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PREFACE 

The accurate ca l i b r a t i on  of f l u i d  metering 
devices poses many problems, yet  the re  a r e  many kinds 
of labora tory  s tud i e s  which depend on the  a b i l i t y  t o  
measure f l u i d  flow accura te ly .  The Division has 
encountered such a requirement recen t ly  i n  the 
ca l i b r a t i on  of simple p l a t e  o r i f i c e  meters f o r  use 
i n  the measurement of window i n f i l t r a t i o n .  Recognizing 
t h a t  t he  establishment of a su i t ab l e  primary standard 
could be both d i f f i c u l t  and time-consuming it was 
decided t o  accept a s  an inter im laboratory standard 
a s e r i e s  of commercial flowmeters offered with spec i a l  
ca l ib ra t ion .  These were not  found t o  be accurate and 
i n  the  course of checking them it was possible t o  
examine the  flow c h a r a c t e r i s t i c s  of s t e e l  pipes with 
a view t o  using them a s  a ca l i b r a t i on  device. The 
r e s u l t s  obtained a r e  now reported. 

The f i r s t  author,  M r .  Racine, c a r r i s d  out 
much of the  measurement work a s  a summer student  w i t h  
the  Division. M r .  Sasaki,a research o f f i c e r  w i t h  the  
Building Services Section, i s  now engaged. i n  the  study 
of window i n f i l t r a t i o n .  

Ottawa 
February 1961 

N. B. Hutcheon 
Assis tant  Director  



THE USE OF FIFE FLO'JV CHARACTER1STIC:S 

FLUID 

J. G. Racine and J. R. Sasaki 

Five commercially a v a i l a b l e  c a l i b r a t e d  v a r i a b l e -  
a rea  flowmeters were purchased by the  Divis ion of Building 
Research Lo serve a s  a  l abora to ry  s tandard f o r  a i r  flow 
measurement. The rotameters  were intended f o r  use i n  the  
c a l i b r a t i o n  of sharp-edged o r i f  i c e  meters. These f lowmeters 
werc s e l e c t e d  t o  cover a range of flows and t h e r e  was some 
overlap i n  range between each p a i r  -taken i n  o rde r  of ranges.  
It was -thus poss ib le  t o  compare the  reading  given by one 
meter a t  -the top  of i t s  range wi th  t h a t  given by the  next  
l a r g e r  rneter opera t ing  nea r  the  bottom of i t s  range, D i s -  
crepancies  of up t o  5 per  cent  were found, but  it could no t  
be determined how much discrepancy coulcl be a t t r i b u t e d  t o  each 
meter of t h e  p a i r .  

The poor correspondence of t h e  readings from two 
successive f lowneters  was a t t r i b u t e d  t o  two poss ib le  sources:  

a  t h a t  t h e  accuracy of t h e  purchased rotameters  
was no-t +1 pe r  ten-t, a s  g$arantced by t h e  
manufacturer; o r  

b )  the  d e n s i t y  c o r r e c t i o n s  app l i ed  t o  the  metered 
flow were i n c o r r e c t ,  

Subsequent t e s t s  showed t h e  d e n s i t y  c o r r e c t i o n s  t o  
be v a l i d  and the  conclusion was, t h e r e f o r e ,  t h a t  -the rotameters  
did not  achieve an  accuracy of - +1 per  cen t ,  

The ob jec-Live i n  determining t h e  f r i c - t i o n  f a c t o r  
Reynolds' number c h a r a c t e r i s t i c  of the  t h r e e  s t e e l  p ipes  using 
the  rotameters  was th ree fo ld .  The f i r s t  was t o  check t h e  
d iscrepancies  between t h e  ind iv idua l  rotameters  by ob ta in ing  
the  c h a r a c t e r i s t i c  f o r  a  p a r t i c u l a r  pipe over a  range of 
Reynolds1 number common t o  two meters with a n  overlapping 
flow range, and comparing t h e  f r i c t i o n  f a c t o r  va lues  obtained 
with t h e  d i f f e r e n t  meters,  The second was t o  compare the  
pipe cha rac - t e r i s t i c s  obtained wi th  t h e  rotameters  wi th  
published pipe c h a r a c t e r i s t i c s  such a s  those presented by 
Moody(2). This would give some idea of the  r e l a t i v e  accuracy 
of the  whole s e t  of rotameters  i n  a d d i t i o n  t o  t h e  regions  of 
overlapping flow. The t h i r d  purpose was t o  determine whether 
t h e  f lovr r a t e s  obtained by applying the  general ly-accepted 
f r i c t i o n  f a c t o r  c h a r a c t e r i s t i c  f o r  smooth pipe t o  t h e  ga l -  
vanized i r o n  conduits  a v a i l a b l e  were s u f f i c i e n t l y  accura te  
f o r  c a l i b r a t i o n  purposes. 



Descript ion of the  Apparatus 

The apparatus  f o r  %he t e s t s  was arranged a s  shown 
i n  Fig. 1. A i r  flow was obtained from t h e  labora tory-  
compressed a i r  supply main and was reduced from 100 p s i  i n  
the  main t o  between 30 and 80 p s i  a t  the  i n l e t  s i d e  of t h e  
t h r o t t l i n g  valves.  Immediately ahead of the  pressure-  
reducing valve t h e  a i r  passed through a  Logan a r i d i f i e r  which 
el iminated any d r o p l e t s  of water  o r  o i l ,  a s  wel l  a s  p a r t i c l e s  
of pipe s c a l e  o r  r u s t  en t ra ined  i n  t h e  compressed a i r .  The 
moisture content  of the  a i r  which passed through t h e  t e s 3  
conduit  was measured using a  Burton clew poin t  apparatus .  The 
quan t i ty  of a i r  f lowing through the  sys-tern was con t ro l l ed  by 
the  t h r o t t l i n g  va lves  on t h e  low-pressure s i d e  of t h e  pressure-  
r e  d.uc i n g  valve . 

