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Diffusers are used to convert the kinetic energy of the gas flow into potential energy, i.e. to reduce the ve-
locity and to increase the pressure. The most common types of diffusers are vaneless, vaned, and channel
ones. Each type of diffuser has its design features and its performances. Improving the operational cha-
racteristics of vaneless diffusers is possible by using stepped diffusers with flow injection. The developed
mathematical model of gas flow in a vaneless diffuser with flow injection provides design of the stage of
centrifugal compressor with the wider range of stable operation. Traditional methods of designing vaned
and channel diffusers of turbomachines are focused on the use of simple geometric lines and surfaces,
such as a straight line, arc of a circle, plane, cylindrical surface, etc. The design is performed according
to recommendations based on experimental data. The other way of designing the vaned and channel dif-
fusers of turbomachines is related to solving the inverse problem of fluid dynamics, when the shape of the
surfaces is determined by the given distribution of velocities along the surfaces of the channel. This paper
describes the design principles for the centrifugal compressor diffusers based on physical and mathema-
tical models of the flow of swirling viscous compressible fluid. According to the presented method, the de-
signing diffusers are based on the preseparation condition of the boundary layer along one of the surfa-
ces. Such a design ensures a reduction in separation zones in the channels of the diffusers and, accor-
dingly, a reduction in total pressure losses and an expansion of the range of stable operation. A new
method of designing the vaned and channel diffusers provides an improvement in the gasdynamic charac-
teristics of diffusers compared to traditional geometry diffusers.
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1. Introduction

A significant part of the energy (40-60%) trans-
mitted to the gas in the centrifugal compressor impel-
ler is kinetic. Diffusers are used to convert the kinetic
energy of the gas flow into potential energy, i.e. to re-
duce the velocity and to increase the pressure. The
most common types of diffusers are vaneless, vaned,
and channel ones. Each type of diffuser has its design
features and its performances.

The vaneless diffuser (VLD) has the simplest de-
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sign. VLD is the axisymmetric channel formed by two
walls. Most often, the walls are flat, parallel to each
other, and perpendicular to the axis of the rotor rota-
tion.

The vaned diffuser (VD) is another type of dif-
fuser. The profiled vanes are placed between the walls
of the casing (disks) VD. Usually, the walls of the dif-
fuser are parallel to each other.

The channel diffusers are rectangular or circular
channels evenly spaced around the circumference.

The expediency of choosing the diffuser type for
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the centrifugal compressor is determined by the ope-
rating conditions of the compressor. The magnitude of
the gas flow angle between the absolute and tangential
velocities at the exit of the impeller is an important
factor in choosing the diffuser type.

The advantages of the VLD are the simplicity of
design and the ability to provide a wider range of the
operating modes of the compressor stage compared to
the stage with the VD.

The stages with vaned diffusers have smaller ra-
dial dimensions and higher values of the maximum ef-
ficiency in design mode compared to VLD. At the
same time, the construction of the compressor be-
comes more complicated, and the range of steady
operating modes gets narrow.

The channel diffusers are most often used in
transport unit compressors, compressors with built-in
gas coolers, in low mass flow rate machines with
small impeller diameters at large values of the Mach
numbers.

2. Design of vaneless diffusers

The gas flow in the vaneless diffuser, despite the
simple shape of the channel, has a complex spatial na-
ture. The flow entering the diffuser is formed by the
rotating impeller of the compressor.

The flow coming from the impeller is unsteady in
absolute motion, and the parameters change both
along the channel width and in the circumferential di-
rection. It is generally accepted that the flow scheme
at the impeller outlet is of the «jet-wake» type. In the
inlet region of the VLD there is the intense mixing of
«jets» and «wakey», which is accompanied by the loss
of the total pressure [1]. In the inlet region of the dif-
fuser the main role is played by mixing and friction
losses, and in the main part — separation losses and
friction losses.

Promising ways to expand the range of the steady
operation of the centrifugal compressor stages with
VLD are the use of the stepped diffusers, as well as a
gas injection into the VLD.

Vaneless diffuser with injection

In the mathematical model of the fluid flow in the
vaneless diffuser, the supply of the mass, momentum,
moment of momentum, and energy due to injection is
taken into account. The method is developed by ana-
logy with [2] and allows you to calculate the average
flow parameters along the radius of the diffuser.

The steady flow is considered, and the flow in
VLD is considered to be axisymmetric. The fluid of

the mainstream and the injection stream is the com-
pressible ideal gas with constant specific heat.

The flow calculation method is based on the
boundary layer theory [3,4,5], according to which the
flow region is divided into the non-viscous core and
near-wall boundary layers.

The calculation of the flow involves 2 stages: the
calculation of the averaged flow parameters and the
calculation of the parameters of the boundary layer.

