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RUSSIAN AND ENGLISH TRIGONOMETRIC FUNCTIONS

Russian English

? sin sin

? cos cos ‘ |

- tg tan

& otg cot

i' sec sec

i cosec cscC

] sh sinh

: ch cosh

% % th tanh

E cth coth

51 sch sech

; ¢sch ¢sch

::, arc sin sin~t

2 arc cos cos™t

- arc tg tan™*
arc ctg co‘c'l
arc sec sec™t
arc cosec ese™t
arc sh sinh™t
arc ch cosh™t
arc th tanh™t
arc cth coth™t
arc sch sech™t
arc csch csch™t
rot curl
1g log

GRAPHICS DISCLAIMER

A1l figures, graphics, tables, equations, etc.
merged into this translation were extracted
from the best quality copy available.
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RESULTS OF THE EXPERIMENTAL STUDY OF THE EFFECT ON COMPRESSOR

PARAMFTERS FROM WATER ADMITTED AT THE INLZT TC A CENTRIFUGAL N

COMPRESSOR

r A. S. Moskalenko, N. L. Zel'des

k
t DESIGNATION LIST o

sopd = water ' .

cyx. BOSA. = dry air .

BRAXNOS = wet

cyxoo = 4TV

FTD-ID(RS)I-1409-76

&
E‘\r
B
¥
!.g
ig
b
&




o Y

pDoC = 1409 PAGE 2

In the case of an elemental gas jet moving in the rotor and
adzorbing from the compressor impeller work dH, the equation of work
between two infinitely close sections can be written in the form of

the generalized Bernouilli equation:

, dP o
dH =7 +dﬁ+d.z..+ dﬂr._

where P - preésure. vy - speciiic weight, C - atsolute velocity, 7 -~

height of arrangement, Hr ~ work on overcoming frictional forces.

Tt is evident that the work of friction ciHr, is turned in*o heat and
is imparted to the gas from within in the amount dq, = AdH,. Keeping
in mind that with gases the change in potential energy of position d7
is infinitely small in comparison with cther fcrms of energy of the
jet, and multiplying the obtained equation ty A = /427 (thermal

equivalent of mechanical wcrk), we obtain finally

AdH = AvdP+ Adg + dg,.

or, in finite form

(N AHV=AJ‘U¢1P+A€L§€;+Q’.
FTD-ID(RS)I-1409-76
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The purpose of the ccmpression prccess in a centrifugal
compr=ssor is to increase pressure. The povwer required to increase
air pressure from P, to PK’ must be the lnast pessible, Considering
that velocities C, and €, at the entrance and exit of the compressor
are usually small and close to one another, we find from eguation

(1), Ysing the theorem of mean value of the integral,

AHnA{vdP-{—q,=Av..(P.-P.)+q,.

or, sukstituting

0 =T,

(2) Py
AH == ARTamin 7 + @

These cyuations show that there are only twe vays of decreasing the

werk cf compression:

1) decrease the compression of mean specific volume Y in

ciher words, decre2ase the mead gas temreratUre during compression 7;,

and
2) decrease the gas dynamic losses 7!‘ -
Cooling the air compressed in the compresscr by condensers and

acketed devices 1n elements of the compressor for circulating the
F
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coolirg fluid must result in very considerable increase in the weight
and dimensions of the motor and complicate its construction.
Therefore, in aviation gas—turbine engines, if the compressed air is
also cooled, then this is done usually cnly by the evaporation of
fluid (water, alcohkol, ammonia etc.) atsorbed directly into the flow
cf compressed gas through special nowzles at the compessor entrance
{1)e When liguid evaporates in compressed air, the latter gives off
heat equal to the heat of evaporatione This decreases the polytropic
index cf compression, the work necessary to compress air to a given
rressure, and also the temperature at the end of the compression,.
Fvaporative cooling means are highly effective, and at the present
are also used in turbocompressorse Esher-Wiess (Switzerland) hLas
turned out more than 100 centritugal compressors with evaporative

cooling.

In 1967 the effect of water admitted at the entrance to a
compressor on the operation of the compresscr itself was studied
experimentally on a staqge of the D70-80-001 sb compressor

(asa = 16°; Z;, =24; 6 = 0.5 mm).

