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Problem Statement: For single sided centrifugal for given power input factor ψ, slip factor σ, rotational speed N, overall diameter of impeller D, eye tip diameter etd, eye root diameter erd, air flow rate m, inlet stagnation temperature T01, inlet stagnation pressure p01, and isentropic efficiency ηc. The requirement is to (a) calculate pressure ratio of the compressor and power required to drive it. Also to (b) calculate the inlet angle of the impeller vanes at the root and tip radii of the eye and to (c) estimate the axial depth of the impeller channels at the periphery of the impeller.

Modeling Approach: Type Mathematical Modeling

Assumption: The velocity of the air at inlet is axial.

Module 1: for part (a)

The whole problem can be solved by applying mathematical equations, like wise

Impeller tip speed U = πDN       As N is given in rev/s

U is limited by maximum allowable centrifugal stresses and U<= 460 m/s

Temperature equivalent of work done on unit mass flow of air is 
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And 
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 where n is number of vanes, typically 19 to 21, so this leads to value of slip factor as 0.9.

Note: Here variation of cp with temperature is neglected, and assumed to be constant 

Power required = 
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 can be computed.
Also
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, typically value of pressure ratio for U = 460 m/s (approx.) is about 4:1, but for good materials its value can be to 6:1.
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Figure1. Information flow diagram for module 1
Module 2: for part (b)

To determine the inlet velocity which in this case is assumed to be axial, i.e. Ca1 = C1. Ca1 must satisfy the continuity equation m = ρ1A1 Ca1, where A1 is the flow area at inlet. Since the density ρ1 depends upon C1​, and both are unknown, a trial and error process is required.
Iterative procedure is not critically dependent on the initial value assumed for axial velocity, but to reduce the computation, it is desirable to have some rational basis for obtaining an estimated value for starting the iteration. In this model to estimate axial velocity density is computed on the basis of known stagnation pressure and temperature. In practice it gives a density that is too high and a velocity that is too low.
Note: This is normal to design for an axial velocity of about 150 m/s. and this providing a suitable compromise between high flow per unit frontal area and low frictional losses in the intake.
Initial guess
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 {super script denote the number of iteration}

Having calculated Ca1; since C1 = Ca1; the equivalent dynamic temperature is 
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Truncation criteria
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Now having known Ca, ρ1 can be computed. 

Peripheral speed at impeller eye tip radius = π*eye tip diameter*N

Peripheral speed at impeller eye root radius = π*eye root diameter*N

inlet angle of the impeller vane root = 
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inlet angle of the impeller eye tip = 
[image: image15.wmf]1

1

tan

a

eyetipradius

C

peripheralspeed

-

æö

ç÷

èø



[image: image16]
Figure 2. Information Flow diagram for module two
Module 3: for part (c)


The shape of the impeller channel between eye and tip is very much a matter of trial and error. The aim is to obtain as uniform a change of flow velocity up the channel as possible, avoiding local deceleration up the trailing face of the vane, which might led to flow separation.
Assumptions: 

1. The radial component of velocity will be relatively small; a suitable value is obtained by making it approximately equal to the axial velocity at inlet of the eye.

2. The losses in impeller and diffuser are equal.

To estimate the density at impeller tip, the static pressure and temperature are found by calculating the absolute velocity at this point & using it in conjunction with the stagnation pressure which is calculated from the assumed loss upto this point.

(i). Making choice Cr2 = Ca1
      Cw2 = σ U,     
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(ii). Assuming that half the total loss i.e. 0.5(1-ηc), occurs in the impeller, the effective efficiency of compression from P01 to P02 will be 1-0.5(1-ηc) = 0.5(1+ηc)
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     { use T02 = T03 }

Now,
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    and   T02 = T03
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  thus 
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 thus required area of cross section of flow in the flow in the radial direction at the impeller tip is 
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Hence depth of impeller channel is = 
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Simulation:

Following Program code is developed to compute all the parameters involved. This allows us to confirm that our assumptions are true for this problem. Like iterative procedure is critically independent. U is limited to 460 m/s. Pressure ratio is from 4:1 to 6:1. Also axial velocity is about 150 m/s.
Program code

#include<stdio.h>

#include<math.h>

#define pi 3.141592654

#define cp 1.005
//cp of air 1.005 kJ/kg-K

#define gamma 1.4
// Ratio of specific heats cp/cv

#define R 0.287
//specific gas constant, kJ/kg-K

void main()

{


int i=0;



//Iteration Counter


float D=0.5,N=290,U;