Prom t h e  flow c o n t r o l  panel t h e  a i r  passed through 
a  20-f t  l eng th  of l$- in.  galvanized i r o n  pipe i n t o  a  l k - i n .  
header pipe and thence through any one of the  t h r e e  40-f t  
runs of t e s t  conduit  of galvanized i ron .  The t e s t  conduits  
were those used i n  a  previous s tudy,  descr ibed i n  DAR I n t e r n a l  
Report No. 93 ( 3 ) .  From t h e  conduit  t h e  a i r  passed through 
a  rotameter  t o  atmosphere. 

Six s t a t i c  pressure ho les  1/'16 i n .  i n  diameter had 
been d r i l l e d  a t  60' i n t e r v a l s  around the  condui-t approximately 
4 i n .  from one end of each 1 0 - f t  sec t ion .  These ho les  were 
covered by b rass  piezometer r i n g s ,  soldered t o  t h e  outs ide  of 
the  conduit  t o  make an a i r t i g h t  s e a l .  

The i n s i d e  of t h e  conduit  had been reamed f o r  
approximately 6 i n .  a t  t h e  end where t h e  piezometer r i n g  was 
f i t t e d  and 2 in .  a t  t h e  o t h e r  end. This reaming ensured t h a t  
t h e  i n t e r n a l  a rea  of the  flow passage was t h e  same a t  each 
pressure tapping and t h a t  the  i n s i d e  diameter  of t h e  conduits  
were the  same a t  t h e  jo in t s .  The d i f f e r e n t i a l  pressure  was 
measured with a  250 mrn Aetz water manometer and when necessary 
with a 100-in. v e r t i c a l  Meriam manometer using coloured water.  
Gauge pressures  throug!~ the  system were measured us ing  another  
100-in. v e r t i c a l  Meriam manometer and when necessary with a  
Bourdon gauge. A pressure-switching panel was used t o  connect 
the  manometers t o  any of the  twelve piezorneter r i n g s .  With 
t h i s  arrangement, t h e  Betz o r  Neriam manometers could r e a d i l y  
be made t o  read t h e  d i f f e r e n t i a l  pressure between any two 
piezometer r ings .  

Before assembly of t h e  p ip ing ,  the  i n t e r n a l  c ross -  
sec-bional a rea  of each l eng th  of conduit  had been determined. 
The pipe diameters a r e  given i n  Table 1. 
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TABLE 1 

Tes t  Conduit S i z e s  

The tempera tures  i n s i d e  t h e  p ipe  were measured w i t h  
thermocouples read  on a n  e l e c t r o n i c  temperature  i n d i c a t o r .  
Thermocouples were placed i n  t h e  header  p i p e ,  a t  t h e  ends of 
each p ipe ,  and a t  t h e  o u t l e t  of  each ro tameter .  

Conduit Number 

3/4 i n .  I 
I1 
I11 
IV 

1 i n .  I 
I1 
I11 
IV 

1 1/4 i n .  I 
I1 
111: 
IV 

The a i r  f lows  through t h e  pipe  were measured u s i n g  
f o u r  ro tameters .  The f low ranges  a r e  shown i n  Table 2. 

~ i a m e t e r ( 3 )  (ft) 

6.908 x 
6.869 x 101; 
6.828 x 
6.319 x 1 0  

8.744 x 101; 
8.671 x 
8.712 x 
8.728 x 1 0  

11.575 x 101; 
11.413 x 
11.578 x 
11.586 x 10 

I 

TABLE 2 

Rotame t e r  Blow Ranges 

Meter  

1 
2 
3 
4 

1 
Flovr Range(cfm) 

0.29 - 1.60 
1.15 - 6.3 
4.0 - 22.5 

18.0 - 98.0 



Theory of Flow througli a  E p e  with F r i c t i o n  

A i r  flowing through a  p ipe ,  i n  which f r i c t i o n  occurs ,  
can be d e a l t  with a s  e i t h e r  a compressible o r  incompressible 
f l u i d  depending on th.e magnitude of  f l o w ,  t he  l eng th  of the  
p ipe ,  and the  pipe diameter.  '.men t h e  flow i s  smal l ,  t h e  
pipe length  s h o r t ,  and the  pipe diameter r e l a t i v e l y  l a r g e ,  the  
pressure drop and consequently the  d e n s i t y  change i s  very  
small  and incompressible flow theory  can be appl ied.  If,  
hoviever, the  flow i s  l a r g e ,  the  pipe l eng th  long and t h e  
diameter of t h e  pipe r e l a t i v e l y  small ,  t he  d e n s i t y  change 
can no longer  be ignored, and t h e  flow must be considered 
compressible. 

