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ABSTRACT 

In order to improve the calculation accuracy and efficiency of the one-dimensional model for a secondary air system, 

and meet the requirements of accurately calculating the discharge coefficient of the rotating orifice under various 

conditions, the calculation model of discharge coefficient for the rotating orifice was developed using VB.NET, based on 

existing experimental results and empirical relationships of the published literature. A variety of influencing factors have 

been considered in the model, including the influence of crossflows upstream and downstream of the orifice, and the 

accuracy of the model was verified by comparing the experimental data. The results show that the calculation error under 

various complicated conditions is about 6% on average. A wide range of parameters affecting the orifice discharge 

coefficient have been covered by the model with a high calculation accuracy, which basically meets the requirements of 

engineering design. Therefore, it can be used as a general model of rotating orifices for one-dimensional simulation of the 

secondary air system. 
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INTRODUCTION 

As an important subsystem of an aero-engine, the secondary air system has taken on more functions such as cooling, 

sealing, and axial force control. The interior of the secondary air system is usually composed of a large number of variously 

shaped chambers and flow elements, resulting in a complicated structure of flow path (Rolls-Royce, 1986). The cooling air 

must flow through these chambers and flow elements to reach the target structure that needs to be cooled or sealed. Flow 

elements, especially the orifices, play a vital role in the flow distribution and control of the air system. Therefore, mastering 

the flow characteristics of the orifice is one of the key factors for designers in refined design of the air system. 

In the actual aero-engine, the factors that affect the orifice discharge coefficient mainly include: geometric structures, 

flow parameters, inlet boundaries and the motion state. The relationship between the discharge coefficient of the orifice 

with different geometric structures and pressure ratios was studied by a large number of scholars (Deckker and Chang, 

1965; Benedict et al., 1975). Many of them also studied the effect of Reynolds number. An experimental study was carried 

out on the rotating orifice in 1965, and the change rule of the discharge coefficient with the tangential velocity parameter 

was given for the first time (Meyfarth and Shine, 1965). The effect of pressure ratios, length-to-diameter ratios, and rotation 

speeds was systematically studied through experiments and numerical methods, where the LDV was used to analyse the 

upstream and downstream velocity fields of the rotating orifice (Wittig et al., 1996). Besides, the effect of corner radiusing 

and chamfering was also studied by experiments, and the results showed that the discharge coefficient was increased by 

39% compared with the sharp orifice (Dittmann et al., 2003). The relationship between the discharge coefficient and the 

incidence angle under the condition of constant pressure ratio was determined by the experimental methods (Idris et al., 

2004). Crossflows and pre-swirl flows are also important parameters that affect the orifice characteristics. The effect of 

pre-swirl, internal crossflow and rotation was studied by experimental methods and further explained by CFD (Sousek et 

al., 2014). The change rule of the discharge coefficient was also tested in the case that the internal crossflow and the external 

crossflow exist at the same time (Hay et al.,1983; Gritsch et al., 2001). 

In summary, a large number of experiments and numerical studies on the various influencing parameters of the orifice 

characteristics have been conducted by many scholars, and the change rule of the discharge coefficient with each parameter 

has been analysed, which was sorted into the corresponding calculation formulas (Idris and Pullen, 2005). However, the 
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method to evaluate the effect of internal and external crossflows on the orifice discharge coefficient is not included in these 

researches. In this paper, a general calculation model of the orifice has been built considering various influencing 

parameters including internal and external crossflows, and the accuracy of the model is verified by comparing the 

experimental data of the literature.  

METHODOLOGY 

Geometric Model and Theory of Rotating Orifices 
Figure 1 is a schematic diagram of the geometric for a typical rotating axial orifice. 

