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METHOD OF EXPERIMENTALLY DETERMINING RADIAL DISTRIBUTIONS
OF VELOCITY THROUGH AXTAL-FLOW COMPRESSOR

By Harold B. Finger

SUMMARY

A method is presented by which the energy and continuity rela-
tions are simultaneously solved to express the velocity digtributions
downstream of any compressor blade row in terms of outlet total
temperature, total pressure, and relative flow engle. The method
1s intended for use in units in which only a limited amount of
experimental data can be obtained. The determination of the veloci-
ties downstream of & stationary blade row assumes that the con-
dition of simple radiel equilibrium is satisfied and that the
entropy is constant along the radius. The method for the rotor
requires no such assumption, however, and the effect of the radial
displacement of flow passing through the rotor is considered.

INTRODUCTION

The experimental determination and analysis of the performance
of a multistage axial~flow compressor requires a knowledge of the
radial distribution of flow in the individual components of each
stage. Several methods of determining radiel distributions of
flow downstream of a blade row have previously been devised pri-
marily for design and theorstical studies (references 1 to 3).
These methods are not readily applicable to the problem
of experimental evaluation of flow distributions in an exlsting
compredsor. One of these methods of computing the velocity distri-
bution hes been presented in reference 1 and simplified in refer-
ence 2. This method, which is based on simple radial equilibrium
and incompressible flow, defines the axial-velocity distribution
in terms of the absolute tangential-velocity distribution. Refer-
ence 3 presents a general method of determining the radial distri-
bution of flow for the compressible cage » which considers the
rediel displacement of flow in passing through a blade row. This
general method is also expressed in terms of absolute velocity
distributions and absolute flow angles.
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Because of instrumentation difficulties and time limitations,
however, determination of how fundamental relations can be utilized
to define the radial distribution of flow velocities leaving a
blade row with a minimm of experimental data is useful. In general,
the experimental data required to specify the flow velocities are
total temperature, total pressure, static pressure, and absolute
flow angle at every point along the radius. The measurement of
abgsolute flow angle and static pressure, however, is extremely
difficult. The stabic pressures and the flow angles muat be
measured between blade rows in the axial-clearance space, which is
usually small and contains turbulent air. The total pressures and
the total temperatures can, however, be measured Just inside the
stator blade rows if no radial shift occurs in the energy distri-
bution. A method of computing velocity distribution dowmstream of
a blade row, based primarily on total-temperature and total-pressure
meesurements, would therefore be of considerable use in the experi-
mental evaluation of axial-flow-compressor performance. In place
of the static pressures and absolute flow angles, which are diffi-
cult to measure, however, it would be desirable to use guantities
that can be readily determined.

A method was therefore developed at the NACA Lewis laboratory
of determining the radial distributions of velocity downstream of -
a stator and a rotor row of an axial-flow compressor based on a
knowledge of total temperature, total pressure, angles of the
velocities relative to the blades considered, and total weight flow
if axial symmetry can be assumed. The method involves a simul-
taneous solution of the energy and continuity relations.and is con-
sidered more applicable than the methods of references 1 to 3 to
an existing compressor where a limited amount of experimental data
is available. The stator-evaluation method (which is presented in
reference 4, but is -repsated here for the sake of completeness)
agsgumes that the simple-radial-equilibrium condition is satisfied
and that the radial gradient of entropy is negligible. The
asgumptions eliminate application of the stator method to the
determination of the velocities in the boundary-layer regions.

The rotor method is general, however, in that it considers the
effect of radial displacement of the flow through the rotor row
and does not require that the entropy be constant along the radius.
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SYMBOLS
The following symbols are used in the calculatio:ps:

specific heat at constant pressure cPJg, (sq £t/(°F) (secz))

specific heat at constant pressure, (Btu/(1b)(°F))

acceleration due to gravity, (ft/sec?)

