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ABSTRACT

This report covers those aspecis of the rstary-regemsrator gas-
turbine-cycle cambination that have not yet received treatment,

The spece requirements of heat-exchangers for gas-turbine-cyoles
are disoussed and an analycis is made to illustrate the size adventage of
the rotary-regensrator.

An analysis for rotary-regemsretor leakege is pregented and the
verifying results of oxperimentel tests of a simulated sealing situation are
included. The eiffect of leakage on the calculated regenerator effectivensss
is anslyzsd,

The optimum efficiency oconditions of the gag-turbine cycle inolud-. .
ing leakage and pressure loss are studieds and & semple regenerator desicn
for 2 specifio gas turbins plant is oarried as far us the presentation of
degign point ocurves for sizing the rotary=-regenerator,

A method of reducing leakage is preogented and the results of
exnerimental verifiocation are showma.

Conolusions are drawn regerding the test general configuration of
the rotary regenerator with respect to the leakag: problem.

I, IITRODUCTION

llsat exchangers that store energy In e solid medium, by virtue
of a temperature rise, during the passage of a hot gas and reject it during
the passage of a oclder gas are usually only found in regenerative appli.
cations in which what would otherwiss be waste heat is recovered and used
to the bonefit of ths proceas. llemce, storage heat exchangers are commonly
called regeneratore. They have been in use for many years in cormsoction with
open hearth furnaces, glass ovens, and blast furnaces. Such regensrators
have large brickwork matrioces for e storage medium, and the altermate flows
of air and hot gas are controlled by valves, A duplicate rogensrutor is
umally eaployed to insure contimity of operation as the reversal psriod
mey bs long as an hour. The ciassical regensrator analyses of Ilausen (13)
and Iusselt {24) werc concerned with this type of repgensrator.

_ In the rotary-regemerator, Fig., 1-1, the matrix (or storage
mediun) is mounted on a digk or drum which, as it slowly rotates, is passed
through the hot and ocld streams. Heav 18 transferred to the matrix while
in the hot astrema, and from the matrix while in the oold strear.. The net
result beiags a heat transfer from the hot stream te the cold stream. A
sealing system separates the flow streams and servews as a valving systen.
The rstary-regenerator i3 known as a oross-flow regenerator, as relative
tc the gas stresms, the sslid is passing in oross flow. A longitudinal
flow regenerator is possible, and would utilize a ohain or tvhin disk type
maurix rotating in the plaue of the flow streams. Cox and Stevens (8)
show that a longitudinal Tlow regenerator is very egensitive to the relavive
walocity between matrix and fluid., This thesis is only conoermned with the
orogs=flow typs rotary rogenmsrator.




The rotary-regenerator made it= sppearancd® in the Ljungsirtm aire
preheater which is used in many steam power plants to preheat the combustion
air by heat transfer from the flue gesss. The ocouoception of a rotary-
regensrator for use as a gas~turbine plant heat exchanger is generally attri~-
buted to Ritz (26). Rotary-regenerators for this service have been the
subject of a mumber of theoretical and experimental investigations 4in recext
years. lo rotarye-regensrator suitable for industrial type gas turbine planta
is Imaown to have been btuilt at this time,

This thesis analyses the effect of the rotaryeregenerator on tue
gas turbine cycle, and inoludes the resulis of an experimental investigation
of the seal lealmge flow. The object ias to enable unified design of the
gas-turbine coyole, rotary-regenerator ocambination as their performance
parsmeters are olosoly related.

II. THE SPACE REQUIRGEIENTS O REGENERATIVR
TIEAT-EXCIIANGERS II' A GAS TURBIIE CICLE

The simple cs> gas=turbine oycle has a relatively low thermal
efficiency ommparad to that of conventiomsl prime-movers. Other than ine
oreasing the campression ratio to 12 or 16, and with it the upper temperature
level, en improveneat car oaly be attained by addition of a regenerative
heat-exchanger. Intercooled oampression and re-heat expamsion, while
inoreasing the speocific work output, reduce the thermal efficiency unless
in a regenerative cyole.

