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Standards Association by undertaking to determine the 
friction coefficients for air flow in filled electrical 
conduits. This work, although immediately related to a 
very restricted interest in the broad field of building 
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closely the intcrests of thc Division in air flow in 
ducts for heating and air-conditioning systems. The flow 
measurement apparatus developed and tho experience which 
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perhaps not justified by the immediate needs for 
electrical conduit application, has however resulted in 
good basic friction data for the particular cases tested 
which when published may find broader application. 
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PRESSURE LOSS ASSOCIATED WITH A I R  FLOW 

I N  ELEXTRICAL C OIJDUITS 

by D. G. Stephenson 

Recen t ly  t h e  problem has  a r i s e n  of how t o  des ign  an 
e l e c t r i c a l  condu i t  system s o  t h a t  i t s  i n t e r n a l  s t a t i c  p r e s s u r e  
w i l l  always exceed i t s  ambient s t : ~ t i c  p r e s s u r e  by a  s p e c i f i e d  
amount. This  was needed t o  ensure  t h a t  t h c r e  would be no in f low 
where t h e  condui t  passed  th rough  a  r e g i o n  of corpos ive  o r  
e x p l o s i v e  gases .  Since some leakagc  i s  p r a c t i c a l l y  unavoidable  
w i t h  s t a n d a r d  f i t t i n g s  t h e r e  w i l l  have t o  be some f low through  
t h e  condu i t  system; and a s s o c i a t e d  w i t h  t h i s  f low t h e r e  w i l l  be 
a  p r e s s u r e  drop,  It ap?ears t h a t  t h e r e  a r e  no d a t a  i n  t h e  
eng inee r ing  l i t e r a t u r e  on t h e  p r e s s u r e  drop f o r  f low i n  p a r t i a l l y  
f i l l e d  c o n d u i t s ,  s o  i t  was t o  p rov ide  t h e s e  needed d a t a  t h a t  t h e  
p r e s e n t  i n v e s t i g a t i o n  was undertalcen. 

Tho p r e s s u r e  drop vs .  mass f low has  been ob ta ined  f o r  
each of t h e  twenty seven combinations o r  t h e  fo l lowing  v a r i a b l e s :  

(1) Conduit  s i z e :  3/4 i n c h ,  1 i n c h ,  1 l/4 i n c h  

( 2 )  Wire s i z e :  1 0 ,  12,  14-gauge, w i t h  p l a s t i c  
i n s u l a t i o n ,  

( 3  ) Arrangement : One, two, and t h r e e  conductors  
i n  each  condu i t  - nontwis tcd ,  

I n  a d d i t i o n  t o  t he  above l i s t e d  t e s t s  t h e  e f f e c t s  of 
t h e  fo l lowing  v a r i a b l e s  were s t u d i e d  f o r  somo of t h e  above 
combinations: 

(1) Rubber i n s u l a t i o n  r a t h e r  t han  p l a s t i c ,  

( 2 )  Twis t ing  t h e  conduc tors ,  and 

( 3 )  A s t a n d a r d  coupl ing  and a  90" elbow i n  t h e  condu i t .  

It h a s  been p o s s i b l e  t o  c o r r e l a t e  t h e  d a t a  from t h c s e  
t e s t s  s o  t h a t  t h e y  i n d i c a t e  a r e l a t i o n s h i p  between t h e  geometry 
of t h e  condui t  and wire;  t h e  p h y s i c a l  p r o p e r t i e s  and mass f low 
r a t e  of t h e  gas f lowing through tho  condu i t s ;  and t h e  ppcssure  
l o s s  a s s o c i a t e d  w i t h  t h i s  f low,  

DESCRIPTIOTJ OF APPAXATUS 

For  a l l  of t he  t e s t s  which r e q u i r e d  a  f low of a i r  
through t h e  condu i t  t h e  appa ra tus  was a r ranged  as shown i n  
F i g .  1. The a i r  was ob ta ined  from t h e  l a b o r a t o r y  compressed 
a i r  supply  main and was reduced from 100 p s i  i n  tho  main t o  



between 2 and 20 p s i  a t  the i n l o t  s i d e  of the  t h r o t t l i n g  va lves .  
Immediately ahead of the p ressu rc  reducing valve the  a i r  passed 
through a  Logan a r i d i f i e r .  This e l iminated  any d rop le t s  of 
water o r  o i l  as we l l  as p a r t i c l e s  of p ipe  s c a l e  o r  r u s t  which 
might be i n  the compressed a i r .  No provis ions  were made f o r  
measuring, o r  c o n t r o l l i n g  the humidity of the  a i r  but  when c a l -  
c u l a t i n g  the  d e n s i t y  of the a i r  i t  was assumed t o  be s a t u r a t e d  
a t  100 p s i g  and 7Z°F ( t h i s  corresponds t o  a  dew po in t  of 2 0 ' ~  
a t  a  pressurc  of 1 atmosphere). Thc q u a n t i t y  of a i r  f lowing 
through the  system was c o n t r o l l e d  by t h e  t h r o t t l i n g  va lvss  on 
the  low prcssure  s ide  of thz pressurc  reducing valve.  

From the  flow c o n t r o l  panel  the  a i r  passed through a  
20-foot l e n g t h  of 1 1/4-inch galvanized i r o n  p ipe  i n t o  a  
1 1/4-iqch header p ipe  and thence through any one of the  th ree  
40-foot runs of conduit  t o  t h e  o r i f i c e  tank and through the  flow 
meter ing o r i f i c e  i n t o  the  atmosphere. The o r i f i c o  tank and 
o r i f i c e  p l a t 3 s  a re  e s s e n t i a l l y  the  same as those which were 
c a l i b r a t e d  by Polson<:- and the o r i f i c e  c o e f f i c i e n t s  determined 
by Polson have been used f o r  these t e s t s .  

Data were r equ i red  f o r  the  p ressu re  drop due t o  f r i c t i o n  
i n  a continuous run of conduit  as wel l  as i n  a conduit  composed 
of 10-foot  l eng ths  of cnnduit  jo in ted  by a s t andard  conduit  
coupling. Since conduit  i s  u s u a l l y  suppl ied  i n  10-foot l e n g t h s ,  
s p e c i a l  couplings were need2d t o  jo in  tho sec t fons  without 
causing any roughness o r  i r r c g u l w i t y  a t  the junct ion.  

Because the conduit  was suppl ied  i n  10-foot l eng ths  
i t  was convenient t o  measure thc  pressure  drop along each 10-foot 
s e c t i o n  of the continuous run. For  t h i s  purpose s i x  s t a t i c  
pressure  holes  1/16-inch i n  diametsr were d p i l l e d  a t  60° i n t e r v a l s  
around the  conduit  approximately 4 inches from one end of each 
10-foot s e c t i o n .  Thgse ho les  were covered by b r a s s  piezometer 
r i n g s  which were so ldered  t o  the  outs ide  of the conduit  t o  make 
an a i r t i g h t  s e a l .  F ig .  2 shows the  d e t a i l s  of both  the  coupl ing 
and the piezometer r i n g s .  

The i n s i d e  of the  conduit  was reamed f o r  approximately 
6  inches a t  tho end where the piezomoter r i n g  was f i t t s d  an$ 
2 inches a t  the  o the r  end, This roamin3 ensured th3t the  In-  
t s r n a l  area of thc flow passage was the  same a t  each prcssure  
tapning and a l s o  t h ? t  the  i n s i d e  diamcter of the- two conduits  
which werc brought together  were the  same. As shown i n  F ig ,  1 
a l l  the d i f f e r e n t i a l  prcssure  mc!asure~n?nts werc made wi th  a  
Detz 400 mm w a t e r  rnanometcr and the gauge p ressu res  through 
the  system werc: measured by PIcri*ian 100-inch v e r t i c a l  manometer 
us ing  C C l 4  as the  manometer f l u i d .  To enable the manomoters t o  
be connected t o  any of t h e  twelve piezomster r i n g s  as we l l  as 
the  s t a t i c  p rcssu re  t aps  on the  o r i f i c e  tank  a  simple pressure  

----------.---.---.-.-*----- 
+:-Polson, J . A .  and J.G. Lowther. The flow of a i r  t h r o u a  
c i r c u l a r  o r i f i c e s  i n  t h i n  p l a t e s .  Univ. of I l l . ,  Engineering 
E ~ p e ~ i m e n t  S t n t i m ,  Bul l .  No, 240, 1932, 



switching ' panel  t as used. The schematic arrangement of t h i s  
panel  i s  s h ~ w n  i n  Fig .  3 .  With t h i s  arrangement the  Betz 
manometer could be e a s i l y  connected t o  r ead  the  d i f f e r e n t i a l  
p ressu re  between any two piezometer r i n g s  o r  the  pressure  drop 
across  the  o r i f i c e  p l a t e .  

