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FRICTION IN S® ALL AIR PIPLS,
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In the course in Compressed Air at the Iiissouri School of Nines
our attention was called to the fact that no relisble data could be
found relating to fricticn losses in pipes under three inches in di-
ameter carrying compressed air.

Therefore the undersigned decided to undertake as a thesis the
securing of the needed data and herein are recorded the results of
our work.

The apparatus in the school equipment that could be made use of
in this work were .as follows:

One single stage air compressor of 7’7 cu., ft. per min. free air
capacity and pressure up to 100 pounds per square inch gage. a7 //IRAM.

One two~stage compressor of /J0 cu. ft. free air capacity and
pressure up to 150 pounds gage. al /{JRPAL

One detached air receiver of 2F cubic feet capacity.

One drum especielly constructed for measuring air by orifices ac-
cording to the method originated by Frofessor Dudley at ¥cGill Univer-
sity and published in "Compressed Air" Vol. II. 1906-7, pp. 4181, This
drum is supplied with orifices cut in copper plates Np. and rang.
ing from a half inch to three-and-one-half inches in diameter,

All necessary pipe fittings were found in the school supplies but
the straight pipe was loaned for the purpose by a local hardware mer-
chant. ‘

The necessary pressure gages were in the school equipment and

were tested and corrections determined by a gage tester which was also
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e,

é part ol the school equipment,

We found it necessary to construct for this work a special dif-
ferential gage, and since the range of lost pressure ran as high as
thirty pounds, the glass tubing was made six feet. Letails of this
gage arenchown in Fig. 1. and 2. Mercury was used for the indicating
fluid.

The assembly of the appsratus is illustrated in Pig. 3. in which
the parts are as follows:

(a) The pipe leading from the compressor.

{(b) Receiver.

(¢} Pressure gage on receiver.

(@ - @'Y Foints of attachment of differential gage.

(€Y Pressure gage showing initial pressure in air pipes.

(f ~ fl} Loop of pipe in which friction is to be determined.

(g) Position of elbows.

(h) Throttle valve for controlling pressure.

(i) Orifice drum.

(i) U gage for measuring pressure (i) in drum.

(k) Fosition of thermometer.
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METHODL OF PROCELLING IN TAKING DATA.

The free air volume { symbol wva. ; was controlled by speed of com-
pressors, the pipe connections being made so that the discharges could
be united; but of-course, the pressure when both compressors were us=
ed was limited to that of the single stage machine.

e the pressure
The compressor being in stadﬂbperatio§4was controlled by the

A



throttle valve (h).

The size of orifice set in the drum was changed as required to
keep the height ( symbol i,) in the U gage within the range covered
by Dudley in the experiments before alluded to,

In each run there were recorded:

Reading on differential gage.

Eeading on U gage.,

Initial pressure in pipe,

Temperature in drum.

Liameter and length of pipe and number of elbows.
Diameter of orifice.

With each size of pipe two sets of runs were made -~ one with
two elbows and one with sixteen or eighteen elbows as shown in the
tabulated data.

In each set the range of pressure was from zero to sbout ten at-

mospheres.

FORMULAL USED IN CC¥PUTATIONS AND RESULTS.

The object of these experiments was to find the valuve of C in

Lo

the friction formila f=c¢. ¥ , V@ taken from the text book
at r
"Compressed Air -- Theory and Computations® by Prof. E. G. Harris,

Frofessor of Civil Engineering of the Missouri School of Nines.,
The notationrn used is as follows:
 r= loss of pressure in pounds per sq. in.
/ X—= Length of pipe in feet.

va= Volume of free air~}ﬁ~passing -~ cu. ft. per second.
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Diameter of pipe in inches.
r = watio of commrecssion.

c = pxperimental coeificient.

In order to find volume of free air, va, we first found the
weisht of air passing per second.
Let this weight = @ and let wa = weight of cubic foot of free air.

fhen va = Q « ~—Wa in Rolla was Joundéd to be 073 pounds,

wa
To find @, the weight of air passing per second, we used the For-

ST b

muls ({ = C' x 1652 ¢'™ (# vhich is & nmodification
S———

Dusles's formala in arsisls b3fars al lﬂdpdf;;:\\ QQ C‘/é3261'p

Notation as follows:

=wk. of air in 1bs. passing per second,

d'= Diameter of orifice in inches.
i = rressure of air back of orifice in measuring drum in

inches of water,

t = Absolute temperature Parhrenheit of air in measuring
drum.,

C'= An expeimental coefficient determined at MeGill Universi-~
ty for i diff. to 8" ard 4' ur to 3",

pa é atmospheric pressure in pounds psr sg. in.

