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I
STUDY 01 STAGE OP CENTRIFUGAL COSPRESSOR W ITU AIR TU RBTWE

Assistant 1. 1, Tinson

(Ar ticle presen t~~ by Doctor of Technical Science s V. V. cJ varov,

Professor at Nos~ov Sigher Technical School ii. N. E. Bauman)

AD STR*CT Dis:ussed briefly in this article is the sche.e of a

centrifug a l cospr aseor with an air turbin ., which repl aces the blade d

diffuser . & brief d escription is given of the experia.n tal device and
the .zpsr i ..ntal characterist ics of this stage. Investigated is the
probi. . of opti sizing para meters in the given com pressor. RI D

ARSTNA CT
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To achieve the compression process in a gas—turbine engine (GTE)

in the case where relatively smal l volumetric air flow s pass through

it, a centrifugal com pressor is generally used , wh ose efficiency

seldom exceeds 0.9. This value can be somewhat increased and a number

of new GTE properties obtained when a centrif ugal compressor with an

air turb ine is use d in place of the blade d diffuser. Such a

compr essor (henceforth it will be called a turbine compressor) was

fi rst proposed by Professor V. V. Uvarov i

IFOOTWOTE: I nvent or ’s certificate No. 27155 , class 27.9 , 7 mar ch

1931. R ID FOOT N OTE )

Us ually the turbine compressor stage has a configuration close

to that sh ow n in Pig. 1. The bladed diffu ser , which is r igidly

conn ct•d to the h ousing, is replaced by a centrif ugal ra d ia l a ir

terb in. mounted on independen t bearings and rot at ing in the sa me

direction as the impeller . Thus , the centrifuga l wheel is located

imaid . the drum rotor of the tu rbine. Air passes t hrough inlet stator

1, rotat ing imlet blade row 2, axisymmetr ical bind 3, impe ller ~~, and

them slot t ed d iffnse r S. As it passes through the channels of air

FTD—ID(RS)I—0759—77
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turbine 6, the energy of the air , which is primarily speed energy, is

transformed into mechanical work. Through the rotating inlet blade

row this power is transmitted to the rotor and then to the consumer.

Thus , the work which is transmitted to the rotor is spent on

compression of the air and rotation of the shaft of the air turbine.

This means that in a gas—turbi ne engine with a turbine co.pressor the

power turbine is move d from the gas portion of the tract to the air

portion and  the t u rb ine  compressor represents a kind of pn eumat ic

reducer , since the number of revolutions of the air t u r b i n e  is

usually abou t one thir d the num ber of revolutions of the :en tr i f u qal

wheel. The presence of a rotating housing around the impeller and the

rotation of the walls  of the slotted d i f f u ser inc reases the

efficiency of the compression process in these parts.

The proble, of compression for small volumes of air arises also

in high—po wered gas—turbine installations (200 thousand kV or above)

in the last high-pressure compressor. In this case the so called

axial turbine compressor ( 1 )  can be used. It is a two-stage

compressor : The first stage is the axial compressor , the secon d — the

turbine. The consumer of all of the power of the air turbine in this

ca me is the axial compres sor, whose cos~~esaed air goes to the

turbine compre ssor .

The t urbine :ospr e ssor has recently bees studied in Depa r tm. nt

PTD—ID(RS)I—0759—77
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!—3 at SVT U (Higher Technical School ii. N. E. Bauman ]. For this

purpose a special stand consisting of a drive (internal combustion

engine), two boosters, a exper imental turbine co.pressor, a hydraulic

brake to absorb the power of the air turbine, maintenance systems,

measuring systems, and a control panel, was designed , bui1~~, and

in stalled.

