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HYDRAULIC AIR COMPRESSORS.

The rapid increase in the application of com-
préssed alr ig manifested by the many contrivances
for eonverting various forms of power into that repre-
sented by eompressed air. The chief method of utilizing
the power of a water-fall to compress air has besn by
an air comprecsor dwiven by a water-wheele. This is an
exceedingly wasteful method ag the quantity of alr
comprewessed depends on the effeciency of the compres=-
sor and the effeciency of the water-wheel, after deduct-
ung the loss due to the frietion in the connections.
This 1loss will be considerable; as the water=-wheell
usually run at a high speed and the compressor at a
low speed there will be a great loss of energy in
transforning from the high speed of the water~-whesl
to the low speed of the compressor . Suppose the effe~
ciensy of the water-wheel 18 754 ,and neglect the loss
in connections=these being indeterminate - then 75%
of the total energy of the water-fall 1s delivered to
the compressor . It requires about one-half the work
to compress alr isothermally éﬁét it does to compress
it to an ewgual volume adiabatiocally ;{ while the water
jacket removesf about one-half the heat due to com-
pression . This means that, neglecting all losses in
the compressor due to frietion , motion of the rab1p~
rocating parts, &, the efficlency of the compressor
will be considerably dbslow unity . Suppose. the
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in the conneetions the water-wheel delivers 75ﬂ of
the total energy of the water-fall to the compressor,
and the compressor delivers 704 of this to the com-
pressed ailr chamber. This means that only 52.5% of the



energy of the water~fall 18 utilized as an air com-
pressing plant. As it requirss about twice as much ‘
work to compress adiabatically ~%hat it does isothermally
the efficlency of the plant as a power transformed
cannot exceed 26.235%, but we have neglected one gre#t
source of loss, the loss of friction of the conneotions
necgessary to transform the high speced of the water-wheel
to the low speed af the compressor. We would be suafe
in saying that the aetual efficiency of skeh a plant as !
a power transformed could not possidly exceed 20% and
would ususally be much legse. .

If we could compress the air as small bubbles
in contact with the water, and without the use of a
water-wheel, we would avold the three great sources of
losg= the loss in the water-wheel, the loss in the
compressor, and the logs in the connections. The chief
method devised to accomplish this 1s shown in figure (1),
known as the "Frizzell System.*

In this system the water passes down the pipe
A.B; A plate FG prevents direct contact of the water
at the top of the pipe with the alr; through PG a number
of small alr pipes pass. The water passing down the
pipe causes a reliefl of pressure at the top and thus
acting as an asperator, drawe the air through the small
pipes and carriegiaown &8 bubnles. These bubhles are
carried down the pipe by the water with a continual
increase of pressureyto the air ohamber C. The,pressure
here is represented by the h#é?aa%ic head of thﬁ tail
water ED. This system avoids all the sources of lo%s
ocecuring in the water-whedl and compressor syste&*
but introducessome new sources of loss which 1;Anow
proposed to investigate.. A

There are three great sources of loss: (1) the
slip of the bubdles;(2) frietion of water in pipes;

(2)






(8 weloeity of discharge at B. All the bubbles entering
will not be of the same sizej and the larger the bubbles
the greater will be its upward velocity relative to the
waters. As the large bubhles move upward,relative to
the water, fagster than the small ones they will soon
begin catehing their little hbrothsss anqﬁwallo;?%hmm.
Thie camniballstioc tendency of the big brothers causes
them t0 inerease in size with a corregponding increase
of strength and appetite; and upward they bound in their
watery element in quest of prey-_ swallowing their
kindred or by their rindred swallowed. Thus the largest
bubbles will svidently occur at the point of discharge
B, notwithatanding the compression that will ocour.
This means that the water at B must have a greater
velocity than at ‘any other point §f the bubbles are to
descend with a uniform velocity. The pipe AB will
ususally be of uniform crossection,so the above is a
condition that need not bes considered. The efficienoy
of the plant will vary direoply as the quant#ty of air
compressed, The quantéty of air compressed will therefore
! ‘be a function of the veloolty with whiech the water
gpassaa down the pipe. The problem is now to find the
veloeity of the water that will give the maxinum
effiolienoy.
Let U= mean velooity of the bubbles relative to the
water(to be determined dy sxperisment ).
Let L= length of pipe AB.
* Pn=Pressure per sg.ft. at the top of the pipe.
*  Pmm L par aq‘fﬁ‘ L " fm’lT L L] u
- " Vn= Volume of air at pressure Pa taken in per seec.,
7 measured in Cu.rt. B ™
* V =mean velooity of the water. Ags the volume of air
carried down per seo. will be very small compared
to volume of water,the velocity may be taken as
constant.