pa at kolla was found to be 14.3

T™he £ in the frietion formula we calculated from the differential

gage reading as follows:

52.5 x 13.6
o= - D Wwhere D was the difference of height
1728
in Mercury columns in inches, and

F = 62.5 x 13,8, D!
1728x 2.54




where D' was difference of mercury coslumns in centimeters.
The r used in the friction formula is the average r in the pips
and is obtained as followsf |
Let P = Reading of pressure gage in 1bs. per sq. in,
P~ 1-2f4 pa P—2f+ A
’ a

Then r = . o )=
oa e

Since the length of the pipe with the sixtsen or eighteen elbows
was greater than that for the two elbows, the following corrsctionwas
applied to friction losses in pipe with the two elbows:

2$~U\\\\53Efi?§#llz length of pipe with most elbows

; . - L L n " ) b s ¥
Z;”\\\Rﬂiwﬁ/an@?lﬁ the two elbows.

“

The tabulated valves of £ for the pipe with the two elbows were

corrected by multiplying by the factor 1'

———

1,

In order to find the loss in a single elbow so that elbow losses
could be eliminated and values of [ found for straight pipe only, we

procseded as follows: 2,
v/
Yirst we plotted wvalues of £ with corresponding values of ; '57

-’

for pipe with most elbows and on same plate the corrected values of [

by
va

Jy

and corresponding wvalues of for pipe with two elbows of same
diameter,

These points plotted for each size of pipe gave fairly straight
lines. See Plates 1,2,3, and 4.

Next letting n equal larger number of elbows and [, equal lost

pressure in one elbow, also fl and fg = values of f for pipe with two
2
elbows and for pipe with n elbows respectively for same value of _33'__



fo = ¢
then fg = . i,

n = 2

To construct ithie 1line marked straight pipe on Plates 1,2,3,& 4,
we took several values of mgggm and doubled the corresponding values
of fy as marked out above and scaled off directly below line marked
two elbows. Thru these points the line marked straight pipe was drawn.
This line represents values of ffor straight pipe without elbows.

By the aid of this 1line on Plates 1,2,5,& 4 we calculated valess

of C for each size of pivpe.

=

ra’
C = i = from friction formula.
x Va‘a
»

)

Here £ 1s constant being tangent of the angle ; the line

marked straight pipe makes with the horizontal axis considering secale
values.

Having found that C varies only with the diameter the next step
was to find an equation for this variation,

Coefficients for pipes from three to twelve inches in diameter
were available from another source and these with our own enabled us
to plot the points on Plate &,

The straight line as shown comes more nearly to conforming to
those points than does any other curve. From this the law of varia-

tion of C is the equation of the line which is C = .08 = .003d.




ELBOW LOSSIS AND EQUIVALENT LENGTHS OF PIPH,

Having thus completed the main work of our thesis we next turned
our attention to investigating elbow losses as far as our collected das
ta would.permit.

We decided that the best method would be to find for each size of
elbow the length of pipe in which the same amount of pressure would be
lost, here spoken of as the equivalent length of pips.

val

FProm Plates 1, 2, 3, and 4 several values of and corres-

ponding values of f, were taken and equivalent lengths riguréd ag folw

. . R o
lows: Letting 1, = equivalent length of pipe. fg = CIQ va~r from

a

5
which 1, = fod
Ya~

—~'.-4«~¢r -

These values were tabulated with corresponding diameters., See
table Ko.6. No reliable data being at hand for elbows larger than
two inches in diameter we are not prepared to state any definite rela-
tion between elbow losses and dlameters; however for conditions found

in tables 1, 2, 3, and 4 the equivalent lenghhs seem to fairly con-
va2 )

(T )
If particular attention, however, be given to keep va constant

stant regardless of values of .
while varying r and to keep r constant while varying va this might
be found untrus

For conditions herein tabulated we recommend the following equiv=

alent lengths of pipe for correspomding size of elbows:



Liameter of elbows. Equiv. 1ength ol pipes

2 £' to ¢
hAy a' to 5¢
Bd® 4' to 5
12" 10' to 12!
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iie are indebted to ¥r. Holmes and Wr. Wander both of class 1910
for the construction and sketches of the differential gage used.

These gentlemen had same problem for thesis, using water instead

of compressed air.