The calculated dependences are obtained from
the basic conservation laws recorded for the elemen-
tary control volume (Fig. 1).
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Figure 1 — Control volume

In the considered control volume gas is injected
from the side of the diffuser main disk with mass flow
dminjz, velocity Cinr and temperature Tinia. Similarly,
gas is injected from the side of the cover disk with
mass flow dmipj2, velocity Cinz and temperature Tinjo.

The system of differential equations consists of
the continuity equation, the momentum equation, the
angular momentum equation, the energy equation in
the form of the first law of thermodynamics, the ideal
gas state equation, the equation that establishes the re-
lation between total and static temperature and the
equation that establishes the relation between velocity
components.

After transformations we have the system of
equations:
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This system of equations with five unknowns
dp/p, dp/p, dT/T, dC,/C,, dC/C is easy to solve by
Cramer's method.

Numerical research of the vaneless diffusers

Calculations of the flow parameters in the
vaneless diffusers with different meridional profiles
with and without injection are performed using the
software package developed based on the above
method [6].

The performed numerical researches allow us to
draw the following conclusions: the use of stepped
VLD compared to VLD with parallel walls with the
same relative width at the inlet and the same radial
dimensions allows for reducing the total pressure loss.

This can be explained by the fact that the total
pressure losses that occur in stepped diffusers due to
the flow separation by sudden expansion are smaller
than the friction losses in the VLD with the constant
width. In addition, it was found that the flow separa-
tion in the wide part of the stepped VLD occurs at
lower mass flow rates, which allows for expansion of
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the region of stable operation of the stages at low
mass flow rate.

Since the flow with the injection is the process
with the supply of energy, its evaluation must be per-
formed taking into account the power expended on the
injection. The power of the injected jet is determined
by the kinetic energy:
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Equation (1) shows that at the same flow of in-
jected air, the power spent on injecting is minimal at
B = 90°. To evaluate the characteristics of the VLD
with injection, we use the loss coefficient and the stat-
ic pressure rise coefficient, which are calculated ta-
king into account the dynamic head of the injected air
flow:

_ p; - pZ +pinjciij/2 @)
Ps — Py +Pinjciij/2
P, — P
C, = (8)
P p3 + panCmJ /2

The results of calculating the coefficient of total
pressure { and the static pressure rise coefficient C,
for VLD with parallel walls, stage VLD without injec-
tion, and with injection at different values mi, and
are shown in Fig. 2.
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Figure 2 — Performances of VLD with injection (miy = 0,04m):
— — VLD with parallel walls without injection; === stepped VLD without injection;

——} = 5°; @ } = [5°; m—t —

Based on the results of the VLD calculations with
injection, the following conclusions can be made:
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B = 90°; mmoicmm B = 165°; ==t B = 175°;

— when using an injection in the VLD flow se-
paration occurs at a lower mass flow rate, which con-
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firms the possibility of expanding the range of stable
operation of the stages by injection. The mass flow
rate at which the return flow occurs decreases with in-
creasing the mass flow rate, or with increasing the an-
gle of the injected flow;

— in the case of using the injection in the VLD
there are losses in the mixing of the main flow with
the injected flow. Mixing losses increase with increa-
sing the mass flow rate, or with increasing the injected
flow angle. The lowest total pressure loss and the
greatest flow stagnation are provided for radial injec-
tion.

Experimental research of vaneless diffusers

The experimental research was conducted at the
aerodynamic setup of AT 400 research complex of
«Sumy Machine-Building Research and Production
Association» [7]. The setup is made according to the
open loop, the working environment is air. To re-
search the effect of injection on the performances and
nature of the flow in the vaneless diffuser, the con-
struction of the stage was changed. The design of the
diffuser after reconstruction is shown in Fig. 3.

/ Air supply

Air supply

Figure 3 — Sketch of the diffuser construction with
injection: 1 — nozzle apparatus; 2 — diffuser disk;
3 — pipe; 4 —fitting

At the diffuser inlet, ring 1 is installed, which al-
lows you to narrow the diffuser at the inlet to the val-

ue of the relative width b, = 0,045 (bs/b, = 0,75). The
relative outer diameter of the ring D, = 1,18. At
D,
fuser channel to the width equal to the width of the
diffuser at the outlet b, = 0,065 (ba/b, = 1,07). On the

surfaces of ring 1 adjacent to the disks of diffuser 2,
the grooves are made that act as injectors. 90 grooves,
evenly spaced in the circle, are made on each of the
ring. The width of the grooves is 4 mm, and depth is
the 1,5 mm.

The flow separation in the vaneless diffuser is

= 1,18 there is the sudden expansion of the dif-

caused by the pressure gradient along the radius. To
shift the separation of the flow in the region of lower
mass flow rate, the injection is carried out in the radial
direction.

The air used for the injection into the VLD is
supplied through two independent tubes: one leads the
air to the main diffuser disc (right), and the other one
leads to the cover disc (left). This allows different in-
jection options to be explored from the side of each of
the discs.