total pressure, (1b/sq £t sbsolute)

static pressure, (1b/sq £t absolute)

gas constant for dry air at 53° F, 55.5 (£5-1b/(1b)(°R)
radius, (£t) |

entropy, (£t-1b/(°R)(1b))

total temperature, (°R)

static temperature, (°R)

velocity of rotor-blede element wr, (ft/sec) (£1g. 1)
absolute air velocity, (ft/sec) (fig. 1) |

radial velocity of air, (ft/sec)

axial velocity of alr, (ft/sec) (fig. 1)

tangential velocity of air, (ft/sec) (fig. 1)

velocity of air relative to rotor row, (ft/sec) (fig. 1)
welght flow, (1b/sec)

.axial distance, (ft)

angle between absolute air velocity and axial direction,
(deg) (fig. 1)

angle between relative air velocity and axisl direction,
(deg) (fig. 1)
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) boundary-layer displacement thickness, (ft)
V4 isentroplic exponent

static denmsity, (slugs/cu £t)
w angular velocity of rotor, (radians)sec)
Subscripts:

1 inlet to rotor

2 outlet from rotor

3 outlet from stator’ . /
h hub

t tip

x ‘any gpecified radial location used as reference polnt

ANALYSIS

The Pollowing analysis -develops a method of determining the
velocity distributions in an axial-flow-compressor stage such as
that shown in figure 2, which is based on a knowledge of total
temperatures, total pressures, relative flow engles, and total
wolght flow. The total temperatures and the total pressures should
be measured in the axial-clearance space or, if the clearance is
too small, inside each stator row if the Instruments are properly
alined with the flow. A representation of circumferential varia-
tions should be obtained to determine if the condition of axial
symmetry is satisfied. The relative flow angles from each blade
row can be estimated by application of stationary cascade investi-
gations and empirical rules based on cascade investigations with
corrections applied for compressibility and induced veloclty
effects. If the sbsolute flow angles at the outlet from each blade
_row cen be experimentally measured, the general method of refer-

ence 3 or the stator-evaluation method presented herein, which may
be considered as based on absolute flow angles, can be applied to
determine the radial distribution of flow downstream of each stator
or rotor row. The difficulties involved in instrumentation and
the requirement that instrumentation effects be kept small, however,
necessitate the use of only those instruments that are essentlal

1233
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to the determination of the velocity distributions. For this
reason and because the accurate measurement of absolute flow angle
and static pressure is difficult, a method of determining the axial~
velocity distribution downstream of a rotor row in terms of the
relative flow angle and easily measured quantities is required.
When the axial velocitles and flow angles are known, the complete
velocity dlagram can be constructed.

Velocity distribution downstream of stator row. - The follow-

ing discussion presents the derivation of the method (previously
presented in reference 4) of determining the velocity distribution
downstream of a stationary blade row, guide vanes or stators s 1f
total temperatures, total pressures, and flow angles are known.
The development assumes that the gimple~radial-squilibrium con-
dition is satisfied and that the entropy is constant along ‘the
redius downstream of the blade row. )

The energy equation for adisbatic compressible flow can be
stated ag:

v V. V.

2ty ZCP ch

" Differentiation with respect to the radius gives

f 2 2 2
At 4T3 3 d("e,s) _ 2 a(v,,5%) _ A ‘1<Vr,3>
Fr5 = Tz " 20, drg 26, ~ drs 26, ary ~ (2)

The fundemental relation for the variation of entropy with radius
is given by -

drg drs ' pz drs

If constant entropy along the radius is assumed 9

ar: = 0. px ar (3)
3 Cp pz dr
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Substitution of equation (3) into equation (2) gives

1 4ps de‘_ 1 d(ve,sz) oA d<vz,32>_ L d("r,sz)
Cppos &r5 ~ |r5 ~ 20,  avs 2,  ars 2C, ~ ars

1233

(4)

For radial equilibrium,

2
195 Vg3 s o Vs
pz drz Tz r,5 orz 2,5 923

If the assumption is made that V, or oOV,/dr and oVy/d; =0

2
1% Vo5 (5)
psdrs- rs .

When V, = 0, eguations (4) and (5) combine to yield

2 2 2
a alv d(v 2 v
moptles) 2 ths) ates o
3 P 3 P 3 p T3
Equation (6) expresses the exact relatlion between the gas
velocities and the gas state where radial velocities and their

gradients are negligible, and when the gradient of entropy along
the radius is zero.