Before the  apparatus was assembled i t  was necessary  
t o  determine the  i n t e r n a l  c r o s s - s e c t i o n a l  area of each l e n g t h  
of conduit .  These measurerncnts r equ i red  an a u x i l i a r y  apparatus 
which i s  shown schemat ica l ly  i n  F ig .  4. A 10-foot  l e n g t h  of 
conduit  was suspended v e r t i c a l l y  wi th  i t s  lower end about 2 
inches below the su r face  of the water i n  a / + - l i t e r  beaker.  This 
beaker was s e t  on the  pan of a Toledo 5-kg ba lance ,  The conduit  
was supported by a l e n g t h  of bra ided  monel wire which passed 
over the two pu l l eys  on the  upper support  bracket  and then  was 
a t tached t o  the upper end of the adjustment screw. By t u r n i n g  
the  l a r g e  knurled nu t  on t h i s  screw i t  was  poss ib le  t o  vary  the  
v e r t i c a l  p o s i t i o n  of t h e  conduit  s o  t h a t  i t s  lower end was always 
loca ted  the  same d i s t ance  below tho su r face  of t h e  water i n  the  
beaker.  This adjustment w a s  f a c i l i t a t e d  by a t t ach ing  a hook 
gauge t o  the  lower end of the  conduit .  The piezomcter r i n g  
p ressu re  f i t t i n g  a t  the top end of tho conduit  was connected 
t o  the top of the 100-inch v e r t i c a l  manometer by p l a s t i c  tubing .  
From a t e e  f i t t i n g  a t  the  top  of the msnometer bo th  the  manometer 
and the  conduit  were connected through a 1/8-inch needle valve t o  
a low pressure  tank. With t h i s  arrangement the p ressu re  i n  the  
system could be p rogress ive ly  reduced caus ing  water from the  
beaker t o  r i s e  up the  conduit  as the carbon t e t r a c h l o r i d e  rose  
i n  the  manometer tube.  

D E S C R I P T I O N  OF' T E S T S  AIU'D R E D U C T I O N  OF DATA 

1. Determination of the F r i c t i o n  Fac to r  f o r  the m p t g  Conduit 

The f r i c t i o n  f a c t o r  f o r  flow i n  a c i r c u l a r  pipe i s  
def ined by: 

where AP = pressure  drop due t o  f r i c t i o n  i n  a 
p iece  of conduit  of l e n g t h  L ,  

- 
d = mean diameter of the  flow passage,  

p = mean d e n s i t y  of the f l u i d ,  

V = mean v e l o c i t y  of t h e  f l u i d ,  

Thus t o  determine the  f r i c t i o n  f a c t o r  i t  i s  necessary 
t o  know the  mean v e l o c i t y  as wel l  as t h e  p ressu re  drop pe r  u n i t  
l e n g t h  of ~ i p e  and the  conduit  diameter.  



The mean v e l o c i t y  was ob ta ined  from t h e  f low r a t e  
which was measured w i t h  a t h i n  p l a t e  o r i f i c e .  The mass f low 
through t h e  o r i f i c e  i s  g iven  by: 

Where C t  = o r i f i c e  d i scha rge  c o e f f i c i e n t ,  

A '  = o r i f i c e  a r e a ,  

p f  = mass d e n s i t y  of' t h e  f l u i d  a t  t h e  
o r i f i c e  

V f  = the i d e a l  v e l o c i t y  through t h e  
o r i f i c e ,  

The i n d i c a t e s  c o n d i t i o n s  a t  t h e  o r i f i c e .  

The v e l o c i t y  V f  i s  r e l a t e d  t o  t ho  d i f f e r e n t i a l  
p r e s s u r e  a c r o s s  t h e  o r i f i c e  ( i t )  by: 

Therefore ,  MI = C 1 , A l .  ( 2  i ' , ~ ' ~  $ 

The mass f low can a l s o  bo exp res sed  i n  terms of t h e  
v e l o c i t y  i n  the condui t :  

Theref o r e ,  p m ~ 2  = 
2 2 p ~ ~  ' 

S u b s t i t u t i n g  f o r  M I  g ives :  

~~t 5 = where t h e  tempera ture  i s  c o n s t a n t ,  

A '  , D and - - - 
A (a2 

where D i s  t h e  d iameter  of t h e  o r i f i c e ,  

P i s  t h e  a b s o l u t e  p r e s s u r e  i n  t h o  condu i t ,  

and PI i s  t h e  abso lu t e  p r e s s u r e  a t  t h e  o r i f i c e .  



The expression f o r  the f r i c t i o n  f a c t o r  becomes: 

The u n i t s  used i n  t h i s  expression need not  a l l  be of 
the  same system but  when mixed u n i t s  a re  used i t  i s  necessary  
t o  check t h a t  f  i s  dimensionless.  

To- obta in  t he  pressure  drop pe r  u n i t  l eng th  t h e  drop 
i n  s t a t i c  pressure  was measured between success ive  tappings 
l oca t ed  a t  10-foot i n t e r v a l s  along the  condui t*  

The procedure f o r  these t e s t s  was as  follows: 

(1) The Betz manometer was  connected t o  measure the  
d i f f e r e n t i a l  pressure  across  t h e  o r i f i c e  p l a t e  and the  flow was  
ad jus ted  u n t i l  a de s i r ed  flow was established; 

( 2 )  The Betz manometer was switched t o  measure the 
pressure  drop along one of the 10-foot s ec t i ons  of t he  conduit .  
The gauge pressure  a t  t he  upstream end of the  s e c t i o n  under t e s t  
was measured wi th  t he  v e r t i c a l  100-inch manometer; 

( 3 )  The Betz manometer was switched back t o  check the  
flow r a t e  and i f  t h i s  was s t i l l  a t  the des i red  value the  
pressure  drop data  f o r  the  pipe were recorded and the manometer 
switched t o  measure the  l o s s  along the next  s e c t i o n  of p ipe .  

This procedure was continued u n t i l  each of the  10- 
f o o t  t e s t  sec t ions  had been checked twice a t  t he  same r a t e ,  then  
the  flow was increased  and the  same s e r i e s  of opera t ions  
repeated,  Four d i f f e r e n t  flow r a t e s  were used f o r  each o r i f i c e  
p l a t e .  These corresponded t o  d i f f e r e n t i a l  pressures  of 1 cm, 
4 cm. 16  cm, and 39 cm of water. The 4 cm and 1 6  cm values were 
chosen s ince  f o r  these  values t he  flow was  approximately double 
i t s  preceding value,  hence when the da ta  were p l o t t e d  on a 
logar i thmic  s c a l e  t he  po in t s  were evenly spaced. 

On the  o ther  hand, 1 cm and 39 cm values were used 
because they were c lose  t o  the  l i m i t s  ob ta inable  wi th  the  
Betz manometer, The o r i f i c e  p l a t e s  used had nominal diameters 
of 1/2 inch ,  3/4 inch  and 1 1/4 inch  which gave flow r a t e s  of 
approximately 2 t o  13 cfrn; 4 t o  27 cf'm and 12  t o  90 cfm 
respectively when the d i f f e r e n t i a l  pressures  ranged between 
1 and 39 cm of water,  

The overlapping of t h e  rangss of the  o r i f i c e  p l a t e s  
provided a chock on the  accuracy of the o r i f i c e  c o e f f i c i e n t s .  
This po in t  i s  discussed i n  the  s e c t i o n  deal ing  with the  
ana lys i s  of t h e  t e s t  r e s u l t s .  



