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SUMMARY

Experimental Journal bearings have been constructed which will support
a radial load when supplied with air at high pressure. The principles of
this type of bearing are discussed, aud some of the available experimental
data analysed. The results arc collated i1n terms of a non~dimensional
parameter based on the theory of viscid flow between twe adjacent surfaces
and by this means are extrapolated to give performance figures for bearings
outside thce range of the experiments. The cstimated performance is then
compared with that of conventional bearings, and conclusions are drawm

regording possible applications of this type of air lubrication.
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1.0 Introduction

It is a fundamental priuciple of lubrication that if two suriaces are
separated by a fluid film the resistance to relative motion 18 reduced, and
the lower the viscosity of the fluid the smaller the resisting force. If e
Learing 1s constructed in which the lubricent is a gas - having a very low
viscosity - and in which the distribution of static pressure supplies the
supporting force, it will thus be virtuslly frictionless. Such bearings have
been made to operate with air and have been apuropriately called “air lubricated"
ur "floating” bearings.

The carlier examples were thrust bearings consisting simply of two flat,
seml-cylindrical, or hemispherical surfazces separated by a thin film of air
introduced at a high prescurc through rings or rows of smll holes. Bearings
of this kind were developed at the Royal Aircraft Establishment and were sub-
gequently incorporated there in a 2 ton wind tunnel balance. ILater, an air
lubricated Journal bearing was constructed on the same principle with two
puripheral rings of inlet holes and vas used in a device for measuring the
torque in 1 rotating propeller shoft. This work was discontimued after 1932,
and untel quite recently little further rescarch has apparently been done in
the facld. In the laust few years, however, there has buen some interest con-
cermug the application of gas lubricated bearings to the gas turbine, parta-
cularly to plant in which the weight of the rotor 1s so great as to preclude
the use of ball or roller bearings because of the Brinelling of the races
wien stelionary. The conventional clternative in the latter case - the oil
Journsl bearing - is especially subject to large frictional losses at high
rotational speeds, and it has been sugzested that a comparatively frictionless
bearing like the air lubricated journal bearing might be an econordical sub-
stitute; the chief disadvantage is, of course, the power consumption of the
necessary arr compressor. This renewed tuterest in air lubrication revealed
a scarcity of experimental data and of msans of estimating bearing perforrmnces.
An 1nvestigation inte the propertics of air lubriceted journal bearings wos
therefore begun at the NoG.T.E. with the aim of finding a mcans of predicting
approximately the performance of any given beariug or, alternatively, of de-
signing a bearing to specification.

An attempt was first made to cbtain a theoreiical solution based on vis-
2id flow theory. Experiments were corried out to determine the propertics of
ur flowing in a narrow slot (Rei. 1), and fundamentel relationships for the
“low between sdjocent surfaces werc verified. These expressions were then
:pplied to the casc of a Journal bearing, and some egtimetes of performance
ased on the asswrption of axial flow were nade. However, tests periormed
1th a 2" diameter bearang showed that the theoretical values of load capacity
ere optimstic, and the problen was therefore considered in greater detail.
nfortunately, the conditions at the inlet holes are so complicated that a
eneral solution could not be ochtained aud the theoretical approach was reject-
d in favour of the experirmentel. Further tests (Ref. 2} were then performed
L1th the 2" diameter bsaring, usin~ various valucs of clearance and various
ole sizes and positions. The results of these experiments are analysed in
113 report and correlated in terms of a non~dimensional perameter derived
rom visc1d flov theory. Approximate general agreement 15 obtained, and the
mpirical factors deduced arc tlicn used 1n the cstiration of the performance

" bearings outside the ronge of sizes and pressures investigated. From con-
-deration of thusc predicted valucs it is possible to draw general conclu-
ons reeardine the anane of amnlacntion oAFf $ha aar Tohrinatnd onrnal baar-
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after passing from the inlet holes, flows outwards towards the ends of the
bearing which are open fo atmosphere. When the bearing is loaded the path

of the air is curved, because there 1s a circumferential component of velo-
city from the smaller to the larger clearance. However, for the purpose of
this qualitative description the fluid can be imagined as flowing axially

away from each inlet hole and along an equivalent slot (Fige 2) of width, a,
equal to the circumferential distance between adjacent inlet holes; of length,
£, cqual to the distance from the ring of the inlet holes to the end; and of
depth, h, equal to the local radial clearance.

If the mass {low through each hole is agsumed to be independent of h,
the principle of the bearing is revealed in the equations (Ref. 1) relating
the pressure, pys just outside the hole to the exhaust pressure, Poe These

are

2 . .2
P1 -Pzzzzi-i-p 'Eg;'?—l'; D-tno-t.tlll.!tili...'..'lv..i(1)

for laminar flow, and

3 Y/
P2 - p22 = 0,133 . u¥ . % . (;1/!* . -.775’-? e €.
a .

for turbulent flow; where Gq is the nass flow from the hole, p is the absolute
viscosity and T the absolute temperature of the air and g 18 the acceleration
due to gravity. Obviously, when h is small py is large, and when h is large

pq is small. Hence, when a radial load is applied the shaft becomes eccentric
within the shell and a distribution of pressure .s produced which tends to
oppose the applicd load. If the load is within the capacity of the bearing,

an equilibrium eccentric position i1s attained in which the summation of the
components of pressure iun the direction of the load is equal to the load.

This description has, of course, been simplified, since the mass flow
is not constant nor aro the flow paths purely axial. These two effscts com-
bine to make the actual bearing load capacity less than that estimated accord-
ing to this simple theory. The mass flow, for instance, is often affected by
the velue of the local clearance, the degree of dependence being a function of
size and shape of the inlet holes. If the holes are very large, their resist-
ance is negligible and the mass flow is governed almost entiroly by the local
clearonce; a decrease in h reduces tho mass flow considerably and thus re-
duces or eliminates the local pressure rise. With small inlet holes, however,
the total resistance of the flow path is not greatly affected by varlatiouns
1n clearance, and if the local value of Pl is less than 0.528 it is entirely

independent. If this latter condition hgfds at all the holes, the form of the
peripheral pressure distribution is an optimum, although the maximum value of
p4 is then less than 0.528 p,. Further, experiments have shown that, as two
bearing surfaces approach, the local value of py does not reach the value p,
but drops away to zero as eontact occurs. This is due to the effect of a re=-
duction of G4 overriding the effect of a decrease in h, and occurs whenever
local pressures are much in excess of 0.528 Py» in other words, when the holes
are unchoked. A similar detrimental effect occurs at the low pressure side

of' the bearing, wherc the ideal low pressures are only attaincd when the mass
flow is limited by choking at the holes. The conclusion is, therefore, that
for the maximum value of the load capacity the bearing must be operated with
most of its inlet holes in a choked condition.

So far, the drop in pressure (p, = pq) has been assumed to take place
within the inlet hole whereas, in fact, it may take place in the hole and/or
between the bearing surfaces at the commencement of the radizl flow away from
the hole. If, for instanco, plain holes (Fig. 3a) arc used, the cross sec-
tional area of radial flow, 2rrh, may be less than the area of the hole, e,
in which case choking occurs between the bearing swrfaces and the mass flow
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is then proportiomal to h. Thas reduces tne rate of ~hange of pq with h and
hence the bearing load capacity as a whole. In the experiwents this eflect
was experienced, but was overcome by the use of flared heles (Fag. 3b) or
holes joined by a peripheral groove (Fig. 3c)s Both methods increase the load
capasity, the latiter nore than the former, probably because the flow near the
grooves 18 almost nurely axial. However, fthe cross sectional area of the groove
18 critical, ond if too large has the unwanted effect of equalising the prea-
sure round the perivhery. lost of the results discussed in the following sec-
tion were uvbtained with bearings having well flared unconnceted inlet holss,
10 information being availablc regarding the optimum dimensions of comnecting
ETrooves.

