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Summary 

For a series-connection of M t h in  tubes and IT volumes a general recursion 

formula has been derived t h a t  r e l a t e s  the s inusoidal  pressure disturbance in  

volume j t o  t he  presmre  disturbances in the preceding volume j-i and the next  

volume j+l. Fmm t h i s  recursion formula the  expressions f o r  t he  complex r a t i o  

of  the pressure f luc tua t ion  of  eaoh volume j t o  the  sinusoidal input pressure 

po can be derived by success imly  pu t t ing  j = IT, IT - 1, --- 2,l. For a s i n g l e  

pressure measuring system (R = i) and a double pressure measuring system (IT e ' 

these dynamic response formulae a re  given exp l i c i t e ly .  

Theoretical  r e s u l t s  f o r  s ing le  pressure measuring systems are  presented 

that demonstrate the influence of the d i f f e r e n t  parameters. A s  an i l l u s t r a t i v e  

example of the  double pressure measuring system some calculat ions have been 

performed f o r  a system with a discont inui ty  i n  tube radius,  

Comparison o f  t heo re t i ca l  and experimental r e s u l t s  shows that the respons 

cha rac t e r i s t i c s  of the pressure measuring systems considered can be predicted 

theo re t i ca l ly  t o  a high degree of accuracy, 
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- 1 Introduction. 

To support the development a t  the BLR of  a technique f o r  measuring pres-  

sure  d is t r ibu t ionson  o s c i l l a t i n g  windtunnel models ( re f  .l) a b e t t e r  knowledge 

of the pressure propagation through t h i n  c i r c u l a r  tubes with connected volumes 

was needed. 

The response o f  pressure measuring systems t o  a s inusoida l  input pressuri  

has  been considered by severa l  authors. The method o f  Taback (ref.2) is based 

on the  analogy &&een the propagation of s inusoida l  disturbances i n  e l e c t r i c a '  

transmission l i n e s  and pressure measuring systems. To p red ic t  the response of 

a pressure measuring system, he uses the propagation ve loc i ty  calculated from 

the Rayleigh formula combined with measured va lues  of the attenuation. The 

f a c t  t h a t  the a t tenuat ion  constants  have t o  be determined experimentally i s  

one of the main disadvuitages of t h i s  method. 

in ref.3 Davis presents  asymptotic f o r m s  of the  dynamic response 

formulae that can he used a s  bas io  guides f o r  t he  se l ec t ion  o f  a pressure 

measuring system. in h i s  work a l s o  some comparisons with experimental r e s u l t s  

a r e  given. I b e r a l l  (ref.4) de r ives  the formulae f o r  the dynamic response from 

the  fundamental f l o w  equations,  i.e. the  mavier-Stokes equations,  the equat io  

of cont inui ty ,  the equation o f  s t a t e  and the energy equation. The a n a l y t i c a l  

p a r t  of h i s  der iva t ion  has been omitted and no  comparison with experimental 

values has been made. 

Proceeding along the same l i n e s  as I b e r a l l ,  the present repor t  gives 

the  der iva t ion  o f  a general  recursion formula f o r  the dynamic response of a 

ser ies  connection of N tubes and E volumes (fig.2).  

h.om t h i s  recursion formula the expreeeions f o r  the dynamic response of 

a s ing le  pressure measuring system (N = 1, fig.3) and a double pressure 

measuring system ( N  = 2 ,  fig.4) a r e  obtained ana presented exp l i c i t e ly .  The 

importance of  the var ious parameters i s  i l l u s t r a t e d  by numerical examples 

representa t ive  f o r  appl ica t ions  of  t he  mentioned measuring technique. 

