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ABS T Rf~CT

The starting process of supersonic flow in a nozzle

followed by const ant area , straight duct diffusers was
• studied in a Ludwieg tube equipped with an upstream

diaphragm. The time required to establish steady flow
• from rest at the exit of the supersonic nozzle was

determined from shadowgraph pictures of the flow field ,

a’id from static pressure measurements. The initial

pressure ratios across the diaphragm to start the super-
sonic flow at the nozzle exit are also reported. They

are compared with the minimum pressure ratio required to

sustain the flow at the nozzle exit during the first flow

cycle of the Ludwieg tube operation.

The flow Mach number is M~ 2.8 and nozzle exit area

and diffuser cross section are (2x2) in2 . Various lengths

of diffusers were used with L/D~ O , 1.5 , 3 , ‘3.5 , 6. Within

• the range (2.8x10
5 
to l.7x10

6
) of Reynolds numbers , Re D, as

base d on the nozzle exit hydraulic d iameter , the experimental
results were unchanged. Starting times at the nozzle exit

with boundary layer suction to remove 2% of the total mass
flow rate applied through a slit at the nozzle exit were

16—33% lower than the ones obtained without suction , for a
3 inch long diffuser. For the same diffuser , the limiting
initial pressure ratio across the diaphragm that allows the

smooth start of the supersonic flow at the nozzle exit , was
unchanged by suction .