Fig. 4 shows how the use of injection from the
cover side allowed the compressor to be taken out of
the surge zone.

During the experiment, the control valve was
smoothly closed until the pre-surge pressure pulsa-
tions appeared on the diaphragm.

Apgy

mm Hy0

Injecting from the cover

26 A P & 7, = 0,081

Figure 4 — Pulsation of the pressure drop at the
diaphragm at different mass flow rates of the injected
air from the side of the cover disk, minjcq = var .

After their detection, the control valve was
opened and the mass flow rate value of the injected air
was set to 4,5% of the capacity of the stage at the de-
sign mode. As the result, the amplitude of the pressure
drop oscillations was decreased, and the operation of
the stage was stabilized. Then the mass flow rate of
the stage was again reduced to the occurrence of pre-
surge pulsations, after which the flow of injected air
was increased to 8,0%, and the operation of the stage
was stabilized again.

Fig. 5 shows the calculated and experimental per-
formances of the stepped VLD for different injection
modes.

The discrepancy between the calculated and ex-
perimental data for the values of the flow angles at the
inlet to the VLD does not exceed 7 %. At lower values
of the flow angles in the diffuser, there are large sepa-
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Figure 5 — Calculated and experimental performances of stepped VLD at different injection modes:
a) Minj = 0,045m; b) Minj = 0,08M; === (" (theory); == == C, (theory); A { (experiment, injection from
the main disk); ¢ { (experiment, injection from the cover disk); A C, (experiment, injection from the
main disk); ¢ C, (experiment, injection from the cover disk);

tion zones, and the unsteady nature of the flow in-
creases, resulting in a significant increase in losses. In
general, the comparison of the calculated and experi-
mental data confirms the correspondence of the mathe-
matical and computer models to the actual processes
of fluid flow in the VLD.

3. Design of vaned diffusers

Stages with vaned diffusers in comparison with
stages with vaneless diffusers have smaller radial di-
mensions and higher values of maximum efficiency in
design mode. But the construction of the compressor
becomes more complicated, and the range of the
stable operating modes is narrowed.

It is better to use stages with VD in the case when
the centrifugal compressor operates in the narrow
range of the mass flow rate near the design mode. At
the same time, we can expect an efficiency that is
2-3 % higher than in the case of using VLD.

The average flow velocity in the channel is de-
termined by the formula

C,=C,. Dy P SN )

where Az and A4 are the areas at the inlet and outlet of
the channel, which are determined by the formula
A =1-D-b. Then formula (9) takes the form

(10)

D, b, p, sina,
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In the vaned diffuser, the decrease in velocity can
be achieved not only by increasing the diameter but
also by increasing the flow angle a. The flow angle
can be increased due to the influence of the diffuser
vanes on the gas flow.

In traditional diffuser design, the centerline of the
vanes is the arc of the circumference. In this case, the
shape of the vane does not depend on the flow param-
eters, the properties of the working fluid, and the so-
lidity. For almost all modes of operation in such VD,
flow separation is observed on the surfaces of the
vanes.

The use of the diffuser design methods based on
solving the inverse problem of hydrodynamics using
the velocities distribution, which is set on the surfaces
of the vanes, makes it possible to achieve better per-
formances in comparison with diffusers designed by
the geometric method.

Mathematical model of fluid flow in the vaned
diffuser with the given velocity distribution

For developing methods for designing vaned dif-
fusers the ideas of Stratford’s [8].

The mathematical model for solving the inverse
problem of fluid dynamics has been developed for the
steady, adiabatic, unseparated flow.

The moment of momentum equation for the flow
stream has the form

AM =Ab-z,- [ Ap-r-dr, (11)

where AM is the change of the moment of momentum
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concerning an axis z for the stream with the mass flow
rate Am; Ab is the stream flow width; z, is the number
of vanes; Ap = pps — Pss IS the pressure difference on
the vane surfaces.

The change in the moment of momentum is equal to

AM = Am-(r,, -G, -cose, —r-C-cosa) , (12)
where rin, Cin, ain are the radius, velocity, and flow an-
gle at the diffuser inlet; r, C, o are the current values
of radius, velocity, and flow angle.

After transformations of equation (11) using
gasdynamic functions, we obtain

Fin A -COSQ, —F-A-coso =

r

'![n(}“m)_”(xss)}'l’-dr.

Ab-z - p* el
— \ n 13
Am-a, (13)

In equation (4.33) A = C/ac is the reduced velocity;
acr is the critical speed of sound; pir is the stagnation
r—r

pressure at the diffuser inlet; 6 =1-(1-0,,)- is

out ~ Tin

the total pressure loss factor; n(x)z(l—t__i.xzjk_l is
+

the gasdynamic function of pressure; k is the adiabatic
index.
The flow equation for the diffuser element with
the width Ab is as follows
Am=C, -p-2n-r-Ab-1, (14)
where 1 is the blockage factor.

