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ABSTRACT 

Small gas turbine engines with 100 kg thrust are increasingly used in unmanned aerial vehicles 

(UAVs) and small aerospace propulsion systems. In these engines, centrifugal compressors are 

preferred for their compact design, high compression ratio, and high isothermal efficiency. This 

study presents the preliminary design and computational fluid dynamics (CFD)-based 

aerodynamic investigation of a centrifugal compressor impeller. A complete three-dimensional 

geometry was developed from the target operating parameters, and Reynolds-averaged Navier-

Stokes simulations with k-SST turbulence modeling were performed to analyze the internal flow 

field and evaluate the impeller's aerodynamic performance. The numerical results showed that the 

total pressure ratio and efficiency were 4.505 and 85.007% at the design point, and the near-stall 

margin achieved at 18.056% within the typical requirements of a gas turbine engine compressor. 

Keywords: Small gas turbine engine; Centrifugal compressor; Impeller; CFD; Aerodynamic characteristics. 

1. INTRODUCTION 

Small gas turbine (SGT) engines have gained increasing attention in recent years due to their 

compact size, high rotational speed, and suitability for a wide range of aerospace applications such 

as UAVs, small rockets, and small aerospace propulsion systems. In these engines, the compressor 

plays a crucial role as the first component to interact with the incoming airflow and generate the 

pressure boost necessary for efficient combustion. Therefore, the compressor's performance 

strongly influences thrust generation, fuel efficiency, and operational stability. 

For engines with thrust around 100 kgf, centrifugal compressors are widely used because they 

can achieve relatively high pressure ratios in a single stage while maintaining a compact and 

mechanically simple configuration. These characteristics make centrifugal compressors 

particularly suitable for small propulsion systems where space and weight constraints are critical 

[1, 2]. Among the components of a compressor, the impeller is the most influential factor in 

determining aerodynamic performance, as it regulates the energy transfer to the working fluid and 

controls the flow supplied to the diffuser [3-6]. Despite the increasing importance of SGT, detailed 

studies in the open literature on centrifugal compressor impeller design for this type of thrust 

remain limited [7]. The lack of publicly available design procedures is the driving force behind the 

current research. 

Therefore, this paper focuses on the design and aerodynamic investigation of a centrifugal 

compressor’s impeller for a 100 kgf-thrust SGT. The primary objective is to establish a basic 

design workflow, ranging from preliminary mean-line calculations to complete 3D geometry 

generation, followed by the implementation of a Reynolds-Averaged Navier-Stokes (RANS)-

based CFD model to examine the internal flow field. The study analyzes characteristic loss 

mechanisms, including tip clearance leakage, adverse pressure gradients, and the radial 

distribution of velocity and pressure, while assessing the impeller's ability to achieve target 
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pressure ratios and efficiency at the design point. Simultaneously, this work paves the way for the 

impeller design phase in the development of SGTs. 

2. DESIGN METHODOLOGY OF A CENTRIFUGAL COMPRESSOR IMPELLER FOR 

A 100 KGF-THRUST GAS TURBINE ENGINE 

2.1. Main parameters of 100 kgf-thrust gas turbine engines 

Technical data regarding gas turbine engines in the 100-kgf thrust class is relatively scarce due 

to defense and security restrictions. To obtain a comprehensive understanding of the geometric 

and operating parameters from reputable manufacturers, two types of turbine engines, PBS TJ100 

(Czech Republic) and JetCat P1000 (Germany), were selected for investigation. Their primary 

operating parameters are summarized in Table 1 (under ISA conditions: Temperature of 15 °C, 

atmospheric pressure of 101.325 kPa, and wind speed of 0 m/s). 

Table 1. The main operating parameters of gas turbine engines in the 100 kgf thrust class. 

 Main operating 

parameters 

Turbine engines 

Maximum 

rotational 

speed (rpm) 

Outer 

diameter 

(mm) 

Mass 

(kg) 

Maximum 

thrust (N) 

Mass flow 

rate at 

design point 

(kg/s)  

PBS TJ100  

(PBS, CH-Czech) [8] 
60 600 272 17.6 1320 2,0 

Jetcat P1000 [9] 61500 234 11 1100 1,8 

Based on the survey of the main operating parameters of gas turbine engines in the 100 kgf 

thrust class, it is observed that the centrifugal compressors in this class of turbine engines operate 

at relatively high rotational speeds (ranging from 60600 rpm to 61500 rpm), with a design-point 

mass flow rate reaching approximately 2.0 kg/s (PBS TJ100), and with an outer diameter in the 

range of 234 mm to 272 mm (in relation to these types of engines’ power generation capability). 

