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A b s t r a c t

The aim of this work is to calculate the effective area of a compressor recirculation valve. Analytical solution 
and numerical modeling for compressible flow through a valve will be presented. Critical parameters of 
flow will be determined. Numerical modeling will be performed using ANSYS FLUENT. The results of the 
numerical solution will be compared with the analytical solutions.
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Celem artykułu jest obliczenie powierzchni efektywnej zaworu recyrkulacji. Przedstawione zostaną 
rozwiązywania analityczne oraz modelowanie numeryczne przepływu czynnika ściśliwego przez zawór. 
Wyznaczone zostaną parametry krytyczne przepływu. Modelowanie numeryczne przeprowadzone 
będzie za pomocą programu ANSYS FLUENT. Wyniki z rozwiązania numerycznego porównane zostaną 
z rozwiązaniami analitycznymi.
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1. Introduction 

In many cases turbo charged gasoline engines will have a recirculation valve across the 
compressor, this type of solution is shown in Fig. 1. The recirculation valve is operated 
externally and ways of controlling will not be discussed in this paper. The recirculation valve 
opens especially but not only in two conditions: first when the clutch on the car engine is 
pressed and the engine is working without a load, and the second one when the gas pedal 
is pressed and there is a very high load on the engine caused by increasing acceleration. 
These two cases generate rapid pressure changes. An open recirculation valve prevents the 
compressor from going into a surge and avoids large pressure spikes that can occur between 
the compressor and the throttle [8–9].

Fig. 1. Compressor with CRV

The compressor operation in the surge region is unstable because the pressure ratio is 
too large for the small flow rate, causing a reversal flow and pressure drop. The temporary 
pressure drop allows the flow to reestablish itself but this may lead to compressor longevity 
issues. Also this causes the turbo speed to drop more rapidly. During the design of CRV its 
effective area should be calculated.

There are some analytical solutions and one of them will be presented in this article. 
Simultaneously, CFD modeling will be performed. The aim of this article is to compare these 
two solutions.

2. Isentropic flow

For reversible adiabatic process [1–6]:

 pρ–k = const (1)
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the Bernoulli equation of steady flow can be written as:

  (2)

The potential energy term is assumed to be negligible. Evaluating the result at two points 
(1 and 2) presented in Fig. 1 for the isentropic process:

  (3)

Application of equation (3) to the compressible flow of a body through a fluid. Allow point 
1 to be the stagnation point, and take point 2 as an upstream reference point (ahead of the 
influence region of the body). Because w1 = 0, then:

  (4)

where:
 p – pressure of fluid at the inlet,
 p2 – pressure of fluid at the outlet,
 w1 – fluid velocity at the inlet,
 w2 – fluid velocity at the outlet.

Flows through the valve can be taken as isentropic because flow transit time is so small 
that any friction is ignored. Noting that the w1 is small reduces equation (3) to the following 
expression for velocity w2:

  (5)

The condition of the flow in the valve depends on the value of the pressure after the valve 
in respect to the critical pressure. The critical pressure can be calculated from the following 
equation:

  (6)

where p1 is the absolute pressure at the inlet and it is equal to the sum of static and dynamic 
pressures:
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  (7)

For p2 ≥ pcr compressible mass flow rate has the form:

  (8)

By applying equation (5) into equation (8) the following equation can be written:  

  (9)

Assuming the equation (1) the relation between pressure at the inlet and outlet takes the 
form:

 p1ρ1
–k = p2ρ2

–k (10)

The equation for the mass flow (8) can be written as:

  (11)

When p2 = pcr the mass flow is equal to:

  (12)

Applying equation (6) mass flow has the form:

  (13)

After simplification equation (13) takes the form:

  (14)

In the design of the recirculation valve (CRV) it is necessary to calculate the minimum size 
of the valve area A2. The Aabove formulas (9) and (14) depend on the ratio of the pressures 
p1 and p2. Shapes of valves in case of narrowing the cross-section in the direction of gas flow 
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does not have a significant importance on the speed and mass flow rate of the gas even if 
taking into account the friction forces on its walls.

3. Calculation of minimum area of valve

The ratio of critical pressure pcr divided by pressure at the inlet p1 has the form:

  (15)

assuming air as fluid k = 1.4 and rcr = 0.5283. 
For r > rcr the minimum area of the valve can be calculated from:

  (16)

For r ≤ rcr:

  (17)

T a b l e  1

Calculated minimum area of valve

m
[kg/s]

T1 = 293 [K] T1 = 373 [K] T1 = 473 [K]

p1/p0
A2

[mm2] p1/p0
A2

[mm2] p1/p0
A2

[mm2]
0.04 1.33 144.465 1.42 144.936 1.52 147.185
0.05 1.45 155.286 1.58 155.012 1.68 161.752
0.06 1.6 162.202 1.75 164.504 1.85 174.572
0.07 1.75 170.099 1.92 174.231 2.05 184.398
0.08 1.9 178.318 2.1 183.119 2.35 187.525
0.09 2.06 185.771 2.35 187.342 2.7 189.848
0.1 2.255 190.815 2.65 189.88 3.17 188.996
0.11 2.53 191.606 3 191.478 3.65 190.297
0.12 2.85 191.746 3.5 189.14 4.3 188.693
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Based on the equation (16) and (17) the minimum area in the function of mass flow rate 
m  is presented in Fig. 2 and the minimum area in the function of pressure ratio p1/p0 is shown 

in Fig. 3, where p0 is the ambient pressure. 