The r e l i a b i l i t y  of the  t h e o r e t i c a l  p red ic t ions  has been ve r i f i ed  by 

comparing ca lcu la ted  and experimental r e s u l t s  f o r  s ing le  pressure measuring 

systems with d i f f e r e n t  tube lengths  and r a d i i  uid f o r  a system with one d is -  

cont inui ty  i n  tube diameter, 

The authors  wish t o  exprees t h e i r  thanks t o  mr.A.C,4.Bosschaart f o r  h i s  

valuable cont r ibu t ion  in t he  e a r l i e r  s tage  of  t h i s  inves t iga t ion .  
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r a l  solut ion.  
The motion of the f l u i d  i n  a tube with a c i r c u l a r  cross-section can be 

by the  fundamental flow equations,  i.e.q the Ravier-Stokes equat ions.  

the equation of  cont inui ty ,  the equation of s t a t e  and the energy equation t h a t  

gives the balance between thermal and k i n e t i c  energies  (see appendix). 

As only the behaviour of s inusoida l  o s c i l l a t i o n s  in a f l u i d  without 

l o c i t y  component a re  considered i t  can be assumed tha t :  
p e  ivt , p = p s + p e  - i v t  , ~ = ~ ~ + ~ e ~ ~ , h B " ~ a n d ~ = v e  - ivt . 

where u and v a r e  the o s c i l l a t o r y  a x i a l  and r a d i a l  ve loc i ty  components respec- , 
Y. 
Furthermore assuming tha t :  

- the s inusoidal  dis turbances a re  very small 

- t he  i n t e r n a l  r ad ius  of t he  tube i s  small i n  comparison with i t s  
length 

- t he  flow i s  laminar throughout the system 

the mentioned equations can be s impl i f ied  considerably, 

To solve the unknown q u a n t i t i e s  p9pqT, u and v the following boundary 

conditions have been prescribed, A t  the  r i g i d  w a l l  of the tube the v e l o c i t y  

components u and v must be zero.  Due t o  the axial-symmetry o f  the problem the  

ve loc i ty  component v must be a l s o  zero  a t  the center l ine  of the tube. A t  the 

w a l l  T has been taken zero,  supposing the hea t  conductivity of the wall  being 

so la rge  t h a t  the temperature va r i a t ions  a t  the wall disappear. 

The l a t t e r  condi t ion,  t h a t  gives  a good representat ion of what happens i n  

r e a l i t y ,  has the advantage t h a t  i t  is not  necessary t o  study i n  d e t a i l  the hea 

exchange between the  f l u i d  wi th in  the tube, the tubewall and the environment. 

For a tube of f i n i t e  length the so lu t ion  of the l inear ized  f l o w  equations 

t h a t  s a t i s f i e s  the former boundary condi t ions has been given in t h e  appenaix. 

The two remaining constants  can be determined by specifying the boundary 

conditions a t  both ends of the tube. That means t h a t  at  the entrance of tube 

j the pressure v a r i a t i o n  must be equal t o  the given pressure disturbance 
i v t  

'j-le , while a t  the end of the tube, where the volume j i s  connected, the 

increase of . mass o? the  pressuqe t ransducer  must be equal t o  the d i f fe rence  

i n  mass f l o w  leaving tube j and the mass flow enter ing  tube j i- 1. 



s e r i e s  connection of tubes and a volumes 

been derived t h a t  r e l a t e s  the s inusoida l  pressure disturbance in 
eceding volume j-1 

(see fig.2) a r ecu r s io  

is given i n  t h e  appendix. The r e s u l t  i s 8  

. 

A , the  so-called shear  wave number, being a measure = i6 R j l i ; T “  
of the wall shear ing e f f ec t s -  
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From formula (1) the expressions f o r  t he  aomplex r a t i o  of the pressure 

t ' luctuation i n  each transducer j t o  the s inusoida l  input pressure po can be 

ier ived by successively pu t t ing  j N, N-1, ... 2,l. 
It appears t h a t  a so lu t ion  i d e n t i c a l  t o  (I) i s  obtained if the equation 

3f s t a t e  and the  energy equation a r e  replaced by the  polytropic  r e l a t i o n  

-1 

1 '  J.2 < aj q> 
Jo < aj w> E = constant,  with n = [ 1 +u 

P" T 
Evidently the pressure expans$on In tube j can be in t e rp re t ed  a s  a poly 

t rop ic  process with a polytropic  f a c t o r  

Asymptotic values a re  l i m  n = 1 and l i m  n = , corresponding t o  
+rn j 
j 

a -0 
j 

isothermal and i s en t rop ic  conditions respect ively.  I n  fig.6 the f a c t o r  n i s  

given as 2 funct ion o f  the parameter a q .  

