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ABSTRACT

" Two computer methoda for the design of radial ocut-flow
turning vanes are deacribed. The key requirement was for
vanes with simple shapes that could be machined easily and
inexpensively in-house. Two design approaches, one using
circular arce for both suction and pressure sides and one for
wedge-arc shaped sectiona were developed.

Requirements for the general design procedure arcse in two
exploratory projects, a Rofary Detonative Wave Engine (RDWE)
and a high speed Centrifugal Diffuser Test Device (CDTD). The
RDWE was analyzed first and found to be potentially
inefficient in its original configuration. Preliminary design
for a high speed CDTD flow generator was completed,
incorporating wedge-arc radial outflow vaneas. An attempt to
analyze the flow through the geometry using the Eidelman-

Godnov Euler -(EGE) was initiated.

: 4 s .
S b |logy oA AN g

\a e e e 4 Wi A0l Bl 10 it i Satt Rt S e d

A A

{l . I (v "

v
L'_.;.L‘n e -‘h..h»‘ Ly '-

.
2ty
2

'
.A

e’
o2

LI
» "'
A

PG TR L P S PO N T LI o




| IR T N A S Ml SPUA SN St e s it B S ACE et S e Ee A e e e s e e e ——— ad — g Lag

L
°
TABLE OF CONTENTS »
]
I. INTRODUCTION-==========mmm=mcooooooocooooocaooe 13 Eﬁ-f?
II. APPARATUS DESIGN-=====-=======cmmoocommoommm 17 ;¥§2§
A. DESIGN CONSIDERATIONS=-=-=cccmocccocomooenoo- 17 ?4 .
B. APPARATUS DESCRIPTION--===---cccceoeommoo——o- 18 éll'
C. DESIGN CALCULATIONS---=~--cecomemcooooaooooo 19 -?i ]
III.BLADING DESIGN==-== === mm e oo 22 f. 4
A. BACKGROUND===- === eecemeemee 22 if;ﬁ
B. DESIGN METHOD--=========<oocoooooocmaoo- 23 T
IV. FLOW ANALYSIS---=-=----ccmemmmmmmmem oo 25 3¢;J
A. METHODS------====-c-ccmmmmcmmmcommmemmeemoo 25 S
. B. RESULTS---------co-cmmcmomoomcmccomeoooo 27 ;LL:
V. SUMMARY AND DISCUSSION-----~--oe--cmccccmcoeeoo 29 ' '} R
VI. CONCLUSIONS AND RECOMMENDATIONS--------=--=---=-- 34 o
A. CONCLUSIONS=-=====m=m==ocoooommoomoooocooooo 34
B. RECOMMENDATIONS----=====cccoooccocoocooooooo- 3s
APPENDIX A TORQUE PRODUCED BY DISTRIBUTED Ef&ii
GAS REACTION--==-=-=mmmmommmmemmmemme oo 49 L
A.1l METHODS-=======scoococococcocaao 49 ? 1
A.2 RESULTS=======-=cocooocooooooooaoooo 54 :jfjé
APPENDIX B DOUBLE CIRCULAR ARC BLADING DESIGN------- 59 S
Bul METHOD-=======smooococoooccmcmocaaano s9
B.2 COMPUTER PROGRAM “ACIRC"------======= 70
B.2.1 Description---=--=--wcceccucncaaoo 70
s

]




)
B.2.2 Required Inputg--------=—-ccme-- 71 ‘
B.2.3 Listed Output@-----=----==oo-=m- 71 -f
E. B.2.4 Program Listing-------~-=-c-cwc-- 73 j
APPENDIX C WEDGE ARC BLADING DESIGN----=---==acocc-- 87
C.1 METHOD AND MODIFICATIONS------=-c-=-- 87 J
. C.2 COMPUTER PROGRAM “AWEDG"-----=~c--c-- 95 j
o C.2.1 Description----------ccccmceou- 9s j
‘,'i:: C.2.2 Required Inputg----=ccccec-oc--.- 96 ‘
r;l C.2.3 Listed Outputg------=--w-ccceea-o 97
' C.2.4 Program Listing--------=~=o--n= 98 -‘
LIST OF REFERENCES--=---=====-=ccccmcccocccccccanano-- 114 o
o BIBLIOGRAPHY — === === oo 116
INITIAL DISTRIBUTION LIST-----c---c-cmmcccecccmmmaana-n 117

Lo v
AN
taaa e h

...................




LIST OF TABLES

1. Required Design Dimensions for
Convergent Throat in High Speed CDTD-----=------- 36
2. Firat Order Solution of Euler Equationsa---------- 37 N;3{
Al. Specific Power and Power Conversion ;i{f;
Efficiency Va Velocity Ratioc Data----=--===---—-- S8 ]
v

Bl. List of Computer and Text Symbols for
Double Circular Arc Bladeg----=-=-c--=rcccccccc--- 77
Cl. List of Computer and Text Symbols for

Wedge Shaped Arc Blades------~--=-~---ecc-ococcccc-- 103

i
g -
Y. 4
NEREN
BRI
R
AN
el
R
)

. . ‘~1
R
T,
AR
L
N
| S




D AT o - - T — T v LA e S SR S S N ALt s el i gt L L SRR g U S T S S N PR |

LIST OF FIGURES 4
II.1 Description of Conditions at Throat-------------- 20 2%
1I1.2 Cross Sectional View of the Test Section--------- 21 =
1. Schematic of Detonation Rotor Concept-----~-=---- 38 |
2. Schematic of the Low Speed CDTD----------cecma---- 39
3. Schematic of the Proposed High Speed CDTD.--~---- 40 :
4. CDTD Flow Generator Section AA
from Figure 3---~-cc-crcccccccccc e nc e r e 41
S. Two-Dimensional Turbine Cascade-------------c---- 42 -
6. Axial Turbine Blade Geometrical Deasign--------~-- 43
7. Final Blading Design-------c-eccrcccmcrcncacac—aa- 44
8. Computational Grid and Boundary ) fL.
of the Comutational Domain---------c--ccccccca--- 45
9. Computational Grid Notation-------cccccrcmecccwn--- 46
a) Grid Location in Coordinate System------------ 46 ELQ
b) Single Cell--------—-—----emcecocemooooooeo- 46
10. Computational Grid for Outflow Analysig---------- 47 %
11. Enlargement of the Grid in the
Throat Region--------ececccvccccccrccccccaccccceaa 48
Al. Velocity Triangle of Conventional
Cylindrical Flow-----=ceccerccc e rmcccnrr e e eee S1 .
A2. Velocity Diagram at Exit of Rim---=-=---cc-coooo- s1
A3. RDWE Specific Power Vs. Velocity Ratio----------- 55 E}
a -
..................... e e e T e e ST

. Sttt
B R .
0 aalalal




A4.

Bl.

B2.

B3.

Bq.

BS.

B6.

B7.

Cl.

c2.

C3.

c4.

CS.

C6.

RDWE Power Conversion Efficiency

Va. Velocity Ratio~=-~------nccccccccmrrrncnccc-"- Sé
Double Circular Arc Blade

Geometrical Description---~--~--c--ccccccncccanaoa- 80
Geometrical Description for

Camber Line Tangency Condition--------cecccccc--- 81
Continued Geometrical Description

for Camber Line Tangency Condition-----~---=------ 82
Function of ¥ Resulting from the Condition of
Tangency of the Camber Line (equation B(S0))----- 83
Schematic for Rotation of Axes-----~----<c-v--—--u- 84
Computer Generatad Shapes for a 60

Blade Design-------------cccmcccmmmccmm e 85
Computer Generated Blade

Passage for a 60 Blade Design---------=-==ccec--- 86

Relaxed Double Circular Arc Passage

with Pressure Line Removed-------+--ccccccccccaa-- 108
Wedge Arc Shaped Blading Geometry------<--cc------ 109
Enlarged View of Trailing Edge--------=-----c----- 110

Geometrical Relationship Between

Throat Dimension and Suction Surface Radius------ 111
Computer Generated Shapes for a Caascade of

Wedged Arc Shaped Blades with 60 Blades---------- 112
Computer Generated Blade Pagsage

for Wedge-Arc Shaped Blades---------------------- 113

........................

(PN W PPN PV ISP PSP G NI I Thy T B B UG N P AP B Tl TR TN T T IR S T ST TP AL . TRt G O

BRSPS S s

]
Faran .A‘-A"A .n P

[y

P

R
—ata'a




Ap
Al

rl

ra

u2

Ve

ST VP AP S LI S UL SRl Yl Vol Sl WA ¥

NOMENCLATURE

throat area

throat area for High Speed CDTD

throat area for Low Speed CDTD

throat dimension
width test section
outaer diameter
energy of the unit
length of blades
mass flow rate
power

specific power
pressure

radius of curvature
inner radius

outer radius

blade spacing
torque

valocity component
velocity component
wheel rim velocity
velocity component

velocity component

b

PRI AP

volume

corresponding to x coordinate

normal to edge

correaponding to y coordinate

tangent to edge
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Vé1 tangential component of inlet velocity ?ff~'

Vo2 tangential component of outlet velocity ,ZiL;

W2 relative exit velocity " ‘f
Wy work |

w’ rotational velocity ) i

4 number of blades ¢ ]

a efflux angle | a

82 blade exit angle with respect to radial direction - j

B2’ negative blade exit angle with respect to radial , 1

direction fl ]

1 g specific heat ratio :-: 1

¢ internal energy .:_f

*c power conversion efficiency

€ density

Notations used in Appendices B and C are independently

defined therein.
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IV. FLOW ANALYSIS

A. METHOD

A FORTRAN computer program for solving numerically the
two-dimensional Euler equations using the Godunov method was
developed at the Turbopropulsion Laboratory by Dr. S.
Eideiman [Ref. 12]. With Dr. Eidelman’s help the progranm
was to be applied to obtain a prediction of the flowfield
through the vane passage. An abbreviated description will
be given here of the computational method.

The unsteady two-dimensional Euler equations are written

as
da + Ddb + d¢c =0 (7>
ot dx dy
where
P eu pu
a = v, b = p+ QU2 , c=| QPuUV
v uv p+ Pv2
e (e+p)U (e+p)V
and
2 2 .
e = e( € + (U + V')/2 ) = energy of a unit of volume
€ = P = 41internal energy
r -1Hp

€ = density

U and V are the velocity components corresponding to the x
and y coordinates

P = pressure

v = gpecific heat ratio.
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Modifications were made to the double circular arc
design to achieve convergency at the exit. The first step
was to remove the pressure line and use the camber line as
the pressure surface. The assumption was made that the
effects associated with inlet flow incidence resulting from
the removal of the pressure line would be negligible. The
results indicated that the passage was indeed converging
toward the exit. The second step in an attempt to aassure

tangency and convergency at the exit was to allow for a

thickness and a straight section at the leading and trailing

edges. The straight section was such that a specified
throat dimension was achieved at the trailing edge of the
adjacent previous vane. The resulting program, which is
presented in Appendix C, designs a wedge shaped arc blade
such that a pasaage which converges at the exit is realized
with a specified throat dimension. Using the method a high
speed CDTD blading design wae obtained. Figure 7 shows the

resulting blade deeign.
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literature ([Ref. 8,9,10,11, and 12 for examplel. Yet none
was found which dealt with the required case of radial-

outflow.

B. DESIGN METHOD

The expansion process in a radial turbine differs
appreciably from that in an axial turbine becauase of the
radius changes. Vavra‘’as work [Ref. S]] involved axial
turbine design. The work presented here for radial-outflow
vane design followed an appreciation of Vavra’s methods and
possibly retraced asteps of others who have previously sought
the simplest geometries for machining purposes.