The blockage factor can be determined by the
formula

5.z,

P
2m-r-sino

(15)

T=

where &' = &, + 28" is the reduced vane thickness; 8"
is the total displacement thickness of the boundary
layers in the vane passage.

The flow equation using gasdynamic functions is:

Am=Xx-e(V)-a, -p -2m-r-Ab-1-sina, (16)
1
k-1 ;3\t . -
where g(x):(l—k—l-xzj is the gasdynamic func-
+

tion of density; p” is the stagnation density.
Equation (13) and equation (16) form the system

of equations with unknowns o, A, Aps, Ass. The reduced
velocities on the pressure (Aps) and suction (As) sur-
faces of the vane and the average velocity are inter-
connected. For example, for the linear law, the pres-
sure changes along the cascade pitch are mw(Aps) + m(Ass)
=21\

With the given velocity value on the pressure sur-
face of the vane, the velocity value on the suction sur-
face of the vane is determined by the ratio

n(%ss)zz-n(K)-n(kps). 17)

Thus, the system of two equations has two un-
known values — the average velocity A and the flow
angle a, that can be determined by any numerical
method.

The important part of the vaned diffuser design
method is to determine the optimum velocity distribu-
tion. The velocity distribution is determined from the
condition of the preseparation state of the turbulent
boundary layer.

Determination of the velocity distribution that
provides the preseparation state of the turbulent
boundary layer is performed using the momentum
equation.

The moment of momentum equation for the
boundary layer (Karman equation), has the form

6"
dl

+ld—05"(2+H)+ld—p6”— '
C dl o dl

- pcv:vz . (18)

where H = §"/8"" is the formparameter; C, p are the ve-
locity and density at the boundary layer at ; y = 6.

To determine the separation, the criteria for sepa-
ration are as follows:

f :d—CS—"G(Re**),

dl C (19)

where Re™ = C-5"Mv.

The condition of separation is f < fi. The
Lojcjanskij method was adopted according to which
G(Re™) = (Re™) ® and f;r = 0,02, Re™ = C-0/v [3].

The relative momentum thickness of the bounda-
ry layer is determined from the ratio:

T 0,85
3" =0,0159-Re .13 -{jx“ -dl_] . (20)
0

where Re = C-l/v is the Reynolds number.
The formula according to which it is expedient to
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determine the velocity distribution that provides the
preseparation state of the turbulent boundary layer can
be obtained by the method of integrating the momen-
tum equation. The momentum equation using the un-
separated flow condition (19) according to [3] should
be converted to the form

EP
dl
Re™-G'(Re™
where m=#; g:% )
G(Re”) pC

The formula according to which it is expedient to
determine the velocity distribution that provides the
preseparated state of the turbulent boundary layer has
the form

.§}=(1+m)C—|:2+m+(l+m)H:|‘ f, (21)

NSNS
5,

A=A, - (22)

Formula (22) can be used to determine the values
of velocities at the outer edge of the boundary layer.
The resulting velocity distribution provides the unsep-
arated flow with a maximum of the diffuser factor.

Design of vaned diffuser with the given velocity
distribution

The diffuser vane profile is determined for the
given meridional contour. Most VD has a constant
width. The diameters on which the inlet and outlet
edges of the vanes are located and the value of the ave-
rage flow angle at the inlet are determined by preli-
minary calculations.

The above diffuser design methodology can be
used for a number of different design options.

Design of single-row vaned diffuser

The system of equations (13) and (16) is solved

A

, Points flow separation

a)

by the method of successive approximations. The in-
tegral in equation (13) can be found by any numerical
method, such as the method of central rectangles.

To determine the velocities on the pressure sur-
face of the vane, it is necessary to the formula (14).
Then with the help of formula (17) from equation
(13), it is possible to eliminate the unknown Ass.

The result of the joint solution of equations (13)
and (16) for the cross-sections from the inlet to the
outlet of the VD is the distribution of the average flow
angles and average velocities along the vane. Based
on these data, you can determine the geometric pa-
rameters of the vane and the distribution of velocities
on its surfaces.

Displacement thickness is determined by the ratio
8" = Hs8"". The values of the momentum thicknesses
are determined by the formula (20) and then the va-
lues of the form parameters on the vane suction sur-
face are determined by the formula (19).

For diffuser vanes designed this way, flow sepa-
ration can be observed at the suction surface of the
vanes, but separation occurs much farther from the en-
trance edges of the vanes than in diffusers with vanes
with the traditional profile. The losses of the total
pressure will be less.

Increasing the vane solidity (increasing the num-
ber of vanes) reduces the load on the vane and shifts
the separation point to the exit of the channel.

Design of vaned diffuser with maximum velocity
limitation

This method of vanes design can be used for dif-
fusers with a high value of the flow velocity at the in-
let to the diffuser (Ain = 0,6-0,8).

