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ABS TRACT

The design and construction of a small , transonic ,

cascade wind tunnel are reported. The tunnel is of the

intermittent blow-down type , and the initial test cascade

models the flow at the rotor blade tips of a single stage

transonic compressor at a relative Mach number of l.~~.

General programs were developed for the design of round-to-

rectangular transition sections and for the computation of

supersonic nozzle contours . Complete machine drawings for

the important components of the facility are included.
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NOMENCLATURE

E n g l i s h  L e t t e r  S y m b o l s
A - Area , in
AR - Aspect ratio

- Nozzle width , in
C L 

- L i f t  c o e f f i c i e n t

- C e n t e r - l i n e  n o t a t i o n
c - Blade chord , in
c - S p e c i f i c  heat  at c o n s t a n t  p r e s s u r e , f o r  a i rp 

= . 2 4  B t u / lb ° R
f - Frac t ion  of b l ade  passage  be tween  end b l a d e  and

n o z z l e w a l l
H - Nozzle height , in
i - Inc idence  a n g l e , degrees
k - R a t i o  of s p e c i f i c  h e a t s , f o r  a i r  = 1.4

L - L i f t , lbf
M - Mach number
rn - Mass flow ra te
N - Number  of b lade  passages
P - Pressure , l b f/ i n 2

q - Dynamic p ressure , l b f/ i n 2

R 0 - Radius  of s e t t l i n g  chamber , in

r - Radius , in
s - Blade  spac ing ,  in
V - V e l o c i t y , f t/ s e c
W - V e l o c i t y  r e l a t i v e  to r o t o r  b l a d e , f t/ s e c
X - D i m e n s i o n l e s s  v e l o c i t y ,  V/ ~J2c~ T t
x - D i s t a n c e  a long n o z z l e , in
y - Hei ght  f r o m  n o z z l e  c e n t e r l i n e  to contoured w a l l , in
z - Scale f a c t o r
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Greek L e t t e r  Symbols

- R e l a t i v e  f l ow  angle , degrees

- Stagger  ang le , degrees

- Camber ang le , degrees

p - Dens i ty , l b/ f t 3

- Finite difference

5* - Boundary layer displacement thickness , in

v - Kinema t i c  v i scos i ty , f t 2 / sec

o - S o l i d i t y , r a t i o  of c/ s

5 - Devia t ion  ang le , degrees

p - Mach angle

Sub s c r i S

0 - S e t t l i n g  chamber

1 - Sect ion  at cascade i n l e t  or supersonic  n o z z l e  o u t l e t

2 - Sect ion at cascade exi t

w - Nozzle wall conditions

L - L i f t  c o e f f i c i e n t

t - ro ta l  or s t a g n a t i o n  p rope r t i e s

- Refe rence  condi t ion  for  cascade

Superscr i p t s

— - C o n d i t i o n  at outer  edge of boundary  layer

* - Denotes condi t ions  at n o z z l e  t h roa t  or sonic  f l ow
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I. INTRODUCTI ON

The purpose  of the  work  r epo r t ed  here  was to desi gn and

construct at low cost a small transonic cascade wind tunnel

to be used in the Transonic Compressor Research Program at

the Naval  P o s t g r a d u a t e  School (NPS) , M o n t e r e y ,  C a l i f o r n i a .

If the stream surface , through either a rotor or a

s t a t o r , of a compressor  is unwrapped and la id  out  in a

p lane , a t w o - d i m e n s i o n a l  cascade is g e n e r a t e d .  The cascade ,

w i t h  an i n f i n i t e  number of b l ades , is considered to model

the flow along the par ticular s tre am surfac e through the

compress or. The characteristic feature of a cascade is

that the flow repeats itself identically over each blade

pi tch , a condition referred to as periodicity . Cascades

are general ly us ed to gain be tter unders tanding of the

complex flow in axial turbo machines and to gather data

on the los ses , pr essure incr ease and turning p roduced by

g iven blade sec tions .

In ord er to model the flow throug h a ro tor , it is the

flow relative to the blading which must be established in

the stationary ca scade . The p ic ture is then as shown in

Figure 1. The blade shape , spacing (s) , chord (c) and

stagger angle (~ ) are those of the compressor blading on

the stream surface of interest. The approaching flow

veloci ty is that ot the flow relative to the moving rotor

(W 1) , and the outlet velocity, which can be de t.~rmined

11
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e x p e r i m e n t a l l y  in the  cascade , corresponds  to the r e l a t i v e

f low  v e l o c i t y  l e av ing  the roto r

In an effor t to develop smaller and more compact axial

compressors , rotational speeds have been increased to input

more energy per s tage . Throug h-flo w velocities have also

been increased to increase the mass flow per unit frontal

area through the compressor. As a result , the inlet vel-

oci ty rela t ive to the ro tor blades can become supersonic

and, depending on the particula’ blade configuration , the

blade pass age and relat ive exit veloci t ies can be ei ther

superson ic or subsonic. Flows through blad ing , which

contain regions of bo th supersonic and subson ic flow , are

termed transonic , and various types of trans onic cascad es

have been describ ed. (Ref. 1) The “shock-in-ro tor ” type

of transonic flow pa ttern is the one of interes t in the

presen t work .

A Transonic Compressor Research Program at the Naval

Pos tgradua te School was begun in 1969.  The overall goal

of the program was to understand the flow phenomena in

advanced compressors in order to propose and to verify

methods of desi gning axial compressors for improved per-

formance . The main experimental tool in this program is a

single stage transonic compressor designed by Dr. M . H.

Vavra . An outline of the compressor is shown in Figure 2.

The rotor blades in the machine have profiles which consist

of a flat surface on the pressure side and a simple circular

arc on the suction side , joined by small radii at the

~ 
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leading and t r a i l i n g  edges .  The ro to r  was desi gned to

• o p e r a t e  w i t h  a r e l a t i v e  Mach number of 1.5. The f low p a t -

te rn  is expected to be of the “ s h o c k - i n - r o t o r” type .  Tes t s

of  the comp ressor have e s t a b l i s h e d  p e r f o r m a n c e  map da ta

( R e f .  2 ) ,  ro to r  b l a d e - e l e m e n t  p e r f o r m a n c e  ( R e f s .  3 and 4)

and case wal l  p res su re  maps at the  r~ tor  t ip  ( R e f s .  S and 6 ) .

