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ABSTRACT 
 Simple and wide range application of cross-flow runner has lead its application to a Proto X-3 Bioenergy Micro 
Gas Turbine (MGT) that has been developed. The MGT is a dual-stage radial compressor-turbine type. Furthermore, 
highly turbulent flow inside the cross-flow fan need accurate analysis. CFD method with RNG k-ε choosen based on 
models characteristics. This paper analyzed the flow inside the fan based on the experimental data of the MGT and the 
result represented by several parameters of turbulent flow. The simulation condition were assumed to be isothermal due to 
the small temperature difference with the tubulent Prandtl number Prt = 1. The result shows several specific vortex inside 
the runnner. Recirculation flow cthat caused the eccentric vortex occurs at the inner side while the throughflow occurs at 
the outerside of the fan. The mass flow rate conducted by CFD simulation shows a good agreement with the actual mass 
flow rate of the cross-flow runner. The results that presented by velocity magnitude, absolute pressure, eddy dissipation, 
and turbulence kinetic energy shows a realistic on each turbulent parameter based on they trends. This results shows that 
the method used is prospective to be applied both on analysis or design of the cross-flow runner.  
 
Keywords: cross-flow runner, MGT, turbulent flow, RNG k-ε turbulence model, recirculation vortex. 
 
INTRODUCTION 

 Cross-flow runner (CFR, hereafter) is a 
atmospheric radial turbine that generates power by 
converting kinetic energy to mechanical energy which 
based on Banki turbine (cross-flow turbine) [1]. CFR 
system consist of two main components; the runner itself 
and the nozzle with square cross-section. CFR design 
based on three main characteristics; simple construction, 
low-cost, and maximum efficiency and has been 
prospected as Renewable Energy Resources (RES) for 
under 3MW hydroelectic generator system [2], [3]. This 
characteristics has lead the applications of CFR as power 
extractor of a Proto X-3 Bioenergy Micro Gas Turbine 
(MGT) protoytpe that has been developed which is a  
dual-stage compressor-turbine [4]. The CFR was driven 
by the inlet air of the first stage compressor. The high 
flow air to first stage made it possible to drive the cross-
flow fan. Basically, MGT is developed for small power 
generation upto 200 kW [5], [6]. Some of the advantages 
of this MGT are high power to weight ratio, high 
tolerance to many kind of liquid and gaseous fuels and 
biofuels has made this prime mover suitable to be used in 
Zero-Energy-Building-based [7-10].  

 During the operation, as a turbomachine, the 
suction and discharge of CFR occurs radially, generated 
highly turbulent flow for recirculating and reserve flow 
[11]. Many experimental and numerical analysis shows 
the flow complexity of CFR. Experimental study by 
numbers of researcher has lead to description of two main 
vortex inside the CFR; throughflow at the outside region 
and recirculation flow at the inside region [12-17]. 

Handling and costly experiment as well as the acccuration 
has made numerical method also conducted on last decade 
with many turbulence model. Kaniecki use RNG k-ε 
found the throughflow as well as the recirculation flow 
[18]. Cheng use STD k-ε in numerical analysis the flow of 
CFR [19]. RNG k-ε also uses by Toffolo (2005) [16]. 
Hirata et.al in 2008 use STD k-ε [20]. The current 
numerical analysis by Sun et.al also RNG k-ε turbulence 
model for more detailed flow [17]. These numerical 
results show there are two main vortexes occur in CFR; 
the eccentric vortex at recirculation region and vortex in 
the throughflow region. Since the flow inside the CFR is 
undoubtly turbulent, flow analysis of turbulent flow with 
suitable turbulence model is needed to analysis and can be 
used for future development of the CFR system. Despite 
the STD k-ε as the most widely used turbulence model, 
this model also reported since that model is overpredicts 
the dissipation rate [21-24]. RNG k-ε turbulence model 
developed by Yakhot & Orszag [25] for recirculating flow 
has became alternatives to predict such flows [26], [27]. 

The aim of this paper is to analyze numerically the 
flow inside the cross-flow runner with RNG k-ε 
turbulence model since this model is developed to such 
flow. The turbulent momentum diffusivity and turbulent 
thermal diffusivity is also assumed to be equal (Prt = 1) 
and the deafult constant to the Yakhot & Orszag model 
was used. Optimal flow characteristics of cross-flow 
runner on Proto X-3 can be used to optimized the system 
to be a compact prime mover system. 
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RESEARCH METHODOLOGY 
 
Experimental Set-up 
 Experiment on Proto X-3 Bioenergy MGT was 
done according to experiment schematic on Figure-1. 
According Figure-1, the CFR in which represented by 
component No.6, installed inside an acrylic casing. The 
rest of the components on Figure-1 is not discussed in this 
paper. The CFR is driven by the inlet pre-compressed air 
of 1st satge compressor. This mechanism clarifies the 
definition of the CFR. Measurement and acquisition data 
have been done to several characteristics parameters of 
MGT. 
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Figure-1. Experimental schematic of prototype. 
 
