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An approximate equation i s  derived f o r  ca lcu la t ion  of gas weight 
flow r a t e  through subsonic o r i f i c e s  f o r  small d i f f e r e n t i a l  pressures .  
Comparison t o  the  exact  equation shows good c o r r e l a t i o n  even a t  con- 
d i t i o n s  f a r  removed from those assumed i n  the  der iva t ion .  A l imi ted  
t e s t  program v e r i f i e s  the  a p p l i c a b i l i t y  of the approximation. 



SYMBOLS 

A12 = O r i f i c e  cross  s e c t i o n  a r e a  

P1 = Pressure upstream of o r i f i c e  
P2 = Pressure downstream of o r i f i c e  ( t h r u s t e r  i n l e t  pressure)  
AP = P i  - P2 
TI = Temperature upstream of o r i f i c e  
g = Accelerat ion of g r a v i t y  
CD = Coeff ic ient  of discharge 
R = G a s  cons tant  
(S = Exact flow r a t e  of,gas 
@a = Appr mimatieon f o r  U-' given by eq . (7) 

&Im = Measured flow r a t e  of gas  
y = Speci f ic  heat  r a t i o  

INTRODUCTION 

The use  of sonic  o r i f i c e s  i n  t h e  measurement of gas  flow r a t e s  
between 10-5 and 10-4 l b s  / sec  f o r  labora tory  perf ormance evaluat ion of 
millipound t h r u s t  ammonia r e s i s t a n c e  j e t  t h r u s t e r s  has  been common 
p r a c t i c e  (Ref. ' s  (1) and (2)). This type of t e s t i n g ,  however, usua l ly  
does not  f u l l y  simulate the  operat ion of t h e  t h r u s t e r  on a spacecraf t ,  
The prime requirement on a spacec ra f t  i s  f o r  a constant  t h r u s t  which 
d i c t a t e s  t h a t  t h e  i n l e t  pressure  t o  t h e  t h r u s t e r  be he ld  constant.  For 
a long gas pu l se ,  t h e  s p e c i f i c  impulse ( t h r u . s t / ~ )  of an ammonia r e s i s t a n c e  
j e t  could vary by a f a c t o r  of two from i n i t i a t i o n  t o  completion of t h e  
pu l se  due t o  t h e  decrease i n  gas  temperature a t  t h e  t h r u s t e r  nozzle as 
the  temperature of the  r e s i s t a n c e  j e t  drops,  This means t h a t  i f  t h e  t h r u s t  
i s  he ld  cons tant ,  t h e  flow r a t e  a t  t h e  completion of the  pulse  would be 
double the  i n i t i a l  flow r a t e .  I f  a son ic  measuring o r i f i c e  1s placed i n  
f r o n t  of the  t h r u s t e r ,  t h e  requirement of a constant  downstream p r e s s w e  
(P2) i s  very d i f f i c u l t  t o  maintain because P i  has  t o  be continuously va r i ed  
as  t h e  flow rate increases .  With a subsonic o r i f  i c e ,  however, P2 can be 
held e s s e n t i a l l y  constant  with only small v a r i a t i o n s  of Pi.  

APPPbOXD~ATION OF ORIF ICE FLOW EQUATION 

The exact expression f o r  the  weight flow of a compressible f l u i d  
through an o r i f i c e  i s  given by 

By us ing  a s e r i e s  expansion f o r  the  pressure  r a t i o  terms under the r a d i c a l  
i n  eq. ( I ) ,  Ref. (3) der ives  an approximation f o r  t h e  o r i f i c e  flow equation 
when h P  i s  s m a l l :  



A P By neglec t ing  terms i n  (T) t o  t h e  t h i r d  power or  g r e a t e r ,  the  followiog 
equation is  obtained: 1 

Subst i tu t ion  of eq. (4) i n t o  eq. (1) y i e l d s  

Since eq. (5) i s  v a l i d  only f o r  small AP's,  it i s  reasonable t o  
assume t h a t  t h e  tertr (3/2g ) ( AP/pl) should a l s o  be small. Compressible 
gases of i n t e r e s t  have s p e c i f i c  hea t  r a t i o s  of 1.0 t o  1.67. It i s  reason- 
able t o  f u r t h e r  assume, theref  o re ,  t h a t  s e t t i n g  (3/211)01 would introduce 
neg l ig ib le  e r r o r  i n t o  the flow r a t e  approximation. Eq. (5) thus becomes 

For the app l i ca t ion  of i n t e r e s t ,  t h e  gas temperature at  the  o r i f i c e  
i s  e s s e n t i a l l y  constant  a t  ambient condi t ions.  I f  one f u r t h e r  assumes 
t h a t  CD = c a n s t a ~ t  f o r  a p a r t i c u l a r  o r i f  i c e ,  eq. (6) can be w r i t t e n  

where 0.5 

Thus with A P  small, 251.5, CD = constant  and TI = constant, t h e  weight 
0.5 flow v a r i e s  l i n e a r l y w i t h  (P2 AP)  . 