From vector-dlagram considerations (fig. 1)

Vo,5 = V3,5 tan B3 | (7)

Equation (6) therefore becomes

2, 2 2
ars 1 (V5" tenm Bs) 1 a(v,,5°) 1
d.r3 ZCP . <'ir3 ZCP d.r3 Cp T, R
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Collecting terms amd performing the indicated operations gives

. )
ar a8~ 2 ten’ ;3\ ( )

3 1 2 2 3 3 2,3 2
= =T T2 tan sec + sec =
Trs " 25| 2,3 ( B3 Bs azs 5. )" Tars Bs

Division by sec2 Bz, mmltiplication, and rearrangement of
terms gives

- 2 2
dT , dz 2 sin” B alv.
cha..i__% =Vz‘32<2tanﬁ5d3+ 3)+ (d:"S)

T3 sec” B4 : T3 T3 3
(8)
Ir
- dag 2 sinz B
‘ S=<2ta.n33dr3+ . 3)
3 3
and
ar
3
T
sec” B;

equation (8) can be written as
2 2
S(st) ar, +d(V23) = Qar,

which is a firgt-order differential equation linear in V -that
has the following solution:

r r r
2 ,
Vz 3 © S d.I‘S =J Q ef({'{\r S
? x r Ty Tx
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If the values of S and Q are substituted

T 2 r
2 dﬁs 2 8in 33
Vz 3 exp 2 tan ﬂ3 + dr3
2 d-rs I'3
x . Ty
T r
5 ap, 2 sin” B,
= —E— exp 2 tan Pz o + — | dr3) 4T3 (9)
T sec” B T 3 T3
3,x 3 x

The exponential in eguation (9) can be evaluated as follows:

¥ 2 ¥ 2
‘133 2 sin BS 2 gin BS
2 tan Bz + drz = drz +
d.rs

r. T3 T r3

X x
cos B
3,x
A
2 log, (cos BS)

Therefore

ol 2

dﬁs 8in Bs

exp 2\tan AB3 e + T drz
x )

f

r

cos 53 x 2 - 2 s:!.n2 33
. cos B Ty 3
x
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By application of equation (10), equation (9) reduces to

r
. 2
o fcos BS x 2 sin BS
VZ, 3 (F—-——Z—os BS ' exp

T3 2 r
\[\ 2Cp cos Bs,x 2 sin Bz
= dr aT.
gsecZ B, \cos B °xp T 3 3
T; < 3 3 Ty 3

2

Evaluation over the limits indicated gives

o [cos BS < a 2 sin? BS ’ 2
—_—a -
Vé,s cos Bz exp | v rz ars Vé,s,x
X

TS r 2
= ch cos Bs,x exp . drg| dT, (11)

r
T3,x b d S

Transposition of terms gives

T r :
3 2 2 sin? Bz
0 - 2Cy cos B3,x exp T3 drz/ 4Tz

57% 4 X
vz,S = 2 T 2 +
cos B3 x 2 sin BS
————2
cos B oxp Ty drg
.rx
v 2
2,3,x
r
2 2
cos 2 s8in
_Pgéz.x; exp ﬂ3 ar. (12)
cos B r r 9
3 ) x 3
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If the total temperature is constant along the radius as is
_ the case downstream of the compressor-inlet guide vanes, equa-
tion (12) reduces to

v

: = 2,3,x
vz:3 - 2 T (13)
cos BS x sin? 53
cos B exp T d.rs
3 T 3
X
From the continulty equation
rt r-b
W= 2mrogV, ar = | , wPe¥, a(x?) (14)
Th vy |