_ _ _ _  --“• • •--• . • - -• —
~~~-
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N OMI N C LATt ~RE

a speed ~f ~ound

A are a , ~~~~z le  ex i t  area ~ ( 2 x 2 )  in 2

D h y d r a u l i c  diameter at nozzle exit (‘3 times area

divid ed by perimeter) , ~2 inches
hei ght of t he  nozz l e  at the th roat , ~0.q72 inches

characteristic length of the nozzle , defined as
V R~h~ 1. 89 inches

L diffuser length

M Mach number , v/a

shock Mach number
average shock Mach number

p static pressure
radius of curvature of the dive rging section of

the nozzle conto ur at the throat , ~7.6’3 inches
Re
D Reynolds number based on hydrauli c diameter and

test se ction free st ream parame te rs , ~vpD/~i

t time

t time interval be twe en the arrival of the shock at
c

the nozzle t h r o a t  and the occurren ce of the spark
t t o t a l  s t a r t i n g  time , ~t 1 +t~~5

t dim en sion 1t’~;:; st art i n k ’ time , ~t It
S ~ f

t~~1 t :ime c 1 i i ~:; i ~d f ro i~i t h e  d i  ip h r a gm  rup t u r e  u n t i l  shock
wave’ i rrive:; •~t -~~ ~i e i  li e location

t time he tw e e n  t he ar r  i va I of  t lie hock and thes2
a t t a i n me nt  ot  t he  S t  ‘ idy  f r e e  s t r e  am p r e s su re

T t e m p e r a t u r e

v f low speed

x a x i a l  d i st a n c e , n u z z f t  l x i  t x~ 0

p density 

-~~~~~~~~~~~~~~~~~~~~~ —~~~~~~~~~~~~~--• - _ _ _
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iv

dynamic viscosity

T
f 

cha rac te r i s t i c  flow time , defined by i/a~~~0.l53 ms

Subscripts

1 downstream initial conditions before di~ phragm rupture

‘3 upstream initial conditions before diaphragm rupture

3 c o n d i t i o n s  ups t ream of nozz l e  a f t e r  the dur ing
exp ansion fan has passed into the supp ly tube first

o n o z z l e  supp ly cond i t ions  cycle

n conditions at the nozzle end Ludwieg
t ubed cond i t ions  at the d i f f u s e r  end

~
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~
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I. INTRODUCTION

With the development of gasdynamic lasers , new int erest
has arisen in the study of supersonic flow diffusers . The

steady state performance characteristics such as pressure

recovery and diffuser length for  op t imum recovery of Straight
duct , constant area and variable area diffusers , were most
recently investigated at our labora tory  by Merkli (l975a , b ,

1976 ) in a continuous wind tunnel. Starting time s and initial
pressure ratios needed to start supersonic flow at the nozzle

exit have also been reported by Merkli and Abuaf (197 6 ) who
used a Ludwieg tube with upstream and downstream diaphragm
locations.

The Ludwieg t ube , or the tube wind tunnel ( Ludwieg 1955) ,
is an intermittent wind tunnel where the supply tank is rep laced
by a long tube . A converging-diverg ing nozzle generating super-

sonic flow in a test section is located between the upstream

and downstream sections. A diaphragm , separating the high
pressure side (P

’3~ 
T4

) f rom the low pressure one (p1, T1),
before flow is initiated , can be p laced either upstream or
downstream of the test section. Ludwieg used a downstream

valve and Hottner (1965) was the first to conduct experiments

with an upstre am diaphragm location. Falk (1963), Talk and
Hertzberg (1967) , and Falk (19 68 ) presented an approximate
wave diagram for the starting process where the nozzle was

rep laced by a zero length section , followed by a constant
area test section. Davis and Owin (1967) and Davis (1968)

gave a similar wave diagram for the flow process in a Ludwieg

tube. Moreover they reported experiments with an uN;tream

diaphragm location resulting in starting time s that were 55
per cent  shor te r  than  those ob ta ined with d downstr eam
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diaphragm location. Figure 1 represents the wave diagram of
the Ludwieg tube flow aft er diaphragm rupture after Davis
and Gwin (1967) and Miller (1968). The general nature of the

flow as indicat ed in this simp lified diagram is basically
correct , but the wave process in the throat reg ion is in
reality more comp licated due to reflections of the shock
wave from the  converg ing walls of the nozzle. A more detailed
wave analysis of the s tarting process is in fact needed to
predict a more realistic wave diagram of the flow field .

The flow in the Ludwieg tube is initiat ed by the rupture
of the diaphragm . In the case of an upstream diaphragm a

backward-facing centered expansion fan propagates into the

supply tube. This fan is reflected off  the closed end of this
tube and it return s to the nozzle throat . This process is

called the first flow cycle . The expansion wav e sets the gas
in motion and it slight ly lowers the local pressur e and
temperature (p 3, T3

) ahead of the nozzle. Since the flow speed
in the nozzle supply aft er pass age of the expa nsion fan is
low , p3~ p0 

and T
3~ 

T0, where the subscript o r e f e r s  to th e

nozzle suppl y conditions in analogy to conventional super-

sonic wind t unnels. Expressions relating all propert ies of
the c’ i .; during the first flow cycle have been der ived  b y
Cable inJ Ccx (1963) and Davis and Gwin (1967). Subsequent

to tIe r u l t ui of the diap hragm , a shock wave and a co nta c t
s u r f i : e  pr .cce I downstream through the nozzle and test section.

A l d it i n il w ives follow the contact surface that separates

the  gas  i n i t ia l ly  i n  the  supp ly  t ube  and the  d o w n s t r e a m  t u be ,

to ad just the nuzzle t e s t  section pressure to  the  fr ee s tr e am

pre ssure corresponding to the desi gn Mach number expected

at th e noz z l e  exit for a given nozzle.

The total starting time , t~~, at 1 fixed location is defined

is the time that elapses between the r u p t ur e  of the diaphragm
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and the e s ta b l i sh m e n t  of s t e a d y  f low , i.e. cons tant pres su re
at t h a t  loca t ion. The s t a r t i n g  t ime  is t h e  swn of two t i m e

i n t e r v a l s  as no ted  in F igure  1. For one t~~1 g i v e s  the  e lapsed
time from the diaphragm rupture until the sho ck wave arrives
at the specific loc at ion , and t~~2 ,  denotes the time between

the arrival of the shock and the attainment of the st eady
free stream pressure . This total starting time definition is

dependent on location. At each point of the flow field a

different total starting time will be recorded.

In the present report we have investigated the starting

process of the superson ic  f low at the  n o z z l e  and di f fuser
e x i t s  r e s p e c t i v e l y  by means of spark  s h a d ow g r a j h
p i c t u r e s  in which  the  d i f f e r e n t  phases of the  f low can be
seen. The results compare well with the st at ic pressur e
measurements performed at the same locations. The results

of the flow st :arting times and correspondine initial pressure

ratios needed to start the flow at the nozzil e exit , are

ex t ended  to a wider range of initial uostream pressures and

Reyno lds  n u m be r s  than  the r e s u l t s  p r e v i o u s ly r e p o r t e d  (M er k l i

and Ab u af  1976). Moreover the effects of boundary l ayer

suction at the nozzle exit on starting tiTne was determined.

I I . E :J [ : r \ J M L N T A L  M ETHODS

