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Abstract. Nozzle is the one important component in a power cycle plant that transfers heat 

enthalpy to kinetic energy for rotating power turbine. The biomass has specific characteristics 

heating value comparing to conventional fuel, and it is one of the renewable energy. The flow 

characteristics flow trough cross area nozzle plays important role that absorbs maximum drop 

enthalpy and momentum flux to drive turbine blade. The study of converging-diverging steam 

nozzle design was conducted using CFD modelling for improving a micro power bio-energy 

cross-flow turbine model. The objective of this work was to analyze the improvement of 

momentum flux by simulating a converging-diverging nozzle. A mathematical modelling of 

compressible flow using EES® tools was developed as well, to calculate the suitable 

dimension of inlet, throat, and outlet as computational domain. The flow characteristic 

parameters such as distribution of pressure, temperature, and velocity were compared 

analytically to find the good approximation of momentum flux for turbine demand. For 

pressure ratio 0.5 and temperature 200 
o
C of steam fluid, the maximum velocity of 1.3 Ma and 

mass flow 0.978 kg/s (3.52 ton/hour) were occurred. Flux could be increased by making larger 

cross sectional area.  

 

 

1. Introduction 

Nozzle is the one important component in a power cycle plant that transfers heat enthalpy to kinetic 

energy for rotating power turbine. Consequently the velocity will increase as the compressible fluid 

flows through the reduced sectional cross area. This magnitude corresponds to the square root of 

enthalpy difference. To increase the velocity magnitude for momentum source in rotating power 

turbine, a compressible fluid e.g. steam could reach the supersonic flow through the convergent-

divergent nozzle (CD-nozzle). A throat section, between inlet and outlet sections, controls the outlet 

Mach when velocity in sonic condition. 

Rotating power turbine converts the thermal energy (enthalpy) to kinetic energy, as the gradual flow 

momentum occurs along the runner blades (rotor). Momentum flux flows on the blade surfaces will 

determine the shaft mechanical power. Momentum variables are mass and velocity would be the 

important variables to obtain the suitable required turbine power design. Accordingly, the nozzle 

design plays important role to give the optimum momentum flux.  Nozzle geometry and operating 

parameters are the main factors in convergent-divergent nozzle design, which affect the flow 

characteristics and properties.  
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In thermodynamics principles subject to enthalpy conversion in nozzle device, there is critical pressure 

ratio to analyze the supersonic velocity, which refers to ratio of actual pressure to stagnation inlet 

pressure and the sonic velocity in throat section. The velocity calculated analytically by the correlation 

of specific heat ratio for specific working fluids (compressible), based on the adiabatic irreversible 

process.  

Many studies on convergent-divergent nozzles utilized the computational method to investigate the 

flow characteristic and properties. Geometry and operating parameters are the main concern to analyze 

hydrodynamics of internal flow and optimize the momentum flux. It was also been reviewed that the 

potential head conversion converted in nozzle was the one of main design parameters of high 

efficiency turbines [1]. In application of rocket, is found that the proper geometrical design effecting 

the maximum effective velocity from enthalpy drop of combustion gas [2]. The study of mesh 

discretization for rocket nozzle models analyzed using the contour features of pressure, velocity, Mach 

number, cell Reynolds Number and Cell Equiangle Skew [3]. The geometry shape of cross sectional 

area in convergent-divergent nozzle has been analyzed and been concluded that fluid properties like 

velocity, pressure, and temperature had been the flow cross sectional dependency and the extent of 

expansion condition [4]. Two dimensional axi-symmetric conical nozzle models with varying 

divergence degree of angle were studied to get optimum geometry design for Mach 3  [5]   

Investigated the back pressure and area ratio for supersonic converging-diverging  also reported to 

obtain the optimum Mach nozzle [6]. The particular geometry and inlet condition of converging-

diverging nozzle in steam jet ejector investigation done using CFD analysis [7].  

The objective of this study was to analyze the converging-diverging nozzle for cross flow power 

turbine in a bio micro power plant using thermodynamic analytical model and computational model. 

Momentum flux and flow properties were the main parameters to obtain the suitable requirement 

design.   

 
2. Materials and Methods 

2.1 Thermodynamics Model Analysis 

A conceptual design of bio micro power plant utilizing solid fuels consist of steam generation, nozzle, 

cross flow power turbine as described in Figure 1. Steam flows through converging-diverging nozzle 

(CD Nozzle) will increase to supersonic velocity to rotate the cross flow power turbine (CF turbine). 

The condensate will be re-circulated by pump to be heated in a circulating fluidized bed boiler (CFB 

Boiler). The mechanical power turbine depends on the quantity of momentum flux exhausted from 

nozzle. Nozzle converts the hot pressurized gas thermal energy (steam enthalpy) to kinetic energy, 

thus pressure and temperature are the main thermodynamic parameters that have to be considered and 

calculated. Momentum variable like mass flow plays an important consideration and affected by 

nozzle geometry design (cross sectional area). 
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Figure 1. Schematic Diagram (conceptual design) of Bio-Micro Power Plant 

As the pressure decreases the velocity will increase and the density will change to reduce. The analysis 

of flow properties refers to gas ideal equation state that the pressure has linearly correlation to density 

and temperature. The supersonic condition at outlet depends on the back pressure and throat size to 

reach the sonic velocity which effected by specific heat ratio of working fluid (k=1.3 for steam). 