The simplest shape, that of double circular arca was
attempted first. Its development is presented in Appendix
B. It was anticipated that with the requirements of radial
inlet flow and tangential exit outflow the double circular
arc method could be used in the design of radial-outflow
turning vesnes. Once the method was developed and exercised
it was clear that more geometrical constraints were required
to produce a nozzle with an exit which was both nearly-
tangential and convergent.

The double circular arc program generated vanes which
appeared to converge within the passage and then diverge
towards the exit of the nozzle. Therefore, the flow would
choke within the nozzle and the outlet flow conditions could

not be predicted very weall.

23

@' ..

. . e v oaox e
A AP e T A
e

-,




e —— ———— v " A N s PR R A S

III. BLADING DESIGN

A. BACKGROUND

In Ref. 5 Vavra gave a procedure to establish a blade
profile for specified values of throat width a, spacing s,
trailing edge thickness tg, and inlet flow angle, «&. Figure
6 illustrates these features.

Vavra’s design was for axial turbine blades or vanea. A
computer program was available to construct blading
following Vavra’s methods [Ref. S]. The method used
circular arcs, and straight lines. Wedge angles and leading
and trailing edge radii were input parameters to deteraine
a flow channel with suitable acceleration. No comparable
mnethod and program were found for radial outflow vanes.

In 1968 Goldman and Scullin [Ref. 8] deaigned blades
with inlet transition arcs, circular arcs and outlet
transition arcs. However, these blades were not converging
at the exit and were not designed for radial-ocutflow.

Later Goldman and Vanco [Ref. 9] developed a computer
program for the design of sharped-edged throat supersonic
nozzles for isentropic flow. Their program was conatructed
for the radial-inflow case. The Goldman and Vanco design
also involved the requirement of contour machining.

There is a substantial amocunt of information on both

radial-inflow and axial turbine blade design in the

22
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(Aepsaed ™ = (6.27/38.3)%

2 .40. - (5)
Uaing this acale factor, the dimensionas calculated for the

high speed model are shown in the following sketch.

[O"DIA.

———

18”ou.

{t—— Ll Z“ -l

Figure II.2 Cross Sectional View of the Test Section

From equationes (2),
az= A / L (6)
therefore for a diameter of 8 inches we can predict a
required throat dimension, and blade spacing using equation
(3) for a selected number of blades. Results are given in
table 1. The requirement then is to design suitable turning

vanes to produce the required throat area and spacing.
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Figure 1I.1 Description of Conditiona at Throat

The blade spacing, s, is given by

e =nb/ 2 (3)

where D is the diameter at the vane exit. From equationas

(2 and (3),

A« = L (a/s) 1n D. (4)

. In Ref. 7, the following conditions were calculated for
_ a "full scale” high speed CDTD design to have a test section
. width of 1 inch at 25 inchea diameter:
- M1=1.9 at 08125509, at R1=12.35 inches

V1=1392 ft/sec at To=S520 °R, giving

V0121140 ft/sec and VRo=1357 ft/sec and for

a swirl vane length of 3 inches, VRo=182 ft/sec
. and 85282.34°., An increase of awirl vane length
) to 5.713 inches gave VRo=160 ft/sec and By»83.30

Using the above data for the "full scale” high apeed
CDTD in equation (4), A* = 38.%5 inches2. Using a linear

scaling to the model in which A = 6.27 inches2, the acale

factor is

20
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C. DESIGN CALCULATIONS

Vavra (Ref. 35) showed that in the deaign of a turbine
cascade the efflux angle & can be calculated from the _ f:w
geometry of the cascade and that it is independent of the

incidence angle i of the inlet velocity, see Figure 5.

Vavra also noted that it is common practice in steam turbine

deaign to use the relation

2 arc cos ( a / 8) L - 4
where "a” ia the throat opening at the discharge and a is P o
the blade apacing. Equation (1) applies when the trailing ‘J
edges of the blades are of negligible thicknesa. In '?;ii

practice the "wedge™ angle at the trailing edge and trailing

edge bluntness modifies this dopqndenco.

With the limitation of a two minute runtime and the

available mass of stored air, Demo [Ref. 6] found that for

the supersonic cascade rig in building 230 an area of 6.27

square inches was needed at the nozzle throat where the flow :L":i
®

would choke. This same area was taken for the total ocutlet

throat area of the swirl vanes for the high apeed CDTD.

Referring to the following sketch, the area at the exit 'fﬁzi

o
where the flow will choke, A», is given by, T 1
A* = L a 2 2) X

where L is the vane length, a is the throat width and 2 is

the number of vanes.
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required across the swirl generator in the high speed
version, turbine like turning vanes were selected rather
H! than the sheet metal nozzle construction used in the low

o speed device.

i. B. APPARATUS DESCRIPTION

' Figure 3 illustrates the overall arrangement of the
propoased CDTD design. The swirl vanes for the high speed

t: CDTD are sandwiched between two circular plexiglas diska.
Plexiglas disks were used to allow visualization of the flow
through the vanea. The disks are mounted on an aluminum

b center pipe shown in Figure 3. The pipe provides double

axjial in-flow. Following the work performed by Feieresien

[Ref. 4] a transition section to turn the air from the axial

to the radial direction was added in the form of a plate on *
a tie-rod on the pipe centerline. The design of the
transition section is not complex if the area of the radial j
outlet ias smaller than that of the total axial inlet. An ‘;i
acceleration through the transition asection will then occur, ﬁﬁ?
leading to generally favorable pressure gradienta. These ;t%
consideration required a double-entry supply arrangement for
the CDTD model.

The piping is attached to the air supply system. Figure i:j
4 shows the configuration of the bladea on the plexiglas |

diaks and in relationship to the supply pipe. ‘ :fﬂ

o4
|
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I1I. APPARATUS DESIGN

Factora conaidered in the design of the high apeed CDTD
fell into two categories; namely, limitations due to the

available air supply system and piping and the requirement

(AN A S AR i an o)

that the teat section have dimensiona appropriately acaled

for the diffusers required to be tested.

A. DESIGN CONSIDERATIONS

The high speed CDTD was designed to operate as an

intermittent blow-down wind tunnel. 1In order to use the air
supply system available in building 230 at the Naval
Postgraduate School, the test section flow area was dictated
by the available mass of astored air and the minimum desired
runtime of two minutes. Using proportions similar to those
used in the low apeed CDTD (gee Figure 2), the radius of the
awirl generator became four inches while the radius at the
test section was five inches. The method uased for
calculating these dimensions is given in the following
section. The difference between the awirl generator outer
radius and the test section radiua allowed for mixing of the
wakes from the blading (or nozzles) used in the awirl
generator. The awirl generator waa limited to a length of
two inches to meet the scaling requirements set by the teat

section. Because of the larger pressure differential
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apparatus are deacribed. General methods and computer

programs for the design of double circular arc and wedge arc :;
blading for radial-outflow vanes are deacribed in detail in rj
appendices. The report also diacusses a method of ;;
predicting the flowfield through a selected passage using an ﬁg
Euler code based on the Godunov method of aolution.
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development for viscousa, three dimenaional, transonic flow
(a regime containing both supersonic and subsonic regions),
with adverse static pressure gradients. Such methods are
required to design optimum radial diffusers for transonic
conditions. Equally, a high aspeed verasion of the CDTD was
required in order to examine such diffuser flows under
controlled conditions and to verify the emerging codes.
Again, nearly tangential swirling outflow was required, this
time in steady flow.

The main interest here was therefore to design vane
shapes and the apparatus for a high speed CDTD. Tha design
would closaly parallel the general arrangement of the low
speed CDTD. The high speed CDTD, had the unusual
requirement of radial-ocutflow with convergency at the rim
exit. The limitation on the design was primarily that the
hardware could be machined eaaily and inexpensively in-
house. Computer programs for the design of supersonic
nozzles for radial-inflow turbomachinea were found to exist,
but most were highly involved and would need extensive
4 machining processes to generate the blade shapes.

Particular designs are discussed herein. A literature
search indicated that computer programs for radial-ocutflow
devices using simple vanes for two-dimensional isentropic
4 flow of a perfect gas were not available.

In the present report, the design of the blading for a

4 ) high speed CDTD model and the general arrangement of the

15
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The question then was, what would be the beat design
for the rotor passage to maximize the torque impulase? 1In an
analysis included in Appendix A it was shown that tangential
flow at the rim of the RDWE would yield the highesat specific
power and highest power converaion efficiency. A deaign was
required therefore of nozzles which would direct the ocutflow
almoat tangentially. The nozzles would operate in an

unsteady mode.

The second project which motivated the present study
involved the development of a test rig for radial
diffuseras. Such diffusers are used in centrifugal
£'> compressors to convert the kinetic energy of the flow from
f? the rotor into static pressure. Erwin (Ref. 21 proposed and

designed a so-called low speed Centrifugal Diffuser Test

Device, (CDTD). The CDTD simulated the flow of air
delivered to the diffuser from the compressor rotor using
static awirling vanea. The facility would allow the
evaluation of proposed new diffuser geometries and peramit
validation of computer analyses for diffusers operating in
the fully subsonic flow regime. Figure 2 shows a schematic
of the low speed CDTD. Vidos [Ref. 3] presented resulta
from the flow generator used in the CDTD and performed an
analysis of the internal flow. As mentioned by Vidos, the
design of centrifugal diffusers is presently based on
experimental results for two dimensional and conical

diffusers. Numerical methods are currently under

14
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I. INTRODUCTION

The motivation for the work reported here came from two
exploratory projects, a Rotary Detonative Wave Engine,
(RDWE), described in Ref. 1 and a high speed Centrifugal
Dif€user Test Device (CDTD), described in Ref. 2. Both
projects required the geometrical design of an axisymmetric
generator for nearly-tangential transonic outflow.

To improve gas turbine engine performance an increase
in cycle pressure ratio is needed. One alternative to
mechanical compression is to supply the compresaion
thermally by detonative combuation. If the pressure rise
produced in this manner is sufficient for the engine, no
compreasor and associated drive turbine are required and a
simpler more efficient engine might result.

As described by Monka {Ref. 1] , a proposed geometry
for such an engine might include a rotor with outflow
passages which are turned at the exit to produce nearly
tangential flow. Figure 1 illustrates the proposed RDWE.
Monks attempted to measure the torque on a atatic simulated
rotor as a detonation wave propage-ed from the center
outward. A reaction torque was produced from the nearly-

tangential expulsion of gasea from the rinm,.

13
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Equation (7) is nondimensionalized using arbitrary
reference quantities, and the Godunov method [Ref. 12] is
applied to compute at each time interval the fluxes at the
boundaries of the cells of a grid established for the

problem under consideration. The steady state solution is

found when no further change occurs between succesaive time
steps.
3 The computational domain is shown for a typical cascade
r; probler in Figure 8 and the grid and cell notation are
i defined in Figure 9. Referring to Figure 8, for the
tangency condition at the wall of the passage a solid wall
i boundary condition is imposed over the segments 3-S5 and 4-
S. Boundary conditions for segments 1-3, S5-7, 2-4 and 6-8
are for periodicity of the flow with respect to the y axis.
The parameters held constant at the inlet are the x
components of velocity, U, the flow angle, 6, the gas

stagnation enthalpy, H, and the entropy, S. The velocity,

density and pressure can be calculated from these guantities
easily as Vip, Pin' and pin. At the outlet boundary only
pressure is defined and other flow parameters are calculated
in the solution. In the solution procedure, Ugut, Vout, and
€>out are set equal to the values of U, V and 63 one point
ahead of the outlet boundary.

A subroutine (program) constructs a non-orthogonal grid

covering the computational domain aa shown in Figure 9. The

T T e
) : I A
R e e .

flow parameters related to the center of the cell have a
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fractional index: j+%, k+%. The cell boundaries have one
fractional and one integer index: j, k+% or m+%,n. The
parameters at the time t will have subscript indices and at
time t+§t the parameters will have superscript indices.