Additionally, the design-point pressure ratio of the centrifugal compressor in Jetcat P1000 is 4.0, 

as reported in the manufacturer’s published brochure [9]. 

Although the efficiency values of centrifugal compressors used in 100 kgf-thrust turbine 

engines have not been published, based on other small gas turbine engines, the compressor 

efficiency typically ranges from 77% to 86.9% when measured under laboratory conditions or 

estimated using predictive models [10-13]. 

Based on the aforementioned reference parameters, and in order to ensure stable compressor 

operation, the impeller’s principal operating parameters were selected with design values slightly 

higher than the reference ranges (excluding the reduction in rotational speed to suit the increased 

compressor power). Therefore, the main operating parameters adopted for the design of the 

centrifugal compressor’s impeller for the 100 kgf-thrust gas turbine engine are as follows: 

Rotational speed = 57300rpm; Mass flow rate target (M target) = 2.2 kg/s; Pressure ratio target 

(PR target) = 4.5; Total-to-total isentropic efficiency target (EFF target) = 85%. 

2.2. Design 

The number of impeller blades is calculated following the empirical correlation proposed by 

Wiesner (1967) [14]: 

2

0.7

cos
1

Z


 = −  (1) 

Where: σ: Slip factor; 
2 : Blade angle to the meridional direction at the impeller outlet, Z: 

Number of impeller blades. Based on the prediction model of Busemann and experimental results, 
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the slip factor is selected σ = 0.9 to min0imize the slip of the airflow relative to the impeller blades. 

2  is assumed: 55˚ (was preliminarily selected within the recommended range reported in 

Reference [14]). Z is calculated as approximately 18.25. The impeller typically consists of main 

blades and splitter blades arranged alternately to mitigate inlet flow blockage while maintaining 

adequate flow guidance at the outlet [15]. Accordingly, the total number of blades (Z) is selected 

as 18, comprising 9 main blades and 9 splitter blades. 

“René Van den Braembussche” proposed several design ratios to ensure the stable operation of 

the impeller, as summarized in Table 2. 

Table 2. Recommended ranges of design ratios. 

Design ratios R1S/R2 b2/R2 R1H/R1S β1S β2 (lm - ls)/ lm c/b2 

Recommended ranges 0.5-0.8  0.05-0.15 0.3-0.7 50˚-60˚ 40˚- 60˚ 0.2-0.35 0.026-0.155 

Where: R1H: Leading-edge radius at the hub; R1S: Leading-edge radius at the shroud; R2: Outer 

radius at the trailing edge; b2: Impeller outlet with; β1S: Blade angle at the impeller inlet at the 

shroud relative to the meridional direction; lm: Length of main blade; ls: Length of splitter blade; 

c: Tip clearance) [14, 16]. 

Based on the design operating parameters, Cfturbo commercial software [17] generates 

preliminary geometric parameters for the impeller. However, empirical formulas and integrated 

prediction models within the software often struggle to produce a comprehensive 3D model that 

completely satisfies 1D design targets and other critical operational criteria, such as a proper Surge 

Margin (SM). Therefore, Computational Fluid Dynamics (CFD) is utilized as the initial basis for 

verification and subsequent calibration. After several design iterations (guided by the influence of 

geometric parameters on impeller characteristics [14]), a set of main geometry parameters 

satisfying the design criteria and the aforementioned ratios is summarized in Table 3 and illustrated 

in Figure 1.  

Table 3. Main geometry parameters of the impeller. 

Z R1H (mm) R1S (mm) R2 (mm) b2 (mm) β1S  β2  lm (mm) ls (mm) c (mm) 

18 19.5 61.8 94.5 11.2 59˚ 55˚ 65 43 0.5 
 

 

Figure 1. Meridional cross-section of the compressor. 

The QXR coordinate system is defined with the QX-axis aligned axially. The positive 

direction follows the inflow toward the compressor, where the first plane of contact with the 

incoming flow (plane (1)) is set at a coordinate of 0 mm.  
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The QR-axis is oriented in the radial direction, with its values representing the distance from 

the compressor's centerline.  