Numerical Analysis Set-up 

Numerical analysis only done on the CFR since the 
component is now become our research interest. Cross-
flow runner was operated by air at first stage compressor 
inlet as can be seen on Figure-1 Due to the small 
temperature difference between inlet and outlet of the 
CFR, the simulation condition is assumed isothermal. The 
wall is assumed zero-roughness. Computational grid 
shown on Figure-2, is a quasi three-dimensional grid, 
consists of 299 x 130 x 3 cells. Grid dependency was 
conducted to several grid numbers, from coarse to finer 
which was resulting consistent result. The sliding mesh is 
used for the rotational move of the runner. Figure-2 also 
shows the two stage of runner operation.  
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Cyclic
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Figure-2. Computational grid of cross-flow fan. 
 

In order to represent the flow phenomena inside the 
runner, the runner’s cross-section  is configured to be 8 
zones, from 0o to 360o as shown on Figure-3. With this 
configuration, it is able to describe the special flow 
phenomena or special vortex that occurs during the 

simulation. Zone I and II represent the inlet section and 
zone V and VI represent the outlet section. 

 The results of CFD simulation are described into 
several turbulent flow quantities; velocity magnitude and 
total pressure. Since the flow inside the runner undoubtly 
turbulent, turbulence quantities are described as well; 
eddy dissipation, effective viscosity, and turbulent kinetic 
energy. 

 

 
 

Figure-3. Flow zone configuration. 
 
Governing Equations 

 Averaging on Navier-Stokes equations – like on 
the other RANS-based turbulence model, has caused the 
Reynolds stress term. The Reynolds stress  (kg.m/s2) 
also correlates the turbulent viscosity. Momentum transfer 
caused by turbulent flow modeled by the use of eddy 
viscosity concept. In turbulent flow, turbulent viscosity 

 (m2/s) occur as additional viscosity term and has 
caused the increasing of total viscosity  (m2/s). The 
Reynolds stress can be defined as velocity gradient [28], 
[29]. Total viscosity of the flow described by [24]. 

 

     (1) 
 

       (2) 
 

       (3) 
 

 Transfered energy from large scale eddies to 
small scale eddies, and how the energy is dissipated in 
RNG k-ε governed by Kolmogorov theorm [25], [30], 
[31]. In turbulent flow, amount of energy supplied can be 
assumed equal to be dissipated on certain rate. Therefore, 
this energy rate is small compared to energy dissipated 
[32]. In Kolmogorov theorem, where velocity fluctuations 
tends to be universal, the amount of energy assumed only 
depends on turbulent dissipation rate (ε) and length scale 
(l) [25], [33]. 

 

      (4) 
 

The RNG k-ε turbulence model uses the 
normalized Navier-Stokes equation where acceleration 
and force governed according to [25], [34]: 
 

     (5) 
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Inverse-Turbulent Prandtl number, α described 
the ratio between thermal diffusivity and turbulent 
viscosity according to: [25] [35] [36] 
 

       (6) 
 

In general fluids, the heat transfer is dominated 
by molecular diffusion, the thermal resistance is 
distributed over the entire cross-section, and the turbulent 
Prandtl number, α, assume equal to one [37]. RNG k-ε 
turbulence models is a RANS-based turbulence model 
with two transport equation; k (turbulence kinetic energy) 
and ε (turbulent dissipation). RNG k-ε turbulence model 
applied since this model is suitable to predict the 
recirculating flows that dominantly occur in crossflow 
runner [24-27]. RNG k-ε use here is an in-house codes 
from the CFDSOFT CFD-software.  

 
Transport equation of k  [25] 
 

   (7) 
 

Transport equation of ε [25] 
 

   (8) 

 
RESULTS 
 
Experiment Result 

The results shows below obtained from the 
experimental data of the Proto X-3 Bioenergy MGT that 
has been designed and developed. The idea to shows 
almost the whole parameters of the Prototype is to state 
that the parameters that is used for the CFD simulation of 
the cross-flow fan is obtained at the stable condition of 
the MGT. The 1st stage of compressor and turbine is a 
radial turbocharger. Such condition is represented by 
turbine inlet temperature to the running time as shown on 
Figure-4.  
 Ambient temperature   : 33oC 
 Shaft speed (1st stage)   : 

69477 RPM 
 Air flow rate (1st stage)  : 0,1663 kg/s 
 T1 (1stage compressor inlet)  : 83,78oC 
 Pressure ratio (1st stage comp.)  : 1,45 
 T3 (Turbine Inlet Temperature - TIT) : 707,8oC 
 Cross-flow runner speed  : 1500 RPM 
 

INDEPENDENT OPERATING 
AREA OF PROTOTYPE

 
 

Figure-4. Representation of prototype running data. 
 