Measu remen t s  of the f low leav ing  i nd iv idua l  rotor  blade

passages  also have been made ( R e f s .  6 and 7 ) .  C u r r e n t l y ,

compressor tes t speeds have been increased to 21300 RPM which

is 7 0 %  of the desi gn speed. At th i s  speed , the ve loc i ty

r e l a t i ve  to the ro tor  b lades  is j u s t  sonic .  F igure  3 shows

a case wal l  p ressure  map obta ined  at 7 0 %  des ign speed us ing

newly developed high speed data acquisi tion techniques (Ref .

5) . The map describ es the pressure pattern which r o t a t e s

with the rotor tip. It was of interes t to compar e thes e

measuremen ts , and s imilar measuremen ts at higher speeds ,

w ith either measuremen ts from or analysis of an equiva lent

two-dimensional cascade model. Since an analysis was not

then available for the transonic cascade , a two-dimensional

cascade , which modelled the stream surface at a chosen

rela tive Mach number of 1.4, was desi gned and cons truc ted .

The present document details the design of the cascade.

In Section II , the important considerations in the design

are ou t lined. In Sec t ion III , a descr ipt ion is given of the

general layout , wi th mention of specific items which required

the mos t desi gn eff ort . De tailed desi gn c a l cu l a t ions are

given in Sec tion IV. Two generally useful desi gn procedur e s

13 
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• were  developed in the course of the  desi gn , and these  are

g iven  in the append ices .  F i r s t , Appendix  A de sc r ibe s  the

desi gn of a smooth , r o u n d- to - r e c t u a n g u l a r  t r a ns i t i o n  sec t ion

which was  re qui red up s tream of the two-dimensional nozzle .

Then , the desi gn of the nozzle is described in Appendix B.

Inviscid contours used in the supersonic sec t ion were thos e

ob ta ined from the Naval Surface Weapons Cen ter (NSWC)

Whi te Oak , Maryland . However , a progr am was written for

the HP-9830A calculator to design supersonic nozzle contours;

the program and a comparison wi th the NSWC des ign are in-

cluded in Appendix B . Appendix C conta ins a general pro-

cedure for calcula ting the pressure drop in a sudden expan-

sion process . Machine drawings for the components of the

cascad e are included in Appendix D.

I
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I I .  DESIGN CONSIDERATIONS

I m p o r t a n t  f a c t o r s  to be considered in the design fall

into two categories. First are the limitations due to the

available facil iti es , siting and equipment. Second are

consider ati ons specif ic to the desi gn of the cascade itself.

Figure 4 illustrates the arrangement of the resulting

cascade desi gn and will be referred to in the following

discussion .

A. FACILITY LIMITATIONS

In order to use the air supply syst em avai lab le in

building 230 at NPS , :he cascade was desi gned to operate as

an intermittent blow-down wind tunnel. Test section flow

area was then limited by the available mass of stored air

and the minimum desired run time . For ‘
~ g iven flow area ,

the number of blades in the casc~ Je ~as then determined by

the magnitudes of the stagger a~~g 1o , aspect ratio and

solidity . Stagger angle was g iven by the compressor geome-

try . The aspect ratio coulj be chosen. Hi gher aspec t

ratios would minimize the effect of the side wall boundary

layer on the two-dimensionali ty of the flow . However ,

because the blade profile in the compressor was very thin ,

s truc tural considera t ions were dec isiv e , and an aspec t

ratio of one was selected. Solidity was also g iven by the

13 
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compressor  geome t ry . Bu t , as so l i d i ty i s the ra t io of b lade

chord to blade sp acing , each could be sc a led by the same

fac tor .

A runt ime of two minutes was sel ec ted as the minimum

required to acquire data. Tests were conducted with the

exis ting air sys t em using simple rec tangular nozz les , of

vary ing s i zes , operating as a free jet. The nozzle area

giving a two minute run time was se lec ted for the throa t

area for the supersonic nozzle. The nozzle exit area was

calculated for a Mach number of 1.4 , and the s t agge r  angl e ,

aspect ratio and solidity selected earlier , de termined the

geome try shown in Fi gur e 4. The cas cade consis ted of 6

blades , with a f r actional  pass age width bypass ed at each

end blade . The end blades are half blades which pr esen t

the correc t s tream boundary for the flow through five

blade passages.

B . CASCADE DESIGN CONSIDERATIONS

Uniform supersonic flow upstream , genera ted by a pro-

perly con toured Laval nozzle , satisfies the requirement for

periodic inlet flow to the cascade . However , as shown in

Figure 4 , the shock waves genera ted by the blade lead ing

edges will be reflec ted from a solid upper nozzl e wall and

modify the flow into the upper blade pass ages . Therefore ,

a slo tted sec t ion , which is vented to an exhaus t line , will

be prov ided to minimize the strength of the reflected

dis turbances.

16
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Pe r iod i c  exi t  f l ow  is no less  i m p o r t a n t  and is r e p o r t e d

to be more difficult to achieve (Ref . 8) .  A s shown in

Fi gure 4 , the p resen t  desi gn removes  a p o r t i o n  of the f l ow

from the top and bottom walls via separate exhausts , and

• the main flow is exhausted into a dump diffuser. The main

flow is throttled downstream by a valve which provides the

nece ssary back pr essur e for the cascade .

The boundary layers on the top and bottom walls are

prevent ed from entering the blading since they are removed

throug h the by-pass exhaus t ducts. The side wall boundary

l ayers  do en ter the cas cade , and secondary  f low wi ll occur

in the b lad e pass ages as a resu lt of the p r e s su r e d i f f er-

ence between the suc t ion and pressure surfaces of the blades .

While this  depar ts from s tric tly two-dim ensional f low , it

provides better simulation of what occurs in the compressor.