Equation (14) as stated does not include the effects of
annulus-wall boundary layers and blade wakes in reducing the
effective flow area. Because the calculation for V, is based

on the assumption that the radial gradient of entropy is negli-~
gible, the low-energy regions of the boundary layer must be
omitted from consideration. Beceuse the welght flow transported
by the boundary layer is comparatively small, the effect of the
wall boundary layers on the velocities over most of the passage,
however, can be considered by adding and subtracting the boundary-
layer displacement thickness from the lower anmd upper limits,
respectively, of equation (14). Thus the limits of integration

would be (ry - 8y) anmi (xy +8,) or (rg - fs.l.,)2 and

(ry + 8,)%. In effect, this change in limits alters the ennulus
dimensions to an equivalent ammulus area in which the thickness

of wall boundary layer is negligible. The equivalent annulus
dimensions must then also be used in equations (12) and (13). The
effect of blade wakes can be considered by inserting a multiplying
factor in equation (14), which will in effect subtract the weke
thickness from the anhulus-area term. The minimum effect of wake
thickness can be obtained by assuming that the weke has the seme
thickness as the blade trailing edge.
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Equations (12) or (13) and (14) can then be simultaneously
solved by an iteration process with the isentropic relation for
density given as

2
A
_ 2|, __ T
PEr@T\l "3 2 (15)
78RT cos B
The three unknowns in these equations are v, x? Vg and p.
b

The method thus developed determines the velocity distribution
downstream of a stator-blade row if the total pressure, total tem-
perature, air-weight flow, amd flow angle are known for the case
where thé simple-radial-equilibrium condition is satisfied and the
entropy is constant along the radius. If the method is to be
applied to a nozzle row operating at supsrcritical pressure ratios,
special care must be teken to obbtain the true relative flow angle,
At supercritical pressure ratios, the effect of jet deflection on
flow angle must be considered. -

Velocity distribution downstream of rotor row. - The following
discussion presents the development of & method of determining the
radial distribution of velocity downstream of a rotor row in terms
of the rotor-outlet total temperature » total pressure, relative
flow angle, and rotor-inlet conditions.

The general energy equation for adisbatic relative flow across
any rotor blade row can be written as

2 2 . )2 2 2
C.t +(v'2)2 el NP +(v2 2 (16)
1t 3 5 o2 * T3 2

From vector-diagram considerations (fig. 1), the relative
velocity 1s glven by

(v =V - 0% + 2U7, tan p" (17)

.
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If equations (16) and (17) are combined and because

t + 17V =
Cp +2V2 CPT,

1 ‘ - 2 g2 \ l_
& cp(T1 ‘1‘2) - (Ul U, ) + Ulvz,l tan g',|= vz,2 tan B',
(18)

Differentiation of equation (18) with respect to r, and
division by tan B’z ylelds

1 a 2 2 .
W 2{ [C(T-T) (Ul -U2)+Ulvz,1tans*]]}

dp? av
vz,z Bz Z,2
= i i ' dr * dr (19)
snﬁzcossz 5 . 4ry

A1l terms in the left side of equation (19) can be readily
determined by actual measurement or computa'bion as a function of

redius. The values of (T - T, ) and (U -0, ), however, depend

on the radial displacement of flow through the rotor row because

- these difference terms require that the measurements be made on
the same streamline. As a first approximation, the displacement:
can be assumed. Theé actual displacement will be determined later
in the development. ’

At any radlus, let

1 a {1 .
=Wdrz{uz[c(m '1‘) (l -7, )+ lzltansl]}

and

1 dg’2
sin B', cos B"z dr,

1233
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Equation (19) can then be written as

sY Wz,2
Q= z,2 + dr,

which is a firgt-order differential equation linear in 'V,, which
has the solution

T r ’
v exp( S dr;—‘[ =f Q exp( S drs)dry (20)
Z,2 r »
x

The integral, which is the exponent of e in equa:bion (20), is

taken over the limits Ty to r and cen be evaluated as follows:

r . .
o dr, apty tan 'y
§drp = gin B*, cos B!, dr. = logg tan B's
x T, 2 2 e 2,x

Therefore

r .
J tan B'z
exp S dry| =
tan B!
Ty B2 »X
Equation (20) then becomes

tan B'z tan B'z
Z,2 tan sz Z,2,x r tan Brz,x

Integration ag indicated and substitution of the expression for Q
glves
tan g5 -
V2,2 ten B* 2. V2,2,x
’ B 2’; 2%y .