It w i l l  be remarked t h a t  by pu t t ing  Vv 

p o s s i b i l i t y  f o r  ca l cu la t ing  the dynamic response f o r  a system with a 

d i scon t inu i ty  i n  tube radius  o r  i n  temperature. 

= c expression (1) o f f e r s  t he  
3 

- 2.3 Single pressure measuring s y ~  tem (fig.3) 

T h e a r m l a  f o r  the dynamic response t o  a s inusoida l  pressure input po c 

a system cons i s t ing  cfaie tube connected a t  the end t o  the instrument volume 

VT can be derived immediately from the general  recursion formula by put t ing  

j = m = i .  

The r e s u l t  y i e l d s i  

-1 

1 - =  [ cosh  <fL>+ - V ( d +  k )  n c# L s l n h < + L >  1 v 
P O  Vt 

It can be shown e a s i l y  thz t  the expression ( 2 )  i s  i d e n t i c a l  t tha  d r i o  i 

ï b e r a l l  (ref.4) f o r  the complex a t t enua t ion  of  the fundamental. 

13i the  case of en inv i sc id  i s e n t r o p i c a l l y  expanding f l u i d  i n  the tube ( u  = ( 
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d the formula f o r  the pressure - - 

From eq(3) i t  follows t h a t  resonance w i l l  occur if 

SL V 
a 

O O 
(4) 

in t he  l i m i t i n g  cases Pv = o and Tv =co eq(4) y i e lds  the w e l l  known 
o rgan  pipe resonance formulae f o r  a closed and open organ  pipe. 

9 2 s + l  a o 

4 L 2% 
3L - ( 6  0 0,1,2,..*) Pv = o: cotg < ä>= o,  t h a t  means - =  
O 

a (5 )  
Pv =a: cotg < 3L r > = o o ,  t h a t  means - u = " 2  r n 2 L  O 

u Double pressure measuring system (fig.4). 
Using the recursion formula (1) f o r  the system formed by a s e r i e s  connec- 

t i on  of two systems as t r e a t e d  above the following formulae f o r  the  dynamic 

response of t h i s  system are  obtained8 
-1 

j 2 %  a2 - E  [cosh < j 2 L 2 >  + n - 2 (o2 + 1 +2L2 sirih <&L2> ] vv 

pV 

P1 2vt2 

1 1 cosh + n - (G1 + - )  +lLl  s i n h  <<plL1> + 
V t l  kl -1 

< al > J2 < a2 > s inh  < 
+ L J < a 2 >  J2 < a l >  s inh<q2L2> cosh<+2L2> - 

"t1h 2 o 

p2 p1 p2 

PO p1 po 
- can be found f r o m  eq ( 6 )  and (7) mie complex pressure r a t i o  - = - 

E 

,- 



i. 

3.1 - Calculations. 

j) a number of s p e c i f i c  caaes has been ca lcu la ted  t o  show the inf luence of 

Lifferent parameters on the dynamic response of a pressure measuring system, 

Besides ca lcu la t ions  f o r  comparisen with experimental r e s u l t s  (see gection 

e o r e t i c k l  expressions it can be seen t h a t  the dynamic response 

tependsph'ib following parameters: 

geometric parameters: 

R = tube radius  i 

L tube length 

Vv= pressure t ransducer  volume . ,  

= dimensionless increase  in  transducer volume 

due t o  diapkagm d e h e c t i o n  

physical parameters: 
k = polytropic  constant f o r  the pressure expansion 

in  the transducer volume 

Ts----me an temperature 

p = mean pressure 
S 

L t  must be noted t h a t  t he  q u a n t i t i e s  Tv,@ and k only appear in the combinatioi 

Tv ( @ +  g ); a v a r i a t i o n  hii one of these parameters separately can be expressei 

2s an equivalent va r i a t ion  i n  one of the others.  