If conventional shell and tube type heat-exchangerc irith normal
tube dlameters are used in a gas-turbine cycle a very large unit results if
a high thermal recovery is desired, The thermal recovery system at the
Beznan 40,000 kw plant in Switzerland oocuplss a spave 218 ft, by 29 ft.
(2) and {1luatrates this point. Thile stationary power plants have almost
unlimited space aveilable, the equipment and building costs might well make
a more campact resovery system deairable.

The use of a CBTX loocomotive avele probadbly represents the
extrane of restrioted spece in non=airoraft applioations. The shell and
tube heat-exchangers in Brown Boveri built looamotives (%), while using
oonsiderstls apace ara cnly about 40% efiective giving a themal efficiensy
for the aycle scarcely different from that obtained with CBT cyecle loccao=
tives in the United States and Englard. A compaot heateexchangsr of high
effeotiveness would be most desirable in this appliocation as the gas-
turbine looamotive will have to compete with the highly effisient diesel
tyre.

1. The ocnventional notation: Cecuompressor, B-turner or combustion chamber,
T-turbine, X-heat exchanger,




The space requirements for ship propulsion gas turbine plant heat-
exchangers would depend on the type of vessel and would be of importance.

Iz airoraft applications the regenerative cyole could only be
used, oz turboeprop engines. Vhile Ritz's original rotary regenerator
studies were for this application, the weight and the duoting complications
rule out all reoovery systems with the possible exception of the liquid
coupled systam.

The preceding discussion indicates that a gas=turbine plant hoate
exchanger should occupy the amallesti possible volume, 4 brief study of the
flow friotion and heat transfer relationsnhips indioate that small heate
exchanger volume oexn be attained with passages of small hydraulic dismeter
(aegleoting fouling problems for the present). As passage size is reduced
the mmber of passapges inorease vwhile the passage length must decrease if
the pressure losses are “o be maintained oonstant. The conventional counter=
flow ahsll and tube type heateezohangss ocamnst oxploli this sharestarisgtie
very far as a large mmber of amall tubes introduce construction difficulties
and short tube lengths prevent the use of counterflow,

THE CROSS-FLOT FLATE-FIN HEAT E..CIIANGER

The oross-flow plate fin hea* exchanger, Fig. 2-1(a) can utilize
small size passages without diffioculty. This type of exchanger is
snalyzed in Appendix A for the oonditions of a gas turbiue cycle having
a 00ld stream at 60 paia and 400° F, & hot ctream at 15 psia end 1140° F,
and a flow rate of 46 l'b/aeo. (approximately equivalent to the conditions
of a 4000 H.P, plant). The heat exchanger is cssumed to have a oomstant
temperature offectiveness ;73 of 0,80 and & comstent pressure loss

P AP
@) + &) wo.02
P'g Py

The soiution for minimum exchanger volume as a function of plate spacing X
iz shom by Fig. 2~1(b).

Fige. 2-1(b) shows the dooremse of exchanger volume &s passage
size is deoreased and also the reduction of passage length (L, and Lglo 4s
the air and gas passages are perpendiouvlar to eaoh other, tlwﬁheight of
the plate pile L, inoreases rapldly a= LA and L, decrease. For 25 plates
per inch (X m 0.04 iz.) the Aimensions are 0.16 £4. by 0.7 £t. by 130 it,
Thus, while n plate-~fin heat exshanger can be of small volume its dimensions
begans unwieldy. The total length Lr would have to be divided into a mumbsr
of intercomnected umits,

TIIE ROTARY REGEIERAT(R

In Appendix A a rotary rogencrator is analyzed under the same
sasunptions as the prooceding crossg=flow exchanger, using the ssme plate-
fin typs of surface, and solving {or minimm exshanger volume as a function
of plete specing X, (Tho rotary regemerator heat transfer relations used
are discuased in detail in Seecticn III),
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The results of this ecalculation are shovm by dotted lines em
Fig. 2-1(b). Hore the volume can be soen as esscutisily the same as for
the cross-flow type, tut exchanger dimensions as given by length
diemeter D, remain reasonable even for the smallest plate spacings. Thus,
2 rotary rigencrator can be made amail in volume snd still be built in a
single unit up to quite large flow oapaoities. In addition to this
advantege, the adjacent passapges do not have to withstand the full pres=-
sure difference as a large nuaber of thom will bo under the seal shoo at
one time and the pressure difference between ad jacent passages will be
amell.