To t e s t  t h e  v a l i d i t y  of the a.ssumptions used i n  der iving eq. (7) 
ca lcu la t ions  were made on a d i g i t a l  computer comparing the  weight flow 
'calculated by eq.(7) t o  t h a t  ca lcu la ted  by eq.( l ) .  Various gammas 
were used and t h e  pressure  r a t i o  was va r i ed  from p2/P1 = 1.0 down t o  t h e  
c r i t i c a l  pressure r a t i o .  Precentsge e r r o r  was found from 

% Error = . 
It can be shown t h a t  percentage e r r o r  i s  independent of A12, R,  CD,  g 
and T i ,  and can be expressed as  t h e  following funct ion  of ( ~ 2 / P 1 )  and Y : 



Table 1 summarizes t h e  da ta  found from t h i s  ana lys is .  

TABLE 1 : % Error  = 
i ,,, 

UI 

Addit ional  ca lcu la t ions  show t h a t  using eq. (5) introduces l e s s  
e r r o r  than  the u s e  of eq. (7). This i s  t o  be expected bec+use eq. (5) 
uses  t h e  c o r r e c t  value of y . Eq . (7) , however , expresses c(/ as a l i n e a r  
funct ion  of ( P 2 h ~ ) 0 . 5 ,  and i s  more convenient when c a l i b r a t i n g  an 
o r i f  ice .  

S 

The da ta  of Table 1 shows t h a t  t h e  approximate equation f o r  @gives 
good c o r r e l a t i o n  with t h e  exact equation even a t  condi t ions f a r  removed 
from those assumed i n  der iv ing  eq.(7). A s  expected the  amount of e r r o r  
decreases as A P  and Y approach zero  and 1.5 respec t ive ly .  Table 1 
shows, however, t h a t  even a t  c r i t i c a l  flow, the  e r r o r  introduced by 
using eq. (7) i s  less than 10% f o r  a gas wi th  8 = 1.37 and approximately 
2.5% f o r  a gas with Y = 1.66. Eq. (7) g ives  a high es t imate  of t h e  flow 
r a t e  f o r  the f o u r  gammas corrsidered wi th  b)$ 1.5 and a low es t imate  f o r  
t h e  x =  1.66 gas.  

The p r i n c i p a l  value of eq.(7) and t h e  l imi ted  supporting o r i f i c e  
c a l i b r a t i o n  da ta ,  besides  providing a simpler equation than t h a t  of eq.( l )  
f o r  est imating the  flow rate through an o r i f i c e ,  i s  the  ind ica t ion  t h a t  
only a few po in t s  need be taken i n  the  c a l i b r a t i o n  of t h e  o r i f i c e  t o  



0.5 obtain the s t r a i b h t  l i n e  r e l a t i o n s h i p  of vs .  (P2 A P) . 
+. 

An i n t e r e s t i n g  observation i s  t h a t  a l i n e a r  r e l a  ions i p  between UI 
and (PI P P )  -5 can be obtained by assuming t h a t  (3 1 2 1 )  [@ /P$ i s  
neg l ig ib le  with r e spec t  t o  u n i t y  i n  eq. (5). This approximat$on, however, 
i s  l e s s  accurate  ( i n  comparison t o  the  exact expression f o r  ~ 7 )  than eq. 
(7)  a t  a l l  pressure  r a t i o s  f o r  gases wi th  1.5. For gases with 
'11 > 1.5,  t h i s  approximation gives more accura te  r e s u l t s  f o r  very small 
AP's ,  bu t  i t  gives s i g n i f i c a n t l y  l a r g e r  e r r o r s  as the  o r i f i c e  pressure  
r a t i o  approaches c r i t i c a l  condi t ions (e.g. a t  x'= 5 / 3 ,  and P2/P1 = .488, 
t h i s  approximation gives 40% e r r o r ) .  