1 

The cases given i n  t ab le  1 have been ca lcu la ted  t o  demonstrate the 

influence of t he  mentioned parameters on&e dynamic response o f  the s ing le  

pressure measuring system of fig.3. 
A s  an example of a double pressure measuring system, the dynamic response 

ia6 been ca lcu la ted  f o r  a system with a d i scon t inu i ty  i n  tube radius  (fii3.5). 
IThe d i f f e r e n t  cases  t h a t  have been considered f o r  t h i s  system a re  summarized 

in  t ab le  2, 

3,2 Discussion o f  t h e o r e t i c a l  r e s u l t s .  

3- 
mie r e s u l t s  o f  f ig,g,lO and 11 show t h a t  in  most cases ,  j u s t  l i k e  i n  organ 

pipes, rosonwce peaks occur. As could be expected it appears t h a t  f o r  a given 

length a wider tube produces higher  resonance peaks than a smaller one. 

Influence of t he  d i f f e r e n t  parameters8 

g a tube of a given diameter r e s u l t s  in lower resonance peaks a t  

smaller values of the Precpency. k r the rmore  f o r  c e r t a i n  combinationsof L and R 



to have a s t rong  influence on the dynamic response of a pressure measuring 

r e  between 0" and 30' C 

i t y  in tube rad ius  show some . From fig.16, i 7  and 18 it can be seen t h a t  a wider second 

on the dynamic reponse. A smallei 

t unfavourable. 

cons i s t ing  of a smaller  tube 

followed by a wider one, the l a t t e r  tube i s  more easy t o  wercome f o r  a pressw 

ance due t o  r e l a t i v e l y  smallar e f f e c t  of w a l l  f r i c t i o n ,  On t h e  other  

e wider tube ac t s  l i k e  a kind of add i t iona l  volume, thus reducing the 

nitput of the f i r s t  tube. 'phis two opposite e f f e c t s  a r e  responsible  f o r  t h e  

Final behaviour of the t o t a l  system, The same e f f e c t s ,  but  working i n  opposite 

gense, a re  responsible f o r  the behaviour of a system of a wider tube followed 

b y  a smaller one. - 
It w i l l  be c l e a r  t ha t  by changing the  lengths  of  the two connected tubes a l s o  
the r a t i o  of the mentioned s f f e c t s  w i l l  be changed,tEius giving other  response 

oharac te r i s t ics .  

From fig.19 and 20 it f o l l o w s  t h a t  a r e s t r i c t i o n  a t  the entrance of a tube 

generally r e s u l t s  in lower va lues  of the a m p l i t u s  ~ r a t i o  than i n  the case of 

FL r e s t r i c t i o n  a t  the  end o f  the  tube. Also i n  &.ose f igu res  i t  can be seen 

tha t  changing the lengths  of  the  r e s t r i c t i o n s  gives o ther  response characteris,  

t i cs .  By proper s e l ec t ion  of the r a t i o  of  tube lengths  of the r a t i o  of tub' 
t iemeters ,  a response cha rac t e r i s t i c  can be obtained which is m o s t  su i tab le  f o  

a giTen purpose. in prac t i ce  however one must be carefiil,  because the d i sccn t i  

- 

in the tube o f f e r  the  p o s s i b i l i t y  of  non- l inear i t ies .  



RUIMTEVAARTLABO RATO RIUM 

4 Enperimental investigation, 

Test program. 
To 'gf& an ins ight  i n t o  the r e l i a b i l i t y  of the theore t ioa l  formulae an 

experimental inves t ipa t ion  has been performed f o r  a series of tubes of va r ious  

dimensions (see tab le  3 and 4). Except the two longer tubes, which a re  of  

p l a s t i c ,  a l l  the tubes a re  made of s t a i n l e s s  s t e e l .  With the a id  of  %he 

equipment described i n  seo t ion  4.3 the dynamic responses have been measured 

in  the frequenogr range 10 ,C 3 4  200 c.p.8. A t  the  entrance o f  the systems a 

sinusoidal pressure disturbance o f  about 65 kg/m 

inves t iga te  the l i n e a r i t y  of  the systems with a d iscont inui ty  i n  tube r ad ius  

two values of the input pressure po haw been used. 