The flow characteristics of the rotating orifice are commonly described by the discharge coefficient, which is defined 

as the ratio of actual mass flow to the theoretical mass flow. 

d act idC m m . (1) 

The actual mass flow ṁact usually obtained by experiments or numerical calculations, while the theoretical flow ṁid 

is derived from the adiabatic isentropic equation. Its calculation formula is 

      
  2 1

id 1t 1t 2s 1t 2s 1t2 1    
+

m p A T R p p p p
  

  . (2) 

where p
1t

 and T1t are the total pressure and total temperature at the inlet of the orifice. p
2s

 is the static pressure at the 

outlet. Then the definition of the discharge coefficient can be expressed as follows 
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The corresponding theoretical axial velocity is given by 
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A method for processing the discharge coefficient of rotating orifices in a relative frame of reference was proposed to 

consider the work of rotating disk. Then the calculation formula of the discharge coefficient Cd and the relative theoretical 

axial velocity Wax is determined by Equation 5 and Equation 6. 
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In the above equations, p
1t,rel

, T1t,relare total parameters in the relative frame of reference, which are calculated by 

    
 1

2
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. (7) 

    2

1t,rel 1t 1t1 2 2 pT =T + U - UV c T
. (8) 

where 𝑉𝜑, which could be caused by pre-swirl, is the circumferential velocity of the airflow at the entrance of the orifice. 

U is the rotating velocity of orifices. 

In order to consider the effect of rotation, the incidence angle is proposed as the influence parameter. 

 axarctani= U C . (9) 

The non-axial flow at the orifice inlet will be affected by different inlet boundary conditions (crossflow, pre-swirl), 

which will result in a change in the incidence angle. The velocity triangle at the entrance of the orifice is shown in Figure 

1. Therefore, the formulas for calculating the incidence angle in this case are: 

 nx axarctani W C . (10) 

2 2

nx r( )  W U V V
. (11) 

where Vr is the radial velocity caused by crossflows. Wnx is the non-axial velocity in the relative coordinate system. 
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Figure 1 Geometric Model with Velocity Triangles  

Calculation Model of Discharge Coefficient for Rotating Orifices 

Summarizing the researches in the literature, it is found that the factors affecting the discharge coefficient of the straight 

orifice mainly include: geometric structures (length-to-diameter ratio l d⁄ , orifice radius and chamfer), flow parameters 

(Reynolds number Re, pressure ratio  π), inlet boundaries (crossflow, pre-swirl) and the motion state (rotation), etc. The 

weighting factor method of considering the single factor is used to model the orifice characteristics in this paper. 

Effects of Reynolds Number 

According to the literature, the basic discharge coefficient is suitable for incompressible conditions and the empirical 

correlation is expressed as 

d,s ax0.5885 372 C Re . (12) 

In the above equation, Cd,s represents the discharge coefficient considering the effect of Reax, which is defined as 

Reax= ṁd (A∙μ)⁄ , where μ is the dynamic viscosity coefficient of air and A is the cross-sectional area of the orifice.  

Effects of Inlet Radiusing and Chamfering 

On the basis of the basic discharge coefficient, the effects of inlet radiusing and chamfering on the discharge coefficient 

are considered in the following equations: 

(a) For inlet radiusing 

d,r d,s1 (1 )C f C   . (13) 

Where f is the weighting factor for the effect of inlet radiusing on the discharge coefficient and its expression is: 

25.5( / ) 3.5( / )0.008 0.992 r d r df e    . (14) 

(b) For chamfering 

d,w d,s1 (1 )C h C   . (15) 

Where h is the weighting factor of inlet chamfering and its equation is 

    25.3( / ) 21 (1 ) ( 26.16 43.63 0.0184 0.6) 0.6 / 0.4         
 

w dh e   . (16) 

In the above equation, Cd,r and Cd,w respectively represent the discharge coefficient considering the effects of inlet  

radiusing and chamfering based on the basic discharge coefficient. Similarly, the subscripts of the discharge coefficient in 

the following respectively represent the corresponding parameters affecting the discharge coefficient. 

Effects of Orifice Length 

The discharge coefficient with the effect of orifice length is written as 

d,r,l d,r1 (1 )C g C   . (17) 

Where g factor is 

    
21.606( / )1 1.3 0.435 0.021  l dg e l d . (18) 

As described above, Cd,r,l represents the discharge coefficient affected by inlet radiusing and orifice length. 
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Effects of Pressure Ratio 

The effect of pressure ratio is also described by the method of weighting factor. 

d,r,l, d,r,l1 (1 )C h C    . (19) 

Where the h describes as 

   d,r,l 1 2 2= 0.6 0.263  h C C C C . (20) 

C1 and C2 in the Equation 20 are functions of pressure ratio respectively. 