r

= 1 L lc(r,-m7) - (U,2- U.2) + U.V. . tan B°
tmﬁ'zx{uz [p(l 2) 1 - Y2 1'z,1 1 r
2



http://www.abbottaerospace.com/technical-library

14

NACA TH 2059

or
v, tan Bt o
Z)Z - Z,X 1 {1 [C (T - ) (U 2_ U ) +
3 + N — - 2
vz,z,x tan B'z 'Vz’z,I tan B’y TJ2 Pl T2 1l
r
UyV,,1 tan ‘3'1] (21)
Ty
The continuity equation can be written as
T1,t " T2t
W =J 2rr P8V, 4 Oy = 2raP8 V2, x sz 2x
T1,h T2,h
(22)

Substitution of equation (21) into the continuity relation equa-
tion (22) gives

T2,t

3

2nr.

w:J SrrePe® 11 le(r-7) - (U.3-U?) +

T tﬂnﬁ’z Uz P 1 2 1 2
2,h

2,t
JA 2 tanB'Zxdr
tan B* dr-;-v :rrpg____z_
1 Blr 223y, 28 Gambg 2

(23)

which can be solved for V, , . for any weight flow by graphical

b4
or numerical integration for the agsumed distribution of density
at the rotor outlet and for the assumsd radlal displacement. An
axial-velocity distribution can then be determined from equation (21)
As in the stator method, the continuity relation (22) should be

1233
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corrected to consider the effect of boundary layer and blade wakes.
Just as in the stator analysis, changing the integration limits by
an amount equal to the boundary-layer displacement thickness and
inserting a multiplication factor in the continuity relation are
probably the simplest means of considering the effects of thess
low-energy reglons on the effective annular flow area. If complete
survey data are available in the boundary-layer and wake regions,
the relations can be used as presented because it has not been
necessary to assume negligible gradient of entropy along the radius.
The effect of the wakes may actually be indirectly considered if
the measurements are mede far enough downstream of the rotor so
that the wakes have been dissipated.

The distributions of velocity, density, and radisl displace-
ments are determined by a trial-and-error solution of equations (21),
(23), the continuity relation, and the definition of static density
given ag .

1
2 71
P il A 12,2 (24)
2 = gRT -2 2
&R 2 7gRT2 cos Bz
The four unknowns in these relations are vz,z,x’ Vé,z, Py, and

the radial displacement of flow passing through the rotor, which

enters in the (Uiz- Uéa) and (Tl- Tz) terms. The continuity

relation used in this trial-and-error solution states that the mess -
flow between any two stream surfaces is constant all along the
length of the streamlines; that is,

V r dr =p V r_ dr 25
pl z,11 1 P2 z,22 2 (25)
APPLICATION OF METHOD
Apparatus and Instrumentation
The method of determining the velocity distribution at the oub-
let of the rotor and stator rows if total temperatures, total pres-

sures, and relative flow angles throughout the compressor are known
hes been used to calculate the velocity distributions in a 10-stage
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axisl-flow compressor. In addition to over-all instrumentation,
located as described in reference 5, the compressor was so lnstru-
mented that the total temperatures and pressures at three radial
positions and three circumferential positions could be determined
midway between the leading end trailing edges of the blades 1n
each stator row (fig. 2). Although the measurements were made
within the stator row, it was agssumed that the total-pressure and
total-temperature distributions at the inlet and outlet of the

-‘blade row were the same as those indicated by the instruments.

That is, viscous and heat-transfer losses and radial shift in the
energy distribution were assumed to be small in the stator.
Outer-wall static-pressure measurements were made upstream and
downstream of each blade row and were used as an indication of
the accuracy of the computations.