Air lubricated bearings have been made with other systoms of inlet holes,
grooves, or recesses (Ref. 35), but for the purpose of this mote ounly the type
described above 18 conscdercd.

3.0 The Experaimental Data

The data upon which the empirical expressions for bearing performance
are based were pbtained from tests previously reported (Ref. 2) and from fur-
ther experimcnts with the same apparatus, different sizes of inlet hole being
used. These N.G.T.E. results are also compered with those which were obtained
with similar bearings by the R.a.E. and by ressrs. Gilkes and Gordon of Keudal.
All the faigures for performance, load and mass flow are esxpressed as non-dimen-
sronal ocoefficients, and the correlation is obteined by plotting these values
against tha ratic of the actual clearence to the inlet hole choking clearance
based on the "equivalent slot theory".

3¢1  The Equivalent Slot Theory

Iu section 2.0 the principle of the bearing was described with reference
to the equivalent slot. Although the simple theory does not provide a direst
means of estumating performance it serves as a basis for the empirical method
outl tned below. The theoretical choking clearaucs 1s based on the assumption
of the ideal coundition deduced in the previous section, namely that oll of the
1nlet holes are choked. The wuber of holes which are choked in an actual
bearing depends on its eccuntriecity, but for the purpose of comparison the
sample case 1s considered of that bearing, with a co-axial shaft and shell,
which corresponds to the axial masg flow assumed in the slot theory.

The two bhasic expressious for the pressure drop aloug a narrow slot are
given in equetions (1) and (2) as

G »
.D12—P22=22+ . }J, . RT 1 6 fOI‘ la]nirlar flOWoooccnoooonuul.ao‘(1)

B .-g- ) G-"h
and X G¢77h' .
2 e pol = 04433 « u- . BT, for turbulent f10W....... veenl2
Py b2 ' H z m (2)

If each hole 13 considercd as a nozzle in which the velocity head at
cxat is lost, the rdationship between the rescrvoir pressure p, and the pres-
surc Just outside the hole, py 1s

X

{ =
Po = 1+ Xzl oul
P4 2
where M is +the Mach nmugber at exit from tho hols and ¥ 12 the ratic of the
specific heats. Since for the ideel gendituon considercd M = 1.0,

A

Po Yy ™

P4 2

..I..'...t.Il..".lI....'.l.....‘...ll(})
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Also, the mass flow, Gq, along the equivalent slot can be expressed as

1
(YgRrTo)® M

RT, © % (Y+1)
RCRTS RS

G4 = 5

where s is the equivalent inlet hole area and T, is the air tempcrature in
the rescrvoir. When M = 1, this reduces to

24 (M)

z R

.".‘I....‘..Ob‘l".!(l‘-)

Now for the laminar casc the relationship between p, and p, is that given by
equation (1), which can be ‘ransformed by substituting the“values of PO and

G4 above to give P1
2Y=1 1(3Y-1
L) 2 oY =1 %
+
PO 1 - ___é_..... . _I_)E - 2l|_ . Y_j'_"_ . L!'.'. [ (TgRTO) « S _—fi._.
P, 5 g a.h3

since, becausc of the large rate of heat flow within {the bearing shell, the
air temperature in the slot, T, and that in the reservoir, Ty, arc substanti-~
ally equal. Hence 1

T = i

b :
(v -1 .H..(Yngo).s.fi
g &

ol . Y o+ 1

In the complcte bearing the total inlet area is

2
S =1 » ('—1?6-—-) = 1N » 25 —tahe
L nurher of rings of imnlet holes

where n 1s the total number of inlet holes and 4 is the diameter of each.
When one central ring of inlet holes 1s used the fluid flows away from each
hole towards both cnds of the bearing ao Bhat the equivalent hole area, s, 13

then half the actual hole area, l.e. 3(T25), and the wadth of the eguivalent

alot, a, s (%?); whereas when two rings of holes arc used the corresponding

2
values arc (EE_) and 2(%?). In cither case

.
s _ (T) -~ S
C 2D 27

’

Hence, for the ideal conditaons considered the choking diametral clearance
18 given as

1 E ~1) .
3045 {f_%l}-ﬁ Y=1 . Lé_ . (YgRTO) « £« 8

005=8h3= o.-'o-o--.(f))

2
YU' [

Y o4 1 P D
p .11 = L .
Po

0 2
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For turbuleat {low tl2 gorresponding exnression is obtained by meking
the same substitutions in equation (2), Whlch gives

Y-7)
, g g /s e
4e2B x 1072 . {1%1} . % . (vgRT,) .4 .8
o’ = = oo (6)
Y-1 2 3/ 7/
: Yo P2
P, ¥ |1 - --"é‘-.- . 5;} . (BT,) . D

When air at N.T.P. is the working fluid (T, = 288°C abs., p = 1.20 x 10"
1b/fte secay ¥ = 1.40) we have for laminar flow

-3
003 s 2.19 X 10 : & * 8 :]_n3 .--..o-l..ltl'..l..'.-(?)
Py 2
PO . [1 - 3.59 “I-)"O' } -D
and for turbulent flow
=3 7/b
3 = 5"82}(10 - b S i 3 a-.-.o--oocoo-oalo(S)

c

i 14y {22 1.7
Py - . o .

the units in both cases beirg those indicated in Appendix I.

Theoretically, when the clearance has the value c, all the inlet holes
are Just choked, and according to section 2,0 the load capacity sheould be a
maxigum. The experimental results show that the optimum clearance is less than
Co» the discrepancy being due to the assumptions of concentricity and axial
flow made in the theory.

342 The Analysis of the Rssults

A series of experiments was performed with a 2" diameter bearing of 3"
longth (Ref. 2), and some of the results are shown in Flmk 4 and Fig. 5 expres-
ged in torms of the non~dimensioval losd coefficient 22X . and plotted
A '(po-P1) ’
apainst the difference butween the supply and the exhaust pressure. The effec-
tive area, A', 18 given by

A.' = D- {(L"z&) +)§:€«} :."D- L—%& .-o----.--t.o.c.onb(9)

where L is the total bearing length and ¢ the distance from the inlet holes to
the end. I%s use is based on the fact that the axial pressure distribution is
approximately parabolic from the rings of inilet holes to the end and 1s approxi-
mately uniform between them, this being confirmed by the good correlation which
18 obtained vhen the experimental values of load coefficient for two different
positions of the inlet holea are derived with the ai1d of A' as a parameter.

The load coefficient 15 effectively a measure of the bearing load capacity.