(3)



Let W =weight of water psssing per sec.

*  Vg= Mean volume of alr. |

* Pr= Pressure when volime of air is a mean.
" »;?= coefficient of friction. :

» . H = height of water fall. !

1 = Time required for a bubble to descend the pips !

Before beginning the gsolution it will be necessawy

to find the walue Qf’quin terme of Piand Pm,i.e. to
find the hyperboelic mean of two numbers.

. ?; }:,— 7 < ; - .)7'_‘:’7 T
R Y
C—7 g

Let AB be an hyperbola, the axis P and V itsasymptotes,
fig.(2)

Area ¥ = Pv 108.m

The above equations are true for all valuss of PandV;
in sach eqgaution let P and V have the values Pm and Vm.
From (1)

o (4)

Suppose that in (2) V”Vs and P =Pr, the sinultaneous
value of P.

(4)



Pr= Pm-,g;;, g T e atatel (5)
- PR

This 1s the value of P that nakes V a mean.

82.5 Vg= average foree urging the bubbles up.

-%ég =the distance through which the above force acts

Per sSec.
82.5 Vg ul = work done per secs. bv slip of the dbubbles.

FlV@W = energy lost in overceoming friction;
d= dlameter of ths pipe.

/7 The quantity of water digcharged per sec.=W
v m Cu.ft.

UbutItUing thls value of d in the above we obtain

vg\gw W 7rres.5 = K V' mmmmmmmmmm e mmmm e (8)

The actual amount of work done on the air per
segs 1s equal to the total energy per sec. of the
water fall ninus these losses.

PV 10g_§§= work dono on the air per sec.
But when V igs a mep Vgy,P has a value Ppr(Ses 5).

. ng~Pn% Vs log Egﬁ =BPn=-Pn )Vg= Work done on the air.

=(PB=PR V=R gV g mmm o (9)
. -K4Vg=wh-K,V iy ~KoVoK, V"

v = Swh-l(af-KaV% (V=) e — (10)
8 =t FK,

Since the work dcne in compressing the air is a
maximum when theﬁ&&iﬁ% of the air compressed 1s a
maxinum, we may equate the first derivative of (1lo)

(8




to zero and sclve for the value of V that will maks
Vg a maximum (Ses vpage
K1=82.5 U L.

Kngﬁ

Fl 62.5 TIw
Kgﬂ'“"gg
K4 =(Pm~DPn)

Perform ing the above opsratdon on (10) we obtain (11)
under any given set of conditions all quantities in
(11), except v, become known constants. The value of

V which will make (11) equal to0 zero ig the velocity
in fest per sec. that will give the maximum effeciency
under the given conditions.‘m; |

w§ Z{M( v-u)+K, gf(v-u X -2K3v-zfc3m+(wh M,,v-Kv )3

5K4(v-u)+K1§

Awh=Korr e ? K
\/ ;T RAV-Kayy(v-u 2ﬁ/*
o%m( V-U )+K]# ¥=u)(~8KV-2 KgV Z f +Ky (Wh=KgV-K3V)~---(11)

Suppose we have a fall of zof%discharging 20 Cu.ft. of
water per sec.,and wish to compress air to 8o0lbs.per
sq.in,gauge pressure~-74.7 1bs absolute. Suppose the air
i1gs taken in at 14 1bs. pressure, absolute. To give a
pressure of 60 1lbs. gauge will require the air chamber
t0 be 138.24' It. below tail water,i.e.
DE= 138.24 ft.(Sse fig.(1)).
L= 158:24= total lenght of pipe AB - )
Pn =2016 1bs. per sq.ft. | ¥ }f;lﬁ/l#ﬁ Lot
Pm.= 10756.8 1bs. per sq. Tt. .
W= 13850 1lbs.
Suppose u=bft.per sec.

. f=.02.
K31=49450
Ko= 19.53
Kg=12.358

s
[V S

.
s

A { z{f/';’ 5-’;. -/ (’

(8)



Substituting these values in (11) gives (12)

Omfév4o 8(v~5)+49450(;(v~5)( 39.08V-30.6257" )} +49450(
8500019 53V-12 4 25V ) —m e (12)

This equation changes sign for some valus of V bhetwesn

10.8 ard 10.7; therefore the veloeity that will give

the maximum efficliency lies hetween 10.8 and 10.7ft.

per sec. Let us take V=10.,7 ft. per sec. supstituting

this value of V in(lo) we obtain the volume of air

compressed when pressure gives the mean volume.
Va=1.0434 Cu.ft. per sec.

substituting these values of V and Vg in (8),(7) and

(8) we obtain the energy lost per sec.