Where: din: Length of inducer; dsp: Distance from the flow field region tends to move axially 

to the main blade leading edge; ddi: Length of the diffuser hub; Rd: Radius of outer hub diffuser; 

Ro: Radius of outer shroud diffuser.  

The inducer domain starts from plane (1) to plane (2); the impeller domain starts from plane 

(2) to plane (5); the diffuser domain starts from plane (5) to plane (6). (The geometric parameters 

of the inducer and diffuser domains were selected to relatively correlate with the impeller).  

3. NUMERICAL ANALYSIS 

3.1. Grid generation and simulation setup 

During mesh generation in ANSYS TurboGrid® 2025 R1 [18], based on the three-dimensional 

geometry exported from Cfturbo [17], structured hexahedral elements are employed for the 

centrifugal compressor domain. Meshing is performed to ensure an appropriate y+ value, which is 

critical for the accuracy of the model's numerical results. The rotating domain of the impeller was 

extended to a radius 2.5 mm larger than the impeller tip radius R2 [19]. 

A mesh independence study was performed to balance accuracy and computational efficiency 

by analyzing the sensitivity of the pressure ratio to mesh density.  

 
Figure 2. Aerodynamic mesh of the impeller blades. 

Figure 2 illustrates the impeller mesh results, highlighting the refined grid density in critical 

regions such as the hub and shroud regions (where tip leakage occurs, a phenomenon significantly 

impacting compressor efficiency). With a tip clearance set at 0.5 mm, the mesh in this area is 

locally refined to accurately capture the characteristics of the leakage flow. 

The grid structure along the blade tips yields stable numerical solutions, especially for high-

speed simulations (57300 rpm) where flow fields are highly turbulent and prone to significant flow 

separation. The y+ value is under 5 to ensure effective boundary layer modeling. 

The k–ω SST (k-omega Shear Stress Transport) turbulence model is adopted for the present 

simulations. This model provides accuracy in predicting adverse pressure-gradient flows and 

near-wall behavior, which are essential in centrifugal compressor impellers. Under stable 

operating conditions, a steady-state approach is considered adequate for preliminary geometric 

assessment and for investigating performance characteristics (pressure ratio and efficiency) and 

aerodynamic phenomena. 

Convergence is assumed when the root mean square (RMS) residuals of the continuity, 

momentum, and turbulence transport equations decrease below 10⁻⁶, while the inlet and outlet 

mass flow rates are simultaneously monitored to ensure global conservation [20]. 
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3.2. Characteristic equations for the impeller 

To evaluate the aerodynamic effectiveness and thermodynamic performance of the impeller, 

formulas are used as follows [20]: 

Total Pressure Ratio (PR) and Temperature Ratio (TR): 

2

1

t

t

P
PR

P
= ; 2

1

t

t

T
TR

T
=    (2) 

Where: Pt2, Pt1: Total pressure at the outlet and inlet of the impeller, respectively. Tt2, Tt1: Mass-

flow-averaged total temperature at the outlet and inlet of the impeller, respectively. 

Total-to-total isentropic efficiency (EFF): 

1

1

1

k

kPR
EFF

TR

−

−
=

−
 ; 

p

v

C
k

C
=    (3) 

Where: k is the specific heat ratio of the working fluid; Cp, Cv: Specific heats at constant 

pressure and constant volume, respectively. In the boundary conditions: Cp ≈ 1005 J/Kg.K; Cv ≈ 

718 J/Kg.K; Substituting the values 1.4k  . 

To evaluate the stable operating range of the impeller, the surge margin (SM) is calculated as:  

1 100%sur sur

ds ds

PR m
SM

PR m

 
= −  
 

 (4) 

Where: Psur, msur : Impeller pressure ratio and mass flow rate at surge stage, respectively; Pds, 

mds: Impeller pressure ratio and mass flow rate at design point, respectively. 

3.3. Boundary conditions  

The primary types of boundary conditions include: Wall boundaries, inlet, and outlet 

boundaries. The main boundary conditions for the model are presented in Table 4. 

Table 4. Boundary conditions. 