Experimental Results
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Bxperimental studies were conducted on cecmyressor revoluticns of
n = 5200 v/min, n = 7100 r/min, n = 9000 r/min, n = 11,000 r/min, n =
12,500 t/min, n = 14,000, n = 15,500 rymin with different positions

of the hutterfly valva,
The flow rate of water varies fror 10 g/s to 80 g/s.

The first experiments enccuntered difficulticrs caused bty the

&

drops hitting the thermocouples at the compresscr entrance.
Computations of static temperatures in the smallest section of
the measuring device, at the comrprecsor entrance, and after thoe
cempressor, conductad trom the tables of gas-dyramic tunctions [2],
showed that tihe static temperature on the ccmpressor entrance aiffers

from the total temporature by rot more than 0.1 Therefore a

rrotective deflector was placed on one ot the two theraocouples.

when judging the resnlts of the experimental stndy, it must b+
kept in mind that the injectior of water occurred in a comproessor

designed for dry compressicne

Deraree of Pressur2 Increase
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Thte main advantage of water injection on the compresSor ~rtrance
is the increase of achievable ypressure increase. The effect resulting
in pressure increase is similar to the etfect from the supply of
cooled air to the ccmpresscr ertrance when the deqgree ot pressure

increase with given available work beccres larger.

Scwet imes the pressure is increased in a wind tunnel which has

no mechanical equipment by means of cccling due to the evaporation of

liquid in air flow (3 ].

when water 1s injeacred into a tlow of air wmoving along a channel
of constant cross aection witheut energy supply trom without, 1+ is
possible to separate three conditions (4] In the first set of
conditiony the speed of air relative tc drcp is lavge. Therefore +ho
effect of channel resisrance predominates, and stagnation pressure
decreases in spite cf the fact that the rate of vaporization is
raximums. In that time the drops become heatcd and very rapidly
achieve tomperatures close to the dew peint. At such a temporature
the d0livereod heat Joes entirely to vaporizaticn. After achioeviag the

dew point, the temporature of a drop repaings practically corstant,

In *he second sot of conditions the relative speed, and
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consequont ly also the resisturcc, becore very small, and vaporization
¢f tho urops predominates, Total pressure hcw jncreaSes, and becomes
greater than its initial value. In view of the decrease in air
velocity in this set ot conditious, after a period of acceleration
the dreps achieve the spaed of ait, after which they move more
rapidly than the gas and the corresponding resistance bocomos
negatives This must accompany an increase in total pressure. However,
the noted offect 15 excepticnally swmall since the speed of the drop

rermains veiy closes to that of the air,

It rhe third sot of conditiorns the air temperature, as a rosult
of continuous decrease beccres sufficiently clage to the temporature
ct the drops, ard th drop diameter is so swmall that the rate ot
evaporation becomes very lows Wall friction now becomas thoe
predominant ettect, and the amount nf total pressure achieving a

certain rwaximum value again beains to deocreasea

Che of the most important parameters is the initial diameter of
the drope When it changes, the length of the channel necessary to

vaporice a4 given amount of licuid changes approximately in proportion

to the sguare ot the diamoter [U]).

For «xtremely lavje drop diameters the rate of vaporizaticn can

Ee 0 «rall that the second set ¢f conditicns comrletely disaprrars,

A b e A 5 sk EE P, 7,y 1 A 2o
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Figqure 1 graphs ¢ he change in telative degree of pressure
incrvare (ratio of degree ot pressute increase with injection of
water to the Jegree of pressutle increase without vater injection) ac
a funcrion of the relative tlow rate of the water (r-—a'"" =3l The

' ' A, seea )
raximum deqres ot pressure incerease with water injection for a giver
set of corpresser operatince corditions when n = 15,500 r/min, 2 =
T/10 (7 = position ot huttertly valve), is achieved a*t G = 0,026 ¥y
water/kdg iry airje The degree of pressure increase is 2.1% grearer
than tre degree ot prossure increase withcut water injection. Up to G

'l
= 0e04€ the relative deqree ot pressiure increase (45—-L2) ris»s

\ %% cyzen
continuonzly. In *his case up to G @ 0.01 the reiative deqree of
Pressure 1pctease rises ipsigniticantly, which is caused by tha low
flcw tare ¢t tha water and by the low vaporization rate, singce t1i.

nozzl» is operating on small ditferentials at such a flow rate, witg

*
- : %y saamwoe .
a slow Tate G > 0.014 the ra*c of ircrease —e—= {s considorably
o’ *u cyzes
greator, Achieving maximum, —pe== }egins to decrease at ¢ > (.06,
cyxos