0.9083

1 0.8454 0.6797eC   . (21) 

0.50.4619 2.367

2 6.6687eC   . (22) 

Effects of Incidence Angle 
The effect of rotation can be reflected more intuitively and accurately by the incidence angle than the velocity ratio 

(U Cax⁄ ). Besides, the effects of crossflows and pre-swirl flows can also be considered into the incidence angle. 

The relationship between the discharge coefficient of the sharp straight orifice and the incidence angle under the 

conditions of l/d =1.4 and π =1.06 has been obtained with experimental method (Idris et al., 2004). The polynomial 

fitting formula of the test data is as follows 

-5 2 -6 3

d 0.8092 0.0035 4.0575 10 9.3029 10C i i i      . (23) 

The intercept (0.8092) in Equation 27 is the discharge coefficient under the conditions of i =0, l/d =1.4 and π =1.06. 

The remaining iterms related to i are the increment of the discharge coefficient (∆Cd,i) under the effect of incidence angle. 

Therefore, the correction relation under the influence of the incidence angle is 

d i d,r,l, d iC =C C ， ，
. (24) 

where ∆Cd,i is written as 

-5 2 -6 3

d i 0.0035 4.0575 10 9.3029 10    C = i+ i i，
. (25) 

Effects of Crossflow 

There are few studies on the effects of internal and external crossflows on orifice characteristics, especially for external 

crossflows. The experimental study of the effects of internal and external crossflow on the discharge coefficient of different 

orifices was carried out by Gritsch et al.(Gritsch et al., 2001). 
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Figure 2 Effects of External Crossflow 

Figure 2 is the relationship between the discharge coefficient and the pressure ratio of the sharp straight orifice with 

different external crossflow Mach numbers. The fitting curves of the test data can be expressed as follows 

 d,c out0.73302 0.04628 C         Ma =0 . (26) 

   11 1.22412 0.03827 0.03827

d,c out0.81603 0.02271 1.24844 10 0.3, 1.22   -C + + e -e          Ma =    . (27) 

   1.22412 0.047997

d,c out0.81603 0.02271 0.3, 1.22 
- -

C + e         Ma =  


 . （28） 
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 0.10602

d,c out0.81944 10448.41927 0.6


 C e         Ma =
 . (29) 

 0.17131

d,c out0.8341 386.69766 1.2


 C e         Ma =
 . (30) 

  

The discharge coefficient with other external crossflow Mach numbers between 0 and 1.2 (0< Maout= X<1.2.) 

is obtained by the method of interpolation. In order to separate the effect of external crossflows, the discharge 

coefficient at Maout= 0 is subtracted from the discharge coefficient at Maout= X. Therefore, the effect of external 

crossflows on the discharge coefficient is defined as ∆Cd,c. 

   out out
d,c d,c =X d,c =0Ma Ma

C C -C  . (31) 

As mentioned above, the effect of internal crossflows can be considered in the incidence angle. 

In summary, a general calculation model for the discharge coefficient of orifices under the effects of multiple factors 

is established based on the description method of the discharge coefficient and the revision of the test data.  

RESULTS AND DISCUSSION 

Model Functions and Research Objects 

According to the method of establishing the model determined above, the calculation model for the discharge 

coefficient of the rotating orifice is developed based on VB.NET, as shown in Figure 3. The parameters required for 

calculation are entered into the model interface, and then the orifice characteristics under these parameters can be obtained 

by clicking the calculation button. The model can be used for rapid calculation under the single-point operating condition, 

and also for design calculation of characteristic curves.  

 

Figure 3 Interface of Calculation Model 

In order to verify the model, the experimental research objects in different literature are used for calculation. The main 

parameters of the orifices used for comparison and verification are shown in the Table 1. 

Table 1 Main Parameters of the Orifices in Different Literature 

Parameter (Dittmann, 2003) (Sousek, 2014) (Hay, 1983) (Gritsch, 2001) 

l/d 0.4/1.25 1.2 6 3 

r/d 0.05/0.1 0 0 0 

N(r/min) 0-9500 0-5000 0 0 

π 1.05-1.6 1.05-1.5 1-2 1-2.25 

β(º) 0 25° 0 0 

Main 0 0.1/0.15/0.2 0-0.4 0-1.2 

Maout 0 0 0-0.5 0-1.2 

Results Analysis 

The effect of incidence angle on the discharge coefficient of the rotating orifice was studied in Reference 10 (Dittmann 

et al., 2003) under the conditions of different inlet radius and chamfer with different l/d ratios. The rotation speed could 

reach 9500 r/min, and the maximum incidence angle is about 40 degrees. The model is used for calculation according to 

the test conditions, and the comparison between calculation results and test data is shown in Figure 4. 