 (1) 

where : P is gas pressure,  = density , R is universal gas constant, and T is temperature. 

The velocity of ideal gas or acoustic velocity is independent of pressure, and it could be stated 

that the sound velocity of gas depends on the temperature. 

 

 
(2) 

So the Mach number is able be calculated using the next formula, that is the ratio of gas velocity to 

sound velocity. 

 

(3) 

Gas velocity is obtained from the mechanical energy equilibrium of energy conservation where 

negligible the gravitational potential energy,  

 
(4) 

and ho is outlet enthalpy at exit side and hi is inlet enthalpy (all units in kJ/kg) thus velocity in m/s. 

Meanwhile for flow properties of sonic characteristic determined by specific heat ratio (k) of fluid and 

every parameters divided by stagnation properties where velocity is zero (rest state), and usually taken 

at inlet or throat section for a M at exit/outlet. The critical pressure ratio (CPR) defined as the division 

of operating pressure at any section to stagnation point. This value would be a basic reference to 
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analyze sonic condition at throat and outlet, compared to actual pressure ratio (APR). When the value 

of APR lower than CPR, the CD nozzle would be in sonic condition and supersonic flow. 

 

(5) 

 

(6) 

where Pe is exit pressure, and P0 is stagnation pressure at inlet. 

And then the operating pressure at any cross sectional area (P) could be found using the following 

formula. 

 
(7) 

 For operating temperature at any section also could be calculated using the ideal gas correlation and 

isentropic process (P.v
k
 = constant), and thus the formula would be as stated below. 

 

(8) 

The density is inversely proportional with specific volume (v) and therefore be analyzed as well by 

substituting it.  

     or       
(9) 

2.2 CFD Model Analysis 

Computational modelling was begun from geometry and grid/mesh definitions, where geometry model 

built 2 dimensionally from the dimension obtained in the previous analysis based on the constraint 

data (flow properties). The available nozzle used in bio-micro power plant has diameter of 2 mm at 

throat and 2.4 mm at exit side. The boundary conditions determined at inlet and outlet in domain 

computation using operating parameters such as pressure and temperature inlet steam, and outlet 

temperature. 

 The output features from the post-processing like contour or vector were choosen as the analysis 

parameters e.g. pressure, temperature, velocity, Ma number. As the additional is the flux analysis like 

mass flow or momentum to verify the result. Simulation model was performed using the tools of 

CFDPRE© and CFDSOF©.  

3. Results and Discussions  

Thermodynamics calculation conducted by the EES™ tools was performed to find the flow properties 

along cross sectional area for a Mach number. When the operating values are inlet pressure of 2 bar. G 

and inlet temperature 200 
o
C, the range of Mach was from 0 up to 3 the properties ratio shown in 

Figure 2. 
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Figure 2. Flow Properties change according to Mach number for steam CD Nozzle (solved by EES™) 

Figure 2 shows that pressure and density properties almost have the similar shape, therefore when 

velocity is more supersonic, its properties decrease more. The Ma number was very strongly affected 

by the pressure ratio between back pressure and inlet pressure. These trends would be verified using 

CFD model to know the characteristics of available CD-Nozzle outlet diam. 2.4 mm and throat diam. 2 

mm. 

The CD-Nozzle model geometry has the dimension of diameter at exit position and throat position, as 

mentioned in the previous section. This model and its discretization (38x74 cells) shown in Figure 3. 

 

Figure 3. Grid size of 2 dimensional steam CD-Nozzle (solved by CFDPRE©). 

The contour of dynamics flow was analyzed using k-ε turbulence model to know the distribution of 

pressure, velocity, and density for given constraints. The velocity was more supersonic which 

gradually changes to be faster flowing out from nozzle. The complete results of simulation are given in 

Figure 4. 
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o
C 

outlet 
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(a) 

 

(b) 

Figure 4. Contours of Ma Number (a) and Temperature (b) for steam CD-Nozzle (solved by 

CFDSOF©). 
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(a) 

 

 

(b) 

Figure 5. Distribution of Static Pressure and Density along centreline on CD-Nozzle (solved by 

CFDSOF©) 

Figure 4 and 5 show that along the flows pass through geometry profile, the velocity increase 

corresponds to the pressure and density decrease. When pass trough throat section, pressure decrease 

and will increase at outlet. This flow properties change patterns are in the same with the study had 

been investigated  by measurement validation [6]. This profile change showed that the velocity factor 
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of momentum flux determined from the choosing on the operating condition such as pressure at outlet 

and inlet side. 

At the outlet side using the integration from post-menu could be calculated that the total mass flow 

magnitude is 0.978 kg/s. This the integration all values located in every cell in computational domain. 

This magnitude depends on the cross sectional area, when larger sectional area, the mass flow will 

increase thus the momentum flux will be higher. The cross sectional area of exit side will determine 

the amount of steam mass flow delivered to turbine’s blade.  

 

4. Conclusions 

The analyze of momentum flux for rotating power turbine using integration thermodynamics and CFD 

models has shown that the smallest pressure ratio will increase the supersonic flow pass through the 

CD-nozzle with throat diameter 2 mm and outlet diameter 2.4 mm. For pressure ratio 0.5 and 

temperature 200 
o
C of steam fluid, the maximum velocity that occurred was 1.3 Ma and mass flow was 

0.978 kg/s (3.52 ton/hour). Flux could be increased by making larger cross sectional area. 
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