At such flow velocities at the inlet to the diffuser
on the suction surface of the vanes, the velocity can
reach the speed of sound (see Fig. 6, a). To prevent
this, the velocity at the suction surface of the vanes
should be limited, for example Amax = Ain (Fig. 6, b).

)
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~ )‘SS . -
N Points flow separation
\\\
N
~ S~
'\\“‘ ‘!."--..
S “”""'"-____“_ "‘“-...
Aps
/
0 1
b)

Figure 6 — Distribution of the velocities along the diffuser vane surfaces
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The average velocity and velocity on the pressure
surface of the vanes are determined then. The coordi-
nate of the separation point on the pressure surface of
the vane is determined. Starting from the coordinate
located in front of the coordinate of the flow separa-
tion point, the velocity distribution on the vane pres-
sure surface is calculated by the formula (14).

By solving equations (13) and (16) for the num-
ber of cross-sections, we obtain the distribution of the
average flow angles and velocities along the vane.
Next, the calculation is performed as shown above. In
the diffuser designed this way, the flow velocities in
the cascade do not exceed the value of the velocity at
the inlet to the diffuser.

Design of double-row vaned diffuser

Diffuser with a completely unseparated flow can

Ry Rourt

be designed. To do this, it is necessary to reduce the
outlet diameter of the vanes until the flow becomes
unseparated. But in this case, the flow velocity at the
diffuser outlet will be higher than the required one, i.e.
the diffuser factor of the flow will decrease. To further
reduce the flow velocity, the second row of vanes
must be designed. The second row of vanes is de-
signed similarly to the first.

The scheme of the double-row vaned diffuser
and the distribution of velocities along the surfaces of
the vanes are shown in Fig. 7. The velocity distribu-
tion for the preseparated state of the boundary layer
on the vane pressure surface is determined by the
formula (14) taking into account that the flow velocity
at the inlet to the second row is equal to the flow ve-
locity at the exit from the first row.

)\“

1 row 2 row

N—

LI

Figure 7 — Scheme of the double—row vaned diffuser and the distribution of
velocities along the surfaces of the vanes

The thin boundary layer and correspondingly
small values of the momentum thicknesses at the inlet
section of the second row allow large velocity gradi-
ents without flow separation.

Research of vaned diffusers with the given velo-
city distribution

Simulation of gas flow in the flow path of the
centrifugal compressor stage and determination of dif-
fuser efficiency was performed in the ANSYS CFX
software package for Reynolds numbers Re >105 and
Mach numbers 0,2...0,6. The calculations were per-
formed for 8 modes of operation of stages, which dif-
fered by mass flow.

Figure 8 shows the vane profiles for diffuser de-
signed according to the given distribution of velocities
and diffuser, in which the center line of the vanes is
the arc of the circumference are presented.

Figure 9 shows the values of total pressure loss ({)
and static pressure rise (Cp) coefficients for diffusers

designed by different methods.

Profile of the vane with
the given velocity
distribution on its surfaces

—

-

- \ Profile of the vane

with the circular arc
center line

Figure 8 — Profiles of vanes

Vaned diffuser, designed with the preseparation
velocities distribution, has better performance in no-
minal mode (@ = 0,0502) up to 28%, as well as in all
modes with flow rate higher than nominal up to 54%.
The static pressure rise coefficient of the vaned dif-
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fuser, designed using the proposed method, has a
higher value at nominal mode of 9% and all modes
with the flow rate of more than 21%. The prospect of

{
0.16

0.14

0.12

0.1 -

0.08 -

0.06

0.039 0.044 0.049 0.054 ®o

the proposed vaned diffuser profiling method with the
given velocity distribution on the vanes surfaces is
obvious.

Cp
0.65 -
0.6
0.55
05
0.45
04
0.35
0.3
0.25

02
0.039

0.044 0.049 0.054 do

Figure 9 — Dependences of loss coefficients ({) and static pressure rise coefficients (Cy) on flow coefficient @:

1 — the center line of the vane is the arc of a circle; 2 —

Experimental research of vaned diffusers

Experimental research was conducted at the ae-
rodynamic setup of AT 400 research complex of
«Sumy Machine-Building Research and Production
Association». The scheme of the experimental model
is shown in Fig. 10. The model includes confuser 1,
axial channel 2, impeller 3, the vaned diffuser 4,
crossover 5, return channel 6, axisymmetric channel 7,
an outlet device 8.

Figure 10 — Scheme of the experimental model
1 poi

0.85
0.8
0.75
0.7
0.65
0.6
0.55
0.5
0.45

0.4
0.035

L

do

0.04  0.045 005 0055 006

given velocity distribution on the surface of the vane

The confuser 1 is designed to connect the pipe-
line @ 400 mm with the axial channel 2 of the model
stage. The impeller 3 is located behind the axial chan-
nel. The reduction of the flow between the casing and
the impeller cover is ensured by the labyrinth seal.
The vaned diffuser 4 is located behind the impeller.