Reference No. 1 s t a t e s  t h a t  i n v e s t i g a t o r s  have 
found t h e  f r i c t i o n  f a c t o r , f  , t o  be a  physical  c h a r a c t e r i s t i c  
of a  p ipe ,  independent of the  Mach number and dependent only 
on t h e  Reynolds' number and t h e  pipe roughness, no mat ter  
what type of flow e x i s t s  i n  t h e  pipe.  The problem i s  t o  
ob ta in  an expression f o r  flow t h a t  r ep resen t s  the  flov? 
condi t ions  a c t u a l l y  e x i s t i n g  i n  t h e  pipe.  A choice of 
t h r e e  expressions presented -themselves; t h e  incompressible 
equation and t h e  isothermal  and a d i a b a t i c  equat ions f o r  
compressible flow. Their  developments a r e  shown i n  
Appendix A .  Considering the  maximum flow and t n e  minimum 
pipe diameter t o  be encountered i n  the  s tudy it was decided 
t h a t  the  pressure r a t i o ,  '2/-pl, would be s u f f i c i e n t l y  low 
t o  n e c e s s i t a t e  t h e  use of t h e  compressible flow equation. 

Reference No. 1 s t a t e s  f u r t h e r ,  t h a t  only i n  very  
long pipes wi th  a  l a r g e  temperature d i f f e rence  between t h e  
i n s i d e  and outs ide  of the  pipe w i l l  isothermal  flow condi t ions  
be approached. I n  s h o r t  pipes  where the  gas temperature i s  
near  -the room temperature,  adiaba-t ic  c:ond.itions a r e  more 
n e a r l y  approached. 

The condi t ions  dur ing  t h e  t e s t s  on the  pipe viere 
such t h a t  tne  a c t u a l  t e s t  condi t ions  probably approached 
a d i a b a t i c  more c l o s e l y  than  iso-iiherrnal, A sanple c a l c u l a t i o n  
of the  f r i c t i o n  f a c t o r  i s  shovm i n  Appendix A using  a l l  t h r e e  
expressione. It was fouiid t h a t  t h e  r e s u l t s  obtained wi th  t h e  
isothermal  expression variecl very l i- t ; t le from t h a t  obtained 
n i t h  t h e  a d i a b a t i c  expression,  Theref o r e ,  a l though r e a l i z i n g  
t h a t  the  t e s t  condi t ions  more c l o s e l y  approached a d i a b a t i c ,  
t h e  isothermal  compressible flow expression was used t o  
de-l-ermi~e the  f r i c t i o n  f a c t o r  from t h e  t e s t  r e s u l t s  f o r  i t s  
s impl ic i ty .  The isothermal  compressible flow expression f o r  
f r i c t i o n  f a c t o r  i s  



The cor-responding pipe Reynolc?st number i s  

The above symbols a r e  def ined  i n  i 'A~penc?ix !Z. 

Tes t  Procedure 

The ro-l-arneter was connected t o  t h e  p a r t i c u l a r  p ipe  
t o  be t e s t e d .  The a i r  from t h e  l a b o r a t o r y  supply was tu rned  
on and governed by t h e  c o n t r o l  va lve  u n t i l  t h e  appropl- ia te  
f low was indicated.  on t h e  ro tameter .  For t h e  g iven  f low,  t h e  
p re s su re  drop  a c r o s s  one,  two o r  t h r e e  l e n g t h s  of t h e  condu i t  
bei-ng t e s t e d  was measured u s i n g  t h e  Betz ma~omete r  for .  t h e  
smal l  v a l u e s ,  and t h e  100- in .  Tderiam manometer f o r  t h e  l a r g e r  
va lues .  ;'hen t h e  p re s su re  drop  was small., it tvas measureci 
over  t h e  l o n g e s t  a v a i l a b l e  l e n g t h ,  i . e .  t h r e e  1 0 - f t  s e c t i o n s  
t o g e t h e r .  The gauge p re s su re  a t  t h e  p ipe  i n l e t  was measured 
w i t h  t h e  100- in .  manometer and w i t h  t h e  nourdon gauge a t  t h e  
l a r g e r  pressures, and t h e  p ipe  i n l e t  and o u t l e t  and. ro t ame te r  
o u t l e t  t empera tures  were measured w i t h  thern!ocouples. The 
above read.ings were made a t  each  f l o v ~  read ing .  

The baromet r ic  p r e s s u r e ,  room temperature  and t h e  
l i n e  a i r  de-m-point temperature  were measured a t  t h e  s t a r t  and 
f i n i s h  of each t e s t .  Four t e s t s  were made us ing  meter  1 and 
t h r e e  tes-t-s each were made with meters  2 ,  3 and 4 on t h e  
3/4 i n .  p ipe .  Three t e s t s  each  were made wi th  meters  2 ,  3 and 
4 on t h e  1 i n .  p i y e ,  and t h r e e  t e s t s  each were made wi th  
meters  2 ,  3 and 4 on t h e  1& i n .  p ipe .  

Data process in^ 

The da t a  p rocess ing  was performed by t h e  G-15 Dendix 
computer f o r  rvhich a  program was w r i t t e n .  The program 
computed va lues  of f r i c L i o n  f a c t o r  and t h e  cor responding  
Eieynolds' numbers. 11 p l o t t e r  sub rou t ine  was w r i t t e n  i n t o  t h e  
program t o  provide two forms of ou tpu t :  type-out  i n  f i x e d  
p o i n t  n o t a t i o n  and punched paper  t ape .  The punched paper  
t ape  r e s u l t  was i n p u t t e d  t o  a  IiIosely p l o t t e r  which y i e l d e d  a  
p l o t  of l o g  ( f )  ve r sus  l o g  (R , ) .  The processed r e s u l - t s  of  
t h e  t e s t s  appea r  i n  Figs .  2 t o  8,  i n c l u s i v e .  I n  a d d i t i o n ,  
s e v e r a l  t e s t  p o i n t s  were r e - c a l c u l a t e d  w i t h  t h e  va lue  of 
Q, modified by - + l p e r c e n t  t o  - + 5 p e r  cen t .  