First stage inlet velocity from the inlet air flow rate: 

 
Cross-section area of the inlet cross-flow runner: 

 
Reynolds number Re at cross-flow inlet;  = density of 

air,  = dynamic viscosity 

 
With hydraulic diameter DH; 

; With A = cross-sectional area =  

P = wetted perimeter =  

 
Then 

 
 From the numerical procedure, the flow rate of 

runner at inlet and outlet is 0,1536 m3/s, the torque at the 
sliding mesh wall is 18,55 Nm resulting 2,91 kW. 
Validation of the mass flow rate to the 1st stage 
compressor inlet underpredict 5,7% from the 1st stage 
compressor map (this compressor map got by request 
from turbocharger manufacturer). 
 

Throughflow 
zone

Recirculation 
zone

 
 

Figure-5. Velocity magnitude. 
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Figure-6. Absolute static pressure. 
 

 
 

Figure-7. Eddy dissipation. 
 

 
 

Figure-8. Turbulence kinetic energy. 
 

Velocity magnitude of cross-flow runner shows that 
two dominant vortexes occur inside the runner. The 
forced vortex, occurs in throughflow where the fluid 
passed the 1st inlet to the 2nd inlet. At the other side of 
the throughflow zone, the area with less-fluid 
concentration forms the eccentric vortex in recirculated 
flow. This eccentric vortex occurs at zone I and VIII or at 
315o – 45o according to Figure-2, and Figure-3. This 
result also confirms that eccentric vortex is caused by 
recirculation flow. 

Many previous papers show that this eccentric 
vortex is dominant flow at runner and decreasing the 
runner performance, as concluded by Sun et.al (2015) and 
Choi et.al (2007) [17], [38]. The RNG k-ε turbulence 
model shows this vortex fairly in figures above. 
Recirulation vortex occurs at the inner side at zone VII 
and VIII while the throughflow vortex at the outer side of 
the runner at zone III and IV. This zone range also gained 
by Hirata et.al where that the recirculation flow that 
caused eccentric vortex occurs at 330o-360o region [20]. 
In line with the velocity prediction, the result of predicted 

absolute static pressure is shown on Figure 6. The figure 
describes that pressure drop occurs in operated condition 
of the runner about 14300 Pa (0,143 bar). This drop is 
suspected to the occurance of the eccentric vortex as 
shown on velocity magnitude contour, as well as the 
Boussinesq hyopthesis about the additional turbulent 
viscosity in eq. (3). As the lower velocity due to eccentric 
vortex in figure 5, the pressure in recirculation zone (zone 
VII and VIII) higher than at zone III and IV as shown on 
Figure-6.  

 Figure-7 shows the eddy dissipation on cross-
flow runner. The turbulence dissipate dominantly at the 
area around the blade at inlet zone and at outlet zone and 
nearly zero at circulation area at zone VII and VIII; 
throughflow zone and the recirculation zone of the runner. 
Since dissipation is a turbulence characteristic that 
represent turbulent decaying in lower velocity, the 
numerical resut shows fairly.This is according to the 
velocity magnitude contour which shows that the high 
velocity inside the runner while lower velocity occur at 
area around the blades, and cause the flow dissipates. 

 Turbulunce kinetic energy contour is shown on 
Figure-8. Contour of turbulence kinetic energy shows 
maximum at the outlet side of the system where 
recirculation flow occured caused by cross-sectional 
change. Special phenomena occurs at the center of the 
runner, area of the throughflow and the recirculation flow. 
Leaving the 1st inlet stage with lower viscosity, the 
turbulent kinetic energy increased gradually. Another 
phenomena occur at recirculation zone, where the 
turbulence kinetic energy much higher than at the 
throughflow zone. This suspected due to velocity 
fluctuation of the recirculation flow since turbulence 
kinetic energy represents the velocity fluctuation on all 
direction; u, v, and w respectively. 
 
CONCLUSIONS 

 CFD simulation is deduced with RNG k-ε 
turbulence model with 5,7% flow rate underprediction to 
the actual flow rate. Velocity magnitude of cross-flow 
runner shows that two dominant vortexes occur inside the 
runner, the forced vortex and eccentric vortex. The forced 
vortex zone occurs in throughflow (zone III and IV) and 
the eccentric vortexes occur at the other sides (Zone VII 
and VIII). Pressure drop occurs in operated condition of 
the runner about 14300 Pa which suspected by the 
occurance of the eccentric vortex. 

  The turbulence dissipate dominantly at the area 
around the blade at inlet zone and at outlet zone and 
nearly zero at circulation area; throughflow zone and the 
recirculation zone of the runner. Contour of turbulence 
kinetic energy shows maximum at the outlet side of the 
system where recirculation flow occurs caused by cross-
sectional change.  

 It can be concluded that The RNG k-ε turbulence 
model is adequate to describe vortexes, especially for 
cross-flow runner; ie. throughflow and recirculating 
vortex and for further development of the CFR design. 
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