. - - - - ' . - + _ M
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Apparently, therefore equation (7) 15 valid in form and so should provide
a means of correlating the experimental reaultu. This is done an Fig. 6 by
plotting the load cosfficirent 'against the clearance ratio %‘ s where ¢ is the

o
actual clearance and ¢, the theoreticel choking clearance obtained by substitu~
ting the appropriate values of pg, £, and S in cquation 7. The chosen values
of Dy Were She7s The7 and 94.7 lDS/ln abs., and the values of Vg x were
At (POHPE)
read from the curves in Fig. 4 and Fapgs 5. The results for the four cases are
in approximate agrcement when plotted im this way and a_mean curve is drawn.
The maximum valus of Q.29 for the load coefficient, Wmax _ , then corresponds
A'.(po-pz)
to a clearence ratio of %_ = 0.86.
o

Since all these results were obtained with bearings of the same overall
dimensions, it is interesting to compare thewm wilh the results for a larger
bearing expressed in the same vor-dimensional form. &t Iwssrs. Gilkes and
Gordon a 3.5" diameter bearing has been made with uncomected inlet holes
(Appendix IT), and some test results were made avuilable to the H.GeT.3. These
are represented in Fig. 7 ag a point which lies very close to the wsan curve
obtained wnth the 2" diameter bearings and so indicates thot the overall size
of the bearing aprarently has little cffoct on its performance. .levertheless
other Tuctors may have an effect, the most important of thesc being the ratio

%’-and the type of inlet holc. The value of % is significant in that, above

a certain value between 1.5 and 2.4, the detersoration of perfommance éuc to
the circumferential components of flow bhecomes aporcclable. This 1s illus-

trated by the case of an overlong bearing - the static rig (Ref. 2) - which

15 also represented in Faz. 7.

In Aprendix IT some details of becarings with comnecting grooves are also
given, and the results are denoted in Jfig. 7 by three points Joined by a broken
curve. The improved performancc is probably pertly duc to the more even dis-
tribution of air in tncse cases, and a simlar result might well be obtained
with unconnected inlel holes 1f a gufficiently larser number were used. The
valus for Wmax  of 0.29 which is applied in the subscquent calculation of

A'. (Po"’PZ)
bearing performance is not, therefore, the ultimatc attaanabls, values as high
as 0.42 being avparently possible vith correctly designed comnecting grooves.

In estimating performance the air consumption is obv1ous%y important,

and Fig. 8 shows typrcal curves of the mess flow coefficient, G plotted
0

against (p_~ ) whore G 1s the total moss flow through the boaring aund Gg is
the thcora%lcal choking mogs flow obtained by multiplying Gq in equation (4)
by the numbsr of equivolent hdes. The ghape of the curve iz dePenéent upon the load,
and for the purpose of the analysis light loads are assumed. In corrclating
the various curves the same paranmeter, g_ s 15 again used, and I'ig. 9 shows
tho results. The same specifilc volues og Do Wore chosen, unomely 5Sh.7, e,
and 94.7 1b/inabs., the values of ¢, bying calculated from cquation (7) as
before and the corresponding valucs of g read off graphs similar to those of

Pig. B. The degree of corrclation is not so good as that obtained when co-
paring values of the load coofficrent, but 1s sulficicnt to Justify the drav-
ing of a mean curve. This curve is analogous to the nomml awss {low agalnst

pressure curve for an orifice, and shows the choking cffcct with values of E..
Co
greater than unity. When %3 = 0.86, corrcsponding to the maximum load capa-

clty, %. is 0.60 as compared with the maximum value of approximately 0.7, the

Q
latter being in eftect a dischargze coefficient.
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3.3 The fffects of Rotation

The previous section has been devoted to experimental resuit: chialued
with static bearings, that 1s to say with no relative movemeni between the
shaft and the shell, but attempts have of course been nmade to determine the
effects of rotation. At the N.G.T.7. a2 2" diametcer bearwng was run at speeds
up to 12,000 R.P.d., equivalent to a peripheral speed of more than 100 f4./sec.,
and no change 1n the pressure dlstribution cr mass flow was detected. As has
been shown (Fig. 8) a change 1in eccentricity (caused in that case by a change
of load) produces a change 1n mass flow, the supply pressure being constant.
Hence, the constency of the mass flow in these tests indicates that the eccen-
tricity and therefore the load capacity is unaffected by relative notion at
least up to 100 f't. /scc. However, 1T the peripheral speed of the rotor is
of the same order as the axzal velocity of the air {about 500 ft./sec. in the
K.G.T.E. experiments) some change in porformance might be expected. INevertne-
less, the effect cannot be very scrious, gince at ilegsrs. Gilkes zud Gordon a
2" diameter bearing wus run at 60,000 R.Pule, 1.e. 8t a peripheral speed of
524 ft./sec. The empirical expressions describing the performencs of stalic
bearings can therefore be applied in the case of rotating bearings, cortainly
when the peripheral speed is less than 100 ft./sec. 2nd probably at nuch
higher values also.

On several occasions air lubricated Journal bearings have foiled while
running under load. The two chief causes of failure appear to have been

(a) out of balance of the rotating parts
(b) the introduction vath the air of solid matter, such as dust or rust.

At the W.G.T.E. a single bearing was used to support a small overhung turbine
rotor. Therc was considerable out of balance in the turbine disc, and at
12,000 ReP.kwe failure ocoucred omng to the cxcessive agymmetrical dynommc

load on the bearing. This weskness to asymmetrical load vill in general neces-
sitate the use of the bearings in pairs, so that good cligmment will be esgsen-—
tial. The effect of rapidly fluctuating loads and impulsive forsces have not
been fully investigated, and ne quantitative information regarding the limite
ing values of out of balance forocs is availablz. However, experience with
air lubricated journ2l bearings indicates that failure 18 of'ten caused by out
of balance centrifugal forces, but it is not knowm whetker this is due to the
load cxceedang instantaneously the static load capacity or whether the bearing
1s 1uherently scunertive to rapidly fluctuating or inpulsive loade. %ilh steady
radial locds, however, the bearing behaves porfectly and no form of instabilaty
has been experienced.

The other cause of fallure -- the introduciion of solid wetter - can be
srevented by the installation of' an air cleaner or filter, vhich 1s an essen-
t1al ancillary to any air lubricatud bearing system. Avother simlar danger
is the chemacal deterioraticn of the bearing surfaces, cnd iu most applica-~
tions the use of a stainless matericl would be cssenvial.

4.0  Performance Fgtima btion

The values of the miss {lov and load cocfficients based on the cxperi-
mentel regults are non-dimcusionzl and can be used as a means off predicting
the perform.nce of any sizc of beaping. iturther, since the gencralisced curves
show these values as Tunctions of éﬁ s they are independent of the type of flow
and, although obizined from data roleotiog to bearings with laminor flov oaly,
may also reasonably be used in determaning the performence of bearin,s with
turbuleut flow., This statement may be oclarified if we uxamine ageain the reu-
aral principle of the bearing. Swince the axial pressure distribution 1s approxi-

matﬁly parabolic both for laminar and for turbulent flov, the load goeffaclent

=X 1s dependent only on the peripheral pressure distribution Just outside

A, (PQ-PZ)
the inlet holes. Now if the pressurs uear a given hole is denoted by pq, equa~



tions (1) and (2} give

2 2 G’t’ . -6 ) fl
Py” - P 0 3 for laminar flow,
|4 Y ¢
and
P4 = Po 4 T 3 Tor turbulent flow,
)

where in this case h is the local radial clearance at any poiut in an eccen~
tric bearing.

Hence, 1f we assums that G 18 proportional to s and to p, and substi-

(4]

tute % in place of
2 2 e 2
i'l, - ..P._’é 0 S. ¢ i.c., from equation (7)» a%
Po PO P « I o} h
for laminey {low,
2 Y /4
Py Py 3 / « £ Co 3
and b - — a 3 - lld-’ fl“om G" Ulon (8) a i

Tor turbuwlcnt flow.