TABLE

Part
Dala or éf,é%be

NU¥BEER ONEL,

one_—

2 ¢/bows:

Temp. QGent.

S Velocity.

va Vol. of free air.

Length of pipe 205,2'. Dianmeter of orifice 2.5",

no. D" i r tc va S f %ié'x f V?E

1, 1.3 2.7 2.6 19 227 23.9 N.63 0.64 1.43

e 2.1 3415 2.9 20 ’ .45 38.7 1.03 1.04 o065
MZQ “2j8 3.9 2.4 205 2.72 £1.6€ 1.27 1.29 3.08

4; 4.8 ~_4:5 1.6 20.F 2.76 78.93 2.36 2.29 4,74

Sae 5.7 3.98 1.2 21:;‘ 2.74 104 .6 2.80 2.84 6.34 &
8. 0.5 1.4% f.2 20,0 1.66 12.27 0.2¢ 0.84 .44

7o 0.8 2.6 7.3 20.5 2.22 12.95 .39 ‘0;59 0.67

S. 0.8 3415 g:O 21.0 2.44 14.00 0.39 O.S;- '5.74

D* Di;f. gage in.mercury. i U gage in watery r Ratio of corlps

f Loss in pressure,



TABL L

LData on two inch pipe.

Part Two

Length of pipe 208,1°'.

NUKBER CON I,

Sixteen elhows,

Diameter of orifice 2.%%",

vat
No. pv i T t va a f —_—
c T

1. ’

1. 0.3 1.0 9.80 24,0 1.7%7 8.54 1476 1984
2e 0.4 1.1 2,96 24,8 l.44 7.35 . 1968 2299
3, 0.5 1.7  8.19 25,0 1.78 9,98 .2460  .3881
4. 1.1 2.8 7.13 22.0 2.30 14.80 5410 7418
5. 1.6 T.6 8.21 21.0 2.61 19,30 .7871 1.0990
6. 2.3 4.2 4,830 20.5 2 RX 26,90 1.1320 1.6810
7e AR 4,2 Z.75 205 2.8 34 .80 1.3780 2.1280
8. 7B 4,2 2.88 C0F 2.83% 48,20 1.7710 2.,9780
9. 5.8 4.5 1.97 21.0 2,92 67 .40 2.0760 4,3280
10. 8.6 gt 1l.41 22.0 2.22 - 104.R8 4,2310 7.368
D8 Diff.gage inJdige 1 U gage in H?D,. r Ratio of conmp. tc Temp,Gent,
va Vol. free sir per second. 8 Velocity. f Loss in pressure,



TABLE NUWMEIZER T4 G,
Part One
Lata on one inch pipe. Two elbows.

Length of pipe 202,1', Diameter of orifice 1,78,

b g va®

R SO S SO
1. 1.7 1.5 10.7 30 .78 17 .82 846 .OE4
2. 0.8 0.6 w10.6 30 JES 3.9 .79 .98 .025

%, 2.5 1.7 9.7 30 .37 16.4  1.2% 1.044 .ovvmm
4. 6.0 T.7 8.6 30 1.24 26,5  0,0F 2.086 .179
5. ”;o.s 5.6 7.7 29 1.58 27 .5 &.31 £ .273 x 222
6. 3.2 4.9 7.%8 29 1.47 7.0 4.0 4.0 297
7. 6.6 2.4 5,0  28.5 1.00 %2.1 2,25 3.289 .180
S. 7.0 2,1 4.9 ;c,hwj LDAA B6L15 3,44 2,491 190
o, 10.0 2.1 3.7 28 <966  49.2  4.92 4,979 .59
10. 5.1 0.9 2.7 28 832 42.9  2.50  2.530 . 148
11. 8.2 1.0 1.9 28 666  42.9  4.0%  4.078 .233
12, 2.9 0.3 1.3 27 L3660 19.5 1,43 1.447 .10%

L" Diff.gage in.Hg. 1 U gage in H,8. r= Ratio of compression. t, Temp.
Centigrade. va Vol.free air per sec, S Velocity. f Loss in pressure

lbs. per square inch.