The e xp o  t imen  t al in v e s t  i g ot  i on was c on d u ct  ed in the Y i  1 e

l u d w i e g  t ube  w h i  ch was describe ] in d e t a i l  in  our last i c j o r t
( M e r k l i  and Abuaf 1976) . f h ~ u p st r e a m  t u b  ( 1 . ~ inches ID ,

22  f e e t  l o ng)  ani the downs t r u ii i i  tube (3. 7; i nches ID , 2~ feet

lon ,~ 2 it
3) se c t  ions  r e sp~~~:t  I v i s  h ive  10 0 cm l: to i~ coni~~~l i t i

the tot ii t u b e  lenrt h w ithin t h e  c o n f i ne s  of th e  1 ora l s’
( F I c . 2a ) . The ;lowns t r eam se c t  i o n  w ~~: con l i ec  t c i to  i dump

tank (17 1 t~~) t o  reduce t h e  e t  feet ci sh ock  wave  r e f l e c t  i n s .



The 2 ’3 inch long t es t  section , (2x5 )  in2
, is connected to

both the upstream and downstream sections by two transition
p ieces .  For the reported experiments the diaphragm ( 3 mil
Mylar  sheets ) was located at the u p s t r e a m  end of the tes t
section ( 1.81 inches from the nozzle entrance). The dia-

phragm s were sc ratched along diagonal lines with a razor
blad e and they were ruptured by an X-shaped cutter. This

preparation prevents diaphragm pieces from flying th rough
the test section .

A 12 inch long converging-diverg ing nozzle is placed
in the test  sec tion , leaving another 12 inches of test sec-

tion for the installation of various diffusers . The two-

dimensional nozzle contour was based on method of charac-

teristics calculations for a uniform M~ 3 flow at the nozzle

exit without a boundary layer correction (Merkli 1976). The

throat , (0.’372x2) in 2 , is located at ‘3 inches from the

nozzle inlet and the nozzle exit area is (2x2) in 2. Metal

side walls with holes at 1 inch intervals along the flow

axis allow pressure measurements to be performed. For these

static pressure measurements Kistler Model 606L quartz
pressure transducers (rise time 3 ps) are used with a Kistler

Model 50’3 charge amplifier.

Aft er placing the diaphragm , in a typical experiment both
the upstream and downstr eam sec tions are pumped down to a few
torr. The upstream section is next filled with dry air (dew

point better than 213 K) to a given initial upstream pressure ,
which is measured either by a Wallace a Tiern in Model

FA1’35 pressure gauge (0-120 inches of mercury , ± 0 . 2  inches

Hg) or by a Wallace S Tiernan Type FA187 mercury manometer ,

capable of measu ring an accuracy of 0 .1 torr in a range of
0-800 torr . The initial downstream pressure , p1, is nex t set



to the required value by b l e e d i n g  a i r  f rom the a t m o s p h e r e
and it is measur ed by Wallace S T i e rnan  Model  FA 16O gauges
(0 -100  torr  or 0 - ’ 3 O O  t o r r) .  The b reak ing  cf t he  diap hragm
i n i t i a t e s  the  f low through the  tes t  s ec t i on .  The o u t p u t  of

a p re s su re  t r ansduce r  located at the n o z z l e  en t rance  (x ~~-ll
inches)  t r iggers a fou r  channel storage oscilloscope
(Tek t ron ix  Model  5 1 03 N ) .  Typ ical osc illograms of the  pressure
van e t ion  as a f u n c t i o n  of t ime are g iv e n  in Fig . 25 .

Two plexiglass windows allowed shadowgrap h and schli e r en
observa t ions  of the e n t i r e  n o z z l e - d i f f u s e r  f low a rea .  For the

shadowgraph p ic tures  of the f low f i e l d  a spark source was
use d with a collimating lens (‘4 inches in diameter) as noted
in Fig. 2a. The output of a pressure transducer located at the

th roa t ” and sensing the arrival of the shock wave , t r isg ered
a Hewlett Packard 5 233 L electron ic count er and a General
Radio Corp. Type 1392-A time delay generator. After a preset

time delay , an output from the time delay generator triggered
the short dura tion high voltage (1 ~s , 7500 v) spark source.

The output of a light sensitive phototra nsis tor w as used to
stop the electronic counter at the occurr ence of the spark.
Thus the time period betwe en the arrival of the st arting shock
at the nozzle throat and the recording of the photograph can

be directly read fr om the e lectronic counter within an
accuracy of 1 p5 .

III. EXPERIMENTAL RESULTS

1. STARTING PROCESS

The pressure transducer to trigger the counter and th tlv
delay generator was located at the th roa t  because  at th i Inc
tion a well d efined shock wave and pressure pulse appear . ~lii~
scheme eliminates the Uncertainties involved in the  non-repro-
ducible breaking of the diaphragm.
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When the upstream diaphragm of a Ludwieg tube is ruptured

a wav e patter n as presented in Figure 1 develops in the nozzle
followed by the straight duct diffuser. The present experimental
resu l t s  gene ra l ly  agree w i th  t h i s  p i c tu re .

A. Shadowgraph p ictur es of the starting process

Subsequent to the rupture of the diaphragm a shock wav e
travels along the nozzle-diffuser duct (Fi g. 1). This fact is

obs erved in th e t y p ical shadowgraphs presented in Fig . 3 tal on

at different locations and times. An upstream supp ly press ure ,

p0~ 966 torn , an initial downst ream pressure , p1~~l SO torn , were

used with the nozzle followed by a 6 inches long diffuser of
constant cross section . The photographs are given at full scale.

The vertical solid black 1ines ’~ are str ings at tach ed at r e f e r e n c e

points along the tes t section in order to deter m ine the locat ion
of the shock wave. The first picture shows the pressure trans-

ducer located at the throat and the las t picture in the sequence

dep icts the shock leaving the end of the diffuser. The bound-

ary layer estimated to be less than 0.09 inches at the nozzle

exit for the present experimental conditions is not visible
in the pictures. The x-t diagram for the shock wave , for  the
i n i t ial pressure ratio , P’4

/P 1~
6.67 is presented in Fig. ‘4 as

obtained from similar shadowgraph pictures. In the same figure ,

a theoretical curve is plotted for comparison. First an

initial shock Mach number WdS calculated for the given pres-
sure rat io , P’3

/P1~
6.67

~ 
by using ‘the following relationshi p

(G la s s  and H a l l  1959)

1/6 [7M 2 -l].[l-l/ 6 (M -1IN )F 7

All the extra lines present in the pict ure ar e caused by
scratches on the plexi g lass w i n d ows .
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valid for the case of air/air and a constant area shock

tube . The variation of the shock Mach number with the cross

sectional area as it travels through the converg ing-diver-

ging nozzle was taken into account by the following expre s-

sion (Chisnell 1957 , Whi tham ’l958)

dA 2 M  dM
_ _ _  

S

A ( M 2 -l)  K ( M  )
S S

An expression for the function K (M
5
) is given in the above

references. The x-t diagram for the shock wave is drawn

knowing the speed of sound for T
1~~296 1< and the variation of

the shock Mach number , M5, along the nozzle. The experime ntal
results recorded downstr eam of the throat agree well with the
theoretical predictions with a m aximum deviation of 12 %.

Shadowgraph pictures were also taken in the vicinity of
the 6 inch diffuser exit for various initial pressure ratios ,

p
’4

/ P 1, recording the location of  the shock wave and t he  t i m e
it took for the shock wave to travel from the nozzle throat

to the specific location . This provided an average experi-

mental shock wave Mach number , 
~~~ 