The inaccuracy  in t roduced  int;o t h e  f i n a l  r e s u l t s  
due t o  ins t rument  e r r o r s  i s  o u t l i n e d  i n  b-ppendix B. 



Discussion of Resul ts  

I n  the  subsequent d iscuss ion ,  a l l  d iscrepancies  i n  f 
a r e  expressed a s  percentage d i f fe rences  i n  flow. 

I. Pi-oe F r i c t i on  Fac-tor C ha ra c t e r i s t i c  

( a )  3/4 i n .  @ Conduit (Pigs.  2 and 3)  

The f i g u r e s  show very poor c o r r e l a t i o n  between the  
c h a r a c t e r i s t i c s  a s  determined by d i f f e r e n t  meters. The poor 
co r r e l a t i on  between the  c h a r a c t e r i s t i c s  was a t t r i b u t e d  t o  
the  c a l i b r a t i o n  of the  meters. A t  R = 2240, the  d i f fe rence  
is equivalent  t o  a  d i f fe rence  of 4& Eer cen t  i n  the  values 
of flow a s  measured by meters 1 and 2. A t  Re = 12,000, t he  
d i f ference  i n  terms of flow i s  2Q pe? cent .  A t  Re = 42,600, 
the  d i f fe rence  i n  terms of flow i s  2 2  per  cent .  

Prom Pig. 2 it can be seen t h a t  i n  the  tu rbu len t  
and t r a n s i t i o n  regions a  differen-ce of 1 per  cen t  i n  Q 
produces a  1 per  cent  increase  i n  R and a  2  pe r  cen t  
decrease i n  f which can be seen qui%e e a s i l y .  However, a  
change i n  l;m of 1 per  cen t  i n  the  laminar region can 
sca rce ly  be discerned a s  the  increase  i n  R and the  decrease 
i n  f follolvs c l o se ly  t he  s lope of the  lamifiar flow l i n e .  

I n  Pig. 3 published pipe f r i c t i o n  f a c t o r s  a r e  
p lo t t ed  f o r  comparison: curve 2  f a l l s  from t he  smooth pipe 
c h a r a c t e r i s t i c  by 2 t o  5 per  cen t  of flow, curve 3 by 2  t o  
3 per  cent  of flow, and curve 4 by 1 t o  4 per  cen t  of flow. 

If the  c h a r a c t e r i s t i c  of a  pipe with roughness 
0.0004 i s  taken a s  the  mean, curve 2  f a l l s  of f  from 0 t o  4 
per  c en t ,  curve 3  f a l l s  off from 1 t o  0  pe r  cen t  and curve 4 
f a l l s  off  by 4 per  cent .  Therefore,  i f  t h e  published pipe 
c h a r a c t e r i s t i c s  a r e  assumed correc-t ,  and the  method of 
c a l cu l a t i ng  f and Re a r e  assumed c o r r e c t ,  t h e  r e s u l t s  show 
a t  l e a s t  2  of the  3  meters a s  having e r r o r s  i n  the  c a l i b r a t i o n  
g r e a t e r  than  2  per  cent .  

( b )  1 in .  @ Co11d.ui-t (Figs.  4 and 5 )  

The poor c o r r e l a t i on  between t h e  c h a r a c t e r i s t i c s ,  
a s  determined by meters 2 ,  3 and 4 ,  was again  evident ,  and 
i n  the  same manner. The d i f fe rence  between curves 2  and 3  
increased a small  amount and the  d i f ference  between curves 3  
and 4 decreased. 

I n  Pig. 5 it i s  seen t h a t  t he  c h a r a c t e r i s t i c  f o r  
a  r e l a t i v e  roughness of .0004 i s  a  good approximation f o r  
curves 3 and 4 which a r e  only about +1& and -2 per  cent  o f f .  
However, curve 2  i s  off  by a s  much a s  2 t o  4 per  cent .  



( c )  1$ i n .  jd Conduit (F igs .  6 and 7 )  

Very s i m i l a r  i n  c l ? a r a c t e r i s t i c  t o  tlie 3/4- and 1 i n .  
p ipes ,  except t h a t  t h e  d i f f e r e n c e  between curve 2 a n d  3 i s  q u i t e  
smal l .  The presence of t h e  lower p o i n t s  on curve 3 i s  due t o  
an  e r r o r  of 0.45 per  c e n t  i n  t h e  diameter  t h a t  w a s  used i n  
t h e  c a l c u l a t i o n .  Figure  7 compares t h e  t e s t  r e s u l t s  ~ v i t h  t h e  
curve f o r  .0004 r e l a t i v e  roughness.  Curve 4  f a l l s  below by 
1 per  c e n t ,  curve 3 l i e s  above by 2 per  c e n t  and curve 2 l i e s  
above by 3 t o  5 p e r  cen t .  

11. Figure  8 shows a l l  tlie measured c h a r a c t e r i s t i c s  
p l o t t e d  on a  s i n g l e  graph.  Lkcepl; f o r  t h e  t r a n s i t i o n  and 
h i g h  tu rbu lence  r e g i o n s ,  a l l  t h e  curves  f a l l  very  n e a r l y  one 
on t o p  of t h e  o t h e r ,  an  i n d i c a t i o n  t h a t  a l l  t h r e e  conciuits 
t e s t e d  had similar r e l a t i v e  roughness.  