17
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I I I .  GENERA L ARRANGEMENT

Fi gures  3 , 6 , and 7 show the cascade installation. A

4 inch gate valve provides ti ght shut-off , and a F ischer

(Type 310-32) automatic control valve is used to operate

the tunnel. Desi gn opera t ing pressur e in the sett ling cham-

ber (wh ich is used as control pressure) is 50 lbf/ in2 . A

tubular flow strai ghtener is used to remove the swirl in-

duced by p ipe bent.~s between the control valve and the set-

tling chamber. In the settling chamber a flat , perforated

pla te diffuser is fol lowed by a screen to reduce turbulence

and promo te flow uniformi ty.

A shor t round- to-r ec tangular transi tion sec t ion , be tween

the settling chamber and supersonic nozzle , changes the

flow area from 10 inches diameter to a rec tangular sec tion

approximately 2 inches by 4.5 inches. The two-dimensiona l

supersonic nozzle was designed to pr oduce a uni form Mach
number of 1 .4 .

The arrangemen t of the tes t sec tion of the cascade is

shown in Figure 4. The blades are a tt ached to the tes t

section windows which can be rota ted over a small range of

incid ence (±3 deg) . 0-ring seals are provided to prevent

leakages be tween sec ti ons containing d i f f eren t p r e s s u r e

levels .

Plexiglass windows are provided to allow Schlieren

observa ti on and photograp hy of the f low field. Plexiglass

18
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was chosen due to its availability and ease of machining .

Stresses in plexiglass are apparent in the Schlieren

photographs but need not obscure the main features of inter-

est in the flow field. Schliereri quality glass can be

subs tituted if needed at a later date.

The by-pass exhaust and main exhaust lines duct the

flow to the exterior of the building . A butterfly valve

is located in the main exhaus t l ine to control the back

pressu re  for  the cascade . The pla te of the butte rfly va lve

is smal le r  than the pipe d i ame te r  in order  to avoid a

comple te shut-off of the flow.

1’
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IV . DESIGN DETAILS

A. N O : Z L E  THROAT AND TEST SECTI ON S I E

The t e s t  s ec t ion  f l ow  area is g iven by A 1 
= H1 

B1

where , f r o m  the g e o m e t r y ,

H 1 = (N + 2f) s z cos (y)

and

B1 = c z A R

C o n s e q u e n t l y ,

(N + 2f) = A*/[c AR s z 2 cos (y )  / (A 1/A*)] (1)

A t the design Mach number of 1.4 , A 1/A* 
= 1.1149. The values

of c , s and y were g iven by the geomet ry of the compressor

ro tor blading (Table I) , and AR = 1 was desired in order to

limi t blade bending stresses . The throat area of the test

nozzl e which gave a 2 minute run time was 7.98 in2 . Also ,

the minimum accep table scale fac tor was considered to be

about 0 .7 , in order that the blade sections not be too thin

to fabricate properly. Equation (1) then gave (N + Zf) 7

which would g ive 5 blade passages (6 blades) f or the main

flow and 2 full passages exhaus t ing separa tely . Since a

full passage at each end of the cascade was not need ed , a

one-quar ter passage was used , thereby reducing the test

sec t ion and thro at dimensions and increasing the available

run time . The nozzle throat area was then 6.27 in~ . At

20
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desi gn s t a g n a t i o n  p r e s s u r e  (5 0 l b f / i n ) and t e m p e r a t u r e

(520 °R) , the flow rat e is 7 .3 lb/ sec .

Reyno ld s number similarity wa s cons idered . A t a ro tor

rela t ive Mach number of 1.4 the Reynolds number base d on

chord leng th for the ro tor blades in the compress or is

1.85 x io 6. In the cascade at a scale factor of 0.7 the

Reynolds  number , based on chord l e n g t h , is 2.58 x 10~ .

Differences in turbulence levels and vibrations between the

comp ressor and the casc ade make this di f ference in Reynolds

numbers unimportant for the flow away from the side walls .

Of greater importance is the difference in the wall boundary

layers at the ends of the blades.

B . SUPPLY PIPING AND SETTLING CHAMBER

It is recommended (Ref. 9) that the velocity in the

settling chamber be between 10 and 100 feet per second . A

chamber d iamete r  of 10.15 in. was computed to g ive an

average  v e l o c i t y  of 50 ft/sec at design conditions , which

allowed the use of 10 inch diameter commercial steel pipe. 5

The exis ting supply piping from the storage tank to the

con trol valv e was 4 inch diame ter . Six inch diame ter pipe

was used from the con trol valve to the se tt ling chamber to

main tain a low pressure drop . A tube-bundle (using 1 inch

diame ter tubing) was ins talled as a f low s traightener at

the end of the supply p ipe.

A flat , perforated plate was used at the end of a di-

verging sec tion to act as a diffuser and decelerate the flow

21
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e n t e r i n g  the  s e t t l i n g  chamber . Refer ence 9 recommends tha t

the des ign value for the pressure drop across the perforated

pla te be approx ima tely equal to the dynamic pr essur e of the

flow in the inlet pipe. Three different plates were avail-

able w ith charac ter is t ics as shown in Table II . The data

correl at ions and me thod given in Ref. 10 were used to cal-

culate the pressur e drop across each plate for desi gn con-

ditions in the settling chamber. Values of the plate coef-

f icient for pitch-to-hole-diameter ratios of less than 2

were extrapolated from the given data. The results are

shown in Table II. Since the dynamic pressure at the inlet

was 0 .S9 lbf/ in2 , all three plates were acceptable on the

basis of pressure drop . However , Plate A was chosen since

the jets from the smaller holes would require a shorter

distance downstream in which to decay . A wire screen was

positioned downstream of the diffuser plate to generate

small scal e turbulence and promot e mixing and subse quent

turbulence decay in the length available ahead of the nozzl e.

C. TRANSITION SECTION

A t r a n s i t i o n  sec t ion  was r equ i r ed  be tween  the .10 inch

diame ter se tt ling chamber and the rec tangular nozz le  en-

trance of approxima te ly 2 in. by 4 . 5  in. No documen ted

desi gn procedure for such a sec tion was on hand; and since

the requirement was simply to achieve a geometrically smooth ,

accelera ting transition between the two sections , a method

was devised to compute a suita~ 1e shape . The me thod is
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given in Append ix A. Because of limitations in the avail-

able machine facilities a small modification , al so describ ed

in Ap pendix A , was required to the computed contour. The

transition was first machined as a male form which was

placed within a 10 inch p ipe sec tion . Epoxy re s in was  cas t

into the p ipe around the form , which was then removed to

leave the r equ i red  inner c o n t o u r .