Another possivility is to campletely soparate the pressure

retaining and the heat transfer camponeonts cf the rolary regemerator. This
can be accomplished by somstructing a compartmented rotor, The capartment

wvalls togother with the seal shoes will provent leakage and retain the
pregsures, ine matrix will be individually mounted in each campartmemt
snd may oonsist of layers of wire gcorcen or any other finely divided matoe
rial which gives the desired heat transfor and flow fristion charactere
istics,

A fouling problem will be present in any heat exchanger with
snall flow passapges but to some extent the rotary rogemerator will bs
gelf =clearing as the air and gas flows tal®m placs in oppusite directions
in the same passages. Additionally there will be fairly sudden pressure
changes when a pagsage or campartment passes under the seal shoes result-
ing in rapid changes in loeal velocity within the matrix,

The preceeding discussion has pointsd Gut the charescterissics
of the rotary regenerator which leadi to cansidering it for application
ac o gas=turbine cycle heat exohanger. Together with these,the inherent
disadvantegos of the rotary regenerator; namely loss of compressed air
due to the positive displacerient occasioned by the rotaticn of the matrix
and due to leakage through the clearances of he sealing arrangemsnts.
These problems are disoussed in more dotail in the following sections.

IXi. HEAT TRANSFER RELATIOISIIIPS IN THE
ROTARY REGEIERATOR

Rotary Repgensrator Theory:

Fig. 3-1(a) repregsents & passage fran the regensrator matrix,
During the hot flow period, hot gas at a constant initial temperaturs TEI
flowe through the passage at & constapt flow rate 1, for the duration
of the period €., Then air enters the same passage fram the opposite end
at a constant tial temperature Tc1 and constant flow rate Wc for a
period of length Oco

W T s e S K LR SRR R A 2 A AR B A S



Fig. 3=1(b) is a passage element during the gas fiow period.
The principal assumpiions made ares

1, infinite thermal conductivity 4n the passage
wall perpendicular to the gos flow.

2, zoro themel conduoctivity in the passage
vall parallel to the gas {low,

These assumptions become exaot as the thiokmess of the possage
wall approaches zero. Assumption (1) hss besn analyzed by Saunders snd
Smoleniee (30) and thay show that for an error of 0.5% ceramic walls must
be less than C,06 inches thiok, and for stoel less than 0,2 inches.
Assurption (2) is negligible for ceramic matrices or for packed matrices
(such as soreens). For contimous metalilc walls the efifect is slight
and has been evaluated by Schulés (8%) and Iahnomann (10),

Under these assumptions amaiyeis of Fig. 5-1{h) wili iead to
the differential equations

7%y

H
¥ Tg=Tg
3.‘
e Ts
5%, " T 7s
where
Ath
(o] ﬁ Yag ,\H - _g,r..—Ln
s 3.2
A'ky O

‘_zﬁ 2
0-3 "H. nfe

Equations (3.1) together with an identical set ruleting the
variables during the air blow period must be solved under bouniary condie
tions which fix the entry condition of gas and air temperature, and thes
tenporature gradient in the rassage walls at the ends (assumed equal to
zero)s together with a reversal ocondition which fixes the temperature
gradient in the passags walls at the end of one poriod equal to that at
the beginning of the nsxt,

Solutions have been obtained by llausen (13), I1iffs (16), Saune
ders and Smoleniecc {30), Boestad (4) and Joimsorn (17)3 and their scope end
linitations are summarized by Coppage and London (6). These results
involve finite difference methods at asue stage of solutian, Fig, 3«2
shows the solutiuvn of Saunders and Smolieniec for the gyrmetrical rogeneras
tor A‘H = /\c' L R P
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Approximate solutions are obtoined by Tipler (2C), Coppage and
London (6) opd Schack (32). Coppage and London have extrapolated the
more exact golutions by use of their approximate results to allow for
variations in the flow heat capacity rates and for nonesymmetriocal
regererators, liarper, in tho discussion to reference (6), presonts a
partially empsrical closed form equation for rotary regenerator internal
effectivencss as