The data  obtained from t h i s  s e r i e s  of t e s t s  along wi th  
the ca l cu l a t ed  values of the f r i c t i o n  f a c t o r  and the Reynolds 
number a re  included i n  Table A-3 of Appendix A. 

The methods of c a l c u l a t i o n  a re  presented  i n  Appendix 
B i n  the  form of a sample ca l cu l a t i on .  

The f r i c t i o n  f a c t o r  equat ion shows t h a t :  

- 
Thus an e r r o r  i n  the value of d causes f i v e s  times as 

g r e a t  a  percentage e r r o r  i n  f .  For t h i s  reason the mean diameters 
of the conduits  were c a r e f u l l y  measured. 

2. Determination of the  Root Mean Square value of the Conduit 
Diameter. 

I n  p r i n c i p l e  the diameter of t he  conduit  was  obtained 
by measuring the i n t e r n a l  volumc: of a l eng th  of the  conduit .  
The volume i l eng th  gape2an average value of the  c ross - sec t iona l  
area which equals  ~ r / ~ ( d )  , where d i s  the r.m.s . value of t he  
diameter.  

With the apparatus arranged as  shown i n  Fig.  4 t he  
pressure: i n s ide  t he  conduit  could be reduced by opening the  
valve V 1 .  n i s  caused the w a t s r  t o  r i s e  i n  the conduit  and the  
carbon t e t r a c h l o r i d e  i n  t he  100-inch manometer. I n  each case 
the  r i s e  i n  the  f l u i d  l e v e l  above the  l e v e l  i n  the  tank was 
r e l a t e d  t o  the  pressure  d i f fe rence  between the  i n s ide  of the  
conduit  and the atmosphere by the  expression: 

where, A p  i s  the  s t a t i c  pressure  d i f fe rence  
between the atmosphere and t o 'r i n s ide  of the  conduit  ( l b / f t  ) 

p i s  t he  m s s  dens i t y  of the f l u i d  3 ( s l u e / r t  ) 

g i s  the acce le ra  i on  due t o  2 g r a v i t y  ( f t / s e c  ) 

H i s  the  he igh t  of the f l u i d  i n s ide  
the conduit  o r  manometer tube 
above the l e v e l  of the  tank ( i n .  ) 

The subsc r i p t s  m and c  r e f e r  t o  the  manometer and 
conduit  r e spec t ive ly .  



The t e s t s  were c a r r i e d  out i n  a room where the  temper- 
a t u r e  was very n e a r l y  cons tant  bu t  any small  changes i n  pm o r  pc 
were taken i n t o  account by a  c a l i b r a t i o n  which was performed 
immediately before  each t e s t  on a l eng th  of condui t .  For the  
c a l i b r a t i o n  the p l a s t i c  tubing  was removed from t h e  prcssure  . 
connection on the upper end of the  conduit  and a t tached i n s t e a d  
t o  the  low pressure  s i d e  of a Betz micromanometer. With the low 
pressurc  tank open t o  the  atmosphere both t h e  micromanometer and 
the 100-inch v e r t i c a l  manometer were ad jus ted  t o  zero.  Then the  
p ressu re  i n  the  system was reduced sufficiently t o  make Hm equal  
t o  9 inches .  The corresponding i n d i c a t i o n  of the Betz manometer 
( H ~ )  was  noted and a l s o  the temperature of t h e  d i s t i l l e d  water 
i n  the Betz manometer. Knowing this temperature the d e n s i t y  of 
the d i s t i l l e d  water ( p w )  was obtained d i r ~ c t l y  from a s e t  of 
phys ica l  t a b l e s .  Thus: 

To measuro the  i n t e r n a l  c ross - sec t iona l  a rea  of a l e n g t h  
of conduit  the conduit  was suspended as  shown i n  F ig .  4 ,  the  mass 
of thc  bcaker of wat2r was measured f i r s t  when Hm = O ( M o )  and 
again  when Hm = 70 inches (M70). I n - e a c h  case the  v e r t i c a l  p o s i t i o n  
of the  conduit  had t o  bc! ad jus ted  so  t l i a t  t he  hook gaugc j u s t  
touched the  sur face  of the water i n  the bealcer when the  weight of 
the beakcr was measured. 

Then M o  - M70 = pc *Hc .T, 
- 

where A = (812 , 
4 

bu t  

4 '1 
Theref ore 

Since the  balance used t o  measure the mass of t h e  beaker 
was c a l i b r a t e d  i n  grn, and the  manomatcr i n d i c a t  d  H ,  i n  cm i t  w3s 9 convmien t  t o  c a l c u l a t e  a i n  cm and pw i n  p;m/cm . Then t o  ob ta in  
a i n  f e e t  i t  w a s  only nccessary  t o  mul t ip ly  by the conversion - 
f a c t o r  I 

7.- 
. A sample c a l c u l a t i o n  i s  given i n  Appendix B. 

The s p e c i f i c  g r a v i t y  of the manometer f l u i d  ( C C 1 4 )  was 
approximately 1.6; thus the  value of 3 c a l c u l a t e d  us ing  Mo-M70 
was an average f o r  112 inches of the  120-inch l e n g t h  of conduit .  
The 8 inches no t  included were the s e c t i o n s  which had been reamed 
t o  a known diameter.  The value of M was recorded f o r  each 
value of Hm which was  an i n t e g r a l  mul t ip le  of f i v e ,  i . e . ,  f o r  
Hm = 5, 10 ,  15, - - - - 70. The da ta  were obtained only while 
the water l e v e l  was r i s i n g  i n  a dry p i e c e  of conduit  because 
once the water  had wetted the i n s i d e  of the  condui t ,  a  t h i n  f i l m  



of water  remained on t h e  s u r f a c e  a f t e r  the  water  l e v e l  had 
f a l l e n .  These da ta  showed the  v a r i a t i o n s  i n  diameter  a long 
each  10-foot p iece  of condu i t .  However, t h e  v a r i a t i o n  w a s  
always s o  sma l l  t h a t  the d i f f e r e n c e  between t h e  ms(1) and 
rmf (1 )  va lues  of 3 was n e g l i g i b l e .  Because of t h i s ,  ms va lues  
were used t o  c a l c u l a t e  the  f r i c t i o n  f a c t o r  and only one corn- 
p l e t e  s e t  of d a t a  f o r  a  t y p i c a l  condui t  i s  inc luded  i n  
Table A - l ( i i )  of Appendix A.  For a l l  of t h e  o t h e r  l e n g t h s  of 
condui t  on ly  the  va lues  of Mo and M 0 a r e  inc luded ,  a long w i t h  
H w ,  pw and the  c a l c u l a t e d  r,rn.s. va I ue of 3. 

3 .  The C a l c u l a t i o n  of  t h e  Reynolds Number f o r  t h e  Empty Conduit 

The Reynolds number f o r  flow i n  a  c i r c u l a r  p ipe  i s  
de f ined  as:  

b u t  

and P ' =m ' 

C I D ~  2 i t  P t  Therefore  Re=-- (  TI2 
ap 1715 .5T  

For  this q u a n t i t y  t o  be dimensionless  a c o n s i s t e n t  
system of u n i t s  mu t be used.  I n  t h i s  case  the  p r e s s u r e  i s  3 expressed  i n  l b / f t  ; t h e  temporature i n  OR; t h e  diameters  i n  
f t . ;  and t h e  v i s o c s i t y  i n  s lug / f t / sec .  However, s i n c e  the  
p r e s s u r e s  were measured by a  manometer and a  barometer i t  i s  
more convenient  t o  t a k e  i]& i n  mm water  and PA i n  mm mercury and 
inc lude  t h e  a p p r o p r i a t e  convers ion f a c t o r  i n  t h e  expres s ion  f o r  
Re. The s u b s c r i p t  3, i s  used t o  i n d i c a t e  t h a t  s ' tandard Engl i sh  
u n i t s  a r e  no t  be ing  used.  

The Reynolds number i s  then  g iven  by: 

-- 
1 me rms value of a = 2/x \ 

end rmf value of =. 5 J 3  
When c a l c u l a t i n g  an a e rage  value of f t h e  r m f  value o f  8 should 5" be  used because f 30d . 



where ijs and PA are in rnm of water at 7ZvF and m mercury at 
12Ow respectively and the other quantities are in the usual 
English >,nits. 