The Euler equation is approximated to first order by the
equation in table 2. Solution to the rRiemann problenm is
initiated assuming that the left atate is that located at
J-%,k+% and the right state is that at j+%,k+%.

The solution to the Riemann problem will give

(R,P,Upn,Vt,)

Jok+%

Un = the velocity component normal to
the edge (3,k+1)> -(3,k)

V¢ = the velocity component tangent to

the edge (3,k+1) -(3,k>
The capital letters R (rho), U, V, P are the parameters
calculated at the edges of the zones.
The component of the velocity is then transformed back
to the cartesian coordinate system and a final value of the
parameter on the cell edge is received

(R,P,Un,B)_

B. RESULTS

The program (EGE) was run on the IBM 370-3033 at the

Naval Postgraduate School. Figure 10 illustrates the grid

covering the passage for the wedge-arc blading shown in

27
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Figure 7. An enlargement of the exit area is shown in
Figure 11.

In order to apply the code to the radial geometry, some
modifications were necessary. A transformation of
coordinates was made to conveniently accommodate the radial
flow inlet boundary condition. Since the program remained
basically two-dimensional, the outlet flow was treated as
being periodic over the blade space at the exit which then
did not change with radius. Thus the solution found will be
valid for the flow within the rim and approximately true
just outside the rim. For this reason the computational
domain in Figure 11 was not extended radially outwards
beyond one blade apace.

Results could not be obtained for the flow through the
passage within the time available. Some difficulities were
-ancountered by the program in the region of the throat.
Some modifications of the grid must be made before a

converged, steady flow solution can be obtained.

SANACIESRENS
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V. SUMMARY AND DISCUSSION >

Two exploratory projects at the Turbopropulsion
Laboratory, 1). to test the concept of detonative coabustion o

as an alternative to mechanical compression in gas turbines

UG ara aCid N am s g

and 2). to deaign a teat rig for radial diffuaera uaed in
‘ centrifugal compressors, were examined. The projects were
s gimilar in nature since they involved the generation of
nearly-tangential radial outflow and each required a design of
turning vanes for a test apparatus. The overriding limitation
for either project was that any apparatus developed would have -
to be easily and inexpensively manufactured in-house.

In the Rotary Detonative Wave Engine, "RDWE", project,
turning vanes were required such that upon detonation the

maximum possible torque impulse would be obtained. The best

design possible to yield maximum power hence maximum torque

was to produce turning vanes that exit nearly-tangential.
Uaing Euler’s Turbine equation a relationship was developed ‘;'
relating exit angle to specific power and efficiency.

The results for the unsteady expansion process showed
that the value of the relative flow angle (B2) established the
limiting conversion efficiency and apecific power. If the
relative velocity increases beyond the limiting point the
specific power generated will be absorbed rather than

generated and efficiency will decrease. High efficiency
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occurs in large part only when the apecific power ia low or at
the limiting point. 1In general the converaion efficiency will
vary during the expansion process, but will always be poor.

This result implies that the concept of the RDWE can not
be efficient as a stand alone rotor. Other methods would have
to be employed to increase efficiency, such as the utilization
of additional components, particularly those which would allow
nearly constant flow by sequencing the detonation wave with
respect to partial porta.

The second project involved the development of a test rig
for a high speed Centrifugal Diffuser Test Device, "CDTD".

The project would closely parallel an in-house concept of a
low speed CDTD. The low speed version simulates the flow of
air delivered to a diffuser as a steady procesa. The high
speed veraion simulates in a gsteady process, the transonic
Mach numbers characteristic of advanced centrifugal
compressors.

For the high speed CDTD a passage would be required which
would cause the flow to converge and choke at the exit of the
pasasage. Because the concept of the RDWE waas questionable the
main interest tuned to designing vane shapes and the apparatus
for a high speed CDTD.

Two methods and their respective computer programa were
developed. The first method involved the development of
double circular arc vane shapes. Given the outer radius, the

inner radius and the number of blades the radii of the suction
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and pressure sides were determined. The design emphasis was

3
o

on acheiving a tangent suction surface at the exit and a

radial camber line &t the inner radius. The concurrent

.

condition of a tangent camber line at the exit gave the

haats

solution of a blade of zero thickness. :5i~
The geometrical description resulting in a tangent camber
line at the exit, resulted in the aine of the camber angle ¢
being equal to the coasine of the subtended blade angle ¥ .
Following manipulations to relate the value of ¥ to just the 4
radius ratio (the only specified parameter), an equation of
fourth order in sin ¥ resulted. Using Newton’s method of
interation the first (smaller) root was found. Using this

value of P a blade shape was generated. It was clear that

f '

R VRPN ST S

the suction side was tangent but the efflux angle @ was not

- Lo Je e

Zzero. An efflux angle of zero would indicate that the camber
line was also tangent to rim. A graph of the fourth order
function indicated that two rootas were possible for each
radius ratio. Only the first root was solved for. It is ]
probable that the second root would yield the tangency .

condition of both camber line and suction side. The selected

R
T
eodnandh

root was shown however to give sin ¢ = cos f’. ’ 1
It was realized that convergence at the exit could not be

guaranteed with the double circular arc blade deaign. 3h£1

Modifications were applied to the design to cause the passage

to converge. Improved convergence resulted when the original

camber line and the suction line were used to deacribe the

.
) P R R S
A o h g & a8 g
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blade. The simple double circular arc design required curved
or thin trailing edgeas. With the addition of a finite

thickness at the leading and trailing edge, a straight line ) 3
segment, and a wedge angle all of which would better direct f?

the flow in the tangent direction, practical blade shapes with

. .
e
PP S ST

convergent passage were acheived.

Geometrical equations were developed to yield the proper
blade design. The exit throat dimension was fixed in the
design based on the limitatione of the available air supply
and based on dimensiona scaled from a high speed CDTD design.
It was anticipated that the flow would choke at the aspecified . f
throat dimension between adjacent suction and pressure sides

and the straight line segment would intersect the exit circle

. .
.o .
U a4

which was tangent to the suction side. This did not occur. fn:
The length of the straight line segment varied between 1 and S 3
percent of the value needed for this condition. It was not
required that the exit circle be tangent to the pressure side.

From the geometry and the specified parameters a blade ;‘3
was developed giving convergency at the exit. The camber
angle # and the subtended blade angle 1‘ were specified from 1
experience obtained in the development of the double circular -
arc design. The chosen angles ¢ and )b gave an efflux angle ¢ ?:;
between 8 and 9 degrees. To achieve the perfect condition cf

tangential flow angle @ would be required to be equal to T.j

zero. Based on current technology and manufacturing abilities ij

an angle in the area of 8 or 9 degrees would give as close to
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tangential flow as is possible. It is noted that the angle ¢
is related uniquely to the angle Y . Once the radius ratio is
given.

The coordinates of the designed passage were then input
into the FORTRAN program (EGE) to predict analytically the
flowfield through the vane passage, by aolving the Euler :
equations. The program (EGE) was designed to run on the IBM
370-3033. The program successfully conatructed a non-
orthogonal grid covering the domain, however results could not
be obtained for the flowfield through the passage in the
initial attempts. It iff;
is thought that the difficulty lies in the curvature and L:;f
density of the grid in the region of the exit throat. Since :

the EGE program has not previously been applied to a radial T

outflow problem with severe curvatures the task of analyzing :v,ﬁ

the present flow with the EGE code is now thought to require

the concentrated effort of the code’s author. N
In contrast, the CDTD vane design can be manufactured

without difficulty and the flow from the turning vanes can be

measured experimentally. It is suggested that such an

b
experiment would provide a severe test of the ability of the ]
EGE code to simulate tranaonic radial outflow containing R
f embedded waves. M
D
D
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VI. CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSIONS

The following conclusiona are offered:

The Rotary Detonation Wave Energy concept in its original
configuration is potentially inefficient. An increase in
efficiency would require the addition of a component which
could recover the unsteady kinetic energy of the flow leaving
the rotor.

A program for designing radial outflow vanes using double
circular arc blades was demonastrated successafully. While the
method may be useful in other contexts, it was found to be
unable to produce converging passage shapes with a near-
tangential outlet flow direction.

A program for designing radial outflow vanes using wedge-
arc blade shapes was used successfully to produce converging
passage shapes with prescribed throat widthas and with a near-
tangential outlet flow direction.

Both blade shapes can be produced relatively inexpensively
from standard metal satock.

A preliminary design of a test model of a high speed

Centrifugal Diffuser Test Device was produced.
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B. RECOMMENDATIONS

The following recommendations and areas of further
investigations are suggested:

An arrangement of partial porting and following power
turbine for the Rotary Detonation Wave Engine should be
exanined.

The program for double circular arc blades should be

modiied to seek both roots of the condition for camber line

AL

tangency, and to offer the selection of any value of ¥ between

thea. This will reault in the ability to examine any value of

'
PRI AL

Y within the range of any practical interesat.

In the case of wedge-arc blades, the poassibility of
aolving for the particular case in which the circle at the
passage outlet is also tangent to the pressure side should be
examined. A procedure should also be introduced to calculate
the progression of the passage area taking into account the ;ﬁ:
increasing radiua.

The proposed blading geometry should be constructed and

the ocutlet flowfield examined experimently.

Work should be continued to obtain a computational :ip
prediction of the flow through the passage. The model test -

could then serve as a verification of the code.
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2.

TABLE 1. Required Design Dimensions for Convergent }?
Throat in High Speed CDTD.

et e .
. P
PO N U VY NP U WP U W)

")

NUMBER OF BLADES THROAT DIMENSION SPACING 1

.

2 a (in.) 8 (in.)

6 «5225 4.1888 "

'
' N
PIPD VPR N SN SN S

12 .2613 2.0944
18 1742 1.3963
36 .08708 .6981 S

45 .06967 .5585
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th = % 022 { -2 W2 gin B2’ + 1 + _Wo 2 ] A(13)
U2 u2
Substituting equation A(10) and A(13) into A(S)
P/m
P/m + %2

L]

g
2

2 . P
, g2 (W /UZ) ain B2 ;] )
UT[(W2/U2)8in B2’ - 11+%U2 (-2WsinB2/+1+ Wo 7]

U2 Uz

(Wo/U2) sin B27 - 1

% + % (W22/U22)

fg = = 2 [ (Wr/Us g8in B2’ - 1 ) A(ld)
¢ 1 - W2/02)

Equations A(10) and A(l4) are valid for a discreet jet,
or for distributed gaa at the rim. For the distributed gas,
it is poasible to calculate the referred power as a function
of wheel radius, giving specific power, Pg. Using equation
AC(1O),

Pg = P/mU2 = [(W2/U2) sin B2’- 1] A(1S)

Therefore equation A(14) becomes,

e = 2 a_
(W2/U2>2 - 1

For &in A2°= 1, implying that 82’=90 degrees,

e = 2
(W2/U2)+1
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therefore

Ve = W sin B + U AC7)

Substituting equations A(7) into A(S) we obtain,

W = _P_=-U2 [ Wsein 8 + U 1]
n
2
= - U2 [_W ein B + 1)
U2
2 .
= U2 (_W sin (-8) - 1 1} A(8)
U2

Defining the power conversion efficiency "¢ as the
fraction of the available power actually converted to shaft

work, thus

e = P/m A(9)
P/m + v2,/2

and defining 82’= -82, the relative flow angle at the rim

which is positive in the direction of rotation, then

P_= U2 [ Wp sin B2’ - 1 1. AC1O)
R U2

From the geometry shown in Figure Al,

V22 = V922~ < W22 -[VOz-Uz]z)

a0 that,

wW22a (U2 Vop - wUo2e wip?] AC1D)

Uaing equationa A(S) and A(10)

- U2 Vo2 = -Wy = U [_W> sin B82° - 13 A1)
uz

Substituting equation A(12) into A(1l1) gives
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Figure Al. Velocity Triangle of Conventional
Cylindrical Flow. -

Figure A2. Velocity Diagram at Exit of Rinm.
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P =w T AC2)

The work per unit mass flow is given by

P/ m = w (r1 Vo] - ro Vo2) ACD)

The aubacript 1 denotes entrance atation, 2 denotes exit.
Defining the rim speed as U = rw’, equation A(3) becomes

P/ m=Wx = U Vo -Up Vo2 A4

A general velocity diagram for a rotor is shown in Figure
Al.