Fig. 11 shows the calculated and experimental
gas-dynamic performances of the centrifugal com-
pressor stage.

The difference between the values of the poly-
tropic efficiency and the coefficient of the polytropic
head of the stage is due to the assumptions made du-
ring the simulation of gas flow in the stage.

Comparison of experimental and design charac-
teristics of diffusers and flow parameters in diffusers
confirm the high efficiency of the diffuser, which was
designed using the presented method and the adequa-
cy of mathematical models with the physical process-
ses of fluid flow in diffusers.

V/pol
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Figure 11 — Comparison of gasdynamic performances of the stage: a — the polytropic efficiency (#po1);
b — the coefficient of the polytropic head (wpor); 1 — numerical simulation; 2 — physical experement
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The new design method of vaned diffusers with
the given velocity distribution on the surfaces of the
vanes provides improved gasdynamic performances of
diffusers compared to diffusers with traditional geom-
etry. The values of the total pressure loss factors de-
crease by 28-50%, and the values of the static pressure
rise factors increase by 9-21% for the wide range of
operating modes.

4. Design of channel diffusers

The use of the channel diffusers (CD) in compa-
rison with other types of diffusers is more effective
under the following conditions: 1) small values of
flow angles at the diffuser inlet; 2) supply of the gas
from the segment passage to separate chambers; 3) if
the diffuser channels go into the channels of the return
channel.

The traditional geometry of the channel diffusers
provides an inlet part made in the logarithmic spiral
on one of the sides of the segment, behind which is
the part with straight walls. The flat side surfaces of
the channels of such diffusers simplify their manufac-
ture, but have a significant disadvantage in terms of
fluid dynamics. The gas flow enters the diffuser after
the impeller is swirled, so the design of the channels
without taking into account the swirling of the flow is
erroneous. In the straight-line diffusers, due to signifi-
cant values of the pressure gradients, the flow separa-
tion occurs at the diffuser inlet part, which leads to an
increase in losses.

Designing the channel diffusers according to the
given distribution of the flow velocities will reduce
losses in them [9]. Of course, channels designed in
this way can be more efficient than channels designed
by the traditional method.

Mathematical model of fluid flow in channel dif-
fuser with the given velocity distribution

The mathematical model of the fluid flow in the
channel diffuser with the given velocity distribution,
as well as for the vaned diffuser, is developed for
steady, adiabatic, unseparated fluid flow.

The system of equations, the solution of which
allows us to find the shape of the profile of CD seg-
ments, has the form

b'zs'pi*n
m-a,

in
r

m=Ax-e(r)-a, p -2n-r-b-t-sina. (23)

In the given formulas the total pressure loss factor

L, - A, - COS Oy, —r-?»-cosa=—.0-j[n(KpS)—n(Kss)]-r-dr,

(24)

r—r, * *
G:l_(l_cout)'—! Oout = pout/pin '

out in

The blockage factor is determined by the formula

- (25)

T=l-——--—"—,
2-m-r-sina

where 8’ = & + £8" is the conditional segment thick-
ness (determines the thickness of the diffuser segment,
provided that it flows around the non-viscous flow); s
is the segment thickness; 8" is the total displacement
thickness of the boundary layers on the pressure and
suction surfaces of the segment.

On the pressure surfaces of the segments, the law
of change of velocity is given for the preseparation
state of the turbulent boundary layer according to (22).

The law of change of pressure in the circular di-
rection in the channel and the linear law of change of
the average angle of flow along the channels are used
o = f(r). Then, as the result of solving the system of
equations (23) the change in the average flow velocity
and the blockage factor along the radius of the diffu-
ser are determined. The calculation is performed using
numerical methods.

The calculation of the momentum thickness in
the boundary layer on the surfaces of the segments is
performed by the (20), and the value of the formpa-
rameter is calculated by the (19). After calculating the
boundary layer displacement thicknesses in the chan-
nel, the thickness of the diffuser segments is deter-
mined by (25). The end result of the design calcula-
tion is to get dependencies s = f(r). Assuming the an-
gle of the midline of the segments is equal to the ave-
rage angle of the flow (os = a), we have the complete-
ly specified shape of the segments of the channel dif-
fuser.

Losses in the CD are determined based on the
calculation of the boundary layer. The loss of total
pressure in the diffuser channel due to friction and
mixing of the flow is determined by the formula

* 2 ok
Zéout i 2'Zléout )
\Wesinag, ) Wesinag, ( sina,, ] (26)

‘ ( 3, JZ sina,,
1_ A out
W -sina,

where X8 oyt and X3 ot are respectively the total dis-
placement thickness and momentum thickness on the
pressure and suction surfaces of the segments at the
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outlet of the CD; W is the circular distance between
the pressure and suction surfaces of the segments at
the inlet of the CD.