2 has been applied. To 

u Determination of tube radius  and pressure transducer volume. 
The dynamic response of a pressure measuring system is very sens i t ive  

t o  small va r i a t ions  in tube radius .  This implies  t h a t  it i s  necessary t o  have 
an accurate method for determining tha t  i n t e r n a l  rad ius  of the t h i n  tubes. In 
the present i nves t iga t ion  the mean tube radius Rm is determined a0 follows8 

1) by weighing the tube empty and measuring the mean external  diameter. From 

the tube weight, the spec i f i c  weight of  the tube mater ia l  and the ex te rna l  

diameter the mean wall-thickness oan  be calculated.  

2) üy weightng the tube empty and f i l l e d  with water. The mean radius  Ern 

than can be calculated f r o m  the increase  in weight. 

Reml ts :  

To determine the volumes of the pressure t ransducers  the t e s t  s e t  up of fig.7 

has been used.4 va r i a t ion  of p 

va r i a t ion  of the volume of t h e  instrument plus  connecting glass  tube of  known 

diameter. From the displacement of  mercury drop 2 the value of can be 

determined, From the  displacement of  d rop  1 t h e  value of  Tv can be calculated 

with the a id  o f  Boylets  law. 

r e s u l t s  i n  n v a r i a t i o n  of p2 and thus i n  a 1 



4.3 Measuring techniaue. 
The semi-automatic measuring system, which has been developed at  the  RLR 

t o  enable a quick determination of a la rge  number of  p ressures  on o s c i l l a t i n g  

windtunnel models .(ref.l) has been used t o  perform the present  experiments. 

A block-diagram o f  the equipment i s  drawn if i  fig.8. In the  electro-dynamically 

dr iven  pressure generator a harmonically varying pressure with amplitude po 

and frequency 9itl generated. The s igna l s  of t he  pressure transducers 1 and 2 

a r e  amplified one a f t e r  t h e  o ther  and f ed  i n t o  the  vec tor  component r e so lve r ,  

that decomposes them in to  one component in  phase with the o-degree o s c i l l a t o r  

s i g n a l  and one i n  quadrature t o  it. The resolver  r e j e c t s  a l l  s igna l s ,  except 

those,  having a frequency equal t o  that of t h e  o s c i l l a t o r .  The t w o  components 

o f  each signal a r e  measured by a d i g i t a l  voltmeter. 

The r e s u l t s  '2/p, have been correoted f a r  the a t t enua t ion  of the m a l l  
tube, t h a t  connects transducer 1 t o  the i n t e r n a l  volume cf the pressure 

generator. in t he  frequency range considered t h i s  cor rec t ion  i s  only of the 
order  cf a few percent. 

2 Experimental r e s u l t s  and comparison with theory. 
The experimental and t h e o r e t i c a l  r e s u l t s  f o r  a single pressure measuring 

system with d i f f e ren t  tube lengths  and tube r a d i i  have been p lo t t ed  i n  the 

figs. 21-26. In fig.27 and 28 the  r e s u l t s  f o r  t h e  system with a d i scon t inu i ty  

i n  tube rad ius  are presented, 

The t h e o r e t i c a l  r e s u l t s  have been ca lcu la ted  assuming an i d e a l  tube wi th  

c i r c u l a r  c ros s  sec t ion  and constant  i n t e rna l  radius.  In r e a l i t y  an exact 

measurement of t he  tube r ad ius  i s  not  poss ib le  and furthermore l o c a l  deviatior 

may occur. .4 comparison of t h e  experimental r e s u l t s  with t h e o r e t i c a l  I B S U l t s  

ca lcu la ted  with the experimentally determined mean tube rad ius  Rm shows that 

i n  most  cases small devia t ions  e x i s t .  It appears t h a t  these d i f fe rences  can be 

completely cancelled by performing the ca lcu la t ions  with an ef f e c t i w  tube 

rad ius  Re which is only s l i g h t l y  (2-5 "/o) smaller  than t h e  mean radius  R 