The tangential component of velocity V6 is taken
positive in the direction of the rim velocity U. Figure Al
shows all positive velocity components in conventional
cylindrical coordinates.

The gas enters the wheel near the center, effectively
with zero moment of momentum (about the axial direction).

Therefore V61 = 0, and from equation A(4),

Wy = _P_= -Up Voo A(S)
]

For Wy to be positive, it is seen that V92 is negative. The
exit velocity diagram representing the flow at the rim of
the wheel is given in Figure A2,

From the geometry shown in Figure Al, in general

ain 8 = VO_- U A(6)
w
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APPENDIX A

TORQUE PRODUCED BY DISTRIBUTED GAS REACTION

A.1 METHOD

The RDWE concept involves an unsteady proceass. The

_peotential performance of the RDWE can be understood,

approximately, by examining the range of conditions through
which the unsteady process passea. Thus the steady flow
performance of the proposed arrangement needs to be
examined. We first attempt to predict analytically the
power or torque impulse that can be generated from the
engine under steady flow outlet conditions.

The passages in the RDWE exit nearly tangentially
(Figure 1). Since this condition is difficult to achieve we
examine the effect of the exit angle on the amount of power
that can be generated and the efficiency that can be
produced.

The basic equation for relating the fluid flow
conditions to the energy transferred to the shaft is Euler’s
Turbine equation. The torque of the fluid acting on the
rotor is given

T =m (r] Vo] - r2 Vo) ACL)

If the rotor haa a rotational aspeed w’, the shaft power
tranaferred or rate of work transferred from the fluid to

the rotor is given by,
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Ro *4 Ry = 3.2 No. Blades = 60 PN
k= 9.1.72521902 ¢ = 80.82738092 , ]

Condition of Tangency isa

ain @ = cos

ain 8 = 0.15940775%5 cos = 0.159409430
chord = 0.983540343 chord test = 0.983340073
alpha = 18.34514098
radial solidity = 1.9098359317
thickness to chord ratio 0.194933797
radius of camber circle 0.758551242
radius of asuction circle 0.575175292 S
radius of preasure circle 1.462802226 ’

e
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Figure 7. Final Blading Design. R
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Thus the conversion efficiency is unity when Wo/U2 =1
but this is a condition which, from equation A(15) gives

Zzero power output.

SAORES LANCI s s i S G 4

A.2 RESULTS

The value of the specific power and conversion
efficiency (given by equation A(15S) and A(16)) aa a function
of the ratio of relative flow to wheel velocity, for various
r“ values of the relative exit angle, are shown in Figure A3

and Figure A4 respectively.

P M S g

Figure A3 shows that the specific power increases
% linearly as the exit velocity increases, and decreases as
the relative exit angle becomes less tangential. The
L conversion efficiency is seen to decrease as the power
ﬁi increases and to decrease as the relative flow angle
decreases (less tangsntial).

The results shown in Figure A3 and Figure A4 can be
Fi used to gauge the performance of the unsteady RDWE. 1In the
unsteady expansion process the value of the relative flow
b
iﬁ angle (82) will be constant, being determined by the passage
; exit geometry. The wheel apeed will be approximately
: conatant and only the value of the relative velocity will
change. Thus the unsteady process at different times will
k' be deacribed by points on a single line shown on Figure A3

and A4, depending on the particular value of B3.
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The difficulty, clearly, is that the exit velocity must
not be allowed to decrease below a specific factor timea the
wheel speed or power will be abaorbed rather than generated.
Also the conversion efficiency will vary during the
expansion, but will always be poor.

This implies that the concept of the RDWE as shown in
Figure 1 can not be efficient. The device would require
some type of diffuser that would convert the kinetic energy
leaving the rotor into static pressure. Unfortunately, a
variation in the relative velocity magnitude implies
variation in both magnitude and direction of the exit
absolute velocity. A suitable diffuser for such a flow does
not exist. Consequently, other geometries, particularly
those which would allow constant flow to the diffuser by
sequencing the detonation wave with (partial) ports at the

rotor exit, should examined.
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TABLE Al

Lok et Smt- Stlih et B e numh At S aath - S S

Specific Power and Power Conversion Efficiency
Vs Velocity Ratio Data

-y

60 DEG 70 DEG
W2/U2 Pa g Wo/U2 Pa hg

o -1 2 (o] -1 2

.5 -.56699 1.51200 .S -.53015 1.4137
1.0 -.13397 @ 1.0 -.06031 o
1.5 29904 .47846 1.5 . 40953 .65526
2.0 73205 .48803 2.0 .87938 . 58626
2.5 1.16506 .44383 2.5 1.34923 .51399
3.5 2.30109 .36108 3.5 2.28893 .40692
4.5 2.89712 .30099 4.5 3.22862 . 33544
S.5 3.76314 .25731 5.5 4.16831 .28501
6.5 4.62917 .22444 6.5 5.10800 .24766
7.5 $5.49519 .19892 7.5 6.04770 .21892

80 DEG 90 DEG
Wo/U2 Pa "c Wo/Uo _Pqo__ c

o -1 2 (o] -1 2

-5 -.50760 1.35359 .5 -.5 1.33333
1.0 -.01519 © 1.0 0 1
1.5 .47721 .76354 1.5 .5 . 80000
2.0 .96961 .64641 2.0 1.0 .66667
2.5 1.46202 . 55695 2.5 1.5 .57143
3.5 2.44683 .43499 3.5 2.5 44445
4.5 3.43164 . 35653 4.5 3.5 . 36364
5.5 4.41644 .30198 5.5 4.5 30769
6.5 5.40125 .26188 6.5 5.5 . 26667
7.5 6.38606 23117 7.5 6.5 . 23529
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APPENDIX B

DOUBLE CIRCULAR ARC BLADING DESIGN

B.1 METHOD
A computer procedure was developed to deasign radial
out-flow, near tangential turning vanes, specifying only the {

outer radius, the inner radius, and the number of blades. i

The blade spacing, radial solidity, camber angle, suction ;

and pressure surface radii, chord length, thickness to chord ‘
ratio, and efflux angle are determined. The suction surface
is designed to be tangential at the rim. %
A Hewlett Packard 9830A computer was used. The blade 1
shapes were generated using a Hewlett Packard 9862A plotter, ffi
The geometrical approach to the design of the vanes is ;ij
illustrated in Figure Bl and much of the notation is defined :
in this figure. The following assumptions were made as fai
initial constraints: 1
1. radius at exit Rp, is known . i
2. radius at entrance Ry, ia known
3. number of blades Z, is known
4. The suction side is tangent to the outer

radius (point C).

S. The camber line c¢’, is tangential at the inlet

ST R LRy

radius (point A).

Vs

.

6. The blade subtends an engle'yfat the center.

YT
o latafals
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Initially, a procedure was developed which required
specifying the camber angle ¢, Rg, Rj, in addition to the

number of blades. Since the choice of ¢ which would give

.
e
L ala

acceptable values of efflux angle and blade thickness was :i

not obvious, an equation for the condition that the camber iﬁ

. et
ioa Ant o &b

line was tangent at the rim (which would give a blade of

2aero thicknesa, since the suction asurface was also required ; g

A

to be tangent) was written. The equation was seen to have
two possible roota. The selection of the amaller
(incorrect) root gave positive values of the efflux angle
and reasonable values of blade thicknesa. The program which ) i
wag developed provides the option of selecting ¢, or of o
selecting the blade which results from finding the incorrect

smaller root to the tangent camber line condition.

Described here are the equations for the generation of the o
blade shapes.
Defining peripheral blade spacing s as, fﬁ*
8 =2 NMRo /7 2 ol
and the angle subtended by the blade space as
¥s = 360 / 2
the radial chord as
e 2 (Rg - Ri) /7 Ro
then the radial solidity is given by

Ur"'(Ro"Ri)/B:' e/’}bs

R S
PR
. e

o'

PR
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Using these expressions and Figure Bl the following

equations can be written!:

GE = Re - Reg cos (8/2)

Re {1 - cos (8/2)
HE = ¢ 772 + Re [ 1 - cos (9/2)]
Where 7 is the thickness to chord ratio. Also
HE = Rg [ 1 - cos (98/2)1]
To solve for the thickress and T we subtract the
equations B(l1) and B(2)
HE - GE = t/2 = 71 c/2

Using Figure B1,

FE Re {1 - cos (8/2)1 - 1 c/7

Rp [1 - cos (8p/2)1

Subtracting equation B(3) from B(1l),

GE - FE = t/2 = 1 c/2

The chord ¢, is given by,
c = 2 Rp sin (#p/2)
= 2 Rg 8in (9s8/2)

= 2 Rc sin (g /2D

All equations were made dimensionless by dividing by Rg,

giving for exanmple
c/Rg = c"

c” = 2 Rp 8in (@p/2)
Ro

= 2 Rq 8in (#gg/2)
Ro
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= 2 Re 8in (8 /2)
Ro

B(l4)

For the geometry we seek, given Rp, and the camber

angle ¢ and efflux angle «, the angle ACO (or () is given by

t =90 - ( @ +« $/2)
From the triangle ACO

)4'* 90 - (g + @/2) + 180 - @/2 = 180

resulting in,

90 + ¥ = g + ¢

B(15)

B(l6>

This equation fully defines &. The values of 4 and ¢

are needed to complete the description of the camber line.

To solve for the radius of each blade arc the following

relations were used.

Firast with

Ag = Re - Ro cos 9/2 = HE
Ro Ro

and

Ap = Rp - Rp cos (¢#p/2) = FE
Ro Ro

Using equation B(3), B(6) and B(7)

Re [ 1 - cos (#/2)) - Rp [ 1-cos (@#p/2)) = 1 c/2

Also,

Ag - T c/2 - Rp (1 - cos (#p/2)] = 1 /2
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which gives
Ap = Ag - T c B(21)
Using this relationship between Ag and Ap we can solve for
Rsa and Rp. From equation B(2), and B(3),
Ag = Rg [1 - cos (¢8/2) B(22)
or
cos (d8/2) = 1 - Ag/Rg
Squaring and adding together equations B(22), and B(10)
we obtain

cos2 (ga/2) + ainz ($8/2) = (1 - As/Rs)2 + (c/2R5)2

or
1 = 1 - 2(Ag/Rg)> + (Ag/Rg)2 + c2/4Rg2

which becomes

Rs = MS + (=] 2 1 B(23)
8Ag
or
2
Ra = %Ag + _c “ 1 B(24)
Ro Ro BAgs

Using equationa B(5), B(6), and B(16) a similar manipulation

will yield,

Rp = % Ap + <2 _1 B(25)
Ro SAP

The anglea ¢@s and #p are found using equations B(13),
and B(1l4) since

sin (@#8/2) = c/2Rg
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or

s = 2 arc sin (_c/Ro) B(26)
2Rg/Rp

and similarly
ain (@gp/2) = c/2Rp

or

gop = 2 arc sin (_c/Rgy) B(27)

The desired condition is that the suction surface be
tangent to the outer rim. From Figure Bl this is given by
the relation

gg8/2 = @ + @#/2 B(28)
T is not an independent parameter since it can be
calculated using equation B(25), thus

7T = [ (Ra [ 1 - cos (#8/2)] - R~ [ 1 - cos (8/2)]1 ) B(29)
(c/72)

To inaure near tangential flow at the exit we first
seek the condition of a tangent camber line at the exit.
This implies since we also seek a tangent suction surface,
that the blade would have zero thickness. Using the
notation in Figure B2 the following equations apply:

ain (8/2) = L / ¢ B(30)

and

sin ¥ = L/ Ro B(31)

Substituting equation B(30) into B(31) gives,

¢ =_Rn ain ¥ B(32)
ain (a/72)
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From the geometry

cos (@8/2) = y/c B(33)
and
cos ¥ =Ry + v B(34)
Ro
or
Ro cos ¥ =Ry + vy B(35)

Substituting equation B(33) into B(3S) gives,

Ro cos ¥ = Rj + c cos (#/2) B(36)
or

Ro cosa ¥ - R}y = ¢ cos (8/2) B(37)
Equation B(32) can be rewritten such that,

Ro 8in ¥ = c sin (/2> B(38)

and dividing equation B(38) by B(39),

Ro ein ¥ = tan (#/2) B(39)
Ro cos ¥ - Ri

This equation eastablishes the relationship between79

and #. Using Figure B3 the relationship of ¢, ¥, @ is

established,
cos (8/2) = _¢c/2 B(40)
R tany
or
c = 2 Ro tan ¥ cos (#/2) B(41)

This is the condition for the camber line to be tangent at

the exit.