It can be seen from Figure 4 that as the incidence angle increases, the Cd  gradually decreases and tends to be 

consistent. The incidence angle is a characterization of the relationship between the relative circumferential velocity (U) 

and the axial velocity (Cax) of the airflow. As the rotation speed continues to increase, the relative circumferential velocity 

(U) of the airflow continues to increase, and the incidence angle also continues to increase. The air separation zone is easily 

formed at the entrance of the rotating orifice, which will result in the reduction of the actual flow cross-section of the 
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rotating orifice and the decrease of the discharge coefficient. The larger the incidence angle is, the larger the separation 

zone will be, which ultimately leads to a further reduction in the actual flow cross-section and discharge coefficient. 
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Figure 4 Effects of Incidence Angle  

The calculation results of the model are in good agreement with the test data. Under the conditions of l/d=0.4 and 

l/d=1.25, the maximum relative errors are about 7.9% and 4.8%, respectively. The causes of large errors may have the 

following two aspects: On the one hand, the effect of length-to-diameter ratio is corrected based on the fitting curve of the 

test data obtained in Reference 8 (Lichtarowitz et al., 1965). When the length-to-diameter ratio is between 0 and 2, the 

discharge coefficient changes drastically with the change of the length-to-diameter ratio, and the test data is very limited, 

which will result in larger fitting errors. On the other hand, the correction data for the effect of incidence angle is based on 

the test of Idris. The test data was obtained under the conditions of low constant pressure ratio (π =1.06) and high rotation 

speeds. However, in the experiment of Reference 8, the discharge coefficient at different incidence angles was obtained by 

changing the pressure ratios (π =1.05 - 1.6), which is due to the limitation of the maximum rotation speed. Therefore, the 

error will be caused by the effect of different pressure ratios under the condition of low incidence angle. 
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Figure 5 Effects of Internal Crossflow (Main)  

Similar to the rotation and pre-swirl, the incidence angle can be changed by the presence of crossflows at the orifice 

entrance, which will result in a change in the discharge coefficient of the orifice. In order to verify that the model has the 

ability to simulate the effect of pre-swirl, internal crossflow and rotation on the orifice discharge coefficient, the test data 

of Reference 11 (Sousek et al., 2014) is used for comparative calculation. A pre-swirl angle of 25 degrees is used in the 

verification calculation. The Mach numbers of the internal crossflow are 0.1, 0.15 and 0.2, and the rotation speed can reach 

up to 5000 r/min. The comparison between the calculation results and test data is shown in Figure 5. 

It can be found from the Figure 5 that the calculation results of the model are almost consistent with the change trend 

of the test data. The maximum error is no more than 5.7%, which occurs at Main=0.2 with π =1.1. Under the conditions 

of fixed internal crossflow Mach number, pressure ratio and pre-swirl angle, as the rotation speed of the orifice changes 

from -5000 r/min to 5000 r/min, The absolute value of the incidence angle defined in the literature (|it|) decreases first and 

then increases, while the corresponding discharge coefficient shows the tendency to increase first and then decrease. The 

curves indicate a higher discharge coefficient when 𝑖t moves closer to 0. 

According to the trend of this change, the cause can be analysed. At the beginning, the rotation speed and the pre-swirl 

are in the same direction. As the rotation speed continues to decrease from -5000 r/min, |U-Vφ| and |it| continue to 

decrease, and the discharge coefficient keeps increasing. The maximum value of the discharge coefficient appears when 
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|U-Vφ|=0, and the corresponding incidence angle is also 0 in this case (|it|=0). This is consistent with the description of 

Equation 10 and Equation 11 in the text, which shows that Wnx and the corresponding incidence angle are the smallest 

and the discharge coefficient is the largest in the case of |U-Vφ|=0. When the rotation speed continues to decrease to 0, 

and then the reverse rotation speed continues to increase, |U-Vφ| increase constantly, resulting in an increase of the 

incidence angle and a continuous decrease of the discharge coefficient. It can also be seen from the Figure 8 that under the 

same 𝑖t , the higher the internal crossflow Mach number (Main) is, the lower Cd is. This conclusion can be analysed more 

clearly from Equation 11. As Main  increases, Wnx  becomes larger, resulting in the decrease of the actual three-

dimensional incidence angle i and the decrease of the discharge coefficient. 
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Figure 6 Comprehensive Effects of Internal and External Crossflow (Main and Maout) 