//D= Overall impeller diameter,






//N= rotational speed in rev/s


float delT;


//stagnation temp difference, T03-T01


float si=1.04,sigma=0.9;
//si= power input factor, sigma= slip factor


float pratio,T01=295;

//Pressure ratio P03/P01






//T01 inlet stagnation tempreture, K


float nc=0.78,m=9;

//nc isentropic efficiency






//m air mass flow kg/s


float A1,etd=0.3,erd=0.15;
// A1  annulus area of impeller eye






//etd eye tip diameter,m






//erd eye root diameter,m


float rho1,p01=110,Ca1;    
// density at inlet






//P01 stagnation pressure at inlet,kPa






//Ca1 Axial Velocity at inlet


float Cac,p1,T1; 

//Corrected value of Ca1






//T1 Inlet Temperature, K






//p1 Inlet Pressure, kPa


float pspdr,pspdt,aivr,aivt;
// pspdr peripheral speed at root






// pspdt peripheral speed at tip






// aivr angle of impeller vane at root






// aivt angle of impeller vane at tip


float Cr2,Cw2,T02,p02,T2,p2; 
// Cr2 radial velocity at impeller tip






// Cw2 whirl velocity at impeller tip






//T02 stagnation temperature at impeller tip






//p02 stagnation pressure at impeller tip






//p2 static pressure at impeller tip


float rho2,A2,dimp;


clrscr();


U=pi*D*N;


delT=si*sigma*U*U/(cp*1000);


pratio=pow(1+(nc*delT)/T01,gamma/(gamma-1));


printf("\nPressure ratio is %.2f",pratio);


printf("\nPower required =%.0f kW",m*cp*delT);


//Estimate of axial Velocity


A1=pi*(etd*etd-erd*erd)/4;


rho1=p01/(R*T01);


do


{



Ca1=m/(rho1*A1);



Cac=Ca1;



//Since C1=Ca1, the actual temperature at inlet



T1=T01-(Ca1*Ca1/(2*cp*1000));



p1=p01/(pow(T01/T1,gamma/(gamma-1)));



rho1=p1/(R*T1);



Ca1=m/(rho1*A1);



i++;


}while(fabs(Ca1-Cac)>=0.001);


pspdt=pi*etd*N;


pspdr=pi*erd*N;


aivt=atan(Ca1/pspdt)*180/pi;


aivr=atan(Ca1/pspdr)*180/pi;


printf("\nAngle of impeller vane at root and tip are %.2f and %.2f degrees",aivr,aivt);


//diffuser design


Cr2=Ca1;


Cw2=sigma*U;


nc=1-(0.5*(1-nc));


T02=T01+delT;


p02=p01*pow(1+(nc*delT/T01),gamma/(gamma-1));


T2=T02-(Cr2*Cr2+Cw2*Cw2)/(2000*cp);


p2=p02*pow(T2/T02,gamma/(gamma-1));


rho2=p2/(R*T2);


A2=m/(rho2*Cr2);


dimp=A2*100/(pi*D);


printf("\nDepth of Impeller Required =%.2f cm",dimp);


printf("\nNumber of iterations required =%d",i);

}
Results:
With power input factor ψ = 1.04, slip factor σ = 0.9, rotational speed N =290 rev/s, overall diameter of impeller =0.5 m, eye tip diameter = 0.3m, eye root diameter = 0.15 m, air mass flow m = 9kg/s, inlet stagnation pressure P01=110 kPA, inlet stagnation temperature T01 = 295 K, isentropic efficiency ηc =0.78.

Following results were obtained 

Pressure ratio is 4.24

Power required =1748 kW

axial velocity = 142.57 m/s

Angle of impeller vane at root and tip are 46.21 and 27.55 degrees

Depth of Impeller Required =1.75 cm

Number of iterations required =7

To ensure critical dependence on initial velocity. Code is run for different initial guess for Ca1, and no. of iterations are counted. Results were obtained as follows:
Ca1= 0 

Number of iterations required =8
Ca1= 20 
Number of iterations required =8

Ca1= 120 
Number of iterations required =7
Ca1= 450 
Number of iterations required =10

Ca1= 494 
Number of iterations required =14
Ca1= 495
 Abnormal program termination
Thus it is clear this model is almost critically independent on initial guess of Ca1. And number of iteration is also very small. But Ca1 should be in between 0 to 494 m/s. Also it is predicted that number of iteration is less if initial guess is close to 150 m/s.



Module 1
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Pressure ratio P03/P01





P, Power requirement





T1 = T01 - � EMBED Equation.DSMT4  ���.
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