Using equations B(32) and B(41),
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sin ¥ = 2 tan ¥ cos (8/2)
sin(g/2)
giving,
cos ¥ = 2 sin (3/2) cos (8/2)

ain @
Therefore for the camber line tangency condition

cos )(' = gin @

B(42)

2 [ % s8in ( ¢/2 + p/2) + s8in ($/2 - @/2) ]

B(43)

B(44)

Using equation B(39) and B(44) we obtain the following

2 sin (8/2) cos (#/2) = tan (#/2)
2 cos 2 (g/2)

and

2 8in (#/2) cos (8/2) Ro sin ¥
2 cos 2 (g/2) Ro cos ¥ - Ri

Using the general trignometrical relationship,

8in 2x = 2 sin x cos x

we can manipulate the preceeding equation to obtain

gin # L Rocos ¥ - Ri 1 = 2 cos 2 (8/2)
Ro sin ¥

Using equation B(43) this becomes
coe ¥ [Rocos ¥ - Ry 1 = 2 cos2 (g/2)
Using the relationship
cos?2 x = ain2 x + cos 2x
2 cos?2 (g/2) = 2 (sin2(8/2) + cos @]

= 2 [(_1 » cos & 1
2
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=1 + (1- sin2 o *

Adaa

Using equation B(43) this becomes, -

% O

2 cos2 (@/2) 1 + (1 - cos29)

1 + ain ¥ B(47)
This gives . 1

Ro cos2 ¥ - Rj cos ¥ = Ro &in ¥ + Ro sinzyz B(48) - b

Writing s=sin’Y equation (48) becomes,

s
Ro(1l - 82) - Rj ( 1-a2) % = Ro 8 + Rg a2 B(49) :

or

Ro [ (1-82) - 82 - g1 = -(1-g2)*® B
Ry -?J

(Rp)2 [ 1 - 28 - 382 + 483 + 91 1 = 1-82
(Rj)

Thus equation B(48) gives the condition
F(s) = (Ry)2 (1-82) - 1 + a(2 + 38 - 482 - 483 > = 0 B(S0)
Ro
The condition of tangency of the camber line is given

by the solution of equation B{(5S0) for s between O and 1,
since s=sin ¥ . Using Newton’s method of interation the
root can be found for a given radius ratio. Figure B4 shows ]
F(s) in equation B(S0) for various radius ratios. Figure B4 f;
clearly identifies two possible roots. The larger root is
the correct root, giving zero blade thicknesa. The amaller
root {f incorrect, but gives poasitive values of ¢ and finite ifh

blade thickness. Emphasis was placed on finding the first
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Geometrical Deacription for Camber Line
Tangency Condition.
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TABLE B1l.
“ACIRC" TEXT
T1 T
T2 gs
T3 #p
T4 )
TS -
X1 Xds
X2 xdPp
X3 xd
X4 -
X9 -
Y1 Yds
Y2 ydp
Y3 yd
Y4 -
Yo -
20 2

B N P AP\

List of Computer and Text Symbols for

Double Circular Arc Blades (con’t)

IDENTIFICATION

thickness to chord ratio
suction angle

pressure angle

loop parameter to draw arcs

tolerance on Newtons method
of integration

suction center x coordinate
pressure center x coordinate
camber center x coordinate

variable for x values in
continuous loop

variable for x values in
rotational loop

suction center y coordinate
pressure center y coordinate
camber center y coordinate

variable for y values in
continuous loop

variables for y values in
rotational loop

number of blades
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TABLE B1l.
Double Circular Arc Blades (con’t)

*ACIRC"

02

o3

04

0S5

06

Pl

P4

RO

R1

R2

R3

R4

RS

R6

SO

S1

S2

S3

SS

TO

TEXT

cos ¥
Re
Rg

sin

cos @

Ry

Re/Rgo
Ri/Rgo
Ra/Ro
Rp/Ro

Ys

Oy

List of Computer and Text Symbols for

IDENTIFICATION

coa ¥

output print of R

output print of Rg

for tangent test

for tangent test

n

constant, cRo/2Rp

outer radius

inner radius

denasity, (Rg - Ri)>/Ro

camber radius, dimensionless
inner radiuas, dimensionless
gsuction radius,dimensionless
pressure radiug,dimensionless
periodicity, 2nRo/2

radial solidity

apacing

blade curvature with respect
to camber line

periodicity, 360/2

camber angle
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TABLE B1l.

At St Sk Ml S S Ll I S S e O i Suen N S

List of Computer and Text Symbols

for Double Circular Arc Blades

“ACIRC" TEXT
AO «
Al Ag
a2 Ap
Co c"
C1 c
C2 c
I1 -
I2 -
I3 -
K1 -
K2 -
K9 -

L -
N N
NO -
N9 -
01 -

[N, DI W Y Wi P DR D Ty . Dl Py DI TN S TR S

I
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DENTIFICATION

efflux angle
suction line to chord length
presasure line to chord length
c/Rg dimensionless parameter
for chord length

chord length

chord length for tangent test
Interval (g/2 -

#s8/2)

Interval (g/2 + @s/2)
Interval (g/2 +

- d8/2)

#s8/2) - (8/2

constant value
Newtona method, y/y’

initial guess for Newton’s
method

counter
Number of blades to draw

Number of blades to draw for
loop

Number of points for interval
of arc

Equals 1 for solution of f.2
for input ¥

AP P U I APy
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Y3=R4

FEM#+«+=TFAN ELADE SURFACES#*+%

DIsP "IMFUT THE HUMEER QOF ELADES TQ DRAW"S

HAIT 1999

nisp "3

DIsP "STARTIHG AT H=1")

IHNFUT H

ﬁgmj ————— ENIT HEXWT LIHE FOR PLOT FESOLUTIOH-==-=--
g R

FOR Ha=1 TO H
11=0Ta-20=0T202)
T2= (TR 2+ (T3 2D

13=C12=T1sHY

FEM*=*FF THE SUCTIOH SIDE=+*+

FuF Td=11 T 12 =TEF I3

»l—lFu*Fﬂ'-T4‘)

Y1+0RS*#SIH(TS

SAECOSCOHR=1 %390+ (YIS THOCHB~1)Y %255y
-.4*|u:flnn-1-+-dx-c\4*—IH'nHu—11*;J);

FLUT TR

HEWT T9

FEN

FEM#*++FOR CHMEER LIHE®=+4#

FHF T4=a TO T STER Ta-HI

AS= R IECE T

RISIHOTd 2

A= 3S005THE= 1) =5 e V=B IHC =1 ) #3500
IR COECCHI=10 #3550 - (Gl # S THOHA=1) #55))
FLOT 11553

FEM
FEM#+#+FOFR FRESZURE SIDE###+#
14=Tw. ;—T"”
Jn/ﬂ_
15=015=14). H*
FOF T4 I4 70 1S STER I
'HE-'Fr‘LHJ'T4')
2+ (FSSTHOTEY)
AL =12 3S 0+ d e STHO CHG=-1 0+ 5

fL :ﬁ'HH-l'*dq'—‘4*-IHf'NH—1-~P

S
S

FEMO**0*%4‘?**?*tff%*+§§é#*¥+#¥*+?é$°é?¥

END

FEMs++<+-HEWNTOINS WILL BE UZED TQ CALCULATE=+==#
FEM>++s+THHGENCY FOOT BETHEEH O & 90 LEGFEES+#+<%
FEMsss+*20LYIHG FOR THE I5T ROOT*#2+ssreess
T3=3,00001
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E=24TANS3#CO5/TA 2+

AR=9G8+23-To
Ca=Ci-R9
RI=CBACIITIHCTES2D)
Fd=F1.FE3
DE=ATHIRG E4)>

R
FEH******CDHLLUDE‘ C LCULATIOH FOR PSIsFHIVAHD Cxssxsxs

FEM#*+2FQOR SUCTION SURFACE TAMGEWT TO QUTEFR FIMssxs

TZ=C(2%AR~ 18

RS=C8- {23 1H] T“'“ﬁ\
T1=CCRES# 01 -CO3CTZ-2
AHl=FR2 *'1—|H-|TH
AZ=R1-CCa%T1:

IF A2 THEM &40
IF L=1 THEH gz8
LIZF "HO SDLLT

LIzP

ODIZP "H IHCRER
INFUT H

L=1

FEl=R1+(H 138>
SOTO 288
FE=rAZ 20+ CRTZ/Z70(24R2D)

Fad=Ca- (2*RE)

Ta=2+*ATH(PI-Z0RCL-FP412)

DZ=RI*F0

CO3=RS+F3

J1=RE+RQ

MEEEEEEFE LT L LT T TR L P i g g ey qp g gus
REM**untr*FFIHT STRTEMENT S+ +4ss43s5 555464
FRIMT "Fa="FRa"RI="FE1"HO, BLADEZ="Z2d

FREINT "FZI="%
FEINT “FHI="TH

FEINT "COMDITIOH FOR THHGZEMCY IS"
FRINT " SIH PHI=CO: PEI”

FREINT "  SIH FHI ="0S" (05 P31 ="068
FEINT "CHORD="C1"CHORD TE=T="(Z
FRINT "ALFHA="RA

FEINT "FHDIHL SOLTIDITY="yR3

FRINT "THICKEHESS T0 IHHFD FATIO="T1{
FEINT "RADIUS OF CAMEER CIRPCLE ="02

ION-RI I3 TOO SMALL"S
SES RI I.E.=25% ENTER H"S

L\."

0z

FRINT "FARDIUS OF SUCTION CIRCLE ="09
FEINT "RADIWS OF FRESIURE CIRCLE="01
FEM###es<EMD FRINT STATEMENTSss%+%
[HNEEEEEELT T L ERE Y P T L LY P PR T R Pyt gy gy

FEM#=x+CEHTERS CAH HOW BE DETEFMIHED=*ss

A1ER3=(CRI*COSCTH 2= (RS*COST2/2)) +00S 0 TO
Yl F4+f\F’*CHﬁ'TH J)*—qu*Cu--T’/""*-IH,TUﬁ
HEERIFCORESCOI(TI I )= (RE*COS(TE D) 22003/ Ta
NZER4-((FEsCOS{T3. _>'°lR,°LUﬂtTU”))J*SIH{T@H

LT Ly
.wb—Rj

Fabafaf)
N N

et

P PO t B

P . .
el AN . .

atabatales 4 aa ead st

L]

.