The local value of pys 1o thercefore theoretically a function ouly of p,s py
and %; » which implies that the peripneral pressure distribution is dopendent

only on pys pos g; and the cceentricity of the Learing. This indicates that

the relationship betwecn the load coefficicnt, which corresponds always to an
eccentricity of unity, and the cleurance ratio s independent of the tyve of
flow prevailing.

The asgumption thut Gq 1s dlrectly proportional to pgy.8 and independeut
of h is not corrcet for all valuus of c » the variation of g- being evidence
of this. Witn laminar flow w—-vuxlcs very litile when the valuag of 9~ are
between 0.8 and 1.0, bucause %hcn P1 is less than 0.528 over a large part of

Po
the periphery and most of the holes are choked. Similar reagonlng applies in

8]
the turbulent case, and if %l » Which 13 apgoin a Eunctlon of “; y ia less fthan

(¢
this value the holes will be choked. The value of '@; will then depend only

on the coefficient of discharge of the holes, which 1s indepcudent of tho type
of flow between the bearing surfaces. llkence, for values of %— ucar the design

)

value of 0.86, the valnes of %— will probably be approximatcly the same for
0

beth turbulent and laminar tiow, and the reasoning of the previous paragraph

is v2lid. Howevoer, with values of — 2. much smallor than 0.86 some of the hinles
Cp

will be unchoked and the corresponding valuss of %- may be d&alferent in the

0
two cases. For this reason the prediction of the performnce of bearings with
turbuleont flow is restricted to cases operating at or near the design point.
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Lel Performance at the Design Point

In bearing design the ratio, —10ad supparted .4 4he criterion and for
COmpressor power
most pﬁrposes its value should be a moximuwme FHowever, the shape of the curves
Of —mmtX . and G against %— are suoch that this condition is apvroximately
A'.(pg-po) Gy o
satisfied when the load coefficient 1s also a maximum. Hence, the corresponding

Wmax G o] .
values —ewe——— = 0,29, o = 0.60, and 3= = 0.86 are used as the basisz of the
A*+(py=p2) ° o

design and of {he performance estimation.

The first stage of the desizn procedure (Appendix III)1s the calculation
of the necessary overall dimensions from the equation

)
2 Il - g . £ . - S e s s R ek r N ER VB TORDY O
Mpax = 0-29D - {F = 3% (p, - p2) (10)

W
on the assumption of values for the safety factor —E%E and the ratios % and

Vmax
%. 0f these ——y— will be detormined by the consideration of any instantaneous
overload which might occur and of the possible variations of the supply pres-

sure; the value of % must be less than 2.0 owing to the deterioration in per-
formance caused by the circumferential components of flow in long bearings but
is otherwise apparently arbitrary; aund % for economic operation should be
0.5, as is shown below. Having fixed the values of D, L, and 2, ve mst then
decide upon the clearance. The valuc chosen will be the smallest practicable,
and the limits will usually be set by the menufacturing process and by considera=

tion of possible thermal or contrifugal expansions. The necessary total inlet
area corresponding to the chosun dimensions 1s giveun by

8 . ¢ . D [1 - 3.59 {-P—z} 2]
L ) » PO -« . Po 2

S = im oo.-oil.---..l(11)
&
for laminar flow, and P12 L/7
12/7 /7 [ { }}
26 . ¢ .D.p =359 3o
S - ° PO in2 inco(12)

84/7

for turbulent flow (swe Appendix ITI).

The hole spacing has an appreciable effcct on load capacity, since local,
and therefore useless, pressure losses occur near the holes because of the high
velocity of the radial flow from them. As the hole size is reduced relative
to the clearance so the local velocity decrsases and the performance improves.
This explains the 25% increase in load capacity obtained with connecting grooves
by which the radial flow i1s completely e¢liminated. The ldeal arrangement,
therefore, is probably a very large number of very small holes.
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and, substituting in this equation the appropriate values of S, we have

r

D. o . n2 r v, )2 D 1C. 286
] 1768 ) c Po o {1 = 359 {-.%} .{E‘?—j ~ P, L)
2

Yo ) P

for a bearing designed for, and operating under, laminar conditions,and

L/7

12 o o B8

p . 606 Do 7, E;M7. 1 - 759 JE2 J2ed -1 R )
O €4/? - Po Pg}

for a bearing designed for, and operating under, turbulent condrtions. P is
the power absorbed by fhe compressor supplying the bearing and Mo 1ty effici-
ency.

The ratio w is effectively a measure of the bearing efficiency, and a

comparison of equations (10), (44) and (15) shows that

Ho|=
o
el EQN

1 "'-é';- -I% for 1anlinar flow .u--o-ouu-u-(16)

{ara/7
57 I L

L
The greatest possible valus of % will thercfore correspond to T ® 0.5, 1.e.
one centrally disposed ring of inlet holes, in both cases.

and for turbl]lent f‘lOW .I...-...Il..(-’?)

] B
~iro
[l PN

The type of flow Letween the bearing surfaces is poverned by the value
of the Reynolds number, Ry, appertaiuning. In Appendix IV 1t 18 shown that
the mean valuc for a bearing i1s given by

R = —.;I—?H-:—-—G.— .llc."-..l!.'.'l!'."llllI..l.(18)

© TrcDolJ.

Experiments (Ref'. 1) have shown that laminar flow breaks dovm when Rg Sk 2000,
that there is then a range <f transition, and that fully turbulent flow is
finally established when R,k 3810.

By substituting the value of G from cquation (13) and the values of S
from equations (11) and (12}, we obtain the limiting conditions. These are

2
P

1 - 3.59 {53}
[s]

£

2
e . Po

-3
3 0.635 x 10 N € )

for laminar flow in a beoring designed for laminar flow and

2
v
1 = 3.59 {-3}

Pa

o . p02

2

§ 2776 %10 errerrenrereansnes(20)

£

for turbulent flow in a bearing designed vor turbulent flow.
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These limits are not exact, since they do not take into account the
eccentricity of the bearing. In actual bearings (Ref. 2) the flow lines
from each hole diverge where the clearance is small and converge where it is
large, so that although a bearing may be operating under generally laminar
conditions the flow where the clearance is maximun may be turbuleut, aund
similarly under generally turbulent conditicns i1t may be laminar where the
clearance is minimum. In either case the peripheral pressure distribution
would be adversely affected and the load capacity reduced. ience, 1t would
be unreasonable to design for conditions proximate to the limiting ones, and
the effective gap between the laminar and the turbulent design ranges i1s pro-
bably cousiderably greater than that indicated by the above values.

The theoretical limits to the design ranges are illustrated iun Fig. 10,
which shows the effect of clesraunce upon power consumption. It 1s clear that
¢ is a maJor determinent of P, and that its value must be kept as small as
possible if the bearing 1s to be economical. Unfortunately inoccurgeies of
manufacture may be appreciable with velues of = less than 0.5 x 1077, and for
this and other reasons discussed below i1n conudction with thermal and centri-
fugal expansion it 1s unlikely that the ideally smell clearances would be
practicable.