As mentioned above, the internal and external crossflow factors are considered separately. The effect of internal 

crossflow is reflected by the incidence angle and the effect of external crossflow is corrected by the increment method 

introduced in the section of METHODOLOGY. Based on the test data of Reference 4 (Gritsch et al., 2001) and Reference 

5 (Hay et al., 1983), the model verification is carried out under the condition of π =1-2.2 with different combinations of 

the internal crossflow and the external crossflow. The comparison between the calculation results and the test data is shown 

in Figure 6. Compared with the test data of Gritsch et al., the maximum error is about 9.7%, which occurs in the case of 

low pressure ratio and low discharge coefficient. The average errors of the three sets of data used for comparison are 8.8%, 

0.6% and 5.5% respectively. Compared with the test data of Hay et al., the maximum error is about 9.6%, which also occurs 

under the condition of low pressure ratio and low discharge coefficient. The average error is about 6.3%. 

It can be found from the Figure 6 that Cd increases with the increase of the pressure ratio, which is independent of 

the internal and external crossflow. The external crossflow has a more obvious effect on the discharge coefficient under 

the condition of low pressure ratio. In addition, the increase of internal and external crossflows can both cause the decrease 

of the discharge coefficient. However, the effect of internal crossflows is greater than that of external crossflows.  

CONCLUSIONS 

In this paper, the rotating orifice theory and the main factors affecting the orifice discharge coefficient are further 

analysed based on previous researches. Finally, a general calculation model for the discharge coefficient of orifices is 

developed, which is suitable for multi-influencing factors including internal and external crossflows. At the same time, the 

accuracy of the model is verified by comparing the experimental data in different literature. The main conclusions are as 

follows: 

(1) The calculation model has strong universality and a wide range of applications, which is suitable for the calculation 

of the discharge coefficient under conditions with a combination of multiple factors. These influencing factors that can be 

considered include: geometric structures (orifice length, corner radiusing or chamfering), flow parameters (Reynolds 

number, pressure ratio), internal and external boundaries (crossflow, pre-swirl) and the motion state (rotation). 

(2) The internal and external crossflow factors are considered separately. The internal crossflow, pre-swirl and rotation 

are reflected by the incidence angle, and the effect of external crossflow is corrected by increment method. 

(3) The accuracy of the calculation model is relatively high. The maximum error under the combined influence of 

internal crossflow, pre-swirl and rotation does not exceed 5.7%. When the internal and external crossflows exist at the 

same time, the maximum error is no more than 9.7%, and the average error is only about 6%. 

(4) Under the condition of meeting the engineering accuracy, the calculation and analysis efficiency of the one-

dimensional simulation for the secondary air system is improved 

NOMENCLATURE 

A Cross-sectional area [m2] 
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cp Specific heat at constant pressure [J (kg∙K)⁄ ] 

Cax Axial velocity in the abs. frame of reference [m s⁄ ] 

Cd Discharge coefficient 

d Diameter of orifice [m] 

i Incidence angle [°] 

it Incidence angle defined by Sousek [°] 

l Length of orifice [m] 

ṁ Mass flow rate [kg/s] 

N Disk rotating speed [r min⁄ ] 

p Pressure [N m2⁄ ] 
r Inlet radius of the orifice [m] 

R Ideal gas constant  [J (kg∙K)⁄ ] 

Reax  Inlet Reynolds number  

T Temperature [K] 

U Orifices rotating velocity [m/s]] 

Vφ Circumferential velocity caused by pre-swirl [m/s]] 

w Chamfering depth 

Wax Axial velocity in the rel. frame of reference [m/s] 

β Pre-swirl angle [°] 

μ Dynamic viscosity 

π Pressure ratio 

θ Angle of chamfering [°] 

Subscripts 

act actual 

cir circumferential 

id ideal 

in,out internal, external  

nx non-axial 

r radial 

rel the rel. frame of reference 

s static 

t total  

1,2 upstream, downstream of orifices 
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