Conclusions 

I. The pipe f r i c t i o ~ ?  f a c t o r  c h a l - a c t e r i s t i c s  a s  determined 
wi th  t h e  f o u r  ro t ame te r s  were a t  va r i ance  w i t h  one a n o t h e r  i n  
t h e  over lapping  r anges  of f low. The c a l i b r a t i o n  of meter  2 
was lower than t h a t  of meter  1 by a s  much a s  4; p e r  c e n t  of  
t h e  flow value.  The c a l i b r a t i o n  of meter  3 v r a s  h i g h e r  than  
t h a t  of meter  2 by 23 p e r  c e n t  o f  t h e  flow!, and t h s  c a l i b r a -  
t i o n  of meter 4  was h i g h e r  tlian t h a t  of  meter  3 by 2$ p e r  c e n t  
of t h e  flovr. 

11. The pipe f r i c t i o n  f a c t o r  c h a r a c t e r i s t i c s  p resen ted  
by Moody were taken a s  a  r e f e r e n c e .  Vihen t h e  exper imental  
c h a r a c t e r i s t i c s  were superimposed, t hey  d i d  n o t  l i e  on any 
one l i n e  of a given roughness b u t  c ros sed  s e v e r a l .  Die 
r e s u l t s  ob ta ined  f o r  t h e  3/4 i n .  jd pipe can be t aken  a s  an  
example. Curve 3 l a y  a long  t h e  g e n e r a l  c h a r a c t e r i s t i c  f o r  
a pipe  w i t h  a r e l a t i v e  rougllness of  0.0004. Curve 2 l a y  
above t h i s  l i n e ,  i n d i c a t i n g  t h a t  t h e  whole c a l i b r a t i o n  on 
meter 2 may be low by up t o  4  pe r  c e n t .  Curve 4  l a y  below 
t h e  l i n e ,  an  i n d i c a t i o n  t h a t  t h e  whole c a l i b r a t i o n  of meter  
4 may be h igh  by 4 pe r  c e n t .  

111. The s tudy  sllovlrs t h a t  t l iere i s  a d i s t i n c t  p o s s i b i l i t y  
t h a t  f o r  R ) GOO0 t h e  publ i shed  p ipe  f r i c t i o n  f a c t o r  charac-  
t e r i s t i c s  !!!an be used a s  a  c a l i b r a t i n g  means, provided t h e  
gene ra l  curves  a r e  a c c u r a t e  and t h e  pipe  roughness can be 
c l o s e l y  es t imated .  The f r i c t i o n  f a c t o r  i s  an  i n v e r s e  f u n c t i o n  
of t h e  square  of t h e  f l ow,  and an e r r o r  of 2 p e r  c e n t  i n  
determining t h e  f r i c t i o n  f a c t o r  w i l l  r e s u l t  i n  only  1 p e r  c e n t  
e r r o r  i n  flow. Therefore .  i f  one i s  a b l e  t o  choose a m b l i s h e d  
p ipe  f r i c t i o n  f a c t o r  c h a r a c t e r i s t i c  t o  w 
t h e  t r u e  c h a r a c t e r i s t i c ,  by assuming no 
flow va lues  a c c u r a t e  t o  I pe r  c e n t  can b  

i t h i n  2 p e r  c e n t  of 
exper imental  e r r o r ,  
e  ob ta ined .  



I n  t h e  laminar  r e g i o n ,  t h e r e  i s  only  one c h a r a c t e r i s t i c  
and t h i s  i s  independent of roughness.  However, th i s  c h a r a c t e r i s t i c  
must be very a c c u r a t e  s i n c e  a srnall e r r o r  i n  f i n t r o d u c e s  a 
very  l a r g e  e r r o r  i n  t h e  determined f low.  
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STEADY PLOB OF A I R  !THROUGH A PIPE T/I!ClI PEICTIOI\T 

An e x p l a n a t i o n  o f  t h e  symbols u s e d  i n  t h e  e q u a t i o n s  
t o  follokv m i l l  be fouad  a t  t h e  end o f  Appendix A. 

F o r  t h e  s t e a d y  flovr of  a i r  t h r o u c h  a p i p e ,  t h e  
f o l l o w i n g  r e l a t i o n s  w i l l  be assumed t o  h o l d :  

(i)  C o n t i n u i t y  e q u a t i o n  

c o n s t a n t  f o r  a  c o n s t a n t  a r e a  p i p e ;  
ng = >= 

(ii) P e r f e c t  g a s  l a w  

The s t e a d y  f low o f  a  f l u i d  t h r o u g h  a  p i p e  can 
be comple te ly  d e s c r i b e d  by t h e  fo l lov i ing  
e q u a t i o n s :  

( a )  t h e  e q u a t i o n  f o r  t h e  c o n d i t i o n  of  s t a t e ;  

( b )  -the dXnergy Equa t ion  o f  f low.  