L+2 Performnce away from the Design Point

In the previous sectlon the bearing design was discussed and the per-
formance estimated under design conditions. Now lct us consider the operation
of a bearing away from the design point, that is to say with a value of gs

not equal to 0.86. The uxpressions for the theoretical choking clearance,
equations (7) and (8), contain the bearing dimensions and the terms py and
p%- Of these, the former are fixed according to the previous caleulations,
while the latter are variables. Hence, if the supply pressure to a bearing
1s changed, the values of S~ will change also and the load coefficient will

0
be affected, Obviously, too, auny absolute change in ¢ will have an appreci~
able effect on the performance. The change of %— duc to an alteration of

o

the supply pressure is not so serious in the casc of turbulent flow as in the
case of laminar, since ¢y 18 approximately proportional to p01/3 in the laminar
and to po1 12 in the turbulent case. In either case the change in load co-
efficient is only appreciable when the change 1n nressure is quite large or
when a change in the type of flow is involved, from laminar to turbulent for
1nstaunce.

Some of these effects are showvm in Fig. 11 which represents the case of
a 5" square bearing designed for laminar flow aﬁ & supply pressure of 138.2

1b/in2 absolute. A8 the pressure increases decreases ouly very

A" (p,-po)
slowly owing to the formwof the relationship between p, and ¢, and the flai-
ma.

ness of the curve of L against g— - When the critical value of pg
0

A'. (Po"PZ)

is reached the transition from laminar to turbulent flov commences and the
theoretical choking clearance is no longer that caleulated from equation (7),
but is replaced eventually by that from equation (8). Its value as greater
and 8o &~ is reduced to what is almost the desiga value. Here we have a case
in which turbulence causes an increase 1n load capacity. That %~ is herdly
affected by p0 in the turbulent range is clearly illustrated by %hc flatness
rax

At (PO‘PE)

of the curve of at pressures above the trausition values.

The two possible causes of changs in the clearance ¢ are rclative ther-
mal expansion duc to temperature differcnce between the shaft and the shell
and enlargement of the shaft diameter dus to centrifugal strain. The shape
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of the load coefficient-clearance ratio curve (Fig. 6) is such that, while a
fairly large increase in clearance is allowable, a small decrease may produce
a sufficient reduction in load capacity to cause failure. Quaniitatively ex-

pressed, a reduction in -“_TEEEL—)Of 229, is produced either by an increase in
A'+(po=p2
%; of 86% or a deoroase of 23%. A further decreass in %; reducss the load

coefficient rapidly to zero.

In Appendix V the phenomenon of thermal expansion is considered. It is
shown that the maximum allowable temperature difference between the shaft aund
the shell is proportional to &, and that fara steel shaft with -% = 0.5 x 10"3
the safe temperature of the sﬁell may exceed that of the shaft by 72°F whereas
the temperature of the shaft may cxceed that of the shell by only 47°F. Hence,
i1n applications to machinery waith temporature gradients it would be essential
to design the bearing so that the shell would always be at the higher tempera-
ture, although this might not be casy since the shell will be cooled by the
passage through 1t of the lubricating air. The chief danger is that from such
temperature fluctuatious as might be due to a change of load i1n a gas turbine;
an increasc in the temperature of the turbine disc might affect the bearing
shaft temperature cousiderably while hardly influencing that of the shell.

Th¢ unfortunate fact is that safety in this respect can only be obtained at
the expensc of power consumption, and whereas the maximum safe temperature
difference is proportional to ¢ the compressor power imvolved is proportional
to ¢ so that the cost 1s very great.

The effact of centrafugal expansion (Appendix V) is somewhat similar
except that the clearance is always reduced by rotation of the shaf't. Allow-
ing o 20% rcduction,in clearance the maximum safe peripheral speed, which is
proportional to (g)%, is 386 ft./soc. for a steel shaft with a value of % =

0.5 x 102 There 1s, therefore, a top limit to the rotational speed of any
bearing above which the load capacity is seriously-reduced owing to the re=-
duction in clcarance. This effect, which is more seriocus with large diameters,
can be compensated for by designing for a larger static clearance; either

so that the optimum clearance occurs at the design speed or so that the changes
of clearanoe are relatively insignificant. Designing for a specific speed

has the disadvantage that 1t cntails an increased pressure supply to maintain
the optimum value of %.'while running up to speed. With turbulent flow this

form of compensation mgy not be practicable owing to the fact that p, appears
in equation (6) to the power . These facts must be considered when deciding
on the value of the clearance and cousiderably affect the value of the come
pressor power assosiated with the bearing.

4¢3 The Compressor Power Counsumption

In an air lubricated journal bearing the concomitant of a large load
is either a hagher supply pressurc or a large diameter. The choice depends
upon the space available, the limiting peripheral speed, and on the desired
economy of power consurption. In Fig. 12 bearings with a2 clearance to dia-
meter ratio of € = 0.5 x 10~3 are cousidered without reference to the limit-
ing peripheral Qpecd; the obvious conclusion is that the larger the diametor
the more economical the bearing. However, quite apart from the fact that the
diameters involved arc in themselves excesslve, the peripheral speeds at nor-
mal rotational speeds would involve appreciable centrifugal expaunsion of the
shaft which would, in fact, necessitate nuch larger clcarances than those
corvesponding to € = 0.5 x 10~3. As was noted in the previous section there
are two alternative ways of compensating for the centrifugal expansion, the
first entailing a high pressure supply for running at other than design speed
and the second involving large compressor power losses, which in most cases
would preclude its application. With turbulence the value of ¢y is hardly
affected by a change iu pg, and the second method may be the only one avail-
able. Hence, with turbulent flow the peripheral speed would be of special
importance, and large diameter bearings would be impracticable at high speeds.
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An example of the effect of the peripheral speed limitation is illus-
trated by the curves of power loss (Fag. 43) for laminar and turbulent becr-
ings designed fto run at 3,000 R.P.: ., 9,000 R.P.i. and 18,000 R.P.ie £t 3,000
R.P.k. the maximum diameter corresponding to the limiting peripheral speed is
29.4", and with a supply pressure of 100 lb/:Ln2 no compensation or reduction
in diameter would be necessary. A4t 9,000 R.P.x. the maximum diameter is 8.90",
and at 18,000 R.P.i%. it is L.45". These smaller diameters would necessitate
higher values of p, and would result in increased values of the compressor
power as shovm.

An lmproved efficiency, that 1s to say a smaller power consumption for
the same load, could be obtained by designing the bearings with one central
ring of inlet holes. It can be caleculated from equations (46) and (17) that
the power counsumption per unit of load is then 0.625 times that showm in Fig.
13 for the laminer range and 0.344 times that in turbulent range. PFurther,
it can be shown from equations (19) and (10) that the pressure corresponding
to the critical Reynolds number is increased in the ratio 1.414 and that the
load range for laminar flow 1s correspondingly increased by 13%5. However,
even with the maximum efficiency the compressor power loss would be higher
thar the frictlonal loss in a corresponding oil journal bearing, which 1s re-
prescuted by the broken lines in Fig. 13. In the turbulent region the dis-
crepancy would be considerable, the loss 1n the air lubricated bearing being
more than 80% greater than that in the oil Journal bearing; in the laminar
region the dlfference vould be approximately 20%.

With special care in the manufacture smaller values of 2 might be used,

but the limiting peripheral speed would then be less, the maximum allowable
diameter smaller, and the power losg only slightly roduced. The only cases
outside this vicious circle are the larinar ones, in which the clearance can

be designed for a specific spced and extra power supplied while rumning up to
specd. However, the range of this latter type of bearing could only be extended
to cover loads up to 5,000 1b. and then only if very low pressures were used.
It appears, therefore, that for large loads turbulent flow bearings would com-
pare unfavourably with couventional oil beariapgs, and that economlic laminar
flow bearings oould only be coustructed with very large dismeter and low supply
pressures. The latter would ontarl an additional mechanism for linking the
pressures of the supply with ihe rotational spced.