The f a c t  t h a t  t h e . l a r g e s t  cor rec t ion  must be applied t o  t he  smal les t  tube 

seems t o  ind ica t e  t h a t  the determinat ion of t he  mean tube r ad ius  w a s  n o t  
accurate  enough. This is supported by the two experiments with the d iscont i -  

nuous system (fig.27 and 28). 

rn- 

In  t h e  first case the pressure  dis turbance has been appl ied a t  the 

entrance of the wider p a r t  of t he  tube and the pressure transducer was connec 



used, but now in opposite d i rec t ion .  In b o t h c a s e s  the same ef fec t ive  rad i i  

f o r  the two parts m a t  be taken t o  obtain t h e o r e t i c a l  results that a re  i n  
used, but now in opposite d i rec t ion .  In b o t h c a s e s  the same ef fec t ive  rad i i  

f o r  the two parts m a t  be taken t o  obtain t h e o r e t i c a l  results that a re  i n  
perfect  agreement with experiment. Furthermore i t  is s t r i k i n g  t h a t  these 

values agree with the e f fec t ive  rad i i  af the  tubes of the s ing le  s p t e m s  of 

fig.21 and 23, t h a t  are  coming from,the same o r ig ina l  tubes as  the two p a r t s  

of the discontinuous system. The r e s u l t s  with d i f f e ren t  values of the pressur 
input po show t h a t  in the  range considered non l i n e a r  e f f e c t s  a re  hardly 

present. 

Final ly ,  s ince both s t e e l  tubes and p1a;tic tubes give a good agreement 

between theory and experiment, the tube material appears t o  have no notioûäB1 

influence. 

- 6 Conclusions. 

1) The response cha rac t e r i s t i c s  of the pressure measuring systems considered 

can be predicted t h e o r e t i c a l l y  t o  a high degree of accuracy, 

2) Ia the  r a g e  of applied s inusoida l  input pressures  the non- l inear i t ies  art 
negl ig ib le .  

3)  The tube mater ia l  does no t  have any noticri&le' inf luence on the dynamic 

From the inves t iga t ion ,  the following conclusions can be drawn8 

response. 

4) The present theory enables the opt imal  design of pressure meaaurîng 6ystef 

adapted t o  the  NLR technique f o r  measuring pressure d i s t r ibu t ions  on 
-os&$l l a t ing  windtunnelmodals. 
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Vo1.45, July 1950. 
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. APPEXDIX, 

D’EñIVATIONW FORXTLLAE. 
The equations governing the  motion of 2 f l u i d  in a circular tube (fig,l) are8 

(a) The BAVIE’R-STOKES equations ( fo r  constant value of the absolute f l u i d  v i a x  

cos i ty  u): 

(b) The equation of cont inui ty;  

a x  ar ar 

(c )  The equation of s t a t e  f o r  an idea l  gas: 

( 3 )  

I (d) The energy equationr I 

where is  t h e  d i s s ipa t ion  funct ion t h a t  represents  the heat transfer 

due t o  i n t e r n a l  f r i c t i o n :  
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d o = - *  ar 

m-TR APP 
F.238 Pi2 

i 3 p  = - P,[g+G+; av 1 

Tho mlnorm q u a t i t i e s  p,p,T,u mi v must s z t i s f y  the following boundary 
conditions$ 

A t  the  tra11 of  the tcbe (r = R ) t  
. .  

zero r a d i a l  uid zx ia l  ve loc i ty ,  iee.8 u = o 8 v = o 

va r i a t ion  ia temperature a t  the wall t r i l l  be zeror T = o 

(11: 

(1.1 

(131 

The conductivity of the w c l l  is miFj?o'red t o  be s o  l a rgo  that the 

h.t the  center  o f  the tube ( r  = Q )  I 

Lie t o  the axial-s~aimetry of  the prcblemn v = o 
A _hmther requirement i s  t h a t  t he  milues of u,T,p ,and. p remain f i n i t e  