The Genera l  Energy J q u a t i o n  i s  t h e  a l g e b r a i c  
e x p r e s s i o n  o f  t h e  f i rs t  l a w  o f  thennodynamics which s t a t e s  
t h a t  i n  a c o n v e r s i o n  o f  therrflal ene rgy  t o  mechanica l  e n e r g y ,  
t h e  amount o f  mechan ica l  ene rgy  developed i s  e q u a l  t o  t h e  
amount of  t h e r m a l  energy v ~ h i c h  d i s a p p e a r s  and  v i c e  v e r s a .  
Ttle e q u a t i o n  can be e x p r e s s e d  a s  fo l lo rvs ,  f o r  h o r i z o n t a l  f low,  
i n  which no work i s  done : 

Jdq  - J d u  = d($+ d  (PN) 

Vhen f r i c t i o n  i s  p r e s e n t  i n  t h e  p i p e ,  p a r t  of  t h e  
nlechanical  ene rgy  developed i s  reduced  by t h e  f r i c t i o n  t o  
h e a t .  

An energy e q u a t i o n  i n v o l v i n g  ti le f r i c t i o n  can be 
developed from t h e  dynamic e q u a t i o n .  Cons ide r  a n  e lement  of  
f l u i d ,  dm, moving from p o i n t  1 t o  p o i n t  2 a l o n g  t h e  p ipe .  
Act ing  on t h e  ups t ream f a c e  o f  t h e  element  i s  a p r e s s u r e  ( p )  
and  on t h e  downstream f a c e ,  ( p d p )  . The v e l o c i t y  a t  t h e  
ups t ream f a c e  i s  V and  a t  t h e  dorvnstream f a c e  V -t- dV. 



R e s i s t i n g  the  movement of t h e  element i s  t h e  f r i c t i o n  s h e a r  

s t r e s s ,  T o ,  where fo = ff v2 
8g 

If t h e  pipe  h a s  a d iameter ,  do, and t h e  element h a s  
l e n g t h ,  dL, 

The dynamic equa t ion  s t a t e s  t h a t  t h e  s u m  of a l l  t h e  f o r c e s  
a c t i n g  on t h e  element causes  t h e  element t o  a c c e l e r a t e .  

Acce le ra t ion  i s  a = 
dV 
fi 

Since t h e  f low i s  s t eady ,  t h e  a c c e l e r a t i o n  i s  a 
f u n c t i o n  of l e n g t h  on ly .  

dV - dL VdV - -  - = -  
d t  dL ' d t  dL 

VdV 
[P - ( p d p ) ]  do2 - % . d .  do. dL = dm. - 

dL 

which i s  9 ,  f v 2  VdV .dL = - 
P 2gdo i5 

Tnis  i s  t h e  energy equa t ion ,  i n c l u d i n g  f r i c t i o n .  

The equa t ions  f o r  incompress ible  f low and i so the rma l  
and a d i a b a t i c  comprcssible f lows can be developed from t h e  
energy equa t ion  ( 2 )  by i n c o r p o r z t i n g  t h e  p a r t i c u l a r  c o n d i t i o n s  
of s t a t e .  

( a )  Incompress ible  Plow 

The cond i t i on  of s t a t e  f o r  incompress ible  f low i s  

N= cons t an t  

and s i n c e  = c o n s t a n t ,  V = c o n s t a n t  
2 

Xquation ( 2 )  reduces  t o  



Upon i n t e g r a t i o n ,  t h e  exp res s ion  f o r  f r i c t i o n  
f a c t o r  i s  given a s  

where 

Afm f o r  t r u e  incompress ible  f l ow i s  equa l  t o  

and /Lf, b u t  f o r  a i r  f low i s  equa l  t o  t h e  
1 2 

mean. 

The correspond i n g  pipe  Reynolds number i s  

s i n c e d m  i s  c o n s t a n t ,  and f u r t h e r  assuming 

t h a t  t h e  temperature  from p o i n t  1 t o  p o i n t  2 
i s  n e a r l y  c o n s t a n t , A  i s  c o n s t a n t  and t h e r e -  
f o r e  Re i s  c o n s t a n t  a long  t h e  pipe  l e n g t h .  

( b )  I so thermal  Compressible Plow 

The condition of s t a t e  f o r  i so the rma l  f low i s  

dT = 0 

The P e r f e c t  Gas Re la t ion  

d  (p/vj = RdT = 0 

- c o n s t a n t  From t h e  c o n t i n u i t y  equa t ion ,  - - 
/Ir 

Equation ( 2 ) ,  re -a r ranged ,  g i v e s  

I n t e g r a t i o n  g i v e s ,  



( c )  Adiaba t ic  Compressible Flow 

The cond i t i on  of s t a t e  i s  

dq = 0 

and Equation (1) becomes 

2 ( V ) + J d . u = O  d ( p W )  + i& 

1 
Since Jdu = J c V  dT = ~mr .d (PM) 

The equa t ion  of t h e  c o n d i t i o n  of s t a t e  becomes: 

(h -1)  d  V* - 
d ( p n d +  k 0 - -  

2g 
( 5 )  

The energy equa t ion  i s  Equat ion ( 2 )  

So lv ing  Equations ( 5 )  and ( 6 )  s imul taneous ly  and 
o b t a i n i n g  a n  exp res s ion  f o r  P i n  terms of pl and p  would. ,. 2 
give proper  exp res s ion  f o r  f ~. However, t h e  r e s u l t i n g  equa t ion  
i s  d i f f i c u l t  t o  so lve  and normal ly  t h e  Equat ions  ( 5 )  and ( 6 )  
a r e  expressed s e p a r a t e l y .  

Equation ( 5 )  i n t e g r a t e s  t o  

- )  vL - c o n s t a n t  P&+ 7 - 3 -  

v Since I =47 
g PM 

of s t a t e .  