This 1w oxplained by rhe fact that when G = 0.026 the moist air is ia
the roaion of saturation ard turther ircrease in the flow rate ¢t the
vater doou not cause a temporature decrease, i.e., at density
increrase, hut only resalts in additional onergy losses, frictional
losser hetween the drops of water and air, tetween drops ot water and

channl walls, impact losses dus te Areps of water striking the

[N TN - Oy Loameiy dwa . eNaid

ket N 4 e
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tlades,

Flew Rate of Dry Airx

The change in flow rate of dry air is graphed on Fig. 2.

When the amount of water fed into the flow increases, the mass
flow per second of dry air rises continuously. This is explained by
the ircrease in air density due to the gressure increase and also due
to the temperature drope. Up to a relative water flow rate G = 0.014
the flow rate of air rises somewhat more slcwly than on section G =
0.014-0,025. The maximum flcw rate of dry air cccurs at G = 0,025, Tn
this set of conditions the flow rate of dry air is 4.8% greater than
the flow rate of dry air without injection of water. With a
subksequent increase in the flow rate of water, i.e., when G > 0.025,
the flow rate of dry air begins to drop. This is explained by the
fact that the temper: ure after the comgressor remains virtually

corstant, but pressure decreases due to the additional energy loss

caused by the presence of unvaporized water particles in the flow,

Air Temperature Change After Compressor
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1 The change in temperature on the compressor (Te—T3) is graphed
5 aS a function of the Wwater flow rate (E) on Fig. 3, and characterizes
é the rate of water evaporation. On sectica G = 0-0.01 the degree of
? temperature decrease is somewhat less than cn section G =
; 0.01-0.0185. The reason for *this is that when the water flow rate is
i low, the differential on the nozzle is small, the gquality of spray is
: bad and therefore the rate of evaporaticn is lower, .
: when the flow rate of water increases, the spray becomes finer
ﬁ and the rate of evaporation increases. When the flow rate of the

vater excedes 0.0185 the relative moisture content approaches unity; :
3 N
? therefore the degree of pressure drop decreases. With a flow rate of -
i G = 0.034, temperature is virtually egqual to the temperature at G = “g
g‘ C.025. This indicates that a state of saturation is setting in. :3
b v
{ Dependence of Power Required by Compressor Upon Flow Rate of Water ?
3
1‘ An increase in the flow rate of water means that the power ﬁﬁ
% . required hy the compressor per 1 kg Ary air decreases continuously; ‘é

SRR ST L0 i A A LB S PR e T i B o AR Sk i Sl 5k 2 b A ke
i A 4 i




i AEIRES e i

G SRt et ot

ity - i

fias oietins St

sk i vdaie iy 50 s T B A PR Lt D R T T - C -
TR A OV BRI AN L a2 2t A A R L S AL e 5 5 (L o 5000 e ek st h a1t e, 4 B pnt

pec = 1409 PAGE 11

this is a consequence of the decrease in mean sgecific volume durirg
compression, in other words, a decrease in the mean air temperature

during compression (Fige 4).

when the flow rate of water increases, a different law governing
change in power is observed. Change in flow rate of water from 0 to
0.014 results in a decrease in required power by 3.274 and a decrease
in relative water flow rate from 0.0%% to 0.02% results in a péwer
drop by 10.8% which is explained by the higher quality of liquid
spray at increased flow rates. In conditions with a water flow rate

of 0.025 power changes insignificantly.

Decrease in power with water injection amcunts to 15% The

obtained results shcw good agreement with values introduced by V. F.

Ris [5].
Percent of Water Evaporation
The relative contant of water at the temperature exit is

deterrined by the condensation method.