The results are depicted
in Fig. S where a solid line gives the shock Mach number as
predic ted by the constant area shock tube theory (Glass and

Hall 1959). Moreover a dashed line gives an average shock

Mach number calculated by taking into account the area change
along the nozzle (Whitham 1958). As observed in Fig. 6, the

experiment al results show scat ter , however th ey are s t i l l

within ± 10 % of the latter predictions . The experimental

average  shock Mach n u m b e r s  are lower t h a n  the  predicted ones

for the low pressure ratios. Conversely they are hi gher b r

the higher ones. The speed of the d i a p l i m i g m  rupture depends

strongly on the initial pressure r at i o .  I flee the n o z z l e
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entrance is very close to the diaphragm location (at 1.81

i n c h e s) , the  e f f e c t  of the diaphragm rupture will therefore

a f f e c t  the  e x p e r i m e n t a l  r e s u l t s .

Accord ing  to Fi g.  1, the  u p s t r e a m  faci ng wav e*
the i n t e r f a c e  w i l l  a d j u s t  the  p r e s s u r e  leve l  at a g iven
location to the ste ady fre e st ream pressur e which corresponds
to the local  Mach n u m b e r .  Fi g .  6 p r e s e n t s  f o u r  t y p ical
shadowg raphs taken with P4’P1~

6.67 at different tim es for

the same t est section confi guration. The pict ures show the
ups t r eam fa c i n g  wave which  is forme d by the effects on the

flow by the interaction of the initial pressure ratio and

the local steady free stream pressure . The wave as expected

beco mes stronger and thus more visible dow nstream of the
nozzle throat. This wave moves then downstream and stops
at a g ive n location along the tes t section which is mainly
determined by the initial pressure ratio , P’3

/P1~ 
The x-t

diagram for this wave as obtained from similar shadowgraph

pict ures is shown in Fig. 7. The time measured here ,

corresponds to the  t ime i n t e rva l  be tween  the a r r iva l  of the

shock at the nozzle throat and the occurrence of the spark ,

i.e. the instant at which the picture is taken. The x-t

diagram for the starting shock is also p lotted on the same
figure for comparison. The results agree qualitatively with

the wave pattern presented in F.ig. 1. At this stage , thv~ r

r e s ult , z for  the  ups t ream fa c i n g  wave  can not he compared with a

theore t ical curve , since no such calculations are available.

A se r ies  of shadowgraphs  taken  at the  e x i t  of the  nozzl e

as a f u n c t i o n  of  t i m e  are p r e s e n ted  in F ig .  8. The v r t  ic~~l

b lack  l i ne  is a g a i n  a s t r i n g  attached it 0 . 2 i n c h es  down—

st r e a m  of the  n o z z l e  e x i t .  F i r s t  the  shock is observed ,

t h e n  at  3 ms ~n m n o d i s t u r b a n c e s  pass  t h r o u g h , and f i na l l y  at

‘~ by  an q s ~~r n i m  f r  in ;’, w av e , we me an  a Q s t i ch moving 0 wn—
s t  re a m  and b e i n g  a c c o m p a n I e d  l v  a loca l  pr ’n s I ; r  d c r ~’ i : e
ift~~ i t : :  p 5 : 1 1 ’ .
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‘4 to 7 ms the ups t r eam f a c i ng  wave has reached the nozz le

exit and it is observed to oscillate back and forth about

the flow direction at that location. Steady supersonic

flow with free stream conditions follows this ups tream

f a c i n g  wave . The wave sys tem , f ol l o w i n g  the ini tial shock
wave and ending with the upstream facing wave , appears as
oblique shocks at the nozzle exit , followed by a series of
shock waves within the diffuser. Deceleration of the flow ,

adverse press ure gradient eff ects , boundary layer separation
and turbulent mixing are also observed.

When the upstre am facing wave reaches i given location

in the nozzle-diffuser assembly oscillating around that

point , steady supersonic flow ceases at that location and
the flow breaks down (Nerkli and Abuaf 1976). When the

upstream facing wave stays downstream of the nozzle exit

for P ’4
/ p 1 > 6 . 6 7  s teady s u p er s o n i c  f low e x ist s  t h r o u g h o u t

the nozz le  arid it is fo l lowed by a s lowing  down and
pressure increase in the diff use r through a series of sho ck
waves. The corresponding pressure rise y ields the pressure
recovery and the length of the shock system in the
diff user is called the pressure recovery zone (Merkli
1975a , 1976). Varying the initial pressure ratio , P’3

/P1~
for a 6 inch diffuser , the location where the upstream
facing wave s tops , and where the supersonic flow breaks

down in the nozzle-diffuser assembly c~ n be determined

(see Fig. 9). For P’3
/P1 > 10.1 , supersonic flow is

observed throughout the entire test section with the

familiar over- and under-expanded jut configurations at

the diffuser exit’ . For 10 .1 > p11/ p
1 

> 6 . 6 7 , the

d i s t u r b a n c e  move s f r o m  the diffuser end ups  t l e a r n  t owards

the nozzle end. For p
’4

/ p 1 < 6 . 6 7  the  shock wave s y s t em

moves f u r t h e r  u p s t r e a m  i n t o  the  n o z z l e .  h i n c e  the  u p st r e a m
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f a c i n g  wave is observed to osc i l l a t e  around a given location ,
the l i m i t i n g  l ine  as presented in Fi g .  9 for the break down
of the f low w i l l  in r ea l i ty  be g iven b y a broader range of
conditions .