Fig. 2. Minimum area of CRV in the function of mass flow rate

Fig. 3. Minimum area of CRV in the function of pressure ratio
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Based on Fig. 2 and Fig. 3 the value of minimal area of the CRV valve was calculated  
A2 = 195 [mm2].

4. CFD modeling

Numerical modeling of compressible flow through the CRV valve in a steady state has 
been conducted [10]. A geometrical model was created from a cylinder which  narrows in 
the length of 20 [mm] in the center. The following dimensions were assumed: the length of 
260 [mm] diameter of the cylinder in the center 15.8 [mm]. The minimum cross section area 
was equal to 195 [mm2]. The model is presented in Fig. 4.

Fig. 4. 2D and 3D model with dimensions and assumed boundary conditions

The model was divided into finite elements tri tetra type of variable size decreasing ten 
times at the beginning of the narrowing part.

Calculations were carried out based on its density using the equations of mass, 
momentum and energy conservation. The flow was turbulent and k-ε model with extended 
walls (enhanced wall fn) was used. For the flowing fluid the air was set at the temperature 
of 293 [K]; 373 [K]; 473 [K]. The ideal gas law was chosen. Boundary condition for INLET 
(mass-flow -inlet) was defined by mass flow of 0.04 [kg/s] to 0.12 [kg/s]. At the OUTLET 
constant operating pressure of 1 [bar] was set. For the adiabatic exponent for air k = 1.4 was 
defined. The pressure p1 at inlet area was calculated.

The accuracy of the numerical solution is high. The maximum relative error is about 5%. 
To simplify the problem a two-dimensional model was created with the same sizes in the x 
and y axis as in the three-dimensional model. The model was divided into finite elements of 
quad pave type with resizable size decreasing ten times at the beginning of the narrowing 
area. The computational model and boundary conditions were the same as in the three-
dimensional modeling.



56

T
a

b
le

 2

C
om

pa
ri

so
n 

of
 e

xa
ct

 v
al

ue
s a

nd
 c

al
cu

la
te

d 
by

 C
FD

 m
[k

g/
s]

T1
 =

 2
93

 [K
]

T1
 =

 3
73

 [K
]

T1
 =

 4
73

 [K
]

p 1e
xa

ct
[P

a]
p 1C

FD
[P

a]
σ
=

−
⋅

p
p

p
ex
ac
t

C
F
D

ex
ac
t

1
1

1

10
0

[%
]

p 1e
xa

ct
[P

a]
p 1C

FD
[P

a]
σ
=

−
⋅

p
p

p
ex
ac
t

C
F
D

ex
ac
t

1
1

1

10
0

[%
]

p 1e
xa

ct
[P

a]
p 1C

FD
[P

a]
σ
=

−
⋅

p
p

p
ex
ac
t

C
F
D

ex
ac
t

1
1

1

10
0

[%
]

0.
04

13
30

00
13

60
25

2.
27

44
36

14
20

00
14

12
00

0.
56

33
8

14
20

00
14

12
45

0.
53

16
9

0.
05

14
50

00
14

95
00

3.
10

34
48

15
80

00
15

53
45

1.
68

03
8

15
80

00
15

66
90

0.
82

91
1

0.
06

16
00

00
15

49
05

3.
18

43
75

17
50

00
17

82
45

1.
85

42
9

17
50

00
17

42
56

0.
42

51
4

0.
07

17
50

00
17

19
00

1.
77

14
29

19
20

00
19

42
34

1.
16

35
4

19
20

00
19

34
00

0.
72

91
7

0.
08

19
00

00
18

58
56

2.
18

10
53

21
00

00
20

83
45

0.
78

81
21

00
00

20
57

89
2.

00
52

4

0.
09

20
60

00
20

34
36

1.
24

46
6

23
50

00
23

85
43

1.
50

76
6

23
50

00
22

84
32

2.
79

48
9

0.
1

22
55

00
22

74
78

0.
87

71
62

26
50

00
26

67
03

0.
64

26
4

26
50

00
27

95
32

5.
48

37
7

0.
11

25
30

00
24

83
00

1.
85

77
08

30
00

00
30

43
56

1.
45

2
30

00
00

29
86

43
0.

45
23

3

0.
12

28
50

00
29

10
97

2.
13

92
98

35
00

00
34

82
54

0.
49

88
6

35
00

00
35

35
75

1.
02

14
3



57

5. Conclusions

The method to calculate the effective-minimum area of a compressor recirculation valve 
(CRV) was presented. Additionally, numerical modeling of compressible flow through the 
CRV valve in a steady state has been conducted. The created numerical model was presented. 
The results of the numerical solution were compared with the analytical solutions. The 
accuracy of the numerical solution is high. The maximum relative error is about 5%.

This type of analysis is applicable in the automotive industry.
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