A sample calculation is included in Appendix B. 

4. Determination of the Equivalent Diameter for a Straipbt 
Conduit Partially Filled with'wire 

For flow in an empty circular pipe in series with an 
orifice plate the relationship between the friction factor and 
the measured quantities is: 

By simply transposing, this becomes: 

Idhen the conduit is partially filled by wire this 
equation can be used to calculate the diameter of an empty con- 
duit which would have the same pressure drop vs. mass flow 
characteristic. This diameter is called the equivalent 
diameter de , 

After tho friction factors had been found for the 
empty conduits the various wire fills were pulled into the 
conduit. The wires were pulled in one at a time so that they 
could not become twisted. With each arrangement the pressure 
drop vs. mass flow relationship was determined in the same 
way as for tho empty pipes. 

The data obtained from these tests are presented in 
Tables A-4(i), A-4(ii), A-4(iii), and A-4(iv) of Appendix A. 
In Table A-5 data are included for a further series of tests 
in which tho wire fills were twisted at the rate of thr3ee 
twists for each 10-foot length of conduit. 

For the calculation of d, it is assumed that f varies 
with Re in the same way as it did for the same piece of conduit 
without wire. Hence to calculate de it is necessary to assume 
a value of f , then use this to find a value of de and with this 
de calculate Re. From this value of Re and the curve relating 
f to Re for the empty pipe a second value of f is obtained and 
de recalculated. Since f changes only slowly with Re it is 
usually not necessery to make more than two calculations to 
obtain the accurate value of de. A sample of this calculation 
is included in Appendix B. 



To avoid introducing an e r r o r  i n t o  de due t o  an 
inaccura te  value of the  o r i f i c e  discharge c o e f f i c i e n t ,  the 
same values of C' were used when c a l c u l a t i n g  t he  equivalent  
diameter as were used i n i t i a l l y  t o  determine t he  f r i c t i o n  
f a c t o r .  I n  addi t ion  the value of f  used f o r  the accura te  
c a l cu l a t i on  of de was taken from the  f  vs . R e  curve which was 
obtained from measurements made with the same o r i f i c e  p l a t e ,  

5 .  Determination of t he  Equivalent Length of a Threaded - 
Coupling and a Long Radius 90~ 'Xlbow 

When the t e s t s  on the continuous 40-foot runs of con- 
d u i t  were completed the condui ts  were cu t  a t  approximately 22 
f e e t  from the i n l e t  end. A tapered pipe thread was cu t  on each 
of the p ieces  and the  conduit  re-assembled us ing  a s tandard 
threaded cou7ling t o  jo in  the  two p a r t s  of each conduit .  

Data were obBained on th2 pressure  l o s s  thrgugh the  
conduit  f o r  the same mass flow r a t e s  a s  were used f o r  the ~ 
o r i g i n a l  f r i c t i o n  f a c t o r  determinat ions.  B y  comparing these 
data  with those from the  continuous runs of conduit  i t  was 
poss ib le  t o  determine the equivalent  -- l eng th  of the coupling. 

The increase  i n  pressure  drop due t o  the  presence 
of the coupling can be equated t o  the pressure  drop i n  a  l eng th  
of pipe of the same diameter. This l eng th  of pipe i s  here  
c a l l e d  the equivalent  l eng th  of the  coupling. Then the 
pressure  drop f o r  10  f e e t  of conduit  APa,; and the  pressure  
drop f o r  1 0  f e e t  of conduit  p lus  a  coupling APc can be 
r e l a t e d  t o  the equivalent  l eng th  of the  f i t t i n g  by: 

e 10  + 1, (3) iii 76- 9 

o r  l e = l o [ ( ~ )  - 1 )  

AF* iii 

The subsc r i p t  iii ind i ca t e s  t h a t  t he  pressure  drops 
were those measured f o r  t h e  t h i r d  10-foot l eng th  of condui t ,  
i . e .  between 20 and 30 f e e t  from the  conduit  en t ry .  

Since it was no t  poss ib le  t o  ensure t h a t  the condit ions 
were exac t ly  the  same f o r  the  t e s t s  with the  coupling as f o r  the  
previous t e s t s  with continuous conduit ,  the  r a t i o  ( A P ~ / A P + + ) ~ ~ ~  
was mul t i p l i ed  by a  f a c t o r  ( A P++/AP, ), , which accounts f o r  

- II 
s m a l l  changes i n  flow condi t ions  between t e s t s .  Here the  subsc r i p t  
ii ind i ca t e s  t h a t  t h e  data  are  f o r  thc conduit  between 10  and 



20 f e e t  from the e n t r y .  Thus the  expression f o r  le becomes: 

l e = l 0 { ( % )  iii .(e)ii-l] f t .  

The r a t i o  1, r ' f o r  d i f f e r e n t  p ipe  s i z e s  and Reynolds b numbers i s  given i n  Ta l e  A-6( i )  of Appendix A along wi th  the  
data  on which the  c a l c u l a t i o n s  arc  based. 

S i m i l a r l y  a  long rad ius  90' elbow was i n s t a l l e d  a t  
the  c u t  i n  each conduit .  The elbow was joined t o  each piece 
of conduit  by a s tandard  threaded coupling and the  equ iva len t  
l e n g t h  of the elbow p lus  couplings determined a s  descr ibed  above 
f o r  the  coupling alone. These da ta  and the  c a l c u l a t e d  values 
of le{a a re  a l s o  given i n  Table A - 6 ( i )  of Appendix A.  A sample 
c a l c u  a t i o n  f o r  le/a i s  given i n  Appendix B. 

The equiva lent  lengths  of the 90' elbows were a l s o  
.letermined when the conduit  and elb,ows contained one s t r a n d  of 
10-gauge rubber- insula ted  wire. I n  t h i s  case t h e  da ta  f o r  the 
t e s t s  w i t h  the  elbow were compared wi th  the  da ta  f o r  the  same 
fill wi th  the continuous conduit  and the  equiva lent  l e n g t h  
c a l c u l a t e d  a s  before .  The data  a re  given i n  Table A - 6 ( i i )  of 
Appendix A along with the  r a t i o  le /de.  

ANALYSIS OF TEST DATA 

1. F r i c t i o n  Factor  Tes ts  

I n  the  t e s t s  t o  determine the r e l a t i o n s h i p  between 
the  f r i c t i o n  f a c t o r  and the Reynolds number f o r  t h e  empty 
conduit  i t  was poss ib le  t o  cover the same range of pipe Reynolds 
number wi th  two o r  i n  some cases  three  d i f f e r e n t  diameter 
o r i f i c e  p l a t e s .  When l o g  f was p l o t t e d  aga ins t  l o g  Re i t  was 
found t h a t  a smooth curve could be drawn through t h e  data  
obtained w i t h  any one o r i f i c e  p l a t e ;  bu t  the re  was a  d i f f e r e n t  
curve f o r  each o r i f i c e  p l a t e .  This i n d i c a t e d  t h a t  the values 
of tho o r i f i c e  discharge c o e f f i c i e n t  t h a t  were used were n o t  
accura t e  . 

From the curves of l o g  f vs.  l o g  
t o  c a l c u l a t e  the  d i f f e r e n c e  i n  the flow wh 
i n d i c a t e d  by the  var ious  o r i f i c e  p l a t e s .  

Re i t  i s  poss ib le  
. i ch  would be 



The p ressure  l o s s  due t o  f r i c t i o n  i s :  

+ V.p.d and Re - 
P 

Thus f o r  one p a r t i c u l a r  p iece  of p ipe  wi th  s t andard  
temperature and pressure  cond i t ions ,  a  s t r a i g h t  l i n e  of s lope -2 
on the  l o g  f vs .  l o g  Re graph corresponds t o  a cons tant  value 
of A P  o r  flow r a t e ,  s ince  A P i s  dependent on flow r a t e .  The 
va lues  of Re f o r  the  p o i n t s  where t h i s  l i n e  i n t e r s e c t s  the  
var ious  f r i c t i o n  f a c t o r  - Reynolds number curves correspond t o  
the  f low r a t e s  which the o r i f i c e  p l a t e s  would i n d i c a t e  i f  the  
same mass f low'were passed through each. 