B. Starting times

The total starting time at a g iven location is defined as
the t ime  per iod required to establish steady f low at tha t
location a f t e r  the  rup tu re  of the d iaphragm . As d i scussed , the
breaking time of the diaphragm is erratic and thus a sour ce
of error. To eliminate this uncertainty in shock tube research ,

it is cust omary to ass ume that this time is negligibly small
(Fig. 1). The previous section was concerned with the time
period between the rupture of the diaphragm and the arrival
of the shock wave at a g iven location , t 1

. Its variation
was investigated as a funct ion of the exp erimental parameters
and an approximate method for its prediction was presen ted.
This section will deal with the time required to establish

st eady flow after the shock wave has arrived at that location,

i. e . t52. The results are similar to those presented in the
previous report by Merkli and Abuaf (1976) except that they
are extended to a wider range of supply pressures or
Reynolds numbers based on the properties calculated f or the
free stream conditions at the nozzle exi t .

Fig. 10 depicts the second period of the flow startinc
time , t~~2 , at the nozzle exit without a diffuser as a function
of the p ressure  ra t io , p 1/ p0 for  v a r i o u s  n o z z l e  supp ly

pressures , p 0 or Reyno lds  number s , Re D ~~~. The wide  s c a t te r

of the  expe r imen ta l  data  is not caused  by e r rors  in n ,ea: ;~i m e n i e n t

~Here the  l e n g t h  e n t e r i ng  tire R ey n o l d s  numb e r is (be t m e d  is
the hydrau1ic diameter of the nozzle exit , D~ 2 inche s.
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but rather it is due to thE’ erratic breaking of the Mylar

diaphragms . This scatter  d iminishes  for  the  data recorded

at the d i f f u s e r  ex i t  for longer d i f f u s e r s . The s t a r t i ng
times , t~~2 ,  increase linearly with the pressure ratio , p1/p0,
and it is independent of the upstre am supp ly pressure or
Reynolds number for 2.8xl0

5 
< Re~ < 7.2xl 0

6
. The vertical

line at the right hand side of the figure corresponds to the
l imi t ing  pressure  r a t io , p1/p 0 , for  which  the steady super-

sonic f low at the n o z z l e  ex i t  was d i s t u r b e d .  Fi gs .  11 and

12 present  the f low s t a r t i n g  t imes , t~~2 ,  at the  nozz l e  and
d i f f u s e r  ex i t s  r e s p e c t i v e ly f o r  a 3 inch long d i f f u s e r .  Fi gs .

13 and 1~4 dep ict similar results for a 6 inch d i f f u s e r .  Here
too the starting times , t52, increase linearly with the
pressure  rat io , p 1/ p0 , and they  are independent  of the supp ly
pressure , p ,  or Reynolds  number , Re p ,  for 3. 8x10

5 
< Re~ <

l . 7 x l 0 6 . Fi gs.  15 , 16 and 17 , 18 f i n a l l y  present  similar
data for a 9 and a 12 inch long d i f f u s e r  respectively. Fitting

a straight l ine through the experimental data of each case
by me ans of a leact square analysis provides the results

t abula ted  in Tables I and II respec t ive ly .  The straight lines

obtained from these express ions  are the solid lines shown

in Fi gs .  10 to 18.

A cross plot of the s t a r t i n g  t imes , t 2 ,  for the f low at

the nozz le  and d i f f u s e r  exits respectively as a f u n c t i o n  of

diffuser length for a constant value of the initial pressure
ra t io , p 1/p 0 , g ives the curves p resen ted  in  Fi gs .  19 and 2 0 .

For low values of the pressure ratio , p1/p0 0 . 05  the

s t a r t i n g  t ime  for  the  f low at the  n o z z l e  ex i t  is near l y

independen t  of the d i f f u s e r  l e n g t h .  For hi gher  va lues  of

the pressure ratio , p1/p 0 > 0 . 0 7 5 , the f l o w  s t a r t i n g  t i m e s

at the  n o z z l e  e x i t , t 5 2 ,  increase  w i t h  the  d i f f u s e r  l en g t h .