ORIF I C E  CAL IBRATI31J 

To f u r t h e r  v e r i f y  t h a t  U c a n  be approxj.mated as a l i n e a r  f u ~ l c t i o n  
of (P2 A P ) O O ~ ,  a number of small  diameter o r i f i c e s  were c a l i b r a t e d  wi th  
NH3. The c a l i b r a t i o n  procedure i s  d e t a i l e d  i n  the  Appendix. The 
r e s u l t s  of the, c a l i b r a t i o n ,  shown i n  Figure  1, v e r i f y  the  l i n e a r  r e l a t i o n -  
ship between Wand (P2 A ~ ) 0 * 5 .  The values obtained f o r  the  discharge 
c o e f f i c i e n t s  f o r  these  o r i f i c e s ,  which were made by d r i l l i n g  holes  i n  a 
sheet of .0625 inch th ick  s t a i n l e s s  s t e e l ,  va r i ed  from .77 t o  .94 (assum- 
ing t h e  o r i f i c e  diameter measurements were c o r r e c t )  but appeared t o  be 
constant  f o r  each p a r t i c u l a r  o r i f i c e  i n  the  range t e s t e d .  

The o r i f i c e  c a l i b r a t i o n s  were l imi ted  t o  cases where the  pressure  
r a t i o s  (p2/p1) were l a r g e  ( t h e  c a l i b r a t i o n  was done t o  s a t i s f y  the  flow 
requirements of a r e s i s t a n c e  j e t  t e s t  program). More extensive t e s t i n g  
would be requi red  t o  v e r i f y  t h a t  CD, f o r  a p a r t i c u l a r  o r i f i c e ,  i s  constant  
over a l a rge r  p ressu re  r a t i o  v a r i a t i o n .  

REFERENCES 

1. Cygnarowicz, T.A., and Gibson, Re N., Jr., "Design and Performance 
of a Thermal Storage Res is to je t" ,  Paper 69-662, 1967 AIAA; a l s o  Journal  
of Spacecraft  and Rockets, Vol, 5 ,  No. 6,  June, 1968, pp. 686-689. 

2. Vivent i ,  R. E.,  e t  a l e ,  "Simulated Radioisotope Thrust System 
and Component Development", Contr . NAS 5-9670, General E l e c t r i c  Co. 
Report GESP-87, no date .  

3,  Andersen, B. We, The Analysis and Desipn of Pneumatic Systems, 
John Wiley and Sons Inc. ,  New York, 1967, pp, 17-22, 





ORIF ICE CALIBRATION PROCEDURE 

Figure  A shows the  schematic of the  o r i f i c e  c a l i b r a t i o n  system. The 
o r i f i c e  i s  c a l i b r a t e d  by the  following procedure: 

F i l l  the  sphere with gas. 
Weigh t h e  f i l l e d  sphere .(use 10,000 gram capaci ty  a n a l y t i c  balance 
with a 5.1 gram r e a d a b i l i t y ) .  
Attach the  sphere t o  the  flow system as shown i n  Figure A. The 
pressure  r egu la to r  and valve (B) a r e  p r e s e t  by t r i a l  runs t o  y i e l d  
the des i red  Pg and m. 
Open valve (A) and start  a s top  watch a t  t h e  same t i m e .  Let t h e  
gas flow f o r  a s u f f i c i e n t  amount of time (depending on o r i f i c e  s i z e )  
t o  o f f s e t  t r a n s i e n t  and measurement e r r o r s .  
Close valve (A) and tu rn  off  s top  watch a t  same time. 
Remove the  sphere from the  flow system and weigh i t .  
The flow r a t e  i s  found by subt rac t ing .  t h e  f i n a l  weight of t h e  
sphere from t h e  i n i t i a l  weight and d iv id ing  by the t i m e  period f o r  
which the gas was flowing. 
Vary P2, and AP over a l a r g e  enough range t o  p l o t  t h e  curve of Ld 
vs (Pq A P ) ~ O ~  (should be a s t r a i g h t  l i n e  f o r  small AP'I )  f o r  the  
range of i n t e r e s t .  

The c a l i b r a t i o n  system shown i n  Figure A exhausts the  gas leaving 
va lve  (B) a t  ambient pressure .  This valve can be replaced by an o r i f i c e  
which exhausts t o  a vacuum ( t o  s imulate  the t h r u s t e r ) .  Some o r i f  i c e s  
were c a l i b r a t e d  by both techniques and gave i d e n t i c a l  c a l i b r a t i o n  curves.  

The water bathshown i n  Figure A i s  used t o  maintain the t e s t  gas 
a t  a uniform temperature by means of a temperature c o n t r o l l e r .  



' FJ GURE A : ORIFICE CALI BRATION SYSTEM 
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