Analysis type Steady State 

Domain motion 
Inducer, Diffuser Stationary 

Impeller Rotating 

Inlet conditions 

Inlet total pressure 1 atm 

Inlet total temperature 288.15 K 

Inlet turbulence intensity 5% 

Outlet conditions [21] 
Average static pressure 

Variable 
Mass flow rate 

Rotational speed 57300 rpm 

Fluid type Ideal gas 

Interface model Rotational Periodic 

Frame change/Mixing model Mixing Plane 

Wall conditions No-slip, adiabatic, and smooth wall 

Turbulence model k–ω SST 

Reynolds number 2.106 

4. RESULT AND DISCUSSION 

4.1. Mesh independence 

To ensure that the simulation results are independent of the mesh refinement level, five different 

mesh scales were surveyed, as shown in Figure 3.  
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a) b) 

Figure 3. Mesh independence at the design point. 

In these plots, the horizontal axis represents the number of mesh elements (in millions), while 

the vertical axis represents the mass flow rate (Figure 3a) and efficiency (Figure 3b). With an error 

of 0.17% in pressure ratio and 0.03% in efficiency when the mesh size was increased from 1.5 to 

4.5 million elements, while the error increased significantly (0.55% in pressure ratio and 0.4% in 

efficiency) when the mesh was reduced to 0.5 million elements, a mesh comprising 1.5 million 

elements was therefore selected to balance numerical accuracy and computational cost. 

4.2. Comparison between proposed characteristics and main operating parameter targets 

The main operating characteristics investigated on the impeller from plane (2) to plane (3) (as 

shown in Figure 1) are presented in Figure 4. 

 
Figure 4. Main operating characteristics of the impeller. 

At the design point (the mass flow rate = M target), the pressure ratio (PR) and efficiency (EFF) 

reach 4.505 (0.11% error) and 85.007% (0.008% error), respectively. At the near-stall point, the 

mass flow rate is 2.06 kg/s with a pressure ratio of 4.98. Substituting these values into equation 

(4), the Surge Margin (SM) is approximately 18.056%, which falls within the typical range of 10% 

to 20% for gas turbine engines [22]. Although the design efficiency of 85.007% at 2.2 kg/s is 

slightly lower than the peak efficiency of 85.552% (at the mass flow rate of 2.15 kg/s), the 

difference is approximately 0.6%. Thus, the impeller's performance remains adequately effective 

and satisfies the design requirements. 

4.3. Aerodynamic characteristics analysis 

Figures 5, 6, 7, 8, illustrate the total pressure and relative Mach number contours on the blade-

to-blade and meridional planes for three operating conditions: (a) choke, (b) design point, and (c) 

near stall. 

Select mesh 
Select mesh 
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 a) b) c) 

Figure 5. Total pressure distribution on the blade-to-blade view (at mid span). 

    

 a) b) c) 

Figure 6. Relative Mach number distribution on the blade-to-blade view (at mid span). 

 
   

 a) b) c) 

Figure 7. Total pressure distribution on the meridional view. 

    

 a) b) c) 

Figure 8. Relative Mach number distribution on the meridional view. 
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In general, it is observed that as the operating condition shifts from choke to near stall 

conditions, the total pressure distribution exhibits a progressive increase, while the relative Mach 

number distribution shows a downward trend. At the near-stall condition (Figures 5c, 7c), local 

high-pressure peaks of approximately 6.105 Pa are observed at the trailing edge. This causes a non-

uniform pressure distribution at the outlet, increasing the potential for backflow or recirculation 

vortices. At the choke condition (Figures 6a, 8a), a high-velocity region with a Mach number of 

nearly 2.0 extends across from the main-blade leading edge to the splitter-blade leading edge. This 

broad supersonic zone indicates the occurrence of flow choking at the impeller inlet. In figures 6 

and 8, the low velocity region at the impeller shroud expands as the operating condition shifts from 

choke to near stall conditions. At the near-stall point (Figure 6c), a low-velocity region (below 

Mach 0.27) tends to expand and lengthen along the trailing edge profile. This signifies the onset 

of near-stall phenomena, such as flow separation or blockage. 

The streamlines of the impeller at three operating conditions ((a) choke, (b,d,e) design point, 

and (c) near stall) are illustrated in Figure 9. Overall, tip leakage flows are present in all three 

operating conditions. This phenomenon correlates with the low-Mach regions (below 0.4) 

observed at the trailing edge region, near the suction side (Figure 6c), and the trailing edge region, 

near the shroud surface (Figure 8c). 