Lel,  The Frictional Power Loss

When two surfaces separated by a fluid film are in relative motion the

shearing of the fluid will produce a resisting force vhich 15 proportional
to the viscosity. While the viscosity of lubrigcating oil varlea from 1.04 x

0~% 1b.sec. /Pt.2 (5 centipoises) to 4.17 x 1070 lb.sec./ft.2 (200 CentIBOISGS),
the viscosity of air at room temperature is ouly 3.72 x 10™7 1b.sec./f't
and the resisting torque in an o1l lubricated journal bearing is therefore at
least 280 times that in a geonetrically similar air lubricated jourmal bearing.
If tvo bearings supporting the same load are considered, the ratio of the fric-
tional loss is less than 280 owing to the larger diameter of the eir bearing
but is nevertheless quite larges.

In Appendix VI the formula for the frictiomal loss in an air lubricated
bearing i1s derived and compared with an empiriecal formula due to Liun and
Irons (Ref. 4) for the losses in high speed oil jourmal bearings. Values of
the power consumption calculated from these formulae are plotted against R.P.li.
in Fig. 14 for bearangs supporting a load of 200 lb. When subjected to a
light load the diameter of the air lubricated bearing is small and high rota-
tional speeds can be attained without the necessity of large clearances to take
up the expansion of the rotor. In this case the conmpressor power is uot ex-
cassive, and the total power loss at high speeds 1s less tnan the frictional
loss in the corresponding oil lubricated bearing. With larger loads the neces-
Sary compressor power 1s cousiderably greater, and if similar curves of loss
against speed are drawn for oil and air lubrication they will cross at a higher
value of the rotational speed. However, an important fact i1s that in all cases
the frictional resisting torque and the power loss at thL shaf't cre much less
in the air lubricated bearing than in the oil.
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5.0 Some Possible Applications

When considered in direct comparison with the starndard bearings as used
today, the air lubricated bearing has certain disadvantages as regards robust-
ness and power cousumption. The conventional types of bearing will sustain
for short periods loads in excess of their design values, whercas in the air
lubricated bearing a complete air film is essential and metallic contact during
rotation would soon cause scoring, overheating, and complete seizure. Owing
to the fact that there 13 no adsorbed lubricant as in an oil Journal bearing,
this process of fallure would ccour almcst instantancously and the effects,
unless special precautions wers taken, would be serious. For this reason an
air lubricated bearing cannot support a load in excess or its design capacity
even for an instant, and ghould not be suljected to fluctuating forces which might
supplement the steady load and produce a total load exceeding this value.
Vaibration, cither extermal or due to out of balance of the rotor, has appar-
eutly been the chief cause of failure to date. Hence, the scope of applica-
tion of air lubrication is at present limited to cases where the fluctuating
loads are either small or can be accuratcly predetermined. However, although
in their present state air lubricated beariugs are not surtable as a general
substitute for the more robust rolling bearings or oil lubricated journal
bearings, there are several particular fields of application which are worth
consideration.

One form of machine in which the fluctuating loads are small or calcul-
able 1s the stationary industrial steam or gas turbine unit. Whether or not
air lubrication in tnese cages iz feasible depends chiefly upon the compressor
pover required as compared with the frictional losses in the conventional type
of bearing. For light rotors reliable rolliung bearings have been developed
which satisfy the general design rcecgquirements up to quite high speeds, and
gsince the frictional loss with thas type of bearing is comparatively low the
air lubricated bearing could not compete economically. However, therc arc
cascs in which o1l lubricated journal bearings with a high frictional loss
have to be used, particularly when the weipght of the roter is too great to be
supprorted by rolling bearings. It 1s in these cases that the application of
air lubrication first seemed {fvasible, but as hos been shovm even herc the
compressor power requirement is greater than the possible gain due to the re-
ductlon of the frictional loss, and the general aprlication of air lubrication
in tins field is not cousidered practicable.

Therc are however, special cases in which power consumption is not the
most important factor, and an which conventicnal bearings are iuherently un-
suitable. It is conceivable that such a situation may occur in manufacturing
processes involving bearings running in a gaseous atmosphere which would be
contaminated by contact with o1l. In these cases the bearing could be lubrica-
ted by the gas itself, the mechanical design being considerably simplified by
the elimination of the necegsity for elaborate sealing devices.

One of the unique propertics of the air lubricated bearing is the rela-
tive lack of friction, and this suggests applications to test rigs and appara-
tus for meking very accurate measurements of torque or power cousumption. The
frictional loss in couventional bearings at high speeds is considerable, and
corrections have always to be made when measuring power. These are rarely
very accurate owing to uncertainty of the cxisting formulas and the dufficulty
of determining, in the case of am oil Journal bearing, the oil film temperature.
With air lubricated bearings ou the other hand the frictional loss is so small
that the overall effect of a small percentage error in its caleculation would
be negligible, Clearly, the value of air lubricatiom in this type of test rig
is greatest when the total power being measured is small and the losses in con-
ventional bearings of the same order. This saue property of low friction
would enzble high speeds to be attained with a small driving torque, and in
the case of small lightly loaded bearings would make air lubrication the most
economical form at very high speeds. This is again of considerable advantage
1n experimental work where high speeds are desirable but where bulky high
power driving units would be inconvenient.
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Finally, there are several possible applications for an almost rricticun-
less bearing in instruments and in some of the cases, as 1n the .easurement of
the out of balance of rotors, where knif'e edges are now used.

6.0 Conclusions

Experiments have shown that journal bearings can be comnstructed +hich,
when supnlied with air under pressure, will support radial loads, and that the
functioning of these bearin:s is depcudent upon the choking acticn of thelr
1anlet holes. Analysis of the availalle experunental data reveals thet the maxi-
mum load which a bearing will support is a function of the supnly pressurc, its
dimensions, and the ratio of the actusl clearaucc to the theoretliecal choking
clearance, Cg. The value of the latter 1s derived from viscid flow theory and
is given by the eguations,
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for turvulent flow. It is found thot the raximur value of the load coefficient
18 given by
¥, .
X - 0,29,
' -
4" «(p_-p,

thet this occurs when §~ = 0.86, and that the corresponding value of the mass
>0

flow coefficient is

g—— = 0.60,
%o
vThere the symbols have the meaning defined in fpnendix T.

The effeots of rotation on load capacity and unon mass ilow are appar-
ently negligible, certainly at poripheral speeds up to 400 ft./scc. and prob-
ably at greaster sveeds also.

Failure of experimental bearings have ocourred becausc of asymmetrical
loading, exceszive out of balence of the rotating poris, and the introduction
of particulate matter -.ath the air. In application the first would not occur
beecause the bsarings would be used 1 paars, and the last would be prevented
by use of an air filter or other cleaning deviee. The centrifugal forces
eppear o be potentizlly troublesome, and further mechanical tests to determine
gquantitotively the effects of rapidly fluctuating 2nd 1.xpulsive loads are essen-
tial before the bearing can be generally applied.
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Under steady loads the air lubricated bearing has proved reliable and
no form of inherent instability has been detected but the field of application
is limited at present by the loading conditions and the power congumption.
The latter, as calculated from empirical formuilae which are in cifect a means
of extrapolating from the existing experimental dnta, is high when compared
with the friotional losses in the equivalent conveutiorel bearings. For this
reason the application of air lubrication to gas turbine power plant i1s not
considered feasible when the standard oil journal or rolling bearings would
suffice. However, in specital cases when an alternative lubricant fto oil is
required, air lubricated bearings would probably fill the role satisfactorily.