4

74 .
: N 3 ; y PRE AN S SN S e v e et 4T A & e ed




the

10 REM=#x%#x*ACIRC 1

ey

v,
o

IR

-
MRV A

O ey R X RN KN O
(X

JAOMMALMN—~ONOO@ OO

D e e QD 0D

3T PO B P e e s e e
DD U D O 0D OO D G

N M.
HC
QO

™y
o

[N
341
[

OPEVIITODREC

QD ~J O (N o 0D [ e o0 CD

WWLWWWWWWWLWRNMN

T —~ T 3~vwf?7
:_;
S
B
B.2.4 Progqram Listing

Listed here is the program liating,”ACIRC" for

deaign of double circular arc blades

JUHE 135ds3sxxxxxxs
REM**%+#xxFPROGREAM TO CALCULATE & DREAM ARC ELARDIMGexxxx£%
FEM##+x+*FOR AM IHITIALLY OQUTFLOW CRSCADE*x+x»+%
FEMx#*%%*USING MHEMTOHS METHOD TO SOLYE FUOR THE®#*ssxxx%
FEM*¥%#x0F PSl#sxsssxs¥
DEG
SCALE =1+s1s-1s1
DISF "SET FLOTTER
STOF
FEMs %552 JHFUT DATHS S ¥ X35 XF L XXX 5 XX 4L F X055 F

DISP "EWMTER THE QUTER RRIDIUS™;

INFUT EO

DISP "EWTER THE IHHER EADIUS";

INFUT R1

R4=F1-FB

DISP "EHTER THE HUMEER OF BLRIES"]

INFUT Z8

L=u

FEM#*2xx+EHD THFUT DATA**#+

FEM**##>CHALCULATIOHZ # ¥+ # £ X535 8252325 055%

7CRY BY TCYI-KCOHT> ™S

55=381-24

F1=3.141532654

Sz2=2+F1*#RB- 20

F=(RA-F1)>/52

S1=(R@-R1>-S2

SR=32-R0

Rz=50#S1

DISP "MWANT FPSI CALCULRTED Y=1,8=H"}

MAIT 1909

INFUT Ol

IF 01=1 THEH 340
DIZP "IMFUT FSI™S
IMFUT 53

02=C03553
TO=RTH(O2/SERCL1-02t2))
GOTO 350

GOsUB 1259

FEM#s#4«HOl DETERMINE THE YHALUES FUOR FIIsFHIsHAHD Cxexxx#
S3I=ATHCKAASORCL-KIt2)
Ta=¢+HATH(RO+ZIHZZ - (RQ*CO
0S=STH%3

C&e=CnZTa
C1=RO*3SIHSZ/SIHITE 2D
FEMAS %3 EF 55X 565450 X XXX RFEFXRRRERELLES
FEM###4%+TEST FOR TAHGFHCY*xxx#

o
DI

-R1>)
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Chord length

Angle «

Thickness to chord ratio
Radius of camber line
Radius of suction line

Radius of pressure line
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L) I

is a convex arc. To remedy this, the program asks the user
to increase the dimension on the inner radius by a
percentage. The program will use this value to solve for
the required inner radius to achieve a suction surface that
is tangent to the outer rinm.

The fifth part prints the output. The sixth part

draws the blade surfaces.

B.2.2 Reguired Inputs

The following inputs are requested:
Outer radius
Inner radius
Total number of Blades
Yes or No response for solving for the value of ¥
Percentage increase in the inner radius - may
be required, when the value of ¥ isas specified

Number of Blades requested to be drawn

B.2.3 Listed Outputs

The following outputs are listed:
Outer radius

Inner radius

Number of Blades

Angle %

Angle ¢

Results of test for tangency
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illustrates the computer generated shapes and passage for a

60 blade design.

B.2 COMPUTER PROGRAM "ACIRC"

B.2.1 Description

A computer program, "ACIRC"™ was written to
construct double circular arc blading using the above
procedure. The program will calculate and draw blading for
!E a initially radial-outflow using Newtons Method to solve for
a suitable value of ¥, or for an arbitrary input value of ¥.
In either case the method will yield a suction surface which
is tangent to the outer rim.

The program is user friendly and is annotated for
ease of understanding. The program is divided into six
major parts.

The first part is the input data section. The

second part calculates the periodicity, radial solidity,

spacing, and asks the user if the value of ¥ is to be
calculated or to be specified.

The third part calculates the first root for

’ tangency conditions at the exit. No input is required for
E* thias section. The fourth part calculates the parameters

E  needed for the suction surface to be tangent to the outer
? rim. Usually, if the user specified a value of ¥ there is
E{ the possiblity of the distance from the chord to the

;f presgsure circle being negative. If this occurs the result
A
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Xd = Re

= Re/Ro
vyd = Ry

= Ry/Rg

To draw successive blades on a rotor the program must -
rotate the axes about the rotor center after each blade is
drawn. The following equations were used (see Figure BS).

X = X + Y sin o
cos cos ©

Y + x gin 6 = vy
cos 6 cos ©

therefore,

X = x coa & + y s8in ©

Y y cos & - x sin ©
Given the number of blades, the following operations

(for all three arca) are performed, the coordinates are

calculated as

i

x Xdrds,dp - R cos 9

Y Ydrderds * R sin @

The arcs are then drawn from 6

( (8/2) - (#s,p/2) ) to

((8/2) + (@8,p/2))

using
X = x cos (N) 360 + y asin (N) 360
2 2
and
Y = y coa (N) 360 - x ain (N) 360
2 2

where N is the number of blades. Figure B6 and B7
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root. The value found will give the selected value of sinPF.
Once ¥ is found, using equation B(39) @ can be calculated
and ¢ is obtained using equation B(32).

Using equation B(28) and B(9) ¢#s and Rg can be
calculated and the thickness is then given using equation
B(29).

A test is made to assure that the length Ap is
poasitive. If Ap is negative this impliea a convex rather
than concave pressure side. This would also imply that the
inner radius is tooc small and should be increased to produce
concave curvature on the pressure side. Ap is found, from
equations B(19) and B(16).

The alternate procedure did not require the camber line
to be tangent at the exit. In this case the value of ¥ isg
not solved for but is left as an input parameter. The
values of ¢ and c are then found directly using equation
B(39).

The centers of curvature are given by,

Xda =_Rg - (_Re cos (@/2) -_Rg cos (#8/2) ) cos (8/2)
Ro Ro Ro

Yde =_R3 + (_Re cos (#/2) - Rg cos (@8/2) ) sin (8/2)
Rgo Ro Ro

Xdp = R ¢+ (_Rp cos (2p/2) - Rc cos (8/2) ) cos (&8/2)
Ro Ro Ro

ydp = Ry - ( Rp cos (9p/2) - R~ cos (®/2) > sin (g/2)
Ro Ro

with

68

L S A UL P P s SOt

PRI ST TP S ST SO PR Uty TPUE I SR HOR: SUSTSESPRA SIS N/ SRS A A



e s 4

Dt adi ke aunl Sl R0

(‘ /

. Figure B3. Continued Gecwmaetrical Daescription for Camber
° Line Tangency Condition
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of Tangency of the Camber Line (equation B(50)).

Figure B4,




f‘c

N v.-v.'.‘w v v

Figure BS. Schematic for Rotation of Axes.
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Ro =4 Ry = 3.2 No. Blades = 60
¥= 9,1,72521902 ¢ = 80.82738092

Condition of Tangency is

g8in 8 = cos

ain ¢ = 0,159407755 cos = 0,159409430
chord = 0.983540343 chord test = 0.983540073
alpha = 18.34514098
radial solidity = 1.909859317
thickneas to chord ratio = 0.194933797
radiuas of camber circle = 0.758551242
radius of suction circle = 0.5735175292
radius of pressure circle = 1.462802226

Figure B6. Computer Generated Shapes
for a 60 Blade Design.
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APPENDIX C
WEDGE-ARC BLADING DESIGN

C.1 METHOD

Because of the limitations seen in the outlet passage
shapes which could be generated using purely double circular
arc blades, symmetrical linear surface segments were added
in an attempt to achieve a convergent nozzle at a shallow
angle at the rim exit.

From the design using only double circular arcs it was
found that by using the original camber line and the suction
line to describe the blade, improved convergency at the exit
was obtained (see figure Cl). Removing the original
pressure line would cause the flow to be at a small
incidence angle at the inlet, but this was thought to be
acceptable.

By allowing the flow to exit over a atraight suction
aside from the exit of the passage, better control of the
outlet flow angle was assured. The wedge arc geometry is
shown in figure C2.

Referring to figure C2, the wedge arc blade shape was
developed to have the following features, or constrainta:

1. The presaure aide ias a circular arc.

2. The suction side between point 4 and I is a circular

arc, between straight and aymmetrical line segments.
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3. A wedge angle (¢) is specified at the leading
and trailing edgesa.

4. Equal leading edge and trailing edge thicknesse (5§)
are specified.

S. The radius to the suction surface at the point of ??1
tangency to the atraight aegment, (point I)
intergsects the pressure surface of the adjacent blade

at the trailing edge (point C’), or downstream of

point C’, depending on the value of the parameter _ﬁ
(€)

]

Referring to figure C2 and C3 the following ' ;

relationships are obtained:
XF = Xc - §’ cos # C(1)

YF = Yo *+ §’ sin & c(2) ' 9

where §’ is the leading edge and trailing edge thickness.

Foe T e e
[ R S
Al
(

The value of §’ has been made dimensionless by dividing by

PR
. PP R T
. B et

W W W T W W )

Ro. All other quantities have been made dimensionless in

the procedures given in appendix B. ;if
Xt = Xg - §/2 cos @ C(3 )

Yt = Yo * §/2 8in ¢ C(4) ‘E

Xe = -§ c(3)

Ye = Ry c(e) i

XL = -§/2 C? 3

yL = Ry c(8) ‘

]
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The wedge angle, ¢ is specified. With ¢ known, the

length of the straight section ({) from the exit can be
found. For a asymmetric blade, the length (£)> is the same
at the inlet and the exit. Referring to figure C2, C3 and
C4

Q= frca - ¢ c(P
where 1 =_ﬁ ’ when the point I liea on the radius C’D’
(figure C4). The aslope of the line C’F (p) is given by,

¥ = arc tan ( YF_-= _¥s7') Cc(10)
( xXF - x’)

The coordinates of C’ are found by solving for the
previous blade and rotating the coordinates. These values
are placed in an array until needed. A straight line is
drawn from the current blade to the previous blade as is

defined as

C’F = ( [yfF - yc]2 + [xfp - xc']2 ) % Ccl1l1)
Referring to figure C3, the slope of FG is given by,
A= ta- ¥ - ¢1 c12»

A relationship of {“’, C’F and the line FG is given by,
J & = C’F cos C’FG

= C°’F cos [ ¢ - ¥ - ¢+ ] C(13)

From equation C(13) the coordinates of I and H are found,

XI = XF - { cos (ax - ¥ - €1 C(l4)
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YI = yF - { 8in tg - ¥ - @ c(15)
xg = - (8§ + £ sin Q c(16)
YH = Ri/Ro + { cos ¢ c(17)

The centers of the suction side are given by either,

XD’ = xH + Rz cos ¢ c(18)
YD’ = YH + Rz sin ¢ C(19)
or,
Xp’ = xI *+ Rz 8in [ a - ¥ - € C(20)
YD’ = ¥yI - Rz cos [ o - ¥ - €] C(21)
From equations C(17), C(19) and C(1l1) Rz can be found
since
XTI - XH = Rz (coa ¢ - sin 7 )
vielding,
Ry = XT - X Cc22>
cos € - sin

To calculate the position of I for a given throat
dimensaion (a’) at the exit, further manipulation is
required. Referring to figure C4, where "a'" denotes the
center of the exit throat,

Xa = X’ + a’ ain « C(23)
and

Ya = Yc’ - &’ cos « C(24)

From equations C(21), C(13) and C(15),

Rz = ( xp - { coa D + 5 + R sin ¢
(coa € - sin A)

XE_*+ §_+ [sin ¢ - cosd) C(25)
[coa (-8in g4)
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Referring to figure C4
{ Rz + a’12 = [ xp-- xa 12 + [ yq - yp-12 C(26)
Using equation C(20) and C(21) the above equation becomes,
{ Rz + a’)12 = [Xx]-Rz 8in A - %Xal2 + [ya-yI-Rz cos Al2
referring to equations C(14), and C(15),
{ Rz + 2’12 = [xF - ,fcoa A * Rz sin A -xa12
+ [ ya - YF * ,ﬁsin A - Rz cos A 12
which reduces to
2Rza’ + a’2 = (XF - Xgq)2 + (yq - y£)2 + [ 2 c27)
+2 Q cos A (Xxg - Xp) + 2 X sin A (ya - YF)
+2Rz cos A (ya - YF) + 2Rz s8in A (xF - xa).