A 2 |
Mr1 '{ (w;:)g °[ e %(%\‘c { e
-3

vhere

|

3.4

W
>~
Q
a
=
Q
fr——)
>
Q
3
~
o
«Q
— e

which is aocurabs withir about twe rercent over the rancge

"
0 < (7( e 1

(vic,)

| P’
0.9<-(w—)— 1

3 Equation 3.3 enables a close valuc of the effestivensss to be
b obtained without requiring interpoletion of values fran a series of

% grarhs,.

NEAT TRALSFER AID FLOUT FRICTION DATA
. FOR NATRIX LIATERIALS

Ieat transfer and flow friotion data for materials suitable for
use in rotary regeneraters has till recently been scarce. The most com-
plete worl: dealing with rotery regenerator matrices is that of Coppage (7)
which ocontains the results of extensive exporimentation with wire screens
and spheres, and includes a large bitllopgraphy of related topics. Kays,

1 Loudon snd Johnson {15) give date for plate fin typs surfaces; and Saundsrs
= end Ford (25) =nd Rose (26) give data for beds of gramilar particles.
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IV, ROTARY REGENERATOR LEAKAGE

GEWERAL DISCUSSION OF LEAKAGE

The prevextion of leskage flow botween the hot and cold stresms
in a reotery rogonorator presents a design problem, the success of which
will dotermine the success of this form of heat sxchonger.

The sealing problem will be sovere in epplications such as the
rgas turbinc where a hirh pressure differencs oxists between the two
streems, The sealing arrangements must adoquataly prevent leakage flow,
and at the same time not introduce high resistance to rotation. logleot-
inpg small aerodynsmic effects® the power required to rotate the rotor is
entirely absorbed in frioction. Since this power input is oharged directly
erainst the heat exchanger, the friction loss mmst be small.

Leslage in a rotary regenerator in a gas turbine oyoie invoives
the loss of canpressed air to the iow pressure exhaust side. This loss is
occasioned by flow through finite clearances and Ly the positive displece=-
ment of air trapped in the matrix voids us the rotor rotates.

The sealing arrsngements are of two gonoral typess oontinuous
oylindrical seals similar to a shaft seal, and the main seels which divide
the high and low pressure sides in the plane of fluid streema. Tho seals
must socamodate deflections of the rotor duo to thermal distortion and
the main seals st be losded to balanoe the pressure existing beneath
their sealing faces. The contimious oylindrical seals can be handled by
careful mechanionl design. The main geals present a more diffiocult
problem beasnse of the effect of the displacement or ocarry over loss and
the pressure foroes on the sealing face vhich rmst be balanced.

The main seala are analyzed in this report to study their probe-
sble leaknge characteristics and the results of experimental tests on
this type of seal is reocorded.

ATIALYSIS OF THE lIAIN SEAL SHOE LEAKAGE

The two possible classes of sealin ngeme.1t in & rotary
regenarator are shown in Fig, 4-1. Fig. 4—1&3 iilustrates the oase

where the seal bears directly upon tho repgenerator matrix, This type
assumes the use of & matrix of passages, the walls of whioh pravent the
direct Mow of air from the high to the low pressure gide, Such a matrix
could be made up of a close packed bundle of {ins tubes, or from various
arrangenents of flat and corrugated plaote. As shcwn in the illustrationm,
a mmber of these passages would be between tho seal shoes at aay instant

2, Aryniszak (14. 14a) proposes to drive a rotary regemsrotor bty install-
ing guide vanes and rotor (matrixjblades.

Ficl (e R R F G RC T T EERAr T ST . R
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so that the pressure 2ifferenco to be retained by a single passage vall
is a anall part of the toteal pressure diffeoremce,

Fig. 5~1(b) 1llustrates the case where the seal bears egainst a
system cf rotor campartments. This type of rector rmst be used where packed
soroems or other porous matrix types are to be ussd., Ilore too, a mmber
of sompartments are underneath the seal at axny instant,

A oross section through the seals of Fig, 4«1 is illustrated
schematically in Fig. 4-2(a) vhere the inportant relationships are repro~
duced.