Finally, the fact that the bearings are almost frictionless suggests
their application in experimental rigs where accurate measurements of torque
and power are required or where small rotors are to be run at high speeds
with only 2 small driving torgue.
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APPENDIX T
Nomenclature
List of Symbols Used Units

Equivalent slot dimensiong:-

6 = length Of Slot " R EE R R R T N N A A A A B A S N O B N W) in-
[0 = Wldth of Slct P ot e ta et AR aRterRnd s ted s ag Pt eattEsebRurs ino
h = depth Of Slot DR R SRR R ) C R I R R A IR I LI N I L I ] in-

Bearing dimensions:-

L = length of the beaTing sesevecvs-nsreecsssnsosrreracsnas 1l
D = drameter of the bearinug s.evecesevecescesersanavssagrsse Llls
L = distance from the inlet holes to the end ...veveriensevs. 10,
a' = effectlve Dear'Ing arefs.scsccesavesscsocrcssacsvssansates in?

= D (L-26)+%€ = D. L-%ﬂ

d = di&meter of the inldt holes e f ¢ 18

2] = effcctlve arsn Of one inlct hOlG R R R R R NN W in

r

2
At number of inlet rings
Lo - 2

n o= total number of inlet holas.
S i~ total 1nlet AYCEH ssssaivavassss Wttt e s R s s ans st ietenhane inz
., me
IS
C = ﬁiametral Clearance S T T R e
cy = theoretical choking clearance esevesseessviossosscaasnses 1l
4 (3=1 1 L
2 (Y-1 z
2054 . {Iil} ( B (verD,) - € .8 2
= 2 A sevesa 1M
. 2Y
v 71
e} 1 - l_i— . %g . D
o [ 2 ~'0 for laminar flow
t 9Y_? 1
-y (v=1) 1 /8 7k \3
2.30 x 10 . {75 BT (YeRT,) . 6.8
£ .
= ees L1l
2Y

= ) 7/
3|, ..»?.g”.md . D

for turbulent flow.
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AFVENDIX IX

Further Erpcrimental Data

T G1lkes ! N.G,T.E.
Establishment R.AE. | R.AE, | N.G.T.E. & (Static
L Gordon Rag)
Detsals of admission. ¥ ,G, G .G, ®.G, -
Numhber of rings of
inlet hcoles. 2 2 2 1 2
Bearing diameter, D,.in, 4.0 LG 2.0 3.5 L,0
Bearing length, L....1n. 2.5 2.5 3.0 1.375 9.7
Distance from inlet to ” . 8
end, ... vueeeanen in, 0.625 0.625 0.75 0.688 k.85
Zffect:ve bearing area .
A o D.!%;;m (L—:E)}m? 8,33 8.33 5.00 5.2 25.9
cr1e _Fence, ¢ -3 -3 13.5x10-3 {2,0x10-3 |6.0x10"3
diwmetral clecrence,c an,|3,0x1077 (12,0210 3.5x10 O .
Total number ol anlet
noles, 1, 21y, i ol 16 6 2h
1
3 ' T i - ! - - -
Dlgm“ter v inlut h”ans’ 20x1072 1204673 {16x1073  |29x1073  |20x107d
Nquivalent hole srea, -
3*5.”% ..,....m,éct 3.14:107% 5 44107 2, 021074 |3, 3130 074 3 481 07
Total inlet area, S...1n27.5624077 7.55:40™0 | 3.23x10"31 3,97x1072 7.55x19072
theoretical choking
clearance, cg..... i,
//2.19):10‘3 fs W : ; p -3
¢y ! et ) 13.04x10791 5, 83x10731 3.4 3x1073}2,93:40-3{6.26x10
| .p' |
\ B 1—3.591—5} D |
+'o
b——- Curresponding to
Hupply pressure, - = 89.
! b, 1b./1n,% abs, 56 l 29 sl 715 943
—— which gives a -
' Maximun 10.d, Wiy - 1b. 140 130 126 52 223
j Ioad coeflficirent, ' .
1 _may 0.1 @ 0.36 0.32 0,26 0.415
‘ A'(pu—p?_) {
IGluwrancc rato, % . 0.762 | 0.500 1.418 0.632 0.959
i O
1mtlo, 1/0. 0,625 0,625 1,50 0.393 2.425

H

(=

4

number of inlet rings.

2

Inlet holes Joined by peraipheral connecting grooves,
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APPENDIX ITT

Performance Estimation

For simplicity only bearings operating with air at room f{emperature are
considered, although, since the performance is dependent only on the value of
%_ » predictions for other gases and for air at other temperatures are possible.

The general expressions for the theoretical chokiug clearance, Uos Are gziven
in squations (5) and (6), and substituting in these ¥ = 1.40, T = 288°C.Abs.,
and p = 1.20 x 10~5 1b./ft.9ec. we obtain the following:-

~3
003 = 219 x 10 .P& é S L0 for laminar flow, ..{7)
2
Po . 1 - 3!59 E J * D
and
~3 /4
e 3 - 5.83x10 "~ . 2.8 in° for turbulent flow,..(8)
© l P2 2 D?/]-}-
. 1 = . — .
P, 359 g
Assuming that the bearings are to be design wrth the optimum ratio, 2. - 0.86,
Co

we may calculates the necessary inlet hole area and the associated compressor
pover consumption in the followlng way.

Casc 1. ILaminar Flow

Substituting the value = = 0,86 in equation (7) and rearranging the

Co
terma, we have
2
718 e 02 oD .p 2
S = o ] 1 = 3059 “2' 1n2 no.-.-o---..-.-ln-(11)
A 2o

Hence for the maximum load capacity the bearing should be designed with a total
inlut arca equal to the value of S obtained by substituting in this expression
the design values Pg* Pos C» D and 4.

The choking mass flow in the bearing is given by

-2
Go = 2.34 x 10 « 3 . Po?
and since & = 0,60,
0
-2
G = 1'#04 X 10 . S . po co---.-no-c-on.----ooo.-cu.a--.uauo(13)

10,06 + 02 « D & p.2 D, I°
o] po . 1 - 3'59 -{gg} lbo/sﬁcn
o

1l

£
The power required by the compressor is then
Y=1
1« Y .+ R, Po | Y
P = . 'I';-' "'1 « & Hc?-
ne » (Y=1) « 550 2

where T; is the temperature of the air entering the compressor.



’ ]
YWhen Tl = TO = 288 G,

0286
I) = ﬁ a [:?2} - 1 . G—

"’IG IPZ

! & Po P2

3 2 0. 286
c « Do P 2 P2 b
Hence, 1n HoP., P = 2088 % . 11 - 3,59 {—— |42 -1 1. 014)
c

Casc 2. Turbulent Flow

Substituting %— = 0.86 in equetion (8) and rearranging the terms
(¢

271 . 03 . D?/!i- . Po% {p2}2 l&/? .
. 1 = 3.59 {— in

1]

& 0

i

in2 ooot-(12)

2 &4
2&..6.(:12/7.2{).;)01/7 1~ 3059 Py /7
L/7 ' Po

4

If we now replace 8 in the equation (13) by this expression, we have

12/7 '8/7 2] &/7
G. - 0.545 « C . D L4 po . 1 - 5.59 E).g lbc/sec.,
. 4/7 Po

and the corresponding compressor power in H.P. is given by

. 60.6  © + D . p, . 1-5.59{?} . ..I.J.?. -1 {.(19

Mo -GL"/? ) P2
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ATENDIX IV

The Eiect of Reynolds l'umber

The exoressioun for Reynolds number is

= bm . T
Ry =
where m = the mean hydraulic depth
u = the mean velocity

and the kinematic viscosity.