-Using t h i s  mothod and the  curves f o r ' t h e  t h i r d  ten-  
f o o t  s e c t i o n  of the  1-inch conduit  i t  was found t h a t :  

where Q1/2, Q3/4y and Q1 1 4 a r e  the r a t e s  of f low which would b be i n d i c a t e d  r c s p c c t i v e l y  y  t h e  1/2-inch, 3/4-inch, and 1 1 / 4 0  
inch  s r i f i c e  p l a t e s  i f  each had the same flow r a t e  pass ing  
through i t .  This i n d i c a t e s  t h a t  some values of the  o r i f i c e  
discharge c o e f f i c i e n t s  may be i n  e r r o r  by 3 per  cen t .  

For p ipes  wi th  an appreciable  roughness - i s  always 
\ g e l  

l e s s  than f o r  a smooth pipe a t  the  same Reynolds number. When 
the c a l c u l a t e d  f r i c t i o n  f a c t o r s  a r e  p l o t t e d  a g a i n s t  Reynolds 
number as i n  F ig .  5 i t  can be seen t h a t  f o r  each o r i f i c e  p l a t e  
the curve of f vs.  Re i s  p r a c t i c a l l y  p a r a l l e l  t o  the accepted 
smooth pipe curve.-:+ This i n d i c a t e s  t h a t  the roughness i s  
n e g l i g i b l e  and t h a t  the  experimental  r e s u l t s  should agree wi th  
the  smooth p ipe  curve i f  the  da ta  a re  accura te .  B y  t h i s  reason- 
i n g  the  r e s u l t s  obtained wi th  the  1/2-inch diameter o r i f i c e  a r e  
taken as c o r r e c t  and those  f o r  the o t h e r  o r i f i c e s  as  i n  e r r o r  
by the amounts c a l c u l a t e d  above. 

.'+ The smooth pipc curve was taken from paper by Moody 
" F r i c t i o n  Fac to r s  f o r  Pipe Flow" Trans. A.S.M.E. Vole 66, 
p  .671-684, 1948. 



I n  Fig.  5 ( i )  the  r e l a t i o n s h i p  

i s  shown t o  be an accura te  r e p r e s e n t a t i o n  of t h e  data  f o r  
Reynolds numbers be tween 5,000 and 50,000. 

2. Cor re la t ion  of Equivalent  Diameter with Mass  Flow and 
Conduit Ge ome t r y  

The equiva lent  diameter was c a l c u l a t e d  from the  
f  ormul a  : 

where f  
(V.p.de) = V m 0  

The func t ion  $b was determined by experiment on the conduit  
without wire and i t  was assumed t h a t  t h e  Same r e l a t i o n  h e l d  
when t h e r e  was wire i n  the  conduit .  

For the  purposes of c o r r e l a t i o n  the  equivalent-diameter  
de was assumed t o  be a  func t ion  of the  conduit  diameter d ,  the  
wire diameter d w y  the  number s t r a  ds of wire N and the 
Reynolds number f o r  the  flow ?g.pode? . These v a r i a b l e s  can be 

P 
grouped t o  form one dependent and t h r e e  independent dimension- 
l e s s  groups. Then de/z = @ ( N y  Re, dw/g). 

The da ta  contained i n  Table A-4 were f i r s t  p l o t t e d  
as i n  F ig .  6 t o  show the  v a r i a t i o n  i n  de/z w i t h  H e .  Values of 
de/a were obtained (from t h e  curves ) f o r  R B  = 1OY000 and 
Fig .  7 shows them p l o t t e d  a g a i n s t  dw/z. A l l  t he  da ta  f o r  each 
value of N f e l l  on a  s t r a i g h t  l i n e .  Each of these l i n e s  passed 
through the  po in t  (de/z  = 1.0; dw/z = 0 ) .  The f a c t  t h a t  a l l  of 

the  da ta  obtained f o r  the  var ious s i z e s  of wire and conduit ,  
and w i t h  d i f f e r e n t  i n s u l a t i o n s ,  could be c o r r e l a t e d  on the  
b a s i s  of t h e  t h r e e  independent v a r i a b l e s  ind ica ted  t h a t  only 
these  v a r i a b l e s  had a  s i g n i f i c a n t  e f f e c t  on the  dependent 
v a r i a b l e .  

3 .  The E f f e c t  of Twisting the  Wire F i l l  

For soma t e s t s  the  wire f i l l  was given th ree  t w i s t s  
f o r  each 10-foot s e c t i o n  of condui t .  The da ta  i n  Table A-5 
show t h a t  f o r  t h i s  condi t ion  the  pressure  l o s s e s  were n o t  
s i g n i f i c a n t l y  d i f f e r e n t  from the  comparable nontwisted cases .  



4. Equ iva l en t  Length of 90' Elbow and Threaded Couplings 

The e q u i v a l e n t  l e n g t h s  f o r  elbows and coupl ings  
c a l c u l a t e d  from t h e  d a t a  i n  Table A - 6 ( i )  a r e  p l o t t e d  a g a i n s t  
Reynolds number i n  F i g .  8. S ince  t h e  f i t t i n g s  f o r  d i f f e r e n t  
p i p e  s i z e s  a r e  n o t  g e o m e t r i c a l l y  s i m i l a r  i t  i s  n o t  s u r p r i s i n g  
t h a t  t h e r e  i s  a  s e p a r a t e  curve f o r  each  s i z e  of p i p e .  However, 
f o r  a  Reynolds number of 10,000, a l l  o f  t h e  elbows a r e  equiv-  
a l e n t  t o  a  concluit of approximately  23 diameters  i n  l e n g t h .  
For  t h e  u s u a l  des ign  c a l c u l a t i o n s  t h f s  e q u i v a l e n t  l e n g t h  can 
be used  f o T  a l l  condu i t  s i z e s  a t  a11 Reynolds numbers between 
5,000 and 50,000 bu t  i f  maximum accuracy i s  d e s i r e d  t h e  equiv-  
a l e n t  l e n g t h  f o r  elbows should be ob ta ined  from F i g .  8. 

The r e s u l t s  f o r  t h e  - threaded coup l ings  a r e  much t h e  
same a s  f o r  t he  elbows. An equ iva l en t  l e n g t h  of t h r e e  
d iameters  i s  the  average f o r  t h e  t h r e e  s i z e s  t e s t e d  a t  a  
Reynolds number of 10,000. The v a r i a t i o n  of the e q u i v a l e n t  
l e n g t h  w i t h  Reynolds number and condu i t  s i z e  i s  s m a l l  and need 
on ly  be cons ide red  I n  c a l c u l a t i o n s  of thc h i g h e s t  accuracy.  
Here a l s o  t h e  accu ra t e  va lue  can be ob ta ined  from Fig .  8 when 
i t  i s  needed. 

Table  A - 6 ( i i )  c o n t a i n s  t h e  d a t a  f o r  t he  t e s t s  on 
elbows and f i t t i n g s  when t h e y  w e r e p a r t i a l l y  f i l l e d  w i t h  
wire .  I n  th is  case  t h c  d a t a  have becn used t o  c a l c u l a t e  
t h e  e q u i v a l e n t  l e n g t h  of a  condu i t  whose d iameter  e q u a l s  the  
e q u i v a l e n t  d iameter  of t h e  condu i t  c o n t a i n i n g  wi re .  Tho 
r e s u l t s  i n  Table A - 6 ( i i )  show t h a t  l e /de  f o r  t h e  condu i t  
w i t h  wire  
condu i t  . approximately  1.4 t irne s f o r  t h e  

APPLICATION OF RESULTS 

The r e s u l t s  of th i s  s e r i e s  o f  t e s t s  can be 
Inco rpo ra t ed  i n t o  a  s e t  of  des fgn  c h a r t s  which f a c i l i t a t e  t h e  
c a l c u l a t i o n  of f r i c t i o n  l o s s  f o r  a i r  f low i n  p i p e s .  