The most complete results were obtained in testing a compressor

designed for an air flow rate of 1.1 kg/s. The compressor had a

cantilever arrange m ent of the rotors of the impeller and turbine. The

inlet stator consisted of a circular cascade of 36 sheet-type vanes,

whose inlet sections could be turned for the purpose of measuring the

twist in the flow in front of the impeller. The rotating inlet blade

row was ma de in the form of 12 cylindrical cross bars measuring 7 mm

in diameter to simplify analysis of its losses in varieble mod es. The

impeller had 2N radia l blad es: diameter ratio D1/D2 was 0.57 for an

outer diameter of D2 — 293 mm. The slotted d i f fuser and t h e  air

turbine had a constant width of 17.2 mm . The diameter ratio D,/D3 =

C. a 0.9, while D ,/D, a = 1.1. The channels of the air turbine

wsre slightly convergent. The measuring sections in the f low—through

part were loca t ed in front of the inlet stator and in the slotted

diff user behind the air turbines.

The sta nd systems were designed for measurin g the necessa ry
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parameters. The air flow G0 through the inlet section of the

compressor on (Fi;. 1) was measured by means of a standard meter

ring. To determine the flow of air G1 passing through the impeller a

correction (of about 3— 110/0) for leakage of air through 1~ byrinths L1

an d L1 (Fig. 1) was introduced. Pressure was measured by means of

vents and combs (including those which could be rotated by remote

utrol) nn d r e a d i n g s  were issued on grou p recording manometers .  The

?eratur e was established by chromel—copel thermocouples. Readings

were issue d on an electronic recording potentiometer. The nu mber  of

revolutions was de termined by standard fe r romagnet ic  s t and

tachometers. The torque transm itted to the rotor of the  impel ler  was

measured by  a reducer— balancer , fr iction losses in which wer e

considered by calibration , while the torque on the tu rb ine  rot or was

measured by a hydrodynamometer and the housing of the hydromotor.

Friction losses in the bearings were determined by a special system

through heat transfer to the oil. To obtain stable results no less

than four measurements were taken in each mode.

Prom the results of the measurements the sum of parameters

describing the stage were calculated :

total preaaur• rs*i. wiuI _4 .i

adiabatic work of cou pressise H~1 us ~~~ RT.’(* ’_ 
t);
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p..st Conducted to impeller and  spent on co.pression of a i r  in it
li sp

power developed on rim of air turbine N~~ ;

powe r spent on com pression of air in the stage , N~~~~N~~
_ N

~’,;T

coefficient of power t r an s f er -x —

efficiency of stags ~~

All quant i t i es  were  reduced to nor mal atmosp h eric conditions.