General s o l u  ti on 8 

*om eq.(7) it f o l l o w s  tht tho ?mpiibde of the pressure d.isturbmce 2 i s  

r~ funct ion of  the x-co+rdinate only: 
%(io) c a n  be u r i t t e n  a s t  
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Pg c 
Introducing the  notrttion u = i 3 / 2 R e  aatl Pr = y ( the so-called 

Prmdtl-number) md pu t t ing  T - f < x >  h < 5 \  , where 5 = 

(14) readst 

- ,  c, equation R 

APP * 
P.3 

XU-TR 
~ . 2 3 a  

From the oondition t h a t  T must remain f i n i t e  f o r  r = o, it follows C2=o 

For r = R T must be oero, so6 

I and subs t i t u t ing  t h i s  r e s u l t  i n  eq ( 9 ) r  

I Trom ( 1 6 )  and (17) 

Eq(6) can be rewr i t ten  asr 

This equation c m  be solvad i n  o similer aay as eq(14). The solut ion t h a t  

f u l f i l s  the  requirements t h z t  u renr.ins f in i te ,  f o r  r = o m d  is zero f o r  

r = R yieldso 

I I 
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Fina l ly  the equation of cont inui ty ,  eq ( 8 ) ,  has t o  be s a t i s f i e d ,  thus 

APP - 
P.4 

o r  wi th  the a i d  of the expressions (19) and (21): 

2 d o  
__L. 

dx2 

After i n t eg ra t ion  with respect  t o  ri 

From the boundary condition v = o for r = 3 i t  f o l l o w s r  

(26 )  Due t o  the a x i a l  fiymmetry; i t  must hold thiat l i m  v = o 
r-0 

This requirement i s  f u l f i l l e d  i f  F ( x >  = o>  or 



NATIONAAL LUCHT- EN 
RUTMTEVAARTLABO RATO RIU M 

From t h i s  d i f f e r e n t i a l  equation p can be solved as; 

~ ~ 

XLR-TR ~. APP. . .. 
F.238 P.5 

introducing the nota t ion  

the  general so lu t ion  f o r  the f l u i d  motion i n  a tube yields:  

T = -  1 [ J o %  cr> 
Ps& c J o < “  ”; > 

- 
P 

( 3 4 )  

The constants  A en B c m  be determined a f t e r  t he  boundary conditions a t  both 

ends of the  tube have been prescribed. 
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... 

Application 

With the a id  of  the solut ions (30) - ( 3 4 )  a system consis t ing of a 

s e r i e s  oonnection of N tubes and N volumes (fig.2) can be t reated.  To solve 
m some addi t ional  assumptions a re  made: 

r e  and the  densi ty  cb . : .  the instrumeqt voluqes a re  only time 

r e  expansion in  the instrument volume is a polytropic process, 

% 
described by (vkj = constant 

For the flow through tube j the following expressions a re  valid:  

For  tube j i t  holds: 

A .  4 B 
'j-1 j j 

a t  the entrance: X = o e 
j 

- B~ exp (-+ L ) 
j j  

R 
md . ' j  
%e mass leaving tube j 8 m j i  = J p s j  uji  2 T r  d r  = 

O 
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For tube j+l it holds: 
a t  the entrance I X 

- B  j+l j+l 

Rj+ï 

(44) 

u 2 e r d r  
PB j+l  jo  

the mass enteging tube j+ l  : m 

O 

a t  the exi t8  xj+l a Lj+l 

p j+1 = Aj+l (*j+l L. J+l ) + 

From eq (39) 2nd (40) it can e a s i l y  'be found tha t :  
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Considering smaiï values  of pv (-pj) and pv eq (49) can be s implif ied t o  

m-TR ABP. 
F.238 P.8 

The instrument volume, corrected f o r  dizphragm de f l ec t ion  is  def ined as: 

The mass of  a i r  within t h i s  volume i a  t leni 

The v a r i a t i o n  of mass within the instrument volume i s $  

The mass increase of the  instrument volume must be equal t o  the difference i n  

mass lezv ing  tube j and the  mass en te r ing  tube j + l ,  thus8 

dm 
- =  ( m j i  - m V i u t  ) e a t  j o  

Subs t i t u t ing  the expressions (42), (451, (47) ,  (48) and (53) i n t o  eq (54) 
the following recursion formula can be derived8 