D . SUPERSONIC No:zLE

The nozz le is a conventional two-dimensional desi gn with

paral lel s ide walls and con tour ed end walls . The coord inates

used for the supersonic section were provided by the Naval

Surface Weapons Center (NSWC) , Wh ite Oak , Maryland (Ref. 11)

A second design was developed in-house using a progr am

written for the Hewlett-Packard 9830A Calculator. Both

desi gns are detailed in Appendix B. The NSWC contours were

used since they were obtained from a well-proved design

program . The NSWC coordinates which are listed in Appendix

B were based on a tes t sec ti on height of 7 blade passages.

The tes t sec t ion height was subsequently changed to 5.5

passage s heights , and the nozzl e coordina tes we re scaled by

a factor of 5.5/7. The longest of three nozzle desi gns

provid ed by NSWC was chosen. The nozzle coordinates were

correc ted to ac count for the boundary layer displacem ent

thickness on bo th the end wa lls and the s ide wa l ls. The

boundary layer displacement thickness was calculated using

the expression

23
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= 
1 ‘wi .14 .75 x
67 (~ ~ 

~l • 
( — )

~lx l

where the bracketed term is the Reynolds number based on

desi gn test section conditions and length fron the throat

(Ref. 12) . With the assumption that the displacemen t

thickness a t each ax ial loca ti on is the s ame on bo th con-

toured and side walls , the correction to the contoured wall

was made as illustrated in Fi gure 8. The displacement (t~y)

which was added to the contoured walls was given by

y = 
2y5* + (B - 25*) 5* 

( 3 )

B

The scaled contours corrected for the boundary layer dis-

placemen t thickness are lis ted in Table III .

The contour upstream of the throat was obtained as part

of the transition section desi gn p rocedure  g iven in Appen-

dix A. The throat of the nozzle (after scaling) had a

rad ius of curva ture of 77 .1 inches which was used as an

input to the transition section design .

E . BLADE STRESSES AND ATTAC~~1ENT

The b lade  a t t a c h m e n t  to  the  p lexi g l a s s s ide  w a l l  s ec t i ons

is shown in F i g u r e  9.  Round p ins  are b r a z e d  over tab s at  the

blade ends , using a low temper ature aluminum bra ze. The p ins

fi t into holes bored into the plexiglass and are retained by

set screws such that the end of the blade is flush with the

inner wall. This method was chosen as it offered relative
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ease in manufacture and assembly and reas onab le va lues of

blade stress. It also caused little obstruction in viewing

the flow through the cascade .

• A pressure distributi on across the blade chord typical

of subsonic flow was assumed initially for blade stress

calculations . The pressure distribution was approximated

by a linear variation from the leading to the trailing edge

w ith zero pressure difference at the trailing edge. With

this approximation for the loading, a larger  p in was re-

quired at the front than at the back of the blade . However ,

the rear pin was made equal in size to the front pin to

provide adequate strength for any physically reasonable

load distribution.

A summary of the calcul at ions fo ll ows:

The lif t per unit span was calcu lated using

L/B = CL ~~ c (4)

where L is the total lift force on one blade , CL is the

lif t coeff icien t given by

7 I
C L = 

~~
- (tan 

~l 
- tan 

~~ 
cos (5)

and q~, is the r e l a t i v e  dynamic  p r e s s u r e  g iven by

= 
1 (6 )

The qu antities 
~
ç and ~~ are as shown in Fi gure 10 where

tan = .
~~

. (tan 8i + tan 
~~ 

(7)
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Assuming  a perfect gas , in terms of the known upstream

c o n d i t i o n s , E q .  (6) can be written as

-k
k Ic - 1 I~T i  cos 2~ 1q~ = -
~~
. P . M , - 1 + M 1 ) ( ) (8)

L i  i — cos~~

If 
~~~
, i s kno wn , the lift force can be calculated using

Eq. (4), first obtaining 8~ from Eq. (7), CL from Eq. (5)

and q~, from Eq. (8).

was determined for a range of 
~l 

using the data cor-

relations given in Chap . 6 of Ref. 13. 
~l 

fo r  the m i n i mum

loss inc idence was 6 3 de grees for the g iven blade shape ,

and opera tion at ±3 degrees from this condition was required .

First , using Ref. 13 , the devia tion ang le , 5 , was calculated.

J~ can be seen in Fig. 1 that the incidence angle , i , is

re la ted  by

= 

~ l~~~~
’ (9 )

and s ince , a l so  f rom the g e o m e t r y ,

= 

~l 
- 

~2 
= + i - 5  (10)

the o u t l e t  flow angle is given by

= ‘1 - + 5 (11)

The resul ts of calcula t ing ~~~2 using Eq . (11 ) and CL
us ing  Eqs .  ( 7) and ( 5) are lis ted in Tab le IV.

The highest CL (at ~2 
= 66 deg)  was used to ca l cu l at e

the maximum load on the blading. From Eq. (4) the total

__________  j



blade lif t was then L = 22 .91 lbf. If the lif t is dis-

t r i b u t e d  l i n e a r l y  in the d i r e c t i o n  of the chord and is

suppor ted b y forces L1 and L 7 at the front and rear p ins

resp ectively, then the situation is that shown in Figure 11 ,

where P is the pressure loading at the leading ed ge . The

to tal lift force is g iven by L = 1/ 2 P c B or P = 2 L/cB .

For the pr esen t design with AR = 1,

P = .
~.4 ~12)

The p ins  are s epa ra t ed  by a f r a c t i o n , x , of the  chord and

are located symmetrically with respect to the mid-chord

poin t . E q u i l i b r i u m  of the fo rces  on a l l  four  p ins  r e q u i r e s

t h a t

L 2 = - L 1 (13)

and summing moments  about  po in t  B g ives

L 1 (1 + x) + L 2 (1 - x) = 
~~~~~~ (14)