Fo r  f low i n  p i p e s  a t  Reynolds numbers between 5,000 
and 50,000 the  f r i c t i o n  f a c t o r  h a s  been found t o  be: 

Since f o r  t he se  Reynolds numbers t h e  f low i s  t u r b u l e n t ,  
t h e  p re s su re  drop due t o  f r i c t i o n  i s  g iven  by: 



Both the ve loc i t y  and the Reynolds number can be 
r e l a t e d  t o  the mass flow r a t e  M, 

and M R e = &  - 
cld, 9 
. w 

Therefore,  AP = 0.340 
npd,)0g26 L p (4 M l2  

d, 2 ( n  Pd2) 

but  P =I* 

Therefore,  AP = K . ~ l . 7 4  

T (p10.26 where K = 444 - L 
P 4 . 7 4  d e  ' 

Thus the  r e l a t i o n s h i p  betweenAP and M f o r  any 
p a r t i c u l a r  run of pipe can bc represented  by a  s t r a i g h t  l i n e  of 
s lope  1.74 on logar i thmic  graph paper.  The i n t e r c e p t  of the 
l i n e  with the A P axis  depends on t he  value of K ,  F ig .  9 i s  a 
c h a r t  which g ives  AP d i r e c t l y  when K and M a re  known. The 
nomograph, Fig.  10 ,  does the same f o r  a  wide: range of A P  but  
the  s ca l e  can only be read t o  approximately - 5 per  cen t .  

added convenience when c a l c u l a t i n g  K ,  F ig .  11 
gives ( p )  oF2g f o r  dry a i r  as a  funct ion,  of temperature and 
Fig.  12  gives d$-74 a s  .a func t ion  of de f o r  the range of 
diameters com-zonly used, 

The convenience of the cha r t s  can be demonstrated most 
e a s i l y  by so lv ing  an example problem f i r s t  by d i r e c t  c a l cu l a t i on  
and then by the use of the cha r t s .  

PROBLEM : 

Find the  pressure  drop f o r  a i r  f lowing through 100 
f e e t  of 1-inch conduit  conta in ing  2  s t r ands  of 10-gauge 
p l a s t i c  i n su l a t ed  wire a t  a flow r a t e  of 1 lb/min, The 
gauge pressure  a t  the i n l e t  t o  the  conduit  i s  6 p s i  and the 
temperature i s  7Z°F, 



SOLUTI OTJ : 

(1) Equivalent  Diameter 

The diameter  of p l a s t i c  i n s u l a t e d  lo-gauge 
wire i s  

d, = 0.165 i n ,  

The average i n t e r n a l  diameter  f o r  1- inch 
condui t  i s  

= 1,045 i n .  

- - 0.165 = 0,158. Therefore ,  dw - 
a 1 . olc5 

From F ig .  7  f o r  two wires  the  corresponding va lue  of 
de i s  0.880, - - 
d 

Therefore ,  d e = 0 . 8 8 0 x 1 . 0 ~ ~ = 0 . 9 2 0 i n . = 7 e 6 6 x 1 0 - 2 f t .  

( 2 Heymolds number 

The Reynolds number f o r  the  f low i s  de f ined  by: 

where 1.1 i s  the mass f low r a t e ,  and 

p i s  t he  abso lu te  v i s c o s i t y .  

For  this case:  

C L 7 2 0 ~  = 3.82 x 10-7 s l u g / f t  . /sec.  and, 

Therefore ,  R e  = k x  1.0  x l o 2  l o 7  
rr 3 2 . 2 ~ 6 0  7,6-6 3.82 = 2.26 x 104, 

( 3 )  F r i c t i o n  Fac to r  

- 0.340 f  - 
( a e  )OZ 

Thus f o r  Re = 2.26 x 104 



(4) Density 

slug/f t3 

where P is absolute pressure lb/ft2 

T is absolute temperature O R  

Theref ore, 14.7 + 6) x 1 = x (460 + $!) = 3.27 x 10-3 (slug/ft3). 

(5) Velocity 

v = M 4.- 
n pde 

2 

Therefore, V = 4 . 1 .o - 
w 32.2 x 60 3.27 (7.66) 

(6) Pressure drop due to Friction 

Therefore, hP = 2.50 x lom2 x lo2 . 3.27 x 10-3 --.(:be 1 )  3 
7.66 x 2 

- 63*1 = 0.44 psi - m  
To obtain the greatest accuracy the density should be 

recalculated using a mean value for the gauge pressure; in this 
case, 5.78 psi rather than 6.00. However, the change would be 
only 1 per cent so this last step has beon omitted. 



Solution of Sample Problem using Charts 

From Fig. 7 for two wires de - - 0.880 
d 

Therefore, de = 0.880 x = 7.66 x ft. 

L = 100 ft. 

Therefore, K = 444 x 2 x 2.144 x x loL 
__6= 3.34 x 107 2980 5.1 x 10- 

From Fig. 9: 

For K = 3.34 x lo7 and M = 5.18 x 10-4 

The advantages of using the design charts increase as 
the problems become more complex. The following design problem 
further illustrates the use of the charts. 

Example Desim Problem 

PROBLEM 

Detsrmine the mass flow and static pressure required 
at the inlet of the conduit system shown which will ensure 
thst every point in the system has a gauge pressure greater 
than 1 inch water. Assume that there is negligible friction 
loss and leakage at the tee and cross fittings and that the 
fixture at the end of each branch has a mass flow vs. pressure 
characteristic similar to a 1/4-inch diameter orifice. The 



temperature  everywhere i s  7z0F and t h e  ambient p r e s s u r e  1s p s i a .  

I= F 
B R A N C H  1 B R A N C H  if A 

a 1 1/4-inch condui t  60 f t . 
3 s t r a n d s  1 0  g p l a s t i c  covered wire.  

b  1 1/4-inch condui t  60 f t .  
2  s t r a n d s  1 0  g p l a s t i c  covered wire .  

c 1- inch condui t  20 f t .  
2  s t r a n d s  1 2  g p l a s t i c  covered wire .  

d 3/4-inch condui t  20 f t .  
2  s t r a n d s  1 2  g- p l a s t i c  covered wire.  

F  F i x t u r e s  which have some mass f low vs .  
p r e s s u r e  as  1/4-inch d iameter  o r i f i c e .  

SOLUTION 

A .  Calcu la t ion  of Equiva len t  Diameters 

From Fig.  7 7;-- de - - 0.875, 
d  

Therefore ,  ( d e ) a  = 0.875 x%4 = 0.1009 f t .  



- dw - - 0.119. 
z 
From Fig. 7 - de - - 0.909, 

8 

Therefore, (de), = 0.909 x = 0.1049 ft. 
12 

de - 0.880, From Fig. 7 - 
d 

Therefore, = 0.880 x.- = 0.0766 ft. 

e From Fig. 7 = 0.860, 
d 

Theref ore, ( B e  )d = 0.860 x &!% = 0.0591 ft. 
12 

Calculation of K 

Thus K = -94- 
d - -  

2.3 x 60 2.3 x 60 Therefore, Kp = - - = '  = ---5--3 = 7 -50 x lo6, 
(0.1009) 1.08 x 10' 



C .  Calcula t ion  of Pressure  Losses 

(1) Branch I1 

Figure 13 gives the  mass flow a s  a func t ion  of t he  
d i f f e r e n t i a l  pressure  which e x i s t s  across  the f i x t u r e .  For 
this  example the  f i x t u r e  i s  assumed equivalent  t o  a 1/4-inch 
diameter o r i f i c e .  For  a gauge pressure  a t  the  f i x t u r e  of 1 
inch  Hz0 the flow r a t e  i s :  

Figure a gives the  pressure  drop vs.  mass flow f o r  
each of the f o u r  d i f f e r e n t  types of conduit .  

Thus f o r  Ma = 3.22 x 10-5 s lug/sec . ,  

and ( AP), = 0.94 i b / f t 2 .  

Hence the  gauge pressure  a t  the  e n t r y  t o  Branch I1 i s  

f o r '  a mass flow of 9.66 x 10-5 slu.rg'sec. 