E 

(54) 
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2 
with V - TC R .  L., the volume of tube j .  

t j  J J  

From the recursion formule ( 5 5 )  t h e  expressions f o r . t h e  complex r a t i o  of the 

pressure f luc tua t ion  of each transducer j t o  the s i n u s o i d a l  input  pressure 

can be derived by j = N ,  N-1, ... 2,l. PO 
I t  w i l l  be noted t h a t  

disappear. 

terms of expreBSion (55)  
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- Tab 1. --..~.r I NLR-TR 
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1 U I MTEVAARTLABO RATO R I U M 

Tablé, 1 

Single pressure measuring spystems (caïcuïations) 

.. 

9 11 I I  

It  11 influence of R 

and L 11 ,I 

10 11 11 

n I ,  

i n f ï U Q n C Q  O f  k 

O 1 
30 1 i 5  Influence of T, 
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TT = o 
3 V = 300 mm 

v2 
c2 = o 
k2 = 1,4 
standard sea  level  
condi t ions  

m-TR - 

F.238 Tab.2 
3,4  

Table 3 

L mm 

500 

1000 

1000 

1000 
3000 

3910 

s ingle ,  pTéssure measuring systems (calculat ions and experiments) 

R mm 

0,525 

o949 
0,795 

1909 

0970 

m 

0,965 

L1 

500 mm 

500 

3 Vv = 285 mrn 
G = 0,02 

3 . V, = 285 mm L2 I? lm R2m 

500 mm 0,525 mrn 0,79 mm & = 0,02 

500 0979 0,525 

Table 4 

Systems with d i scon t inu i ty  i n  tube radius  (ca lcu la t ions  and experiments) 
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F.238 Fig.1,2,3. 

Cc-ordinate system. 

r ies  connection of  tubes  and tans 

S ing18 pressure measuring q s t e m .  

Lcers. 
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VOLUME: V (l+d,<e s iut ) VOLUME: v í i t @ e i u t )  ”< Ve 

u Double pressure measuring system. 

Tube with discontinuity in tube radius. 

. , . 
i .- I ti -% .,. -._/. ’-  

”~ i d  
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ANGLE n 

"Polytropic" factor n as a function of  a K  
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pa-P, 
PS 

UNKNOWN VOLUME Vv ( 1  id- 

~ 

Fig. 7 NLR-'PR 
F.238 

P, I, 
1,2, MERCURY DROPS 

Mg- Test set up for the determination of Vv a n d C .  
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FiR.10 Influence of tube radius R on the  dynamic response. 
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RLR-TR 
F.238 Fig. 16 

Fin.16 Influence of R2 on the  dynamic response of  a double pressure 

measuring system. 
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NLR-TR 
F.238 Fig.17 

I 

FiR.11 Influence of R2 on t he  dynamic response of a double pressure 

measuring system. 
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Fin.18 Influence o f  R;, on the dynamic responae of a double pressure 

measuring system. 
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BLR-TR 
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I 

Fig.19 ïnfluence of  r e s t r i c t i o n s  a t  the entrance and a t  t he  end of  t h e  tube 
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FiR.20 Influence of r e s t r i c t i o n s  a t  the entranoe and a t  the end of  t he  tub, 
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NLR-TR 
F.238 Fig. 21 

I I - 
Fig.21 Experimental and theo re t i ca l  r e s u l t s  f o r  a s ingle  pressure 

measuring aystem. 
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I I 

Fi~.25 Experimental and theore t ica l  r e s u l t s  f o r  a s ing le  pressure 
measuring system. 
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Fig.26 I 
Fia.26 Experimental and theore t ica l  r e s u l t s  f o r  a s ingle  pressure 
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Fi~.21 Experimental and theoretical results for a double preseure 
measuring syatem. 
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Fiu.28 Experimental and theo re t i ca l  r e s u l t s  for a double pressure 
measuring system. 
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