Fi g.  20 dep i c t i n g  the  v a r i a t i o n  of the  f low s t a r t i n g  t i m e s ,
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t52 , at the diffuser exit shows that for  a g iven value of
the pressure ratio , p

1
/p
0, the flow starting time s increase

l inear ly wi th  the d i f f u s e r  l e n g t h .  The va r i a t ion  of the
dimensionless  s t a r t i ng  time s , 

~ s2 - ts2 /T f ,  with  the ax ia l
dis tance , x / D , are plotted in Figs. 21 to 2 ’4 for  va r ious
length diffusers , L/Dz 1.5 , 3 , ‘3 .5 , and 6 , and for  d i f f e r e n t
values of the pressure ratio , p

1/p0. The characteristic flow

time here defined by T
f~~

Z/a*, is related to the geometry of
the nozz le  th roa t  and it is a measure of the acce lera t ion
of the flow or its cooling rate (Wegener and Cagliostro 1972).

The characteristic length , ~~~ , ~/ R~h’~, where  he is the height
of the nozzle at the throat (h~~~0.’472 inches) , and R* is the

radius of curvature of the nozzle profile at the throat (R~~
7 . 6 t t  i n c h e s) .  The speed of sound  at the sonic throat  is g iven
by a*. At locations where x/D < -3 the pressures recorded by

the pressure  t ransducers  show an increase  in the pressure
level above the in i t i a l  va lue  w i t h  the a r r iva l  of the shock .

The pressure overshoots  its steady state level , reaches a
maximum , and then drops down and levels  o f f  at i ts  stead y
state  runn ing  value (see Fi g .  2 b ) .  The s t a r t i n g  t ime , t~~2 ,  at
those points  was taken  as the time period between the a r r iva l

of the shock and the f i r s t  t ime  the pressure  level reached

the steady state running value . In this reg ion the flow

starting times are seen to be independent of the press ure
ratio , p1/p0, and of the diffuser length. In the reg ion
—3 < x/D < —2 a sharp increase in the  s t a r t i n g  t ime s , t~~2 ,
is observed .  This is the  same loca t ion  where the u p s t r e a m

facing wave was observed in Figs . 6 and 7.  This  region is

seen to move upstream closer to the nozzle throat for the

longer  d i f f u s e r s , i . e .  f rom x / D ~ — 2  for  L/ D~~l . 5  to x / D ~ -3

for L/D~~6.

C. Minimum initial pressure ratios needed to start the

f low .
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The initial pressure r:itios , p0/p 1, sufficient to start

the supersonic flow at the nozzle and diffuser exits are

plotted in Fig. 25 as a function of the diffuser length ,

0 <L/D <6 . The pressure ratios , p0/p1, tha t  s tart the f l ow
at the nozzle exit , show a minimum ( p0/ p1z S . 2 )  once a
diffuser length of L/Dz14.5 is attained. In turn the op t imum

pressure ratio , p0/p 1, sufficient to start the flow at th e

nozzle exit without a diffuser is equal to p0/p 1~~
lO. 3 (± 10%).

It is interes ting to note that no change of the needed
starting pressure ratio for the nozzle exit without a dif-

fuser occurs when diffusers of varying length ar e added
whose exit flow is supersonic . In fact ‘the d i f f u s e r  ac t s

here like an extended parallel wal l  t e s t  s ec t ion .  The pre-

sent results agree with the conclusions of our last report
(Merkli and Ahuaf 1976 ) and the ’, care  ind epend en t  of the
R e y n o l ds  n um b e r  in the  rest ’r i ct ed  range 2 .  8x 10 5 

< Pc
0

1. 7x 10 ’4 which was used in t h i s  i n ve s t ig ot i o rr .

2.  P R E S S U R E  RECOVERY DURING TIlE FIRST FLOW CYCLE OF

THE LUDWIEG TUBE

The s t a t i c  pr essure  levels  at the  dif fuser exit , 
~d ’  fo r

d i f f u s e r s  of d i f f e r e n t  l e n g t h s  were also recorded du r ing  the

f i r s t  f low cycle  of  the  Ludwieg ,  tube  w h i l e  ope ra t ing  at t he
limiting pressure ratios , p0/p1. Under these conditions
the supersonic flow at the nozzle exit was just starting

to he disturbed (see Fig. 25). The pressure r atio , p
~
/p0~

which should correspond to the st eady sta te pressure re cov ery
of the diffuser , is plotted in Fig. 26 fem’ various diffuser