The loads at  the pins  are  t h e r e f o r e  g iven by

L 1 
— 1 1
- + -

~~~~~~~

and (15)
L 2 1 1

- ~~~ 

~~1T2~c

The sec tion of blade between the front p ins was trea ted as

a beam f ixed at each end and carrying a uniformly dis tri-

buted load . Using Eq. ( 15 ) and assuming tha t each pair of

p ins suppor ts half the blade sp an , for the fron t pins the

~51~~7 



- • - - —~~~~~~~~~~ -- ----~~~~~~ - . • .~~~ -• - --•-------~

load per u n i t  span , w 1, is g iven  by

2L L 1W
l 

= 
_
~~

- ~~~~~~
+
~~~~

) (16)

Several va lues of x were chos en , and the bending stresses

were calculated in pins of different diameter (and there-

fore tab width) . The variation in the area moment and

centroid of the tab section with x and the variation in the

pin  r ad ius  were inc luded  in the c a l c u l a t i o n .  A va lue  of

x = .5 and a p in radius  of .15 inch were s e l e c t e d .  For

- these dimensions , the tens i le  stress  on the lower por ti on

of the tab was calculated to be 20 ,000 lbf/in 2 . The ma ter-

ial selected for the blading was 7075-T6 Aluminum , wh ich

has a yie ld stress of app rox ima te ly  65 , 000 lb f / i n 2 .

F.  BY-PASS DUCTING

Par t  of the  f l ow  is removed f rom the cascade end w a l l s

by a scoop a r rangement  as shown in Fi gure  12.  The p r e s s u r e

drop was c a l c u l a t e d  fo r  t h i s  sec t ion  using a simp lif ied

mod el of the process. The assumptions and simplifications

are as f o l l o w s :

1. U n i f o r m  f low at a Mach number of 1 .4 , s t a g n a t i o n

pressure of 50 lbf/in 2 , and stagnation temperature of 520°R

dec elera tes due to a normal shock at 1.

2. The decelerated flow turns without losses , sus ta in-

ing losses in the sudden expansion process . The sudden

expans ion  a n a l y s i s  is g iven in Appendix  C.

28
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3. The f l o w  is s teady  w i t h  p e r f e c t  gas b e h a v i o r .

4. Gravitational forces are neglected.

For a normal shock from ups tream conditions (denoted

by x) at Mx = 1.4 , the downs tream condi ti ons (denote d by y) ,

which  w i l l  be the cond i t ions  at s t a t i on  1 in the  a n a l y s i s

from App endix C , ar e :

My = .74

= 2.12

~oy ”~ x = 3.05

Given t ha t

= 50 lbf/in 2

and at  = 1.4

= .314

then

= .74

~oy 
= = 47.88 lbf/in2

and

Py 
= P

~
(P
~
/P19(P~

/P
~
) = 3 3 . 2 8  l b f/ i n 2 .

Using P1 
= 33 .28 lb f/ in 2, V1 = 785 ft/sec (for

= .74), and A 1 = .47 in 2 and A 2 = 3 .39  in 2 ( f r o m

the cascade geomet ry)  in Eqs .  C-9 and C-7 of Appendix C ,

the  s t a t i c  p r e s s u r e  at S t a t i o n  2 was P 2 = 3 3 . 8  l b f/ in .

-
~ The expansion losses  c a l c u l a t e d  here  a re  l i k e l y  to be

g r e a t e r  than the  losses  which were  neg lec ted  in the f l o wI
L 
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turning. The by-pass duct is vented downstream at atmos-

pheric pressure , so tha t for these condi tions ther e is

- sufficient pressure remaining to operate the by-pass exhaust

— 
p r o p e r l y .  ~I t  is n o t e d  t h a t  d u r i n g  the s t a r t i n g  process ,

the flow conditions at the scoop entrance will be consider-

ably di fferen t and the pressure level difficul t to predic t.)
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V. CONCLUDING COMNENTS

This documen t reports the initial desi gn and fabric at ion

of a new , small test facility . In order to satisfy the goal

of simulating an existing rotor tip des ign at low cos t ,

a simp le rather than elaborate and more flexible apparatus

was bu i l t.

Initial tests are required to verify :

(1) nozz le flow uniformi ty ,

(2) proper operation of by-pas s ducts ,

(3) adequate strength of blade attachments , and

(4) proper flow cond it ions in the cascade .

The slo tted sec tion will be added to the end of the upper

nozzle block after completion of items (1) and (2). Slots

will be machined into the nozzle block and vented through to

the upper by-pass duct. This arrangement should also assist

in starting the flow when the blading is ins talled .

Instrumentation for the initial tests will consist of

an impac t pre ssure rake and static pr essure taps in the

nozzle and test section walls . A window section containing

pressure  taps s imu l at ing the p att ern of p r e s s u r e  taps in the

compressor will be added when Schlieren observa tions of the

flow in the cascade have been made and are sati sfactory .
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- TABLE I . Compressor Rotor Tip and Casc ade Blade Data