Equat ion ( 6 )  can be r e - w r i t t e n  a s  



Subs t i t u t i ng  
n 

i n t o  ( 6a )  and i n t eg ra t i ng ,  g ives  t he  r e s u l t i n g  
energy equation: 

By solving t h e  equat ions of s t a t e  and energy t oge the r  

f o r  a p a r t i c u l a r  value of '2/pl, t h e  value o f  f r i c t i o n  f a c t o r  

i s  obtained. 

SAbTFLE CALCULATION USI NG THE THIBE EXPFBSSIOMS 

Test  Condition - 10 f t  of uninsulated. i r o n  pipe 

do = 6.828 x f t  (3/4 i n .  9) 

Ba = 29.67 in.M.C. tdp = 17'3' 

Bc = 29.54 5n.M.C. hl-h2 = 63.6 i n .  W.C. = 2.30 p s i  

P1 = 13.25 p s ig  Qm = 97.1 cfm 

Ti = 541.2OR To = 538.6OR 

Tr = 538.7OR Ta = 536.6OR 

Solut ion 

P m  
- - 1i1:17 - -378 p ] = 

C v le317 x 29.51 = 0.07220 pcf 
538.3 



Pa 
= 2085 psf 

p 1  = 3993 psf 

p2 = 3661 psf 

fi = 7.210 c f p  

( a )  Incompress ible  Plow 

(b I so thermal  Corn~res s ib l e  Plov~ 

( c )  Adiaba t ic  Compressible Plom 



p2/p1 = 0.9144; 

By i t e r a t i o n  
4 - 1,0883 , and z,- - 

Checking t h e  I so thermal  Condi t ion Prom Heat T r a n s f e r  Cons idera t ion  - 

The gene ra l  energy equa t ion  f o r  t h e  i so the rma l  
cond i t i on  i s  

For i so the rma l ,  

L - A =  

37 - Pf, 
1.0907 from previous  example. 

Thus, f o r  a  f low of 7-16 lb/min, t h e  h e a t  f low r e q u i r e d  t o  
mainta in  i so the rma l  c o n d i t i o n s  i s  = 7.16 x  60 x 0.21 

90 ~ t u / h r .  
Therefore ,  i s o t h e r n a l  condi-t ions would have r e q u i r e d  a  h e a t  
f low from t h e  surroundings  i n t o  t h e  pipe.  During -the t e s t ,  
t h e  room temperature  was l e s s  t h a n  t h e  temperature  i n  t h e  
p ipe ,  making it v i r t u a l l y  impossible  f o r  h e a t  t o  f l ow i n ,  
and w i t h  t h e  sma l l  temperature  di f feren.ce  e x i s t i n g ,  t h e  pipe 
was e f f e c t i v e l y  i n s u l a t e d ,  approaching t h e  a d i a b a t i c  c o n d i t i o n  
r a t h e r  t h a n  t h e  i so thermal .  

Symbols Used .- i n  Appendix .- A - 
p= a i r  s p e c i f i c  weight 

= a i r  s p e c i f i c  volume 

1? = a r e a  



do 
= pipe diameter ft 

V = a i r  v e l o c i t y  f t / s e c  

\rJ = a i r  weight flow lb/rnin 

T = absolu te  temperature O R  

q = heat  flow Bt-u/lb 

u = i n t e r n a l  energy Btu./lb 

J = mechanical equiva lent  of h e a t  = 778 f t  l b h t u  

P = f r i c t i o n  energy l o s s  = 
0 

f = pipe f r i c t i o n  f a c t o r  

A = a i r  dynamic v i s c o s i t y  l b  s e c / f t 2  
C 
I? 

k = r a t i o  of s p e c i f i c  h e a t s  = -- = 1.4 f o r  a i r  
Cv 

C~ 
= s p e c i f i c  hea t  a t  cons tant  volume 

= s p e c i f i c  h e a t  a t  cons tant  pressure 

L = l eng th  of pipe f t  

d  = d i f f e r e n t i a l  o f ,  

R = gas contac t  f o r  a i r  = 53.7 

Re = Reynoldsf number 

P = gauge pressure P S ~ E  

p = absolu te  pressure psfa  

g = a c c e l e r a t i o n  due t o  g r a v i t y  = 32.2 f t / s e c 2  

I n  = n a t u r a l  logari-thtn o f ,  

a = a c c e l e r a t i o n  f t / s e c  

pv 
= vapour pressure i n .  1iI.C. 

d-) 
Jo = f r i c t i o n  shea r  s t r e s s  

Q, = volunle flow cftn 



= dew p o i n t  t empera ture  o ;$ 
t d ~  

I 

M = hlach number 

Ti = a b s o l u t e  a i r  t empera ture  
a t  p ipe  i n l e t  O R  

= a b s o l u t e  a i r  temperature  
Tr a t  f l ovme te r  O R  

= a b s o l u t e  mean a i r  
ICm temperature  O R  

hl-h2 = pres su re  d i f f e r e n c e  
between p o s i t i o n s  1 and 2  p s i g  

p, = mean a i r  s p e c i f i c  weight pcf 

Ys = s t anda rd  a i r  s p e c i f i c  
weight = .075 pcf 



APPENDIX B 

ACCURACY OF THE APPARATUS 

A l l  the  measuring apparatus showed f l u c t u a t i o n s  i n  
readings,  and c e r t a i n  inherent  e r ro r s .  