lengths . The pressure levels at the diffuser’ exits showed

V — ~~~~~~~~~~~~ VV
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v io len t  f l u c t u a t i o n s  w i t h  t ime dur ing  the  f i r s t  f low cycle
(up  to ± 20-30 % of 

~~~ 
leading to the  u n c e r t a i n ty  indicated

by the error bars (Fig. 26). The square symbol presents the

point obtained by Merkli (1976) with a steady continuous
wind tunnel for a similar nozzle and for the boundary layer
disp lacement parameter  iS~~/D of about Q.Q~4 .  The current  resul ts
agree wi th  those of the continuous tunnel. The pressure
fluctuations at the diffuser exit during the steady operation
in the first cycle at the pressure ratio when the flow at

the nozzle exit is breaking down may be caused by th e
following . For one ,the operation period of the Ludwieg tube
(first cycle) is not as steady as predict ed from theory since
varia t ions of the downstre am pressur e by reflection of waves
may cause pressure  f l u c t u a t i o n s. It is wel l  known t h a t

close to opt imum performance diffuser flow s are ve ry sensitive
to small  disturbances. Secondly the pressure  v a r i a t i o n s  may

be due to adverse pressur e gradient e f f ec t s .  Boundary layer
separation and turbulent mixing may be carried downstream

to the transducer location at the diffuser exit. The continuous

wind tunnel experiments (Merkli 1976) were carried out with

a Statham gauge which is insensitive to fast pressure

fluctuations and thus the fluctuations may have been overlooked.

3. FLOW STARTING WITH BOUNDARY LAYER SUCTION AT THE NOZZLE

EXIT.

To investigate the effect of boundary layer suction at
the nozzle exit on the start ing of the flow , a special 3 inch

long diffuser block was designed (see Fi g,. 2a lower left). A
suction slit consisting of i (3/lBxl.5) in 2 openi ng located

at the nozzle exit was added. The dump  tank was disconnected

from the  ( lownst r edm s e c t i o n  of  t h e  L u d w i e g  t u b e  and the  90 0

bend-T piece was r’ i  Laced by a s imple 900 bend.  The new
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d i f f u s e r  blocks were connected by copper t u b i n g  ( 1 inch ID ,
7 f ee t  long ) to the dump tank  t h r o u gh  a second d i aph ragm
and a pin mechanism. To conduct an exper iment , the initi al
upstream and downs t ream pressures , P ’4 

and p 1, r e spec t ive ly
were set to the  required  value f o ll o w i n g  the  procedure
described in Chapter II. The large dump tank was evacuated.

First , the diaphragm separating the dump tank from the copper

t ub ing  leading to the diffuser block was ruptured in order

to int i a t e  suct ion through  the s l i t .  N e x t  the  u p s t r e am  dia-
phragm of the Ludwieg tube  was r u p t u r e d  manually starting the
flow through  the tes t  s ec t i on .  The f low was assumed to be choked
at the d i f f u s e r  suct ion s l i t .  For a g iven gas and a cons tant
supp ly t empera tu re , the mass f low ra te , th , is propor t ional
to the  th roa t  area and the supply  p r e s su re  for  choked f low .
The pressure at the exit of the nozzle during the first flow

cycle is about 35 torr , (corr esponding to i s upply pressure ,

of 966 torr), and the area of the two slits is 0.56 in
2
.

The suction mass flow rate is thus around 2 % of the total
mass flow rate through the nozzle in the first cycle . Start ing
times for the flow , t52, at the nozzle and diffuser exits

with a 3 inch diffuser and suction are presented in the last

two Figs. 27 and 28 respectiv ely as a function of the initial

pressure rat io , p1/p .  It is clear that the starting time s
at both locations are reduced by 16 to 33 % by suction for

the high and low values of the initi al pressure ratio , p1/ p ,

respectively , when we compar e them to the flow starting
time s without suction at the same location . For the 3 inch

d i i f u . ;er the boun d ary layer  suc t ion  did not ~eern to a f f e c t
the limi ting initial pressure ratio , p

1
/p ,  which caused

the s tead y s u p e r s o nic  f low at the  n o zz l e  c x ± t  to be di s t un  ‘0 .
One prol ) I em encountered du n imic ’, these runs was the sequc ’ncc

of the  t i m i n e  be tween  the i n i ’t i at i o n  o f  t h e  s u c t i o n  a t  ti c’

_  V
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nozzle exit and the starting of the flow in the test section.

Two diaphragm breaking mechanisms were needed whose opening

periods are reproducible with an accuracy of 1 ms. Thus the

expans ion  f a n  of the  suc t ion  and the i n i t i a l  shock wave  of
the main f low a r r i v e  at the n o z z l e  ex i t  at the same t ime .
The repeatability could not he im prov ed to bett er than 10 m s
unless a new de sign would have been introduc ed. Thus in some

experiments the set initial downstre am pressure was observ ed
to change even before the Ludwieg tube flow started.

I V .  C O N C L U S I O N S

1. The starting time period from the rup tu re  of the
diaphragm until the arrival of the shock at a given location ,