Roto r  Ti p Cascade

Scale Fac to r  (z) 1 0 . 7

S tagger  Angle  (y )  59 d e g ,  44 m m , 59 deg ,  44 m m ,
35 sec 35 sec

Camber  Angle  (~) 
4.7 deg 4.7 deg

Blade Spacing  ( s)  , in 1.92 0  1 .344

Blade Chord (c) , in 2 .688  1.882

Leading ed ge and t r a i li n g
edge r ad i i , in .005 .003

Suc tion side rad ius , in 16 .33 11. 431

Maximum thickness , in .065 .045 

~~~~ j
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TABLE II . Perforated Pla te Data

Pl ate A Plate B Plate C

Thickness , in. .1875 .1875 .1875

Hole D i a m e t e r , in .  . 2 5  .6 2 5  . 7 3

P i t c h/H o l e  D iame te r  1.5 1.4 1.33

Thickness /Hole  D i a m e t e r  ~75 .3 .25

~ P , l b f/ i n 2 .49 .57  . 4 4

Holes  are  on an e q u i l a t er a l  t r i a n g le p i t c h .  P i t c h  is

the d i s t ance  be tween  hole  centers. ~P was calculated

for  the  s e tt l i n g  chamber f l ow  cond i t ions . 

— - -  ~~ - - -~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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TABLE III . Supe r son i c  N o z z l e  Coord in ates

1 X ( I N C H E S )  Y ( I N C H E S )  I X (INCHES) Y (INCHES)

1 0.000 2.086 21 10.207 3.075
2 0 . 5 0 0  2 . 3 2 1  22 10.801 - 

3.057
3 1 .000 2 . 5 3 7  23 11.321 3 . 0 4 4
4 1.500 2.728 24 11.948 3.032
5 2 . 0 0 0  2 . 8 9 1  25 1 2 . 5 8 4  3 . 0 2 3
6 2 . 5 0 0  3 . 0 2 3  26 1 3 . 2 3 0  3 .016
7 3.000 3.123 27 13.883 3.012
8 3 . 5 0 0  3 .192  28 14. 429  3 . 0 0 8
9 4 . 0 0 0  3 . 2 3 3  29 14 .913 3 . 0 0 5

10 4 . 5 0 0  3 . 2 5 0  30 1 5 . 3 7 9  3 . 0 0 2
11 5 . 0 0 0  3 . 2 5 4  31 15.881 2 . 9 9 9
12 5 . 5 0 6  3 . 2 4 7  32 16.365 2 . 9 9 6
13 5.933 3.238 33 16.849 2.993
14 6.440 3.223 34 17.333 2.991
15 7 .017  3 . 2 0 2  35 17.817 2 . 9 8 8
16 7 . 4 3 6  3.186 36 18.301 2 . 9 8 5
17 7.881 3.167 37 18.786 2.982
18 8.597 3.137 38 19.270 2.979
19 9.106 3.116 39 19.754 2.977
20 9.642 3.095 10 20.238 2.974

COORDINATES 1 through 28 ARE FOR THE BOTTOM NOZZLE BLOCK.

COORDINATES 1 through 40 ARE FOR THE TOP NOZZLE BLOCK.

TABLE IV .  C L Tabu la t ed  for  Var ious  Va lues  of

~2 
(deg) CL

60 . 0 5 7
61 . 106
62 .156
63 . 2 0 8
64 .262
65 .318 - ;
66 .3 7 6
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Fi gure 6. Cascade Wind Tunnel ( f rom u p s t r e a m )
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Fi gure 7 .  Cascade Wind Tunnel  ( f r o m  downs t r eam)
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Figure 8. Nozzle Wall Correc tion for Boundary Layer
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Fi gure 10. D e f i n i t i o n  of 8 and W
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APPENDIX A

TRANSITION SECTION DESIGN

1. Approach

A transi t ion from a round sec tion to a s m a l l e r  rectan-

gula r  sec tion was des igned to join the se tt ling chamber to

the n o z z l e  b l o c k s .  At the ups t ream end of the sec t ion  the

wal l  is c y l i n d r i c a l .  At the downst ream joint , where the

cross sec t ion  is r ec t angu la r , the side w a l l s  are  p a r a l l e l ,

and the upper and lower contours  are converg ing towards  the

n o z z l e  t h r o a t .  Po lynomia l  express ions  were assume d fo r  the

wal l  con tours  in the horizontal and vertical planes , and

the r~ quired boundary condi t ions  were s a t i s f i e d  to de ter-

mine the unknown coefficients in the polynomials. Then , a

radius  was added as shown in Fi gure A - 3  so tha t  the typ ica l

cross sec t ion  at any s t a t i o n  was a r ec t ang le  w i t h  rounded

corners .  The condi t ion  appl ied to ca lcu la te  the corner

radius was that the deriva t ive should be zero at the up-

stream end , and that the ra te of change of area at the exi t

should match tha t  of the n o z z l e  b locks .

2 .  Method

For the v e r t i c a l  p lane  p r o f i l e  shown in F i g u r e  A - l , the

contour  is g iven by

w = a1z
2 

+ b 1z
3 

+ c1z
4 

+ d1z
5
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and s a t i s f i e s  the  c o n d i t i o n s  t h a t

w (0) = 0

w ( L )  = R 0 
- H/2

dw
= 0

dw
dz 1’

2d w  . . . .—~- (z  ) = 0 ( i n f l e c t i o n  poin t  is at the j o i n t )
dz °

2
= - l/r *

dz

From these condi t ions:

[36 (R  . .H/ 2 )~~6L Z /r *] [ ( L . . z0)~~(L 2
~~z 2 ) / L ] + [ l 2 ( R  - H/ 2 ) ( L - z  )~~L 3/r *]

d = 
0 0 0 0

36L 5 [ ( L - z 0 ) - ( L 2 -z 2 ) / L ]  -L 5 [ l 8 ( L - z ) - 2 0 ( L 3 -z ~~~~L 2 ]

c 1 = [6 ( R 0~ H / 2 ) ~~L 2 /r * ]/ 2L 4 
- 3d1L

b 1 = 1- 2 ( R 0 - H / 2 ) / L 3] - 2c 1L - 3d 1L 3