- Stator Method
The determination of the velocity distribution downstream of
a stationary blade row if the total temperatures, total pressures,

relative flow angles, and air-weight flow are known regquires the
simultaneous solution of the following relations:

T r i
3 o 2 sinz BS
ch cos Bs,x exp ———1?— dr3 6.'.['3

Ts,x T,
v = +
z,3 0 - .
cos B3 - . 2 sin BS
. )=t exp e ——— dr3
cos Bz Ty rz
2
vz:sﬂ.{
r 2 (12)
cos Bz 2 sin Bz
—2n  exD —_— drs
cos B r T
3 < 3
-2
rt r.b
W= 2xrpgV, dr = | , oV, d(;‘z) (14)
Th Ty
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and 1
-1 vz
p=L_[1-2 (15)
RT 2 veRT co.ss2 B/

In the present application, the total temperatures, total pressures )
and welght flow were experimentally measured and the flow angles
were determined using Constant's rule (reference 6) with revision
for the effect of blade stagger on flow angle. Thus s the unknowns
in the three eguations are V, x5 V,, and p.
’X b4
As a preliminary step in the calculation procedurs, a radial
distribution of static density (constant density is the simplest
assumption with which to start) must be assumed. The relation for

v, 3 determined by inserting the known distributions of total tem-
2

Perature and flow angle into equation (12) can then be substituted
into equation (14). It should be noted again that the effect of
wall boundary layers and blade wakes on equation (14) cen be con-
sldered by changing the limits of integration and inserting a
multiplication factor as discussed in the ANATYSIS. If the known
weight flow and the assumed density distribution are used, squa-
tions (12) and (14) can be simulteneously solved for v, by

a trial-and-error procedure. Several values of Vz 3 x
P a4
agsumed until the integration checks the known welght flow. It is

generally sufficlient to make' two or three asgumptions of VZ 3 x
P At |
and interpolate between them. The value of Vz 3% determined

for the assumed density distribution can thereféré be substituted
into equation (12) and a radial distribution of axisal velocity can

be computed. When this distribution of axial velocity is used, a

new distribution of static density can be determined by equetion (15).
The process is then repeated with the new distribution of density.
Usually, only two or three trials are necessary until the final
density distribution checks the one used in the continuity rela-

tion (eguation (14)).

In the calculation of the velocities downstream of the third
stator of the 10-stage compressor at the peak.efficiency point at
the design speed, ‘the wall boundary layers were first assumed neg-
ligible and then the displacement thickness of the boundary layer
‘was assumed to.be 0.10 inch on both the inner and outer walls. In
the first case, equation (14) was used as stated and in the second
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case, the limits of integration in equation (14) were adjusted by
use of the displacement thickness. The axial-velocity distributions
determined for both conditions are presented in figure 3(a). The
effect of wake thickness has been neglected in this calculation.

The velocity distributions for the two boundary-layer conditions have
the geme general shape. The axial-velocity distribution when the
effect of the 0.10-inch boundary-layer displacement thickness is con-
sidered, however, gives higher velocities than the curve for which
the boundary layer has been neglected. At the midsection, the
difference in velocities is approximately 5.5 percent. As an indi-
cation of the accuracy of the method, the calculated static-pressure
distribubion is compared with the measured wall static pressure in
figure 3(b). On the basis of these limited data, it is seen that the
difference between the measured and calculated static pressure at the
outer well is approximately 3 percent when the boundary layer is
neglected and approximately 1 percent when a boundery-layer dis-
placement thickness of 0.10 inch is assumed.

Rotor Method

The evaluation of the velocities downstream of the rotor row,
which assumes & knowledge of total temperature, total pressure, and
relative flow angles downstreeam of the blade row as well as the flow
conditions upstream of the row is based on a simltaneous solution of
the following relstions:

- r
' L 1 . 2 2
= |c (2. -T,) - (0.5~ U%) + UV _ tan B’
V,,2,x 0 B {Uz[p(l ) = (U 7= Tp) + UV, anﬁl]
rX

(21)
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r

2,t
2"1'2928 1 o
W= , L CP(Tl-Tz) - (Ui—Ug) + U,V , tan B’y dry +
r tan B 2 Uz 2
2,h n 7
T2,% :
tan B'z <
vz,Z,xJ 2nropPog T e ar, (23)
Ta,n
2
2 71l
P ' v
gty (U 2
2 7gR1‘2 cos Bz
and
P1Vz,1% 8% = PRV, oTp dnp (25)

The relative flow angles at the robtor outlet in this Investigation
were determined from the revised empirical rule of Constant (ref-
erence 6). The stator evaluation method presented herein was used
to determine the velocity distribution at the inlet to the rotor row.
Thus, the unknowns in the previous equations are Vz,z ’ vz,z,x’

P, and ro/ry.