Work by slip of the bubbles per sec.=9051.95 fv. 1lba.

rs

Wo¥kx done against friction-----——--~ =4p86.18 ”
Kinetic energy in water at discharge=2285.99 »
Total work lost per sec.———————mmm- =§5874.123

The total energy of the water 8all is wh ft.lbs.per
sec. =3b,000 ft. lbs, per sec.
25000~15374.12= 9120.15
The plant thus only utilizes 9120.15 ft. ibs.per sec.
as an alr compressing plant. To check this result we will
take the volume of alr compressged and 1let it expand
isothermally.
PV log_ggzglzo.lﬁ ft. 1bg per sec.

The two results,obtained from independent sources,
checr within{.73 ft.1lbs. » In the solution very
large numbers have been used and we have not carried the
decinalspast the second and third place,and this has
probally caused the small difference. This gives the
actual work done on the alr in compressing it from

14 1bs. per sg.in.to 74.7 1bs. per sq.in..The sfficient
t
| (7)



work as an alr compressing plant will be that which we
can obtain by expanding the air from 74.71bs per 8q.in
to 14.7 1bs. per sq.in.
PV lagq;tez,n8852.a ft. 1ba.The officient work as an
alr compressing plant.

5000  =28,3% efficienoy.
’#Haleas saeorey 18 suprlied to this air from some
external source,all the work ws ocan sotually get from
it will be by adaibatic expansion from 74.71bs. to
14.71b8, As the wopk of adiasbatie expansion 1s about
ons half that of isothermal expansion,the efficiency

of the plant as a power transformed will be about 14.18%
In this we have only taken U as 5ft. per seo.,,being un-
able to find any data on the veloeity of dbubbles in
water,it will probably be greater; while wos have tsken
P squal to .02,and it will be greater owing to the
breakling of sontinous flow of ths water and the forma-
tion of eddies. |

In the PFrizzell System we have found three great
gources of loss: (1) that due to the slip of the bubbles
§(3)kinetic energy in the water dus to the velooity of
© |diseharge; (3) work necsssary to overcome fristion.

If we could design a dlrect hydraulie air compressor
with the alr intake at the foot of the pipe.,and wers
able to reduce the veloclity to zero during compression
we would avoid the lesses due to the slip of the bubbles
and 10 the velocity of diszeharg®; while we oould reduce
the work lost in overooming frietion to s minimum by
naking the pipe ag large as eeonsny would permit.

We will now investigate this prodlem.

Pig.(3)shows the general arrangement of apparatus
gh plateA preventdcontadt of the atir and the water at
‘the top of the pipe. At the point D the pipe is
contracted untll it gives the absolute pregsure at

(8)
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whioh we wish to take 1in the alr in-less than atmospheric¢
Prom the point of D the pipe becomes & flaring nozzle
whose diameter inoreases according to some law suoh that
in some lsogth DF the diameter becomes equal to infinity
At this ppint the velooity becomss gzero and the pressure
aqual to that due to the hydraulic head of the tail
water ﬂ!Ba'suppase this compression oocurs in a nozzle
of length DF. It 18 required {o investigate the relation
between the velooity and pressure in ths nogzle. The only
gource of loss is the friction in the pipe, and asg the
Pipe mey be of any desired dismeter this becomes known.
L.et. Kmwork done sgainst frioction per sec.

*  Te welght of water discharged per sec.

* H= helight of water fall.

* P,~absolute pressure at the intake B.

* Py= °* . *  any point C.
* Re= * at F(a known Quantdiy).

*  Hp=DC

* DFm 3

. Vbnvalocity at D.

* Vp= o * * any point C.

As the length of the nozzle,DF, will alway® be very short
we may negleot the loss due to friotion in it. Take
Thg {idal L0 7o 2t g ]

the datée plane ﬁﬁraugh"nﬂpsr sso.-dus to pressurs head,
veloeity head, and potential head. after dedusting the
loss due 1o Zfriotion-is equal to W(1+34 )=Ki=Ka.

The total amount of work done on the air per sec. in
ocompressing 1t is equal wh-k.

The total amount of snergy passing all sections
of the noksle per sec.must be the samesi.s. the power
represented byhths praegsure head, veloelty head,poten-
tial head;j and the isothermally compression of the air
must be the same for all sections.