a
1 

= -l/2(3b 1L + 4c 1L
2 

+ 5d 1L 3)

For the horizontal plane profile shown in Figure A - i , the
contour  is g iven by:

v = a 2 z 2 
+ b 2z

3 
+ c2z

4

and satisfies the conditions that ,

v ( 0 )  = 0

v (z )= R0 
- 3/ 2

4- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _



___

dv 0) 0

dv
a.~

(z o) -

) = 0
2 odz

From these conditions :

a 2 = 6/z0
2 (R0 - B / 2 )

b 2 = -4/ 3 (a 2/ z 0)

c 2 = a2/ ( 2 z0)

The corner radius is given by

(r/ R0) 
2 

= a 3 + b 3( z/ z 0) + c3 ( z / z 0) 2 
+ d 3 ( z / z 0) ~

and s at i s f i e s  the cond i t ions  t h a t :

r ( 0 )  
= 1R 0

r ( z )
~~

R 0~~ 
= 0

dr 0)

and

= ~~t. [28(R 0 
- W ) ]  at z = z0

where

A = 4 ( R 0 
- v) (R 0 - w) - r 2 (4  - ~r )  



- _ - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

From these condi t ions ,

a 3 = 1

b 3 = 0

=

d 3 = 2 / ( z 0/ R0)
3

3. D e s i g n - P r o g r a m

The equations in the prec eding paragrap hs were used in a

BASIC l anguage  p rogram “BLMTH ” w r i t t e n  fo r  the H P - 9 8 3 0 A  ca l -

c u l a t o r .  The p rogram accepts as inputs  the overa l l  l eng th

of the t r a n s i t i o n  sec t ion  to the nozzle throa t , the dis tance

requi red  to the j o i n t , the n o z z l e  th roa t  rad ius , hei ght  and

width, and the inlet pipe radius. The program calcula tes

the contour s in the ver tical and horizontal planes , the

value of the corner radius as a function of distance , tabu-

la tes  these values  and p lo t s  the contours  as shown in F igures

A - 2  and A - 3 .  The data input  to ob ta in  these f i gures  were  as

fo l lows :

pipe radius  = 5 inches

n o z z l e  wid th  = 1 .882  inches

th roa t  he igh t  = 3.331875 inches

radius  at the
th roa t  = 77.1  inches

t o t a l  l e n g t h  of
sec tion = 12 inche s

d i s t ance  to j o i n t  = 6 inches

A lis t ing of the program is given in Table A -I and a tabulated

ou tpu t  is g iven  in Table  A - I l .  —
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4. Modifica t ion to the Design

The desi gn developed in the preceding sec tion could not

be machined wi th available equipment and the male form for

the section was made in the following way . An axisymmetric

form was machined first following the contour computed for

the vertical plane. The form was then machined vertically

along the sides to produce the con tour computed for the

horizontal plane . The resul ting corners were radiused by

hand.
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Figure A-3 . Cross Section Contour from “BLMTH”
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APPENDIX B

SUPERSONIC NOZ:LE DESIGN

1. NSWC Program

Four desi gns were calculated . Inputs common to each

desi gn wer e , Mach number  = 1.4 , Exit half-hei ght = 2.364 in ,

and Gas = air (k = 1.4). Contours were calculated for a

(calculated) minimum length of 4.212 inches and lengths of

6 , 9 , and 12 inches.  The rad i i  at the t h r o a t s  were  - 3 . 3

x 1O 4, 20.9 , 37.7 , and 60.6 inches respectively. The 12

inch n o z z l e  was used in the cascade des ign .  The computer

p r i n t o u t  is g iven in TABLE B - I .

2. Method of Characteristics Program

The differen tial equations for supersonic flow in two

d i m e n s i o n s  can be solved by the method of c h a r a c t e r i s t i c s,

and the con tour s  of supersonic  n o z z l e s  can be ob ta ined  by

several  t echn iques  which  use th i s  approach .  The t echn ique

o u t l i n e d  in R e f .  9 was f o l l o w e d  here .

a.  Method

The n o t a t i o n  used is shown in Fi gure  B - i .  Each

reg ion is labeled (a ,b) , where  ‘ a ’ denotes the number of

degrees  of t u r n i n g  produced by waves f rom the upper su r f ace

and ‘b ’  deno tes the number of degrees of turning produced

by waves from the lower surface . The local flow angle is

then (a-b) and the total turning (a+b) . The angle with

_  ~~~~~ - -- ---- -~~~ - -~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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respec t to the horizon tal of a right running char ac teris t ic

is the d i f f e r e n c e  be tween  the Mach angl e and the loc al flow

angle. The angle wi th respe ct to the horizontal of a lef t

running charac teristic is the sum of the Mach angle and the

local flow angle . For each regi on the Mach number mus t be

found . The procedure is as follows :

(1) The total turning (U) produced by the flow is

determined from the design Mach number (M 1) using

U =~/~~ 
tan~~ J