TABLZ NUMEBIER T W O
Fart Two
Data on one inch pipe, Lighteen elbows,

Length of pipe 210.65', Diameter of orifice 1.75",

e. D" i r te va S f va.(
—
1. 7.4 1.1 2.62 35 .69 48 .4 3.8 .1824
2. 9.9 1.0 1.87 35 559 64.7 4,9 $2323
3. 8.1 «? 1.21 e 589 80.4 4.5 .2872
4. 8,7 2.1 4,9 =4 .0%6 Z* .8 2.3 .1868
6. 11.1 2.3 4.0 34 1.000 45.5 R .5 .2536
6. 4.0 1.0 3.03 34 .66 40.0 1.97 .1478
7. 9.8 3.0 5.5 34 1.143 38,5 4.8 .2405
8. 10.8 3.3 6.13 23,5 1.20 36,0 5.3 .2380
9. 7.0 2.5 7.0 33.5  1.05 27.5 T o5 .15566
10. 5.2 2.2 7.75 33 .981 23,2 2.6 .1241
11. 5.7 2.4 8l38‘ 37 1.0% 22.4 2.8 L1252
12, 4.1 2.0  10.7 32.5 .94 16.0 2.1 .0817
13, 8.4 4.3 ;.94 2.5 1,37 25.0 4.1 .1894
4. 11.4 5.0 S.84 2.5 1.48 %0.7 5.6 .2477

D* Diff.gage in.Hg. 1 U gage in H_O. r Ratio of compression, t tenpg

b2 c

Cent, va Vol. free alr cu,ft., per sec. S Velocity. f Loss in pressureg



TABLE NUMNBEEK THETL L.
Part One
Data on threes~fourth inch pipe.Two elbows.

Length of pipe 201.8', Dfameter of orifice 1,78",

Npe D i r % va S £ AP va®
C 12’ r
1. 57;3 .5 1.7 79,5 426 116.0  7.21  7.43 1647 .
2, 63,8 .9 1.62 4040 .620 124,23 12.7 12,7 2374
3. 116,3 2.4 | ngs 40;0 1.013 ~h155.5 22,5 2%,2 ;;;04
4. 117.0 3.2 5,4“ 39,0 1,171 114, 22.6 22.5  ,4006
§. 158.9 5.6 4.1 39,5 1.551 124  30.7 31.6  .5866
B. 735 3.4 5.7 29,0  1.207 69  14.21 14,7  ,3558
Te 96.8 4,9 6.6 40.0 1,447 71 18.7 19.3  .3159 -
8. 78.8 4.5 7.5 40,0  1.387 61  15.3 1548 .2520
9, 48.2 2.8 847 40.0  1.094 41 8,54 8,8 .1088

10, 39.6 2.9 9.96 4848 1,110 36 Te64 7.9 1239 .

Tenp. Cent,

D Diff.gage cm. Hg. 1 U gage in E Oy r Ratio of comp, te
2

‘'va Vol, free air cuyfty per sec. £ Loss in pres. pemunds per sqe inch,

S Velocity per ft. s @ c.



TABLE MUKBEIER THR L& i
Part Two
Data on three~fourth inch pipe,sixtesn elbows,

Length of pire 208.2'. Dismeter of orifice 1.785".

o b

No. T i r te va S f %§£i~
1. 7@.0 .9 1.55 24.F 6361 15558 14.3 «2651
2, 4;.5 o5 1,34 26,% 4726  11F.0 8.1 +1687
g. 81l.4 1.1 2.2 28,0 +6992 103.6 15,74 L0220
4. 107.4 2,1 el 29.5 « 9637 102;7 20.8 « 3028 B
5. 1484 2.9 5.96m 30,5 1.1%1 93.1 27 4 + 3228
6. 1688 4.4 4,24 okl 1.38”M _ 8.4 2.1 « 3074
7. 164.5 5.2 6.04 34 1.206 _Bl:éwm‘ é;.a .;751
8. ill.O 4.4 - 724 B;lﬁ 1.382 R 62.2 21.8 «2635
9, 117.2 5,1 8.24 38 1.481 BB8.6 22.7 2662
10. 96.8 4.7 5.36 38 1.422 49.58 18.7 22160
il. 47.9 2.8 10,5 378 1.099 ° 38.2 9.19 ,1153

D Diffy, gage cm. Hg. 1 U gage in Hzl, r Ratio of momp, t, Temp. Cent.

c
va Vo},free air cu.ft.per second. £ Velocity fty persecond.f Loss in pres~

sure 1lbs per sqg. inch.



TABLE NUKMEBIEER FOUR.
Part One
Data on one~half inch pipe.Two elbows.

Length of pipe 161.1', Diameter of orifice three-~fourths inch.