Total pressure losses due to the decline in static
pressure at the trailing edges (edge losses) are deter-
mined by the formula

d
sina,

<;edg = _Cedg —8 '
W+ sout j
( SN o,

where Cedg = (Pedg — Peor)/0,5PeorC?eor is the coefficient
that takes into account the pressure difference behind
the trailing edge and in the flow core; dou is the thick-
ness of the trailing edge. Taking into account the ex-
perimental data, the values of the coefficient Ceqq are
taken in the range (-0.1)...(-0.25).

Total losses in the diffuser (sum = Cc + Cedg-

sout

(27)

Research of channel diffusers

The ANSYS CFX v.12.1 software package was
used for numerical flow modeling in the investigated
elements of the flow path of the channel diffuser. The
calculated model of the stage centrifugal compressor
contains the impeller and the channel diffuser. The
calculation zone covers the diffuser with the uniform
distribution of the flow parameters at the inlet [9].
Hexahedral computational grids were constructed in
ANSYS Turbogrid. Grids of the impeller and the
channel diffuser of the model stage of the CC contain
690 690 and 637 296 elements accordingly. The spec-
ified number of grid elements is sufficient for the
analysis of fluid flow in diffusers [10].

The characteristics of the traditional CD and CD,
whose profile was obtained using the above method,
are compared. The diffusers have the same geometric
dimensions, but different segment profiles. Fig. 12
shows the segment profiles and diffuser performances.

o7 Designed CD

o¢ l')/.— - 'D"'—--._
0.5 \

’ Traditional CD
03 /
02 = -——_ -/ /

H o
413, ®s

Cp

S -4 -3 -2 -1 [ 1 2 3

Figure 12 — Profiles and performances of the traditional geometry CD (dashed line) and
one designed using the above method (solid line)

The designed channel diffuser is more efficient
than the traditional one, practically in all modes. In
the calculated mode (iz = 0°) for this diffuser, the val-
ue of the static pressure rise coefficient C, is higher by
32 % and the total pressure loss coefficient  is lower
by 30 %. At negative incidence (i < 0°) the losses in
the designed CD are reduced by almost 2 times in
comparison with the traditional one; at positive inci-
dence, the values of the coefficients Cp and ¢ for these
diffusers differ insignificantly.

Numerical studies made it possible to determine
the influence of the values of the flow angles at the
diffuser inlet and the values of the angle of attack on
the performances of the CD. Investigations show that
the proposed method is universal, as it allows you to
profile effective channel diffusers for a wide range of
flow angles from the inlet to the diffuser [9].

Experimental research of channel diffusers

Experimental investigations of the diffuser mo-
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del, which was designed using a presented method,
were made at the aerodynamic setup. Fig. 13 shows
the channel diffuser with holes for measuring static
pressure on the surfaces of the segments and the dif-
fuser wall along the channel center line, as well as
holes for traversing the flow of total pressure tubes
along the segment surfaces and the channel center
line.

Figure 13 — Channel diffuser and holes for
measuring static and total pressures

The design pressure distributions along the cen-
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terline and the surfaces of the CD segments were con-
firmed experimentally. Fig. 14 shows the distribution
of relative static pressures along the surfaces of the
segments.

g

. Theory
- Pressure surfaces (experiment)
Suction surfaces (experiment)
Middle line (experiment)
ANSYS CFX

o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

U.BFL‘

Figure 14 — Channel diffuser and holes for measuring
static and

Fig. 15 shows the distributions of relative static
pressures and total pressures at different values of the
flow coefficient @,. The relative static pressure is de-
fined as the ratio of the static pressure to the static
pressure at the inlet to the channel p=p/p,, .

The pressure is increasing most intensively in the
«slant section». The values of the pressure at the
vaneless region in front of the inlet edges of the seg-
ments and in the «slant section» are independent of
the mass flow rate. The effect of the mass flow rate on
the pressure becomes noticeable from the middle of
the diffuser’s channel. As the mass flow rate increas-
es, the pressure increases. This may be because the
flow at the impeller outlet in the case of high mass
flow rates is more even in the pitch. Therefore, the
conversion of the velocity to pressure is more efficient
with the low level of energy loss associated with flow
leveling. The pressure at the exit edges is hardly at all
increasing.

[ [ Y P
1‘_’1 [ 1 ,.ﬁ'ﬂ' i =8
1 iy S P ¢
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Figure 15 — The distributions of relative static
pressures (a) and relative total pressures (b) on t
he middle line along the radius of a CD at different
values of the flow rate

5. Conclusions

The article describes the concept of increasing
the energy efficiency of centrifugal compressors
through the gasdynamic improvement of vaneless,
vaned and channel diffusers, which is based on the
developed methodological principles with the solution
of the inverse problem of gas dynamics and the design
of diffusers with the determination of rational gasdy-
namic parameters, in particular the the velocity distri-
bution.