The com presmer chatacterist ics were recorded on t he  fo l lowing

im peller r evolutj oes R,,: ,,,00., i ,~~~O, i1,$GO i/win with relative

revolution s of the air turbis. of ~~~
‘-

~~~~~~ —0; 0,2; 0,3; 0,4; 0.45.

Figure 2 shows the partial results of tests for a constant

number of Sapsllet revolutions and for constant relative revolutions

j of the tur~Lae it , Re firet see that for the calculated air flow rate

t~e es.*li.*set ot the adiabat ic pressure hea d of the stage

H. .o,46+o$a ~be decrease in this quantity as compared to its value in
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a standard centrifuga l compressor stage results from the fact that

not all of the power conducted through the impe ilar went  to ‘he

compression of air. The fraction of power X trausmittel to the shaft

of the air turbine , as we see in Fig. 2, is greatly -iepi~ndent on the

mode, and in the region of maxima l efficiency of the s ta g e

constitutes about a third of the power conducted to the impeller.

When the air turbine is damped , the coefficient of the ~1iabatic

pressure head rises subs tant ia l ly .  Her e t here is a s i m u l t a n e o u s

increase in the to rque  on the turbine shaft (more than twofold , as

shown by the  e x p e r im e n t ) .  As the  numbe r ~~E revolut ions of the  air

t u rb ine  gr ows, all of the  characteristics shi f ted  toward  lower air

flow ra tes. The maximal efficiency for the given impeller revolutions

for relative revolutions ii— 0 ,4 vaa 0.82. For lowe r numbers  of

impel ler  r evo lu t ions  an eff iciency of 0.84 was reached. l ’he sharp

drop in t he  in tens i ty  of surging pulsat ions  in  the r o t a t i on  of

turbine should also be noted along wit h t h e  fact that the ratio of

the maxi.al flow through the compressor to the flow corres ponding to

the beginn ing of surging pu lsations increased from 1.7 to 2 .7 as the

number of turbine revolutions in~~~~ssod from j~~—0 to G.3 f o r  constant

numbers of impe ller revolutions ia~ N, — td,000 r~~La.

Theoretical analys is  makes it possible to establish the

existence of an optimal interrelationship between the design and

qasdyna mic parameters for an isolated tur bine compr essor stage . For
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this  purpose a m et h o d  of ca l cu la t ing  the  s tage  was developed on the

basis of t2 1 with careful different iation ~ f losses a n d  var ious  type s

of friction work t3). This was based on existing experimenta l

material obt ained from stud ying the parts of centrifugal compr essors

and impulse  t u r bin e s .  Calculat ions were conducted on th~ “U r a l — 2 ”

digital computer. The stage geometry was assumed ~o be that of Fig.

1, the impeller blades — radia l, the channels of the air turbine —

slightly convergent , and the intake parameters — atmospheric.

As an example Fig. 3 shows some calcu lat ion results for the

following fixed quantities: diameter ra tio D1/D2 = 0.65, ratio of

num ber of revolutions n~~0,3, coefficient of flow rate at wheel

inletc.c,=~j!~ —0,3, ratio of velocity circu lations at inlet and outlet

from wheel ~~~~f-~!-!! =0,1, peripheral velocity on outer diameter of
1~~i,2C21

wheel u5 3~0 m/s . In particular these curves enable us to establish

the optima l angle at which the flow emerges from the channels of the

wheel (impeller) in absolute motion m~ for a fixed qu a n t i t y  of work

taken from the shaft of the air turbine r.~_4’~j~. It should  be noted

thee the psessure ratio in the stage w~’ fer a fix ed quan tity of wor k

1,, cbaagea only slightly with a change in m~, while the angle at

which the flow emerges from the channels of the gas turbine in

absolute mot ion m~ changes substantially. In order to achieve a

radial ftssbarge of the flow from the turbine, each value of the work

j

its own radial len~

tJ

Blotted diffuser c~~~~~~~~~~~~~~~~~~~~~
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When we move to higher velocities u1 the general na tu r e  of the

curve remains as before , al though the maximal ly  attaina ble eff iciency

level of th. stage ‘~~ drops. When the ratio of the number of

revolutious a is changed in a range of from 0.2 to 0.4, we observe a

continuose, al though slow, rise in efficiency , wh ich is alse

illustrated by Fig. 3. Thus, the optimal ratio of revolutions n found

from the condition of maximal efficiescy .1 the entire compressor

does not coincide with the optimal ratio n found from t he  condition

of maximum eff ic iency of the  air t u r b i n e  (33. The lat ter is as a rule

great er than the  former  (0. 25—0. 35) . Here we should ment ion  that  in

the given calculations the ratio of the height of the blade of the

air turbine to its cord was assumed equal to 1.2, and thus a

different radial length was obtained for the rim of the turbine.

By using such curves a designer can select the best parameters

for calculating the stag. with the quantities assigned to him:

press~~e ratio in stoqe ~~ . work on turbine shaft L. ,  stage

efficissoy ‘i,  air flee G~ (or flay ra te  coefficient C.1, if the

wheel •.setry an~ velocity u1 are fixed).

Conclusion

FTD—ID(RS)I—0759—77
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1. In the case where relatively smal l volumetri:  air flow s pass

through a gas turbi ne engine (1—2 kg/e), the centrifugal compressor

is replaced by a tur bine compressor, thus assuring a number of new

properties for the engine as a whole for a compress ion process

efficiency of 0.80—0.82.

2. The tests which were conducted on the turbine compressor

stage showed that when the flow rate of air was about 1 kg/s,

im peller revolutions 16,000 r/min, and relative revolution s of air

turbine vt—0,4, efficiency reached 0.82, where about 30o/o of the power

conducted to the impeller was transmitted to the output shaft of the

turbine.

3. For a turbine com pressor stage there exists an optimal

relationship between design and gasdynami c paramet ers, which must be

consi dered in calculation.

Article received 2 Narch 1966
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