  

 

a b 

  
c d e 

Figure 9. Streamlines of the impeller. 

At the near-stall condition (Figure 9c), flow separation and vortices become more pronounced 

with increased turbulence intensity. Notably, a circumferential vortex pattern (labeled '1' in Figure 

9c) is observed (a distinctive characteristic of the stall condition [23]). 

Additionally, other flow patterns commonly developed within centrifugal compressor impellers 

are observed at the design point include the wake secondary flow (Figure 9d), as well as the tip 

corner vortex (labeled '1' in Figure 9e) and the hub corner vortex (labeled '2' in Figure 9e) [24]. 

Moreover, under near-stall conditions, the more intensified development of the wake secondary 

flow toward the splitter-blade leading edge (labeled '2' in Figure 9c) (compared to the design point 

1 

2 

1 

2 



 

 

 

 

 

Research  

 

Journal of Military Science and Technology, 110 (2026), 159-168 167 

in Figure 9b) results in a local low-relative-Mach region (below 0.4) at the hub of the splitter 

leading edge (Figure 8c). 

5. CONCLUSIONS 

This paper presents the design process and numerical simulation of the aerodynamic 

characteristics of a centrifugal compressor impeller for a 100 kgf-thrust small gas turbine engine. 

From the design parameters (2.2 kg/s; PR = 4.5; EFF = 85% at 57,300 rpm), a 3D geometric model 

of the impeller was developed and evaluated using RANS simulations with k–ω SST turbulence 

model. At the design point, the impeller achieved a compression ratio of 4.505 and an efficiency of 

85.007%, with very little deviation from the target values; the near stall point appeared at 2.06 kg/s 

with PR 4.98, corresponding to a surge margin of approximately 18.056%, within the typical 

requirements of a gas turbine engine compressor. Flow field analysis at choke, design point, and 

near-stall conditions reveals aerodynamic mechanisms dominating performance degradation, 

including inlet choking characterized by an extended high-Mach region (nearly Mach 2), persistent 

tip-leakage-related low-Mach zones near the shroud and trailing edge, and increasingly pronounced 

separation and vortex structures toward stall (wake secondary flow and corner vortices). Overall, 

the proposed design workflow and validated aerodynamic characteristics provide a practical basis 

for subsequent refinement and stage-level development of 100 kgf-class small gas turbine 

centrifugal compressors. Furthermore, this study paves the way for the comprehensive development 

of a 100 kgf-class gas turbine engine, as well as for further investigations into the design of other 

centrifugal compressors employed in small gas turbine engines. 
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TÓM TẮT 

Thiết kế và nghiên cứu đặc tính khí động bằng mô phỏng số của bánh công tác 

máy nén ly tâm cho động cơ tua-bin khí lực đẩy 100 kgf 

Các động cơ tuabin khí nhỏ với lực đẩy 100 kg ngày càng được sử dụng rộng rãi trong 

UAV và các hệ thống đẩy hàng không vũ trụ cỡ nhỏ. Trong các động cơ này, máy nén ly 

tâm được ưa chuộng do thiết kế nhỏ gọn, tỷ số nén cao và hiệu suất đẳng nhiệt cao. Nghiên 

cứu này trình bày thiết kế sơ bộ và điều tra khí động học dựa trên CFD của cánh quạt máy 

nén ly tâm. Một hình học ba chiều hoàn chỉnh đã được phát triển từ các thông số hoạt động 

mục tiêu, và các mô phỏng Navier-Stokes trung bình theo Reynolds với mô hình nhiễu loạn 

k-SST đã được thực hiện để phân tích trường dòng chảy bên trong và đánh giá hiệu suất khí 

động học của bánh công tác. Kết quả tính toán số cho thấy tại điểm thiết kế, tỷ số áp suất 

toàn phần và hiệu suất lần lượt đạt 4,505 và 85,007%. Biên độ cận thất tốc đạt 18,056%, 

nằm trong phạm vi yêu cầu điển hình đối với máy nén của động cơ tuabin khí. 

Từ khóa: Động cơ tuabin khí nhỏ; Máy nén ly tâm; Bánh công tác; CFD; Đặc tính khí động học. 