Using equation C(25) the following results can be

obtained
a’2 = (xF- xq)2 +(ya- yF>2 ’,22 + 24 cos A (xa-xF)
+2 ﬂ ain A(ya -YF)
+ 2[ xFp_+ §_=+ 1tgin € - cog A1) sin A (xp-xga?)
[cos ¢ - =sin A ]
+ 2( xFp_+ 5_+ zq[gi_n € _- cosA]) cos A (ya-YF)
[cos ¢ - s8in &)
. 2(x1:' + 5 _+ /etsin € - cos Al a’
{ cos ¢ - sin A
(cos ¢ - sin A la’2 = [ cos ¢ - s8in A) = c(28)

(XF - %Xa)2 + (ya - yp)2 */Qz

s+ 20cosAixa - xF )+ Z/QsinA(ya-yF)

XF + § + /e[sin € - cosA] s8in A (xXp-xa)
xF + § + {lsin ¢ - cos Al cos A (ya-yF)

+ ¢

NN

+ 2 xF + § 4»/Ql:sin { - cos A a’

”°
.
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and on combining terms,
(cos ¢ - sin A]a’z = [ cos € - sin A ) Cc(23)
+ (2 [cos € - sin A ] cos A (xg - xp)

(coa ¢ - sin

+

+2 [cos € - sin Al sin A(yg - yp> )/Q
2 xF 8in A(XF - xa) + 2 § 8in A(XF ~-xg)
2 [cos ¢ - sinA) sin & (xfF - xg)
2 xp cos A(ya -YF) * 2 § cos A(ya - yp)
2 [cos ¢ - 8inA ]l cos A(ya - yp)

2 xF a’ + 2 §a’ +2 a’ [cos € - sinal

l] a’2 = [ cos ¢ - sinAl /QZ C(30)
( 2 [cos ¢ -sin A] cos A (xg - xp)
+ 2 [cos ¢ - 8in A} sin A (ya- YF?

+ 2 [cos ¢

8in Al sin A(xF- xa)

+ 2 [cos ¢ 8in Al cos A(yas -yF)

+ 2 a’ [ coa ¢ - ain &1 )
2 XF 8in A(XF - xa) + 2 § 8in A(xF - xg)
2 xF cos A(ya ~ YF) * 2 § cos A(yg - yp)

2 X a’ + 2 § &’

The above equation ia quadratic in the unknown Q, and a

@olution can be written explicitly. The value of £ can be

found using equation C(9). The result is as follows,

If

DIPTSR STy Wy Wity W T WG YN WO W T

2 (cos € - 8inA) cos A(xg - xf) c31)
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+ 2 [cos ¢ - s8in Al sinA(ya - yF)

+ 2 [cos ¢ - sin Al sin A(xF - xga)
+ 2 [coa ¢ - 8in Al cos A (ya - YF) 1
+2a‘lcos ¢ - s8inlAl )/ | ’z[cos € - sinlA S
E
1
Let C = 2 xF sin A (xF -xg) + 2 § sin A(XF - Xga) c32)

+ 2 X cos A(ya -YF) + 2 5 cos A (ya - YF?
2 .
*ZxFa’*ZSa']//Q' [cos ¢ - sin ]
then our quadratic equation is,

0= f'%tcos ¢ - sin _3 (1-¢>%+ 2B [-%lcos ¢ -sin 1% C(33)

(1 - ¢) + ¢ J’%tcos ¢ -sin 1 C(34)
and is of the fornm,

2
0 = (1-¢’) + 2 B(1-¢’) + C C(33)

so that

(1-¢’) = -2B/2 * \/(28)2 - _4cC

2

V¢ B 2_ (o)} C(36)

The following posdsibilities occur:

= - B

I+

1. If the term under the aquare root is negative then a

solution does not exist.
2. If the term under the asquare root is positive, and

the value of (1 - ¢’) is between O and 1 then a

solution exists! the solution is

(1-¢a>5=-p+¥B% -0
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3. If the value of (1 - ¢€¢1) obtained in step (2) is

outside the range of 0 to 1 then the solution is,

(1 - ¢€1> = -B - sz- (o)}

4. 1f the value of (1 -¢1) obtained in step (3) is

outaide the range of O to 1 then no soclution exists.

Once ¢’ has been determined and all other values have
been found, the design is complete and the bladeas can be
drawn.

Referring to figure C2, to draw the radius on the

leading edge the points

x XL, * 6/2 cos © C(37)

Yy = yL - §/2 sin @ C(38)

are plotted over the interval of ¢ between O and 180
degrees. The radius on the trailing edge is given by,
X = XT - §/2 cos 9 C(39)

Yy = yT *+ §/2 8in © c(40)

plotted over the interval of 6 between ¥ and ©+180.
To draw successive blades on the rotor the procedure is
to rotate the axes after each blade is drawn. The procedure

is deascribed by equation B(SS) and B(36).
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C.2 COMPUTER PROGRAM "“AWEDG"

A’ 4l g o g

C.2.1 Description

The wedge arc blade design program, '"AWEDG"

calculates and drawa wedge arc blading for an initially

[
Aed it Tt

radial-outflow rotor. The difference between "AWEDG" and
*ACIRC" is not only the specified input parameters; '"AWEDG"
calculates the straight section needed on the suction side
to constrict the flow to a know dimension at the trailing
edge tip of the adjacent blade. The program, for simplifi-

cation, is divided into seven partas and each part will be

desacribed.

The first part (lines 1 to 460) contains the
values of all specified parameters. On running, it also
allows the user to apecify the angles % and @ to determine
early in the program what the value of @ will be. If the
user wishes to change the value of @ he can do so. Chord '?7
length, camber radius and ¢ are calculated in this section.

The second part (lines 470 to 640) printa some

of the output parameters and calculategs the center
coordinates of the camker line.

In order to calculate the outlet passage size
the preceding passage must be analyzed. The program does
thia in part three (line 650 to 800, by calculating the

position of the trailing edge tip of the preceding pressure

95
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line. Point C’ on figure C3 is calculated by rotation of

axes.

In part four (lines 810 to 1020) the position of
points C, F, T, E, and L, shown in figure C3, are
calculated.

Part five (beginning on line 1030) atarts the
plotting routine. The number of the blades requested to be
drawn are specified. The pressure side radius is calculated
and is drawn. Calculations for the straight line segments
are performed (linea 1340 to 1570). Based on the determined
value of the straight segment the coordinates of point I are
dervied (linea 1630 to 2090).

In part six the radius of the suction side is
drawn. Plotting for the leading and trailing edge radius
are also accomplished in part six.

Part seven (2100 to 2140) concludes the
procedure by printing the value of the throat diameter,
length of the straight line segmnent and radii of pressure

and suction circle.

C.2.2 Required Inputs
The following inputs are required:
Outer radius
Inner radius

Total number of blades

angle ¥




angle # (must be consistent with ¥ -see
discussion)

Diameter of the circle at the passage exit
Leading edge and Trailing Edge thickness
Leading edge and Trailing Edge wedge angle

Number of blades requested to be drawn

Listed Outputs

The following quantities are output:
Outer radius

Inner radius

Number of blades

Angle ¥

Angle ¢

Angle «

Radial solidity

Chord length

Thickneas to chord ratio

Leading edge and trailing edge thickneas
LLeading edge and trailing edge wedge angle
Throat width at exit

Radiuas of the pressure surface

Radius of the suction surface

Length of the atraight section on the

auction side.
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C.2.4 Program List
Listed here is the program "AWEDG" for the ;:

design of wedga shaped are bladeas. Table C2 identifies the
symbols used in the program with the defined parameters. ?f
Figure C6 and C7 illustrates computer generated shapes for 33
an outer radius of 4 inches, an inner radius of 3.2 inches
and 60 bladea. The value of ¥ and ¢ are specified
parameters to limit the efflux angle @ to between 8 and 9
degrees.
10 REM####x%+AWEDG 1 RAUGUST 1334s+xxsreexs o
20 REM###FROGFEAM TO CAHLCULATE & DRAM RRC BLADING##x -
33 FEM**=ARECS AND STREAIGHT BACKING FOR AHxxs —-
35 PEM##=IHITIALLY QUTFLOW CREZCADE#s#%+%% :
43 DEG

SO DIM GL1DOIHI1G8I,UC 1281, 1891
SCALE =1e1s=-1s1 :
DISP "SET PLOTTER T(HY BY TIYI»=<COMTY": i —
STOF -
FEMSS 44255558 L 4R LXLEEXTXERRES R 055 oo
DISP "ENTER THE OUTER RADIUS";

IHFUT RO

DIZP "EMTER THE IMHER RADIUS";

IHFUT R1

F4=R1/RO

DIZP "ENTER THE MUMEER OF ELRDES";

INFUT 28

1]

DD
NI T QD

DO S O OO ) |

0wt G

U303 AW

[oO e o T L B R0

4

(]}

Al

DISP "EHTER FSI-< ETWH LE & TE @-320-2%3
IMPUT %3
DISP "EMTER FHI-FRESSURE AMGLE-CHAMEEFR<";
IMFUT TO
RE=90+53-T0 e
FRINT "ALHPA IS DESZIRED BWTW 8-9 DEGREES. THE VALUE" e

O S T U L GO e COAD QO T U0 fe GO Do = OO T O I

GO PIPNFD 3 B T DY [ ome 2 bt 0t 0o 0en o e e e 00 0D =) Ty
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FRINT "OF PSI&PHI CHOSEM MWILL YIELD AH"
FRIMT "ALFHA="AR8"DEGREES"

FRINT "PSI="S3"AND FHI="Ta

DISP "WISH TO CHAHGE FSI4FHI Y=1.H=G"}
INFUT 0Ot

IF 01=1 THEN 258

DIZP "EMTER THE LE & TE THICEMESS":
INFUT Q1

Ma=Q1-FE8

DIZF "EHWTER LE & TE WEIDGE AHGLE™:

IHFUT Mt

C1=RB+SINSSASIHITO 20

Co=Cl1- RO

Ra=Co- 023 THITR-202

F4=R1-F9

13=R3=E8

FEM##5x322PRINT STATEMEMTS®#+#%# 5535554
FRINT "RG="RO"RI="R{"HO, BLRADES="Z%
PREINT "FSI="%3

FRIMT “"FPHI="To

FEIMT "CHORD="C1

FRINT "HALFHA="RG

FEINT "RADIAL SOLIDITY="R3

FEIMT "LE & TE THICKHESS="i1

FEINT "LE & TE WEDSE AMGLE="M1

DIsP "EMTER THE THROAT LEHSTH A%-“:

. INFUT RS

FEM#*%+2+EHD FRINT STATEMEMTS#sxx%
FEM##+#*CENTERS CAH HOW BE DETERMIMEDs++%
Hna=R3

Yaiz=Rd4

FEM#+#++DRAI ELADE SLRFACES***%

FEM#<+FIRST CALCULATE COORDIMATE OF C* OH ELADE HO.