Research has confirmed the possibility of im-
proving the characteristics of the stages of centrifugal
compressors in the case of the use of stepped vaneless
diffusers and diffusers with gas injection. Diffusers
with gas injection provide an expansion of the range
of stable operation of the stages of centrifugal com-
pressors with the help of radially directed injection in-
to the BLD.

The new method of designing vaned diffusers
with the wvelocity distribution that provides the
preseparation state of the turbulent boundary layer on
vane surfaces provides an improvement in the gasdy-
namic characteristics of diffusers compared to tradi-
tional geometry diffusers, which is reduced losses
from 28% to 50% and increased values of static pres-
sure rise coefficients from 9% to 21% in the wide
range of modes.

A fundamentally new method of profiling duct
diffusers of centrifugal compressors has been devel-
oped, according to which the geometry of the ducts is
determined from the condition of ensuring the
preseparation state of the boundary layer. The pro-
posed method for profiling centrifugal compressor
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channel diffusers allows to reduce the losses by 30%
and to increase the value of the static pressure rise co-
efficient by 32% compared to traditional geometry
channel diffusers.
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Hudghysopu cnyscams 0na nepemeopenns Kinemuunoi enepeii 2a306020 NOMOKY 6 NOMEHYIAAbHY, MOOMO
015l 3MeHuleHHs weuokocmi i 30invwenns mucky. Haiinowupeniwumu munamu ougysopie € 6e3no-
namkosutl, 1onamkosuti i KananeHutl. Koscen mun oughyzopa mae c80i KOHCMPYKMUBHI 0cooaueocmi i
ceoi  xapaxmepucmuku. Jloyintenicms eubopy muny ougysopa O0nsi GIOYeHmpPO8O20 KOMNPecopd
BUBHAYAEMbCA YMOBaMU  eKcnayamayii komnpecopa. [loninwumu excniyamayiini xapakmepucmuxu
beznonamkogux Oupy3opie MONCIUBO 3a OONOMO2OK CMYNIHYACMUX OUhy30pie i3 60YBAHHIM NOMOKY
eazy. Pospobnena mamemamuuna modens meuii eazy 6 6e3nonamrogomy ougy3opi 3 60y8aHHAM NOMOKY
3abe3neyye KOHCMPYIOBAHHA CMYNEHS GIOYEHMPOBO2O KOMHpecopa 3 Oinbui WUPOKUM Oiana’oHom
cmabinenoi pobomu. Tpaduyiini memoou NpOEKMySanHs KAHANI6 MypOOMAUUH OpPIEHMOBAHI HA
BUKOPUCTAHHSL NPOCIUX 2€OMEMPUYHUX NIl | NOBEPXOHb, MAKUX AK NpAMa, Oyea Koid, NIOWUHA,
yuninopuuna noeepxus ma iH. [Ipoekmyeanns 6UKOHYEMbCA 32I0HO 3 PEKOMEHOAYIAMU HA OCHOBI
excnepumenmanvHux Oauux. Inwuii cnocid npoexmyeanus JONAMKOSUX MA KAHATLHUX Ougy3opise
mypooMauiur nog'sizanutl 3 po3e'si3anuam obepHenoi 3a0ayi 2i0pOOUHAMIKU, KOIU POopMA NOBEePXOHb
BUBHAYAECMbCA 3A0AHUM PO3NOOLIOM WEUOKOCHel V300684 NOBepXOHb Kauany. Y cmammi Onucami
NPUHYUNYU NPOEKMYBAHHS OUPY30DI6 8IOYEHMPOBO2O KOMNPECOopa HA OCHOBI QI3UUHUX | MAMEMAMUYHUX
Mooenell NOMoKy 3aKpyueroi 6’sa3koi cmuciaugoi piounu. Bionosiono 0o npedcmagnenoi memoouxu
NPOEeKmy8anHs Ouy3opie 6a3yemMbcs Ha yMOo8i Neped8iopusHO20 CHAHY NPUMENCOB020 WAPY HA OOHIU I3
nosepxons. Taxka KoncmpyKyis 3a6e3neuye 3MeHueH s GIOPUBHUX 30H 8 KaHALAx Ougy3opis i, 8ionosioHo,
3MEHUWeHHs 6Mmpam NO8HO20 MUCKY [ po3uluperHs OianazoHy cmabitbHoi pobomu. Hoeuil memoo
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NPOEKMYBAHHA  JIONAMKOBUX 1

KAHAbHUX  Ouysopie 3abe3neuye NoNinueHHs 2a300UHAMIYHUX

Xapaxkmepucmux 0ug)y3opie nopieHsHo 3 ougyzopamu mpaouyiuroi ceomempii.

Knrouoei cnosa: Bioyenmposuii xomnpecop; Memoo npoexmysanus; beznonamxosuii ougysop;
Jlonamxosuii oughysop; Kananeruii oughysop; Jocniosncenns
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