Np. D i r t, va s £ {%-f _;gf,

1. 50.5 3.3 2.05 16 2270 81.3 9.77  10.21  ,0251
2. 41.5 4.3 3.76 15 .£F0¢ £0.6 8.0% 8.4 L0178
Ze 26,0 3.1 4,95 15 .2204 5;;6 5:;;‘ 5.26  .0008
4 7.2 1.3 5.63 14 2430  18.6 1.%9 1.46  .00%6
5. 35.5 £.7 6.14 14 .2094 25,8 6,87 7.18 0746
6. 42.0 7.0 6,31 14 L3318 38,6 8.12 8.49  ,0174
7. 50.0 8.7'~ 5,97 -;4 ) 3699 45,5 9.84¢  10.29  .0229
Bae 2742 4.6 6.8% 22 2658 28,5 5,26 5.f1 ,010%
9, 33.6 5,0 9.86 23 2761 20.6 6 .50 6.79  .0077

D Diff.gage cm.Hg. 1 U gage in water, r Ratio of comp. t, Temp.Centigrade
va Vol,of free air cu.ft.per second, S Velocity ft. per second. f Loss

in pressure lbs per square inch,



TABLE NUNXBLER FOUR,.
Fart Two
Date on one<half inch pipe.,Eighteen elbows.

Length of pipe 168.5E', Diameter of orifice threse~fourths",

S e e it s S o S T B e i i) YA S L S Bk B Pt Bl o WS e S T Sl it Nt . e e e ad U S B . e St Bt o Pt . ] ol B (e . e Bt e ot ot B A i il ot . o o Wl . it S ey i e Gt

2
No. D i r te va S £ i
$
1. 50.7 5.2 8,2 19.5  .283 25.4 9.81 .0097 )
2. 44.6 5,0 8.74 19,5  .278 23,53 8.63 .0088
3. 36.1 4,5 9.56  20.0  .263 20.2 6,08 .0072
4, 134,53 4,9 2,84 27,8 273 78.8 25,0 .0293
5. 117,1 5.3 3,35 25,5 883 62,0  22.7 .0239
6. 85.4 5.5 4.62 255 293 25.0  16.5 0173
7.  41.2 5.6 6.058  25.5 253 28,4 7.97 .0090
8.  40.8 4.0 7.01 25.5  ,246 25.7 7.91 .0086
9, 6,0 1.3 7,95 25,5  ,140 12.9 1.16 .0025

D Diff.gage cm.Hg. 1 U gage in H 0. r Ratio of Comp. t, Temp.Cent,
va Vol, of free air cu.ft. per second S veloecity ft. per second. f Loss

in pressure lbs, per square inch,



TABLE NU¥E2EEZR FIVE,

b LT e] § [« S -
Values of C for different size pipes.

These values were used to consgstruct [Mate No, &, The vulvec ¥ £ and

-8 . o
Yo— were taken from Plates 1, 2, %, and 4. Tha resalls are avaraga of caek
r set
Liamster of pipe. Length of pipe. _r Cofficient.
T 37
d 1 (-va_ ) ¢
("r )
1/2% 1A8.5 406.018 .076%
3/4% 208.2 54,476 .0624
1" 210.35 15,557 , .0786
" worked out elsewhere 2072
4” L L " q666
ol v " ¥ 087
6“ " L] " .')n’a
a" " " " , 081

12" . " .04F



TABLE NUNMBIEER S IX.

Equivalent lengths of pipe for ohe elbow.

2
va
Diem.of elbow. Loss in pressure for 1 elbow, Equiv.length of pipe.
r
fe 1lbs.per Sq.in, le
1/2" .006 150 10,2
" 002 clrds 12.7
" .018 W475 10.8
" 824 700 11.%
" 030 800 10.8
* .036 T1.05 11.8
Average al.3
3/4" .1 .1 %.12
b 2 o 4,68
" .3 .4 4.17
» ok <6 4,68
" WF 7 4,40
" 06 .8 4‘16
Average 4.2
1" ‘ .06 030 5.6
" .12 046 .1
" .13 .060 4.4
" .24 070 3.8
" «30 «10% é.5

Average 4.3



mg—

TABLZZ NULBIERE 81IX,
(Continued)

iquivalent lengths of pipe for one elbow.

oy
) va"‘.
Liam.of elbow. Loss in pressure for 1 e=lbow. Equiv.length of pipe
r I

e 1pg.per sq. in. le

o 1 008 2.5

" o L0158 T3¢

" 3 02 249

" 4 <020 S

" F 040 Se3

" 51 048 23

Average . .1
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