t 1, can be predicted with an acc uracy of ± 10% by predicting
the sho ck strength from the initial pressure ratio , P’4

/P1~
and by taking into account the ef fect  of area change on the
shock streng th as it propagates  throug h the t es t  section .

2. The starting time period from i:he arrival of the shock

until steady flow is established , t 2, at the nozzle and

diffuser exits; i) increases linearly with the initial pressure

ra t io , p 1/ p0 , for  a given diffuser , ii) is independent of
5 6the Reynolds number in the range 2.8xlO ~o l . 7 x l O  , and 111)

for the initi al pressure ratio p
1
/p0 

< 0.05 , th e f l ow
star t ing time at the nozzle exit , t 2, is independe nt of the
diff user length , but increases linearly with d i f fus er l e ngt h
for higher pressure ratios .

3 . The ini tial pressure rat io , p /p 1. to s t il t flie super-

sonic flow at the nozz le  e x i t  shows a mini mum ( p/ p 1~~
S .2)

fer a d i f f u s e r  l e n g t h  of L / D ~~’4 .  5 , and it is i n d e p e n den t  ot
the R e y n o l d s  n u m b e r , Re 0, in the range quoted.

I i .  The p re ss u r e  r a t i o , p0/ p 1 , di uring, the  first f l o w  cy c l e
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of the Ludwieg tube , corresponding to the pressure recovery

through the diffuser , shows a minimum value (p0/p 1~ ’4.’4b) for

a d i f fuser length of L/D~ ’4.5. These results are in agreement

with those obtained by Merkli (1976), L/D - 6 and po
/p

d
z14.2

~
in a continuous wind tunnel under similar experimental

conditions .

5. For a 3 inch diffuser’ with boundary lay er s u c t i on to
remove 2% of the total mass flow rate through the nozzle

app l ied  through a slit at the nozzle exit appreciably r edu ced
the starting times for the flow , t , at t he  n o z z l e  ands2
diff user ex i ts .

The sui er son ic  d i f f u s e r  p e r f o r m a n c e  c h a r a c t e r i s t i c s
observed can be summar i zed  as fo l lows . F i rs t  the  s imp lest
geometry of constant area emerged as quite attractive , e f f i c ient ,

and easy to construct. The s up e r s o n i c  f low s t a r t i n g  t imes
at the  n o z z l e  ex i t  are shorter for  an u p s t r e a m  diap h r a g m
loca t ion  than  a d o w n s t r e a m  one . These  s t a r t i ng  t i m e s  can

still he I’c’ (lrlred by boundary layer suction at the nozzle
exi t .  The flow st arting process can in principle be
predicted from wave diagrams existing in the literature .

One disadvantage of this configuration is the diaphragm
material flying through the test section which can disturb

the starting flow field , hut this can he eliminated by

proper d esign  c o n s i d e r a t i o n s. The i n i ti a l  p r ess u r e  r at i o s

needed to s t a r t  the  s u p e r s o n i c  f l o w  t h i r ’ou h su t  the  n o zz l e
are not ci f fe  cted by the  l ocat ion  of  the  d i  ip h r ~ i g m  . ‘l’he
optimum pressure recovery duninc’ s t e a d y  opei ’ i t i 011 and t i r e
d i f f u s e r  ler r g t: h r e q u i r e d  to obtain t h i s  m ’ k c ’o’ :’re c u r  he

p r e d i c t ed  once the  M,a ’Ta n u m b e r  1111 t h e h o i m m i b 11”: 1 ‘1
d i sp lac e m e n t  p ar am e t e r  am ‘e k n o w n  a t t i m ”  c x i  t t l ie  i i  ‘: ‘z le

Although we amo far  fr ’omn a c o m p l e t e  m m m i i ’ m m i i i  m m ;  Cd

supersonic diffuser flows , I li e e x p e m ’  i : ’ : ’ m m t i l  1~ 1 1 1 , ’ :  ‘ s r  t i

r a r e  p r o v i d i n g  some b a s i c  p o i n t s  t o  ( ‘ O i l :  i ( l ’ ’I ’  i n  t b ’  ch’ i~~ e and
den ic ’n of supersonic diffuse m e , for sor’i ’ ~c i  i c  t j ’p I I C a t  ‘ c i i :

such  in c’ msd vn am ic l in e r s .
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TAbLE .1

VARIATION OF THE STARTING TIME , t 52 (m s ) , WITH THE I N I T I A L

PRESSURE RATIO , p1/p 0 , FOR THE NOZZLE EXIT , x 0 inches ,

FOR VARIOUS D I F F U S E R S . UPSTREA M DIAPHRAG M L O C A T I ON .

NOZZLE t 52 = 31 .7  (p 1/ p 0
) + 0.06 O<p

1
/p0

<O .l

NOZZLE + 3 inch DIFFUSER t~~2 17. 87 (p1/p0) + 0.63 O<p 1/p 0
’ZO.l3

NOZZLE + 6 inch DIFFUSER t~~2 23.3 (p
1
/p )  + 0.50 O<p 1/p0

<O.lS

N O Z Z L E  + 9 inch  DIFFUSER t 52 28 (p 1/p 0
) + 0 . 3 2  O < p 1/ p 0 < O . l B

N O Z Z L E  + 12 inch  DIFFUSER t 52 38 .16  (p 1/ p0
) - 0 . 2 5  O<p 1/ p0< O . ’2O

TAbLE II

VARIATION OF THE STARTING TIME , t~~2 (m s ) , WIT h TI-IC I N I T I A L

PRESSURE RATIO , p 1/p 0 , F’O R THE DIFFUSER EXIT FOR V A R I O U S

DIFFUSERS . UPS TREAM DIAPHRA GM LOCATION .

N O Z Z L E  t~~V 2  31 .7  ( p 1/ p~~ + 0 . 0 6  O < p 1/ p 0 < O . l
(a t  x 0 inches) V

NOZZLE + 3 inch DIFFUSER t~~ = 28.76 (p1
/p0

) + 0.147
(at x 3 inches)

NOZZLE + 6 i n c h  D I I ’F US E R ~ ~~ . 6 6  ( p / p  ) + O . 2 f  0 < p  In  < 0 . 1s2 1 o 1~~~o(at  x 6 in c i re s)

N O Z Z L N  + ‘1 1 1 1 11 DIFF I,JSER t , ~ 5 2 . 9 7  ( p 1 /p  ) + 0 . 2 3  O < p , / p K 0 . l
,L 0 i 0(it x C) i n c he s )

N O Z Z L E  f 12 i s ’ i i  !) I l ’F U S L R  5 1 4 . 0 1  ( p 1 / p )  + 0 .H
( a t  x 12 in d ies)
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