2
wl%gi=Kinetic.energy"ofjthe_water_at.any point C.
(9)



WQSETE,HThe power represented by the pressure head
at any point C.
w hp= potential energy repregented by the potential
head hye
PV 198Q§n ~the work requirsd to compress the air from
a pressure Potp a pressure Pn of any pointeC.
The sum of these must be equal to the total power
at the peint_D.
Kog= w UZ+w BE.B+ why+PV 1@3‘?“ ---------------- --(13)
This equation shows the relation that must exist
betwesen the pressurse and velocity in the nozzle at any
point C.We may/assume elther of these to vary according
to any lsw and solve for the corresponding values of |
the other. BT

A G ; PV log %;- WhoK] T oemmmmm i m e (14)
Lo meld ( | 0
From the relation shown in equation (14) we can

calculate the volume of air,Vn, for any point C.Knowing
the volume of air and the volume of water passing any
point per seoc..and the velooity at that point, we can
caloulate the diameter of the nozzle at that point.
Poam 2 aurrieiggﬁiﬁf guch points we can construet the
n#zzlein whieh the pressurs, or velooity will vary
acco¥ding tofthe assumed laws. Suppose the pressure is
to inorease uniformaly from Ppto Pm in the nozzle of
length 8 (See fig. 3)'

b 1 To mincrease in pressure per units langth.

P,=Po+ BrP, i = HaPat(e-Ho P,

Substituing this value of Pn in (13) and solving for

Vpwe get e S i

Vn""/;&';x 4{ HyPp+( 3-8 )P°§ -zgﬂn-xglogiP éHnI’m% S-Hn )JP%(1 )
E Lo

where K3= 2g ¥

Zea

(10)



where K4ﬁ“§§5
] K‘S“M
Substituting in this equation any number of valwes
of hpwe obtain the corresponding values of V,.From
the total volume of alr and water passing the point we
can calculate the diameter of the nozzle at that point;
and with a sufficient number of such points plot the
crosgseotion of the nozzle in which the pressure will
inerease directly as the distance from D.

Supposge we are to have uniform retardation. We must
solve for Bhe law of pressure that will give ummifymm
retardation.

LetOA= the retardation per ssec.
Take the sum of the heads at ary point C; the datum
plane being taken through D.

r,_,__.h
VH—' ]/ 2&( S"‘Hn )a
_2@_’ “28.( s~h )gé Hn

Pnfﬁ%g@ Vo*Po”62o5hn“52-5§(S-Hn)~~~ —————————————— (18)

This equation gives the pressure at any point in the
nozzle i1f there 1s uniform retardation. Substituting
this value of Py, in equation (13) and solving for V,
we get equation (17). in which K3,K4, and K5 have the
same values they have in equation (15)«

s

Treating equation (17) similarly to (15) we obtain
the crossection of the nozzle in which there is uniform

retardation.,
(11)



Let us 1llustrate the advantage ofthis over the' Frizzell
System. Let us take the same case we took before,
and let the pipe be thres feet in diameter.
f=,02
w £ 1V =workx lost in obercoming frietion.

= 008,75 ft.1b8s per sec.

This is the chief source of loss, and the only
one that can be calculated. If we take the last case
considered uniform retardation, we would surely be safe
in saying that not over 5% could possibly be lost in
the nozzle. The total power of the water fall is
26000 ft.lbs. per sse.. This allows 1250rt.1bqbar g88c.
to be lost in the nozzle: a total loss of 8248.75f%.1bs.
per sec. This leaves 227651.35 ft. 1bgs.per sec. ag the
work done on the air. The alr is taken in at 14 1lbs. per
sq.in. pressure and compress it to 74.7 1bs. persq.in.
se PV 10g_§§ =22751 .25

or 144x74.7 Vplog Pm =22751 .25
Pg~
. Vp= 1.261 cu.ft.of air per sec.
The efficient work as in air compressor will be rsp-
resented by expanding this isothermally from 74.7 to
14.7 1lbs. per sq.in.
144 x 74.7x 1.361x log =22046.00
This gives the efflicient work of the plant as an air
coOMpressor.
2§8§g,09- 88.3% efficisnoy.

This on the assumption that 5% 1s lost in the
nozzle.,which is surely in excess of what would actually
e aw%ié%é?/zzné;A,éﬁrﬁi,&%aﬂ//%£;¢4éﬁigziﬁzj2%%4%@@

(12)
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