The pressure  drop i n  the  supply p ipe  b i s :  

Thus the press-ure .a t  the  i n l e t  t o  Branch I i s  

( 2 )  Branch I 

It i s  .now necessary t o  determine w h a t  the flow w i l l  
be i n ' o  Branch I when the  pressure  a t  the  branch i n l e t  i s  7.23 t l b / f t  . To do t h i s  i t  i s  necesszry t o  f i n d  the  r e l a t i o n  



between the  supply pressure  and mass flow f o r  the  branch. 

Since Branches I and I1 a r c  i den t  c a l  one po in t  on the 
c h a r a c t e r i s t i c  i s  6.60 l b / f t 2  s t  9.66 x 10- t  s lug/sec.  To 
obta in  a second po in t  assume t h a t  tho f i x t u r e  pressure  i s  
4-00 l b / f t 2 .  Then fr Fig .  13  the mass flow through each 
f i x t u r e  i s  3.47 x 10-ys lug / sec .  and the corresponding pressure  
drop i n  the  d conduits i s  0.53 l b / f t .  The mass flow i n  the  
c conduit  i s  3 x 3.47 x 10-5 = 10.41 x 1 0 4  s l u d s e c .  and the 
pressure drop i s  ( A P ) o  = 1.08 l b / f t 2 .  

zh i s  gives a sup3ly pressure  of 6.00 + 0.53 + 1.08 = 
7 -61 l b / f t  and s flow of 10.41 x 10-5 s lue /sec ,  S imi l a r l y  a  
t h i r d  po in t  as  bcen found t o  be 7 -12 l b / f t 2  w i t h  a  flow of 
10.19 x 1 0 - e s l u d s e c  . These t h r ee  s e t s  of values were used 
t o  draw the  curve i n  F ig .  15. From this curve the flow r a t e  
corresponding t o  7.23 l b / f t  i s  10.19 x 10-5 slug/sec.  

( 3 )  Supply Line 

The mass flow through the  main supply conduit  i s  
10.19 + 9.66 = 19.85 x 10-5 slug/sec.  and the orresponding 2 pressure  drop i n  the supply pipe i s  2.66 l b / f t  . 

Hence a t  t h e  entrance t o  the co d u i t  system the  gauge 
pressure  must be 7 -23  + 2.66 = 9.89 l b / f t 9  = 1.90 inches 
water and t he  mass flow i s :  

CONCLUSIONS 

The sample design ca l cu l a t i on  i n  the s ec t i on  on 
Applicat ion of Resul t s  shows thc~t w i t h  the da ta  included i n  
t h i s  r epo r t  i t  i s  poss ib le  t o  c a l c u l a t e  approximately the 
pressure  d i s t r i b u t i o n  throughout a  conduit  system t h a t  conta ins  
wire.  This neg lec t s  the  l o s se s  i n  the var ious  c ro s s ,  t e e ,  
elbow, and reducing f i t t i n g s ,  I f  t he r e  are  so many of these  
f i t t i n g s  t h a t  they cannot be s a f e l y  allowed f o r  by a  design 
nafety f a c t o r ,  f u r t h e r  t e s t s  w i l l  be r equ i red  t o  provide da ta  
f o r  these  f i t t i n g s .  From the l im i t ed  da ta  obtained w i t h  long 
rad ius  elbows i t  appeared t h a t  the  equivalent  l eng th  of 
f i t t i n g s  w i t h  wire a r e  of the order  of 40 pe r  cen t  more than 
when the  conduit  i s  empty. This should only be used as  a  
guide u n t i l  b e t t e r  design data f o r  f i t t i n g s  are  ava i l ab l e .  
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APPENDIX A 

DATA TABLES 

Data f o r  de t e rmina t ion  of condu i t  d iameter  

Complete d a t a  f o r  a  ty-pical  s e c t i o n  

O r i f i c e  p l a t e  d a t a  

F r i c t i o n  f a c t o r s  f o r  empty condu i t  

P r e s s u r e  drop f o r  p a r t i a l l y  f i l l e d  condu i t  
(1 1/4-inch condu i t ,  s e c t i o n  No, 3 - p l a s t i c  
covered wire ) 

P r e s s u r e  drop f o r  p a r t i a l l y  f i l l e d  condu i t  
(1 - inch  condu i t ,  s e c t i o n  No, 3 - p l a s t i c  
covered w i r o  ) 

Pres su re  drop f o r  p a r t i a l l y  f i l l e d  c o n d u i t  
(3/4-inch c o n d u i t ,  s e c t i o n  No, 3 - p l a s t i c  
covered wire ) 

Pres su re  drop f o r  p a r t i a l l y  f i l l e d  condu i t  
(1 1/4 and 3/4-inch c o n d u i t ,  s e c t i o n  No. 3 - 
rubber  covered w i r e )  

Data f o r  t w i s t e d ,  compared w i t h  non twi s t ed ,  
w i r e s  

Equ iva l en t  l e n g t h  of l o n g  r a d i u s  90' elbows 
and th readed  coup l ings  wi thout  wire 

Equ iva l en t  l e n g t h  of l o n g  r a d i u s  90' elbow 
wi th  wire  (1 s t r a n d ,  10-gauge, rubbe r  
covered)  



TABLE A - 1  (i) 

DETERMINATION OF CONDUIT DIAMETER 

- 
P w  - 

, Conduit Mo '70 Yj log10 a d 
: Number Qm gm Cm H20 d c i d  f t  . 

I 4210 3230 36.29 0 09970 2.839 384 6.908 x lo-' 
I1 4808 3839 36.30 0 09970 . 2.836 874 6.869 x 10'~ 

$11 111 4799 3816 36.29 0.9970 - 2.840048 6 . 9 1 9 ~ 1 0 - ~  
Iv 4692 3734 36.30 0 .9974 2.834 308 6.828 x lom2 

. 
I 49 88 3417 36.30 0 .9975 - 2.941690 8 . 7 4 4 ~ 1 0 ' ~  
11 4709 3164 3 6 030 0 9975 - 2.938 066 8.671 x loo2 

1" 111 4748 3185 36.28 0.9966 - 2.940 898 8,728 x lom2 
~v 4758 3201 36.27 0 9967 2.940 112 8.712 x 

- 
I 49 79 2217 36.40 0.9980 . 1.063 508 11.575 x 10'~ 
II 4849 2161, 36.1+0 0.9978 - 1.057 412 11.413 x 

ltlf 111 4963 219 5 36.41 0.9979 . 1.063 942 11.586 x 10'~ 
IV 4880 2U7 36.40 0.9978 1.063 622 11.578 x lom2 

TABLE A - 1  (ii) 

COMPLETE DATA FOR A TYPICAL SECTION 

Man. Height Mass A M  Notes 
in. C C 1  4 @ m 

L 

0 4799 
5 !';729 70 9" Man. Sca le  

10 4658 71 = 36.3  cm H20 
15 4588 70 a t  25.25"~ 
20 4517 TJ. 
2 5 4448 69 = 0.9970. 
30 43 78 70 

. . 
35 4308 70 
40 423 7 n 
45 4166 71 
50 4096 70 
55 4025 71 
60 3955 70 
6 5 3 886 69 
70 3 816 70 



TABLE A-2 

ORIFICE PLATE DATA 

~ominal  Dim. 

Actual Diam. 

Differential 
Pressure 

10 mn 50 
40 mm H ~ O  

160 rn 5 0  

390 rn I$O 

* in* 
4.1850 x loo2 ft. 

C 1 

. O.W 

om 6049 

0.6066 

0.6099 

LoglO C c  

T . - ~ ~ U N O  

i. 781700 

i. 782910 

i 785230 

314 in. 

6.2817 x lo2 ft. 

14 in. 

10.397 x loo2 ft. 

