𝑝𝑖−1 +

𝜕𝑚̇𝑖

𝜕𝑝𝑖
𝑑𝑝𝑖    (16) 

 That can make possible the determination of pressure corrections Δp1, Δp2… Δp27. 

 The partial derivatives (using Mathcad symbolic evaluation operator) from equation (16) are: 

 
𝜕𝑚̇𝑖

𝜕𝑝𝑖−1
=

𝐴𝑖∙[(
𝑝𝑖

𝑝𝑖−1
)

2
𝑘
∙(𝑘−2)+(

𝑝𝑖
𝑝𝑖−1

)

𝑘+1
𝑘

]

√2∙𝑝𝑖−1∙𝑣𝑖−1∙𝑘∙[(
𝑝𝑖

𝑝𝑖−1
)

2
𝑘
−(

𝑝𝑖
𝑝𝑖−1

)

𝑘+1
𝑘

]

    (17) 

and, 

𝜕𝑚̇𝑖

𝜕𝑝𝑖
=

𝐴𝑖∙[(
𝑝𝑖

𝑝𝑖−1
)

2−𝑘
𝑘

−
𝑘+1

𝑘
∙(

𝑝𝑖
𝑝𝑖−1

)

1
𝑘
]

√𝑝𝑖−1∙𝑣𝑖−1∙
𝑘−1

2
∙[(

𝑝𝑖
𝑝𝑖−1

)

2
𝑘
−(

𝑝𝑖
𝑝𝑖−1

)

𝑘+1
𝑘

]

    (18) 

Assuming that Δpi and Δmi are small enough, the equation (16) will become: 

∆𝑚̇𝑖 =
𝜕𝑚̇𝑖

𝜕𝑝𝑖−1
∆𝑝𝑖−1 +

𝜕𝑚̇𝑖

𝜕𝑝𝑖
∆𝑝𝑖      (19) 

and will end up with 27 equations for 27 ∆𝑝𝑖 unknowns: 

∆𝑚̇1 =
𝜕𝑚̇1

𝜕𝑝0
∆𝑝0 +

𝜕𝑚̇1

𝜕𝑝1
∆𝑝1      

∆𝑚̇2 =
𝜕𝑚̇2

𝜕𝑝1
∆𝑝1 +

𝜕𝑚̇2

𝜕𝑝2
∆𝑝2      

…     (20) 

∆𝑚̇𝑛−1 =
𝜕𝑚̇𝑛−1

𝜕𝑝𝑛−2
∆𝑝𝑛−2 +

𝜕𝑚̇𝑛−1

𝜕𝑝𝑛−1
∆𝑝𝑛−1     

 also, 

                                                     ∆𝑚̇1 = 𝑚̇1 − 𝑚̇2 

…       (21) 

∆𝑚̇𝑛−1 = 𝑚̇𝑛−1 − 𝑚̇𝑛 

The system of 27 equations with 27 unknowns can be resolved using a matrix system: 

Α ∙ Χ = Β      (22) 

where: 
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Α =

[
 
 
 
 
 
 
 
 
 
𝜕𝑚̇1

𝜕𝑝1
0 ⋯ 0 0 0

𝜕𝑚̇2

𝜕𝑝1

𝜕𝑚̇2

𝜕𝑝2
⋯ 0 0 0

⋮
𝜕𝑚̇3

𝜕𝑝2

𝜕𝑚̇3

𝜕𝑝3
⋯ 0 0

0 ⋮ ⋮ ⋱ 0 0

0 0 ⋯
𝜕𝑚̇𝑛−2

𝜕𝑝𝑛−3

𝜕𝑚̇𝑛−2

𝜕𝑝𝑛−2
⋮

0 0 0 ⋯
𝜕𝑚̇𝑛−1

𝜕𝑝𝑛−2

𝜕𝑚̇𝑛−1

𝜕𝑝𝑛−1 ]
 
 
 
 
 
 
 
 
 

;   Χ = [
∆𝑝1

⋮
∆𝑝𝑛−1

];   Β = [
𝑚̇1 − 𝑚̇2

⋮
𝑚̇𝑛−1 − 𝑚̇𝑛

]; (23) 

The solution is given by inversing the matrix A: 

Χ = A−1 ∙ Β     (24) 

The calculated ∆𝑝𝑖 values were incorporated into the existing values using the relation from Eq. 