As the preliminary step of the calculation procedure s 1t 1s
necessary to assume the radial distribution of Py and rz/rl. The

T, /rl term represents the 'rad.;al displacement of the flow passing

through the rotor row. In this case, the density end the radial=
displacement distributions were assumed for each weight flow and
robtor speed investigated so that equation (23) could be used to
determine the first trial value of VZ 2,x* Substitution of this-

. 2
value of vz,z,x into equation (21) with the assumed value of radisl
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2 2
displacement, which enters as the (U, <Up) end (T, -T5) terms,

determines & radial distribution of axial velocity. A new distri-
bution of density can then be determined using eguation (24) with

the known values of total temperature and pressure and the absolute
velocities, which are computed from axial velocity (determined from
equation (21)), relative flow angle, and blade speed. By using this
new density distribution and the previously computed axial=-velocity
distribution, the rotor-outlet annulus and the Inleb-ammulus areas
are divided into equel mass-flow increments such that a new radial
displacement is debermined; that is, equation (25) is mechanically -
integrdted to obtain a new distribution of ré/f . Division of the

inlet and the outlet annulus areas into equal flow increments
determines the positions of several streamlines at the inlet and the
outlet of the rotor and therefore determines the radial displacement
of flow. This new displacement and the density distribution
determined from equation (24) are then resubstituted into equa-
tion (23) to determine the second trial value of V, o y. The

entire process is then repeated until the density and the radial
displacement are constant in each further trial. Two or three
trials are generally all that are required to obtain convergence.

The axial-velocity distribution at the outlet of the fourth
rotor row of the 10-stage compressor is presented in figure 4(a) for
several boundary-layer configurations. It can be seen that the curves
have the same shape over most of the passage with an over-all differ-
ence of approximately 4 percent. The over-all difference becomes
large in the vicinity of the hub reaching approximately 40 percent
near the wall. The differences between the two curves when boundary-
layer thickness- is considered result from the effect of the .differ-
ences in the velocity and angle distributions at the rotor inlet.

In figure 4(b), is presented the comparison between the nmeasured
and calculated wall static pressures downstream of the fourth rotor
row for the three boundary-layer conditions considered. The three
curves are practically coincident over the central portion of the
passage. The difference between the calculated and measured wall
pressure is approximately 3 percent. As was the case in the stator
calculation, the effect of blade wakes on velocity distribution has
been neglected in determining the resulis of figure 4. The wakes
have been considered indirectly, however, because the measurements
used in these rotor calculations were made downstream of the rotor
where the wakes have probably been dissipated and where average
conditions have been indicated. An error introduced in the present
calculations is the effect of possible errors in relative flow angle.
As an indication of the effect of flow angle on the rotor results,

-
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an error of 2° would cause a maximum error of approximately 1.5 per- -
cent in the axial velocities calculated.

CONCLUDING REMARKS

A method is presented for determining the velocity distributions
downstream of any compressor blade row in terms of outlet total
temperature, total pressure, and relative flow angle. The method is
intended for use in units in which only a limited amount of experi-
mental data can be obtained, The determination of the velocities
downgtream of a stationary blade row assumes that the condition of
simple radial equilibrium is satisfied and that the entropy is con-,
stant along the radius. The method for the rotor makes no such
agsumption, however, and considers the effect of the radial displace-
ment of flow passing through the rotor. The application of the
method to the determination of the velocities and pressures in a
10-stage compressor has indicated good agreement with the measured
wall-gtatic pressures.

Lewis Flight Propulsion Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio, October 13, 1949,
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Figure 3. — Radial distribution of axial velocity and
static pressure downstream of third stator row.
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