~~~~~ (M
1
2
~ l) tan~~ JM 1

2
~ i (B-i)

(2) The degree of turning that each step in the

strai ght line construction of the contour will

p roduc e is calculated fr om

D = U/2N (B-2)

where N is the number of charac teris t ics us ed.

The length of each of these initial steps is

fixed as Xl. New ton ’s me thod is then used to

solve Eq. B- i for the Mach number in each reg ion .

(3) The Mach angle (~ ) in each region is found using

1
p = tan 1 

2 (B- 3)
~jM -l

(4) The angle of the charac teris t ic itself is taken

as the avera ge of the charac teris t ic angles for

the Mach numbers in the adjacen t reg ions .

~ 

~~~~~~~~~~~~~~~~
-- -

~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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b . Program Description

Inputs to the progr am are the number of charac ter-

is t ics (N) , the step size or length of the straig ht wall

sec tions in the initial expansion (Xi), the desired Mach

number (M1) and the tes t sec t ion height (H) . Equations B-i

and B—2 are used to determine the wall turning angle for

each step . A*/A is calculated using the isentrop ic rela-

tion ,

r k- i 2 1  k+l

A* ~~~~~~ N1 
- 

2 (k-l)
= M~j k÷I

L 2

The throa t half-height (Hl) is given by

Hi - 
H(A*/A)

2 -

Referring to Figure B-l , first the coordinates of points

P(l) through P(N) are calculated using the degree of turning

(D) and the length (Xi) for each wall section. The x co-

ord ina t e  of P is P( 1 , I)  and the y coord ina te  is P ( 2 , I ) .  For

the Ith  point ,

P(l ,I)= P[l,(I-1)] ÷ xl cos [ ( I - l ) D ]

and
P(2 , I)  P[2 , ( I - i ) ]  + xl sin [ ( I - l ) D ]

Succeeding po in t s  are ca lcu la ted  as the i n t er s e c t i o n

of a l e f t  running c h a r a c t e ri s t i c  w i t h  a r i g h t  runn ing  c h a r -

ac teris t ic whose angles are known and from points whose

coord inates are known .
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Referring to F igure B - 2 , when the coordina tes P1 (x 1,y 1) and

and P2 (x 2,y1) and the ang les (0 i and 0,) of the character-

is t ics are known , the coordinates of P3 can be c a l c u l a t e d

us ing the equat ions

y3-y1 
-

tan 0 = (B-4)1 x3-x 1
and

tan 8 = ( B - 5 )2 x3-x 2

C o m b i n i n g  Eqs .  B -4  and B - S

x 2 tan 0 2 - y2 + y 1 - x 1 tan 0 1x 3 = _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

tan 
~ 2 - tan  01

and

y3 = (x 3 - x 1) tan 0 i 
- y1

The p a t h  of the c a l c u l a t i o n s  is shown in Figure B-l.

Points a long the lef t running charac teris t ics are computed

f i r s t , beg i n n i n g  at  the  po in t  of symmetry on the  nozzle

cen terline. At Q(l) , the  wal l turns back through an angle

(0) to cancel the characteristic. These points are calculated

in a sim i lar manner us ing the wall slope in plac e of the

r i ght runni ng ch a rac te ri s tic . Each lef t running charac ter-

istic is treated until point Q(N) is reached.

BA S IC pro g ram “NO ZLE ” was written for the HP-9830A

calcu lator to carr:-’ out the above procedure for an arbitrary

cho ice of step size and Mach number. The program listing is

gLven in TABLE B- l I. 

-- -  
_ ,~~~~±±_~_ 
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c . Nozzle Des ign

Shown in TABLE B-Ill and Figure B- 3 is the output

from pr og ram “NOZ:LE” for the same inputs used for the NSWC

con tours listed in TABLE B- I . A comparison of the nozzle

des igns  is g iven in the follow ing table:

NSWC NSWC M m .  “NOZ~ LE”12” Nozzle Length Nozzle a -
Nozz le length, in 12 4 . 2 12 5 .27

Percent error in area ratio .001 .001 .021

As can be seen , “NOZZLE ” provides a very rapid expansion .

This is because a design cons traint is tha t the init ial

expansion be complete before the first left running charac-

teris tic arrives at the wall . Accuracy in the final ar ea

rat io can be improved by increasing the number or character- ‘

is t ics .

j
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C a l c u l a t  ion
Path

7- *

Q= 1

- , NP~ l (N D ,0)

2D , D) ( ND , D)

D , 0) (ND , 2D
( 7 - D  D ’5

(ND , ND)
(0,0 (D ,D

— ( 2 D , 2D)

N = number of c h a r a c t e r i s t i c s

U = to t a l  tu rn ing  angle

D = U/ 2N

P ( l ,N) = x coordinates of P = 1 to N

P(2,N) = y co ord ina tes of P = 1 to N

Q(l ,N) = x coordina tes of Q = 1 to N

Q(2,N ) = y coordina tes of Q = 1 to N

R(3 ,N) = angle of left running characteristic
for  each step

P(3 ,N) = angle  of ri ght running characteristics
for  each s tep

Fi gure B- i. No ta ti on for  Pr ogram “NO~~ LE”
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Right Runnin g
Characteri stic

P 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

P 3

L e f t  Runn ing
Characteristic

F i g u r e  B - 2 .  Po in t  to Point  C a l c u l at i o n
I l l u s t ra t i o n  fo r  Program 11NOZZLE” .
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APPENDIX C

PRESSURE DRO P IN A SUDDEN EXPANSION PROCESS

Figure C-i shows an expans ion  process  in a duct , f rom

u n i f o r m  cond i t i ons  at s t a t i o n  1 to u n i f o r m  condi tions down-

s tre am at a larger are a at s ta t ion 2. The assump tions are:

(1) The flow is steady and adiabatic with perfect gas

behavior , and

( 2 )  G r a v i t a t i o n a l  fo rces  are n e g l i g i b l e .

From continui ty

p 1A 1V 1 = p 2A 7V 2 
= rn (C-i)

From momen tum conservation

-p 1A 1V1
2 

+ p 2A 2V 2
2 

= P1A 1 
- P2A 2 

(C - 2)

From energy conserva t ion

H t i  = H tZ (where  here , H denotes  entha lpy )

which for  a pe r f ec t  gas g ives

T ti = 1t2  
( C - 3 )

I f  

~ 0 = \ /2 cp T t

is the Ch limi ting C? veloci ty, a non-dim ensional velocity , X ,

can be defined as
V -
A

0
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‘ C  -~~~~~~--—---- —-  - . -‘-‘-~~~~ 

From the p e r f e c t  gas equa t ion  of  s t a t e

P P P P
p 111 ~2

’
~
’
2 ~

Ttl PTt2

Since the f l o w  is a d i a b a t i c

Tt1 = T t2  = Tt

and Eq.  C - i  then become s

p A

p 7-
4.

also

= T + - ~~— = T + X 2Tt

so tha t

T~~
( l -X i

2 ) =

and - ( C - 6 )
Tt(l-X 2

2
) = T 2

From E q. C - 4 , Eq .  C - 5 , and Eq .  C -6

( l - X  2 ) X A 2
- 

( l -X 2
2 ) A 1

Div id ing  E q.  C - 2  by p 1A 1V 1 and us ing  E q.  C - S  and Eq.  C - 7

X2 P A 2 2 (l-X 2
2) X A1

- 1 ]  = - 
1

2 ~~~~~ 
[ 1 -  2 :~

:— (C- 8)
1 p 1V 1 ( l - X 1 ) 2 2

and since

2 

RT 1P1 
= 

k - i 2 c T t ( i -X 1
2) 

= 
k - 1

p 1V 1 P V 1 2k 2k



- -‘a- ’ ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Eq . C-8 become s

[~~~ X1
2] ( 2)2 - (1 - X1

2
) ÷ 

~~~~~ 
x1

2 J (~~) + 1 0 (C-9)

P 2 is ob t a ined  by so lv ing  Eq .  C- 9  for  and s u b s t i t u t i n g

for X2 in Eq . C-7.
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Figure C-i . Expansion Process in a Duct 
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APPENDIX D

MACHINE DRAWINGS OF COMPONENTS

Drawing No . Title

5102 Lower Nozzle Block

5102-A Upper Nozzle Block

5103 Nozzle Side Plates

5103-A Nozzle Side Plate Flange Mounting

5104 Diffuser End Pla tes

5105 Window and Window Suppor t Ring

5106 End Passage Exhaust Flanges

5107 Main Exhaus t Flange

5108 Blades and Mounting Pins

5109 Window Blade Moun ting Holes

5110 Passage Exhaust Scoops
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