15. This process was iterated until the solution converged with an error margin of 0.1 %. During this 

iterative procedure, the static temperature of the labyrinth exit was observed to decrease by approximately 

4.5°C, excluding the effects of heat transfer.  
The following curve has been obtained in the figure 7, for the pressure drop along the labyrinth: 

 
Fig. 7. Pressure variation along the labyrinth teeth 

It is observed an inflexion between teeth 8 and 9, that is given by the changing of the area from 

A1_gap = 2.65072E-05 mm2 to A2_gap = 4.54353E-05 mm2, in the context of increasing it, this involves altering 

the velocity of the flow, and the observing how the pressure changes, all while maintaining a constant mass 

flow. 

In figure 8 it is observed a very small variation in the mass flow rate around the medium value: 

𝑚̇𝑚𝑒𝑑𝑖𝑢𝑚 = 0.00935 kg/s.    (25) 

 
Fig. 8. Mass flow variation along the labyrinth teeth 
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In figure 7 it is observed that the pressure in point 27 is increased to the value p27=1.614 bar, that 

can be explained by an extra flow over the existing one. If it is supposed an expansion from p27 to patm, 

using an area A2_gap_corrected = A2_gap
.
 , ζ = 3.56667E-05, where ζ =0.785 is the flow correction coefficient [10], 

an extra flow using the Eq. 14 with the value from point 27, is found: 

𝑚̇𝑒𝑥𝑡𝑟𝑎 = 0.01266𝑘𝑔/𝑠    (26) 

The total flow supposed to bypass the labyrinth will be: 

𝑚̇𝑡𝑜𝑡𝑎𝑙 = 𝑚̇𝑒𝑥𝑡𝑟𝑎 + 𝑚̇𝑚𝑒𝑑𝑖𝑢𝑚 = 0.0221 𝑘𝑔/𝑠   (27) 

and that is about 3.15% from the 0.7 kg/s flow through turbine, and almost 1.5 times the desired 

value of 2% losses. The Fanno line for two-stage labyrinth is presented in the figure below. 

 
Fig. 9. Fanno line for two stage labyrinth 

In figure 10, the results from the numerical analysis are presented. The analysis shows a value for 

mass flow of 0.016 kg/s, which represents 2.3% losses from the initial 0.7 kg/s turbine flow. 

 
Fig. 10. Total pressure distribution in numerical analysis 

The error in the analitical method is greater from the numerical one, but the method gives a fairly 

good approximation to the real flow in the labyrinth. 

3. Conclusions 

The presented method is new in terms of the iterative determination of the flow parameters through a two-

step labyrinth, based on calculation methodologies existing in the specialized literature [7, 8].  
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The work analyzes the phenomenon at an intermediate, analytical level, which does not give 

sufficiently good accuracy regarding the final result, but it can determine the magnitude of the fluid lost 

through the labyrinth thus pre-designed. There were not taken into consideration the heat transfer and, also, 

the influence of the rotational speed, where other specialized works have been done, where a decreasing of 

the leakage with the increasing of the rotational speed has been observed [11]. Also, has been not taken into 

consideration the form of the teeth. A comparison was made with a finite element calculation and the 

conclusion was that the results are comparable in the assumptions done. The calculation error in determining 

the enthalpies of about 0.5% is given by the consideration of the specific gas constant 𝑅 and specific heat 

capacity at constant pressure 𝑐𝑃 at constant values as for an ideal fluid. The entropies have been calculated 

from the thermodynamic tables [9], where a 4 points Lagrange interpolation has been done. The final graph 

from the figure 9, shows the Fanno line, made in h-s coordinate [11], for the presented labyrinth for a 

subsonic leakage flow, with Mach numbers < 0.25 in the present work and with a Reynolds number < 

11500. The flow losses in the presented paper are over the desired ones, in an amount of 1.5 times the 2% 

leakage desired, but in the numerical analysis the loss leakage is about 2.3%, which is close to the desired 

losses. The high rotational speed limits the current 0.25 mm gap at the tip of the teeth, as high vibration 

have been observed during labyrinth operation, and as consequence, further investigations must be carried 

out regarding the materials used and vibration reduction techniques to reduce the gap between the teeth of 

the labyrinth and the cylinder in which it rotates. 
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