( a )  Rotameters 

Readings made on the  rotameters  were genera l ly  
s t a b l e .  Meter 1 mas readable t o  + 0.001 cfrn, meter 2 t o  
+ 0.005 cfm, meter 3 t o  + 0.01 cfm, and meter 4 t o  + 0.10 cfm. - - - 

The uncer ta in ty  i n  the  readings averaged + $ pe r  
cen t  of the l ov~es t  flow measured by each meter. HoGever, 
s u f f i c i e n t  readings were talcen t o  v i r t u a l l y  e l i ~ n i n a  t e  t h i s  
uncer ta in ty .  

( b )  Thermocou>le - I nd i c a t o r  Combination 

However, the  
e r r o r  when w i  
ge the r  o r  whe 
i n s t a l l e d  i n  
a c a l i b r a t ed  

The i nd i c a t o r  s c a l e  could be read t o  + O.l°F. 
t2.lermocouples themselves were suscept ibre  t o  
. r e s  o f  d i s s i m i l a r  diameters were joined t o -  
In the  thermocouple junct-ions were improperly 
the  pipes.  The thermocouples were checked with 
thermometer and found t o  be accura te  t o  - + 1°P. 

( c )  Manometers and Pressure Gauge 

(i) Betz. - A t  the  l o w  f lows,  the  readings 
were very s t a b l e  and could be read t o  + 0.02 mm VI.C. bu t  
under tu rbu len t  f low, the  readings were unstable .  Small 
amplitude, high-f requency f l u c t u a t i o n s  werc superimposed 
on a l a rge  amplitude, l o w - f  requency f luc. tuat ion,  ma king t he  
readings d i f f i c u l t  t o  take.  The low-frequency f l u c t u a t i o n  
appeared t o  follow the  f l u c t u a t i o n  i n  the  rotameter  reading. 
 heref fore, t h e  t ~ ~ o  readings were made a s  ne a r l y  simultaneous 
a s  poss ib le ,  which l e f t  only t he  small  amplitude high- 
frequency f h~ctuat ion: ;  a s  e r r o r  i n  reading. This e r r o r  
reached a magnitude of approximately - + 0.7 pe r  cent .  

(ii) 100 in .  Manometers. - These manometers 
were normally s t a b l e ,  but  a t  t h e  high f lows,  reached 
fh l c tua t i ons  of nea r ly  + 1- in .  water column, o r  approached 
an uncer ta in ty  o f  - + 1 per  cent  i n  reading. 

(iii) Bourdon Gauge. - The Bourdon gauge 
readings were genera l ly  s t a b l e  and were readable t o  + 1/8 
ps ig  in t roducinc  .t maximum uncer ta in ty  of - + 1.2 pe r  cen t .  

( d )  Dew Point  Apparatus 

The dew point  temperature was determined t o  
wi th in  - + rj°F, bu-b s ince  i t s  e f f e c t  on dens i ty  i s  very small ,  



t h i s  e r r o r  was considered n e g l i g i b l e .  

Extraneous leakages  from t h e  appa ra tus  were reduced 
u n t i l  t h e y  were l e s s  thnn approximately  1 x 10-3 cfm, 

The read ings  t h a t  were made du r ing  t h e  t e s t  were 
a l l  s u b j e c t  t o  sys temat ic  and random e r r o r s .  

The measured flow was considered a s  having a sys -  
t emat ic  e r r o r ,  and t h e  random e r r o r  was assumed n e g l i g i b l e .  
The pressure  measurements were considered t o  be s u b j e c t  t o  
on ly  random e r r o r s .  

The random e r r o r s  could be considered s e l f - e l i m i n a t i n g  
when a s u f f i c i e n t l y  l a r g e  number of p o i n t s  were talcen, On 
t h e  o t h e r  hand, t h e  sys temat ic  e r r o r s  would p e r s i s t  no m a t t e r  
how many r e a d i n ~ s  were taken.  

The f low was considered a s  having a sys t ema t i c  e r r o r  
of + 1 p e r  c e n t ;  t h e  tempera tures ,  a s  having a sys t ema t i c  
e r r o r  of + 0.2 p e r  c e n t ,  Since t h e  p re s su re  measurement 
e r r o r s  weFe considered random, even though l a r g e ,  t h e i r  
e f f e c t s  may be ignored,  provided a s u f f i c i e n t l y  l a r g e  number 
of r ead ings  were made. 

The s p e c i f i c  weight o f  t h e  a i r ,  which i s  a f u n c t i o n  
of temperature and p re s su re ,  w i l l  have a maximum p o s s i b l e  
sys temat ic  e r r o r  of - + .2 p e r  cen t .  

The weight flovt of a i r  

By assuming t h e  e r r o r   in^ and - d a s  being n e g l i g i b l e ,  

P1 
The e r r o r  i n  I n  - i s  neg lec t ed ,  and 

P2 



Therefore ,  when t h e  e r r o r s  i n  t h e  pressure  measure- 
ment a r e  considered a s  being only random, t h e  maximum poss ib l e  
e r r o r  i n  Re is  + 1.1 p e r  c e n t ,  and t h e  maximum poss ib l e  e r r o r  

* - 
i n  +. i s  + 2.4 p e r  cent .  However, if t h e r e  were sys temat ic  
e r r o r s  in t h e  pressure  measurements a s  w e l l ,  t h e  maximum 
poss ib l e  e r r o r s  would be g r e a t e r .  It can be assumed t h a t  
t h e  probable e r r o r  w i l l  be l e s s  than  t h e  maximum values  
determined, the  determining f a c t o r  being t h e  signs of t h e  
flow and temperature e r r o r s .  