C 2 

0.6026 

0.6029 

0,6040 

0.6063 

C 1 

0,5935 

0.594.0 

0.5961 

0.6001 

* 

Loglo C t  

- 
1.780040 - 
1.780240 

7. 781070 

i 782 660 

Loglo c' 

i. 773405 

7.773785 

7. 775310 

i. 778235 



TABLE A-3 

FRICTION FACTORS FOR EMPTY CONDUIT 

1" Conduit - Section # 3 



TABLE A 4  (I) 

PRESSURE DROP FOR PARTIALLY FILLED CONDUIT 

19 Conduit Section # 3 Plastic Covered wire 

F i l l  

Oriftce 

1: mm 3 0  

T o c  

1 Strand 10 gauge 

3" 
Ik0.0 390.0 

121.5 21.1 

15" 
40.0 390.0 

21.6 21.7 

2 Strands 10 gauge 

3" 
40.0 390.0 

21.6 20.9 

3 Strands 10 gauge 

1p 

40.0 390.0 

n.5 22.2 

6. 
40.0 390.0 

21.6 20.8 

19 
40.0 390.0 

n.1 a.5 



TABLE A 4  (1%) 

PRESSURE DROP FOR PARTLALLY FILLED CONDUIT 

1" Conduit Section # 3 Plastic Covered ?are 

1 Strand 1l.1 gauge 2 Strands 14 gauge 



TABLE A-lr (111) 

PRESSURE DROP FOR PARTIALLY FILLED CONDUIT 

3/&' Conduit Sec t i on  # 3 P l a s t i c  Covered a r e  



TABLE A-4 (Iv) 

PRGSSURF DROP FOR PARTIALLY F I L L E D  CONDUIT 

l a m  Conduit Section # 3 Rubber Covered Wire 

3/L" Conduit Sectlon # 3 Rubber Covered Wire 



TABLE A-5 

DATA FOR TWISTED COMPARED WITH NONTWISTEIl WIRES 

or i f i ce  

i: 

sec t  # 11 

3/bn Conduit 3 Strands 14 gauge P las t ic  covered' 
,I 

Qn 
, 

10.0 40.0 160.0 390.0 
I L  

0.780 0.772 2.281 2.270 6.915 6,893 lk.16 14.10 

rn 

O r i f  i c e  

Sect # 111 3.730 0.738 2.17l 2.193 6.670 6.748 13.78 13.93 
Sect # IV 
Rjis t 

ln Conduit 3 Strands lh gauge Plast ic  covered 

+" 

3.650 0.772 2.298 2,293 7.090 7.096 U.76 14.78 
3 Twists per 10 ft. length of conduit 

I n  

1%" 

I 

10.0 1 40.0 i: 10.0 
1 

p* 
?IT T 

0268 0,258 
.2h0 0.239 

40.0 

A p* 
?a T 

0.756 0.755 
0,700 0.705 
0.699 0.694 

a p* 
NT T 

4.859 be850 
4.96 4.594 
4.L72 4.540 sect # IV 

p* 
NT T 

15.38 15.36 
a.42 14 .a  
1L.38 14.58 P*2u 0.231 

Twist 

160.0 

p* 
NT T 

2.311 2.307 
2.1-U 2.166 
2.125 2.1W 

3 Twiats per 10 f t .  length of conduit 
f 

390.0 

ap*  
NT T 

4.798 4.781 
4.457 4.517 
4.L09 4.470 
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A-10 
TABLE A-6 (11) 

EQUIVALF;NT LENGTH OF LONG RADIUS 90' ELBOW (L~TTII WIRE) 

( 1 Strand 10 gauge Rubber covered ) 

lf" Conduit 

AP Pressure drop mm H20 f o r  19 ft. of  s traight  conduit with wlre 

Pc Fressure drop mm It20 f o r  10 ft. o f  conduit + 90 O elbow wlth wlre 



APPENDIX B 

SAMPLE CALCULATIONS 

1. Calculation of Conduit Diameters 

No = 4692 gm 

M7 0 = 3734 gm 

Theref ore Mo - M70 = 958 gm 

Hw = 36.30 crn water at 23.6OC 

Theref ore Pw ' 0.9974 gm/cm3 

2 log 2 = log(M0 - M ~ ~ )  - log pw - log Hw - 3.753975. 
This last number is: 

+ 2 log 2.54 + log 12) 10g14 91 ( 

2 log 2 = 3.668 615 

log 2 = 2.8314 308 

2 = 6.828 x 10" ft. 

2. The Density of Air 

The mass density of dry air is given by: 

P = 
P 

1715.5 T 



P is in lb/ft2 absolute 

B barometric pressure mm mercury 

For moist air the expression for density is: 

where e is the partial pressure of the water vapour 
in the air vapour mixture. Thus the effect of moisture on the 
density can be accounted for by using the dry air formula with 
the barometer reduced by 0.375 e. 

The sir flowing through the conduit was assumed to 
;le satmated E[t 100 ?sig and 72OF. Hence at atmospheric pressure 
this air nau a vapour pressure of: 

20 .O x M- = 2.55 mm mercury. 

Thus the barometric correction to take account of the moisture 
in the air is: 

Since the barometric pressures are measured only to the near- 
est 0.1 mm this correction is -1.0 mm mercury. 

3. Sample Calculation of Friction Factor and Reynolds number 

The express5.m relating the friction factor to 
measurable quantities was shown to be: 



The following data are typical: 

3/4-inch conduit - third section 
3/4-inch orifice plate 
Temperature 21.6OC 
Barometer 756.8 mm mercury at 21.8'~ 

The barometer correction for temperature is -2.7 and 
as discussed in the previous section a further correction of 
-1.0 takes account of the moisture content of the air. 

Bcorr = 756.8 - 2.7 - 1.0 = 753.1 mrn mercury 

- at O°C, P,, - Bcorr + 2.99 E , 
where is the mean gauge pressure for the length of 

conduit, in inches of carbon tetrachloride. For this case 
3 = 0.94. 

Theref ore P3$ = 753.1 + 2.99 x 0.94 = 755.9 mm mercury, 

where ig is the differential pressure across the 
orifice in rnm of water. 

Thus for i& = 10.0 mm water 

The values of log T and log used for the following 
calculation were obtained from graphs of these variables vs. 
temperature, in OC. Similarly values of log C 1 were taken 
directly from Table A-2, 

Quantity Value Log1 0 



B-S 

N 

Therefore f 

to be: 

above. 

The expression for the Reynolds number was shown 

The quantities here are the same as discussed 

Quantity Value Loglo 

C' 

~2 

Factor 

X 

X 

Y 

Therefore Re 



4. Sample Calculation Equivalent Diameter. 

The equivalent diameter de is related to the 
measurable quantities by the relation: 

where the quantities have the same meaning as in the expression 
for f. 

As an example the following data were obtained for 
the third section of the 3/4-inch conduit containing 1 strand 
of 10-gauge plastic covened wire. 

1/2-inch orifite plate 

i ' = 10.0 mm water 
4) 

LIP 
*/L 

= 0.440 mm water 

Z i  = = 0.50 in carbon 
tetrachloride 

Temperature 21.4OC 

Barometer 763.7 mm mercury at 22.8O~ 

Barometer = 763.7 - 2.8-1.0 = 759.9 mm mercury at O°C 
corr . 

1 (if 10 + -  - 760.3 = *corr. 13.6 = 759.9 + ----- - 
-;$ 27 -2 



Quantity - 
p4, 

DZ 
C' 

F a c t o r  

Value 

761 .4 
0.440 

First Trial Correction 

2.605 ooo 
'1.781 400 

i .781 400 

g.486 784 
2,880 985 



5.  Sample Calculat ion of le/a f o r  90" elbow. 

Data: 

3/4-inch conduit empty a = 6.919 x 10" f t m  

1/2-inch o r i f i c e  p l a t e  i& = 40.0 rmn water 

Section # A P+F Ape 

2  9-80 mm water 9.82 m water 

3 9.41 mm water 10.90 rnm water 

4 10.04 mm water 10.02 m water 

Calculation: 
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TOLEDO BALANCE 

F I G U R E  4 

APPARATUS FOR MEASURING 
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FIGURE 8 
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FIGURE 9 

PRESSURE LOSS F O R  TURBULENT FLOW I N  

A SMOOTH PIPE. 
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FIGURE 10 

PRESSURE LOSS FOR TURBULENT FLOW IN 

A SMOOTH P I P E .  
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FIGURE 12 ( i  ) 
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FIGURE 12 ( i i )  

d e  
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FIGURE 13 
I1 

MASS FLOW FOR DIA. ORIFICE 
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FIGURE 14 
PRESSURE LOSS FOR TURBULENT PIPE FLOW. 
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FIGURE 15 
MASS FLOW vs SUPPLY PRESSURE FOR 

BRANCH R. 
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