The results of processing experimental data indicate that prior

R
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to the state of saturation in the compresscr the entire amount of

water fed through the nozzle evaporates. This is ensured by the good

g L T A R 1 T ey TR 00 o e

g atomization of the nozzle, the characteristics of which were taken on

é a special installation.

g The effect of a differential on the nozzle on the degree of

% fineness of atomization was studiede. The results of the study

f indicate that an increase in pressure differential on the nozzle i
? causes the diameter of the drop to decrease, at first rapidly, then j
5 more slowlvVa d
2 5
E

E Total evaporation of water particles in the compressor is alsc

indicated by the amount of vaporized water as cttained from the L

equation of energy balance written for the "entrance-exit" section of o

the compressor. 3
|

i

The temperature values fixed at a certain distance from the :

section in which temperature is measured after the compressor, also : fﬁ

indicate total evaporation cf water in the comrressor. These values i

differ fror temperatures recorded immediately on exit from the [

s

3 compressor in the amount At, which considers heat exchange on the gf
i _ ) , ) -
“"section K-=control section" segment. Moreover, during moist |

3 ccmpression At is virtually equal to At in dry compression. !
, j
H

1
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Conclusions

1. Injection of water on suction intc a ccmpressor for the
purpose of evaporative cooling of air consideratly decreases the

temperature of the latter on exit from the comgressor.

Thus, With a water flow rate on the order c¢f 0.025 the air
temperature on the comgressor exit decreases hy approximately 430C
with an ambient temperature of 11,8-13,1°C and relativ2 ambient

humidity ¢ = 41-42%,

2. During compressor tests total evaporaticn of the injected
moisture occurred to the state of saturaticp with different turns and

ditferent positions orf the tutterfly valve.

3. Fvaporative cooling of air during compression in a

centrifugal compressor operating at n = ccnst decreases the power

required by the compressor.

4, Fvaporative cooling increases the degree of pressure rise and

increases the flow rate of the air.
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5. The introduction c¢f evaporative cocling cauwzes the
characteristic curves of the compressor ({(Fige 5) to shift somewhat
into the regicn of high flow rate in cconection with the increase in

air density on the exit from the impeller,

6. It is necessary to study the effect of the positions ot the
water nozzle relative to the VNA intake edges on the compressor and
the deqgrec of fineness of atomization on the regquired pover and

efficiency of the compresscre.

7. puring the compressor operation (300 hours) no salt deposits

were observed on the rotor or the rlade diffuser.

8. Water was observed in the oil line of the lubrication system
during the experiment. This indicates that the use of evaporative
peans of cooling requires structural measures tc prevent water from

getting into the oil.

EIELIOGRAPHY

1. Peaxtusnue apuratenn. Ilep. c anra. nox pen. H. T. llyﬁpnacxoro Ofiopourna, 1962,

2. Tabanum rasoauuamiyeckux GyHkunf. nc'mryr uM. T K. DBapanosa, Han-so
Munucrepcrea asHaunonxofl npomsiunensocts CCCP, 1986,
3. L Hamrick, W. L. Belde. Some lnvestlgatlons With wet Compression,

Transactions of the ASME, v. 75, 1953, N 3.

4. OcuoBnl raaoaoﬁ nunamHKH. Penaxtop I'. OmMouc. l'leg ¢ asra. noa. pet. I'. M. Ba.
penbaatra i I'. T. Yepuoro. Hap-so nuoerp. am. M.,

5. B. ®. Pnuc. Lenrpobexuiie KoNnpeccophsic Mamun. Mawrns, M. —J1., 1951.




AP P P TIT e o T s 2 e et~ et et i .

T, TG TS T P TR e gy e ey

) Iﬁu‘
AT

)

15

aqu2

PAGE

40/

1409

Xz eyn.

3
fed
i
¥l
b
i
;

o
o
[=)

> b R DTS

AU S, 08 B sl . ot s S A i e iail




g
F
I3
L
3
%:
5
£
‘

L 2
L

-

poCc = 1409 PAGE 16
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Fig. 1. Relative degree of rressure increase |\—J—— plotted against
a.om ) LR gyRoe . -
d - . £ ’ : = = 7 -
the flow rate of water GK;T‘- vhen n 15,500 r/min and 2 /16
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3 Fige 2. Flow rate of dry air plotted against water flow rate when n = ]

15,500 r/min and 2 = 7/16 (Gl yeuu ~ flcw rate cf dry air with

injection of water).
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2 ' Fig. 3. Change of temperature in compressor as a function of water

flow when n = 15,500 r/min and 2 = 7/16,

e
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Fige 4. Power reguired by ccmpressor as a function of water flow rate

T NEERT

at n = 15,700 r/min and 72 = 7/16.

20D et e o e e M P Bl it i i e R
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Fig. 5. Characteristic curves of compressor at n = 15,500 r/min and f
different water flow rate: %
Key: (1) kg/em?, (2) ke/s.
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