Ha=1¢g

HZ=7

H1=28

I=1

FOR Td=0 TO Tg STEP TO-HS

Ad=EE- ORS00 (TS0

YAV I+ IR3I*ITHI T )
HAEMASCOSCONT=10 %55 )+ (Y42 STNCCHI-12#350)
VR AEC05CCHLI~1 0 #5S) = (R4S IHCCHL=-10%55) )
FLOT H3sv9

UL T 1=K

YOI I=v4a

I=1+1

HEXT T4

FEH
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FEM##%F & C ON FRESSURE LIME=«x#%

REM**+SECOHD CALCULATED THE CQORDIHATES OFs#x
Ha=1

I=1

FOR T4=8 TO TO STEP To-H3

Bd=RI-(RIFCOS(TEN)

Y=Y IHCRIFSTHCTEYD

K4#LOSCCHA=1 35550+ Y44 STHC CHR=1 2 #5553
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HE®T T4
Mz=GIH3+11]
MI=MZ-MA*COSTY
M3=M2=-CMA-2)*COSTH
LZ=H[H3+1]
La=L2+Ma*SIHTB
L4=L2+ (M 22+SINHTO
MS==M3
ME==(M@3-2)
S=R1-R93
Le=R1-R8
FEM#x#*<PLOTTINHG SECTION#sssssss08sss558%
DIsSP “IHFUT THE MUMEER COF ELRLES TO IDRAW"S
THPUT H
FEM====-- EDIT HEXT LIME FOR FLOT EESOLUTION=-=-===-
H3=156
FOR Ho=1 TO H
FEM#++#FOR FFESSURE LIMEx##%#
1=1
FOR T4=8 TO T STEP To-H3I
H4=RI-(RIECO3CTS)
Ve4=YIA+(RISTHITYID
WazddsCOSCrHA-1 2 #3504+ Yd S THCCHAa~1 ) =
YasY3ECOSCIHA=-1 #5350 = (R4S TH T HA~1
GLI =19
HL I 1=%9

O O o 00 ol e 0D 0
0T 1 T T (D O 3 D

[l
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X
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X

DD
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P
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3 *

=g N e 00 a0 = D

D
OO aoooad

30 I=1+1 a
9 FLOT H9s%3 =

HEXT T4 e

- pt bb S—b b s Gt bt e b a b b S b b el el A

1
1
219 FEM 5
220 FEM###SUCTIOM SIDE LINE#ss#% R
239 FEM###VALUE OF L SOLYED FOR WILL EBE GEMEFATED#s=# S
243 REM###T0O GIVE THE DESIRED THROAT AT EXITss++%%% -
253 Et=L3-Y[H3+1) S
ZEQ EZ=MI-ULH3+1) "
270 LO=RTM(-E1-E> e
288 C3=S0RC(E112+E212) o N
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Di=AB-33-M1
BR=C3*#COSAB-S3+La-M1)
FEM#x<«CALCULATION OF BLADE SUCTION SURFACE##%

FEM=++FOFR A GIVEH THROAT SIZE AT EXITss+
FEM=#+=R4 IS THE RERDIWUS AT THE THFHHT S 2%%%
H=AS (2R
HE=UIHI+1 J+ASI=STHRA
YesWIH9+1 J-R4%C05A8
SO (SINDI#(YE-L3s+C0SD 1 CHE-MI2 ) CCOSML-SIHDL >
”’-f'IHDI*'H’-~r'+LU-D1*'|h -L3»=-A4)* (S IHMLI-C0SD1)
M1=C25+28) 2 C3CCOSME-STHDL D)
Zr=¢a *cn SNBSS THIL #(MI-RKE 0 +C0SDL £ CYE=L20~Fg 1)
o= (IMB=-RE) 2+ (Y a~LAd 12~ H4T¢‘*'FDLN1--IHD1‘
R2={27+22)/(C3t2# (COSML-SIHDL Y
Qo=0gtr2- U’
IF 22<{® THEH 15&0
Dd=-1+SHRECAZ)
IF 80441 THEH (478
IF 0449 OF 04>1 THEH 15849
FEM##+FIRST SOLUTIOH FOR E=sil-Qdrses
To=1-04
GﬂTu 1558
4--L1--ﬂFfﬁ4)
IF PIRSY1 THEH 1538
IF u"e OF 0521 THEM 1S:
FEM#+«ZSECOMD SOLUTIOM FOR E=(1-~-0S)sx%
T9=1-05
20TO 1578
FRINT "HO SOLUTION EXISTS™
BEo=p3e(1-T3
MA=MZ-B23+C032D1
Le=L3-B3*ZIHD1
M3==-CMB+ES*STHML)
L2=FR1 - RE+ES*=COSM1
FEM*+=RADIUS OF SUCTIOH SIDEx##
T CMT =M /0 C0sML -2 THMDL )
FEM#++CEHTERS OF SUCTION RADIUS###
AOSMES+RT=C0SML
YS=LES+R7T S THML
FEM#£+FLOT FOUTIHE TO DRAM SUCTION SIDE#+s
FEM*#xFLOT FRADIUS OM LE TIFP*#+
FOR T4=0 TO 120 STEP 126-MS
H4=M6+(Mafzh*EDST4
Y4=LE- (MR- 2 %5 IHT4
33-‘4*Cn COHE=1 3350+ 0Y4£STHCCHR=-1)«35) )
I=4%CO5 0 CHO- 1)*94)—kA4*oIHf'HU 1035
FLOT ®9y Y9
HEXT T4
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K4=N8

V4=L3

WA=k 00T HE=1 0290+ (V4SS THOCHR=-1 b+ 5"
WY 3eC0SCHE-1 02200 = ({3 # S IHCCHB-13 %3S
PLDT EE TR

FEM*«xFLOT SUCTIOH EBRDIUSwex%

It=-M1

2=2#M1+TO

I2=012-1102-H2

FOR T4=I1 TO 12 STER I3
He=HE-RT*CO2TS

VYa4=YS+RTESINTS

HAsK3COSCiH~-1 23S0 +(Y3=2STH{(HB=-1) %550
YesY4EC0S 0 (HE-1 3380 =3 STHCCHB-1) 550
FLOT #9459

HEXT T4

“a=M3

Y4=13

::»::'_:'4= 0SS CHE-1
Y |4 COsd{Ha-1;

By

***FLUT FRDIUS OH THE TE TIPss#
=TH
2=TA+18

13=f12-11)fN3

FOR T4=I1 TO 12 STEFR 13

Hd=Md - Ma-2 02 D05TS
VadzLg+ MR- 2225 THTY

=N LS iHB=-12#550+ (Y3 IHC I HB=-1 ) %
W=V RECOS0 (HR=1 %230~ (A4S TH I HB=-1 5 =
FLOT =59:%9

HEAT T4

FEH

HE®T H@

FRINT "R*="A35

DEESNHIYIEETHOCHE-10
S0 = CHdsSTHOCHE-1)
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TABLE C1. List of Computer and Text Symbols
for Wedge-Axrc Blade.

“AWEDG" TEXT IDENTIFICATION
AO « efflux angle
A4 - . throat dimension (radius of

outlet circle)

AS 2na’ throat diameter (diameter of
exit circle)

B8 g length of straight section

B9 4’ length of atraight section to

be tangent to outlet circle

Cco c* c¢/Rg dimensionless,
chord length

C1 c chord length

D1 constant angle

El - constant value

E2 - constant value

GLI] - array for current pressure

slde x coordinates

HII} - array for current pressure
side y coordinates

1 - counter

11 - Interval variable
I2 - Interval variable
I3 - Interval variable

D’ p

R

_:a
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List of Computer and Text Symbols for

Wedge-Arc Blade (con’t).

TABLE C1.
“AWEDGE"”

L2 Yc
L3 YF
L4 Yt
LS YE
Le YI
L7 YI
L8 YH
MO )
M1 €
M2 Xc
M3 XF
M4 xe
MS XE

.................

......................
WA

R W

TEXT

IDENTIFICATION

final value on present
preasure line, y coordinate

final value on present
pressure line pluas blade
thicknessa, y coordinate

center point of trailing
edge, y coordinate

Leading edge initial suction
side, y coordinate

point of tangency for
suction side, y coordinate

point of tangency for
suction side, y coordinate

initial point for suction
side curve, y coordinate

Leading and trailing edge
thickness

Leading and trailing edge
waedge angle

final value on present
pressure line, x coordinate

final value on present
pressure line plus blade
thickness, x coordinate

center point of trailing
edge, x coordinate

Leading edge initial suction
side, x coordinate




TABLE Cl1. List of Computer and Text Symbols for
Wedge-Arc Blades (con’t).

“AWEDGE" TEXT IDENTIFICATION
M6 XL center point of leading edge
M7 X1 point of tangency for suction

eide, x coordinate

M8 XH initial point for suction
aide curve, x coordinate
N N Number of blades to draw
NO - Number of blades to draw for
loop
NS - Number of points for interval
of arc
01 - Equala 1 to change ¥ and ¢,
O for no
03 Re output print of Rc
04 Rg output print of Rg
Pl n n
Q1 - conatant
Qa2 - constant
Q3 - constant, value under square
root term for solving for
€1
Q4 - same as Q3
Qs -~ aame as Q3
RO Ro outer radius
105 R
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TABLE C1.

“AWEDGE"

R1

R2

R3

R4

R6

le)

S1

S2

S3

S5

TO

T4

T9

X2

X3

X4

X9

o — ey v LBt e S i Mt S

List of Computer and Text Symbols for
Wedge-Arc Blades (con’t),

TEXT

Ri
P

Rc/Ro

Ri/Ro

Rp/Ro

Oy

B/Ro

Fa

xdp

xd

1
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DENTIFICATION

inner radius

radial chord, (Rg - Rji)/Rg
camber line radius,
dimensionless

inner radius, dimensiocnless
pressure radius,dimensionless
peripheral spacing, 2nRo/2
radial solidity
dimensionless peripheral
spacing

blade curvature with respect
to center of rotor

spacing angle, 360/2

camber angle

loop parameter to draw arcs
value of 1-¢’

pressure surface center, x
coordinate

camber line center, x

coordinate

variable for x values in
continuous loop

variable for x values in
rotational loop




ey
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TABLE C1.

“AWEDGE™

LRI

Y2

Y3

Y4

YS

20

T ———————— yom— T

List of Computer and Text Symbols for
Wedge-Arc Blades (con’t).

TEXT IDENTIFICATION
vdp presaure center y coordinate
vd camber center y coordinate

- variable for y values in
continuous loop

- variables for y values in
rotational loop

2 number of blades
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Figure Cl. Relaxed Double Circular Arc Passage
with Pressure Line Removed.
108




Ly v |
S
of Ekrt // A

X
.

r—pe

-
' FT
FEN AR




\

\ tangent to pressure surface
\
\ blade wedge angle

\
¢ ,,ff—”/”- suction surface
N 1/ =
A — auction aurface

A(,ﬂ/”’ \ < slope
b

_ - -preasure surface

/) {:; direction
}

Figure C3. Enlarged View of Trajling Edge.
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Note: C’D’is pot normal to the presaure surface.

Figure C4, Geometrical Relationship Between Throat
Dimension and Suction Surface Radius
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Figure CS,

Rg = 4 Ry = 3.2 No. of Blades = 60
¥ = 9.17 8 = 90.68

chord = 0.896198294

alpha = 8.49

radial solidity = 1.909859317

L.E. & T.E. thickness = 0.02

L.E. & T.E. wedge angle = 5

A» = 0.05225

L = 0.037306915

radius of pressure circle

radius of suction circle

0.629980625
0.476827358

Computer Generated Shapes for a Cascade of Wadge

Arc Shaped Baldes with 60 Blades.
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