1]

For a concentrie bearing, in which the flow is purely axial,

D . &
m = N
2D b
Lence R, = S O - ¢c.8.p
v il

Now the total mass flow, G, through the bearing is given by

Thus, we have

G
R = LI N R B I B R I I RN WA A R R PR 21
e ‘T".DC}J. ( )
It has been shown that for the optimum design conditions & = 0.60 G, or
; _% Y1
% Y1
- 0.6 Ygalo)© hEx)
G = O'OOQS- P{TO .PO . >
which, for air at 288°C, gives
-2
G- = 1.1}.01‘4.}{10 -S v I’O, occ..o-a--aooo-'oo-p-ao!.uonlo-(“B)

and hence

Z, S .7
R L7 x 407 . —-—D—*ﬁ

=

i

When 2 bearing is designed to operatle at a supply pressure pys the
values of 3 will be those given in equations (11) aund (12). Substituting
these values we obtain

2
R, = 3.21 x 100 . f—-é—-P-‘-’E 1« 3.59 -E-E reereenneess(22)
for a bearing designed for laminar flow, and
5 o1 8/ Dy | W1
Ry, = 1.099 x 107 . 77 . 11 = 3.59 oo veenase(23)

£
for a bearing designed for turbulent flow.

The critical value of Re obtained by equating the r.h.s. of cquation
(1) to that of equation (2), mamely 2040, 1s representative of the experi-
mental values (Ref. 1) for the beginning of tronsition. However, there is
actually a runge of transition and fully turbulent flow is not esteblished
unless Ry is greater than aporoxamotely 3810.



Equating the cxpression for R, to 2040 in the lamivar casc and %o 3810
in the turbulent case wc obtaiun the limiting conditions., For laminar flow in
a bearang designed for laminar flow,

3 2 D 2 -
° ;’Po . 1 "3.59 ;;g * 01635x105 -.c--;.o--couo--o(19)
“o

and ror turbulent flow 1n the corresponding bearing,

3 2 2

P -
. |1 - 3.5902 $ 2.776 x 10
£ Pp

3

I §-10)
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APPENDIX V

The Effects of Thermal and Centrifugal Strain

Pag. 6 shows the decrease in load coeffacient produced by changes in

% from the degign value of 0.86, If a generous safety factor 1s assumed .

o]
in the design a large increase in clearance 1s allowable, but owing to the
steep slope of the curve at values of %o less than 0,7 a decrease of 20% is

the maximum permissible,

_(_3- [3_9.‘. wmax A Wma.x

Cg 5 AU Apo-po) | &' .(py- Po)
0.36 - 0.2%9 -

0.59 | -31.4% 0,225 -22 0%
1,60 | +86,1% 0,225 -22 4%

1) Thermal Expansion

If a tcempoerature daifference occurs between the shaft and the shell the
actual clcarance, ¢, and the clearance ratio, % , w11l change,
0
Assuming a steel sheft and a steel shell having a coefficient of ther-
mal oxpansion of 6 x 107° per “I*, the change of clearance produced by an
1nereade 1n the temperature of the shell above that of the shaft by AT is

6x1O'G.D.AT

. he e -6
S ] 6 x 10 . OF

Ac

1

H

Wow for safety, olloving an increase of 86% and a decrease in 20% of the
clearance,
de

0.8 > > =0,20

Hence, when £ = 1077
D
L3R > AT > 330

and when = 0,5 x 10"3,

g
D
72°8 > AT > A7P,

2) Centrifugal Expansion

Neglecting axial stross, the formula for the increase in diameter of
o plain cylinder rotating about 1ts axis at w rad,/sec, 1s

< 2
AD r1-1 D7 PgW
D ! M T 16 4
wherec D = {the diameter of the cylinder
m = Poissta's ratio

= density of the cylinder

[ #+]

E = Young's modulus for the material.
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For tuel, m =4, p_ = 0.29 1b./107, and B = 3 x 107 1b./an2,

Hence —&DP- = 2 x —12 x 0.29 ooy 2
bo3x107 g x 322
wherc V,, the periphoral speed, = e
as phoral speed, = £
: - 2
X -%'2=6.75x1o10.v‘,5

When tho shaft 1s rotating the actual clearance 1s less than the static
clearance, the differcnce being given approximately by

Ao =10 2

'5- = 6,79 % 10 . Vs
Now £ rust be less than 0,20,

o
Henoe Vsz } 0,20 — .2, 1., } 2,96 x 108 . e
6,75 x 10710 D D

When £ = 1072 Ve } 545 %./sec.
and whcn% = 0.5 x 1073, v, } 386 ft./seo.
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APPENDIX VI

Kstimation of the Frictional Losses

1) Air Lubrication

A simple formula may be derived for the frictional torque in an air
lubricated bearing on thce assumption that the shaft and the shell are coaxial.
Experinments have shown that this formula 18 quite accurate for light loads.

The shear stroin in the fluid film between the two bearing surfaces is
given by

IR
f—g‘dr:

where v 18 the circunferential velocity of the fluid, Hence, 1f there are
no other tangentinl forces in the planc perpendicular to the exis, f will be
independent of r and the vclocity gradient aE..wa.ll be a constant,

ooy o s wd
dr G c

The forces, Q, acting tangentially on the bearing surface is then
Qg = w.D, L1 1b.
(12)2

1 gD
(12)* ¢ g

=

and the resisting torque is

T = 1 '!"'.D5.L . H; R I lb_f‘t. .--..o.--o--(zl”')
(12)3 2c g

The frictional loss, therefore, 1s gaven by

b)
Po= ] Lok 2 ft.1b./sec.
(12)° e g
3 2
) 1 D’ L |, g lowi| D,
550 (12)° 20 g | 60|
= 1,832 x107¢ . ==, S, = HP. ....(25)
c g l10
For air at roon terperature,
3 2
Fo= 6,80 x40 , DLL [N | H,P, veresd(26)
S

2)  0il Lubrication

Squation (25) could be used to obtain an approximate figure for the
frictional loss in an o1l Journal bearing. Alternatively, an empirical
formula, such as the following due to F.C, Linn and D,E, Irons (Ref. 4),
may be used,
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] 1,
P o= 377 x40, 0155 10,55 (It g5 Q03
10°
where & = vidcosity of the vil -~ ocentipoises
and Q@ = o1l flow - gal./min.

When bearing loads of up to 5C00 1b, are being considered (Fig. 13) the
following values are chosen as representative of standard turbine practice,

Unit bearing load, — 150 1b,/in?

Viscosaty of the oil, Z

u

15 centipoises

011 Flow, Q, when W = 5000 1b,

i

5 gal./min,

For coumparison purposes the o1l flow 1s assumed darectly proportional to the
load, and the pump power which is less than 1 H.P. iz neglected,
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Fig.l. An Air Lubricated Journal Bearing.
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Fig 8.Mass Flow
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Fig.9. Effect ot Clearance Ratio on Mass Flow
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Figl2 Compressor Power Consumption
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Fig.14.Bearing, Losses at High Speeds.
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