Bere the olearance & through which lesksge will teke plsce is
shown, Llovenent of the matrix will csuse a positive dispiacement of air

fran one sida to the other. The probable ashape ¢ the pressure gradient
under the seal shoe 15 also indicated.

The leakage at the seal may be analyzed if the following assump=
tions are mades

&) low eir and gas velooitiuvs approaching the natrix.

b) 1low veloecity of matrix moverwnt campared with the
aiy velooity under ths sealing restriocvioms,

¢) that the flow under the seal shoe past a pas:age
end is similar to flow through an orifice.

d) negleot the resistamnce to flow of air froam within
the passage, i.e. the air pressure within §h.e
pessage is equal to that at tho seal face.

e) suffioiently iarge mmber of passages, I, under the
seal shoe for Ap between adjecent passages to be
soall,

£) that a mean temperature oen he used for the air
treapped within half a passags.

g) that the temperature during the expansion of the air
trepped in s ocmpartment is ocnstant, (iscthormal
expansion),

Asgmptions (a), (d) and (f)} ensble the matrix and rotor to be
split on the center plane and the pessages considered to be closed off at
that plane. Thusy Fig. 4-2(b) will be enalyzed and considered equivalent,
with respect to the leakage, as Fig. 4~2(a).

3. Appendix C = "The Effect of Passape Rocistonce on Leakage Flow."
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Since the wvelocity of matrix mevment, S, is much less than the
gas velooity under the rostriotions (assumption b), we may assmume that vig-
cous effcosta duo to matrix movemeav doss ndt chonge the form of the flow,
lHence, thc flow rate througa a piven restriction will be assumed to be &
funotion of the pressure, and the prossurc difference, {(assumptions (c)
and {o) ) siniler to flow through an orifiso whore the oritiocal pressure
ratio has not been reashed. Thus, from oquation B.? of Appendix B

1
Vip, -oCYSLB (— él— Px AP) 4.1
x x

In order to sinplify the anelysis cf the cozbined offeats of the
flow due to clearance and the flow due tc matrix nmovement the pressure
under +he scal shos will bo assumed a ocontinuous function of X. This
asmumntion booanes more correct for a large mmber of passages. In addie
tion the large heat ocapacity of the matrix natorial in each compartmeont
ocompared to that of the trapped air will be assumed to cause beal transfer
sufficient to mairtein T oconstant in successive campartmonts equal to
L (sssumption g). =

ap
Sinoce A?!’a-x- aAx
Ax--l-'
R3S
L 4p
AP.T\. = 4,2

Rearranging equation 4,1 and introduoing 4.2

i

)

dp
W, = A(-LP 'ESE) 4.3
P 4
1

where Aex¥SL (=24 )2 4.3

e moh.

At any point X under the seal shoe the displacement flow due to
matrix movement will be proportionel to the density and the free volume
flow rate

T, = Q (vol. flow rate)

V*
wa - Px r S 4.4
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There ‘% 1s the free volune of rotor and matrix bemsuth the seal shoo at
any ome time, For disl: type rogenerators where angular nmeoasurs is more
representative of sealing length eguation 4.4 would become

w - P.\ wo [ 494&
D° ‘e 6‘1‘

As a funotion of pressure equation 4.4 can be written

Py u*

RS- il
X o
or WD.B?S 4.5
/))-'- o
where B‘-ﬁ-r-;f: 4,08

Since the temperature ia oonstant, by asmmptien (g), and
sinca P is a funotion of X, and since the total leakage W st be cone
stant from contimity oonsiderations we heve

wT - wL (P) + A (®)

LR (x) OY.’B (x)

T
&
. e & o o
'bu'f: e 4.6
o, T
thersfore = s - = 4,7

Using 4.3 and 4.5 in 4.7 will give
1
2
(%:;) * Pe=sp “2? =2'% P? (- ‘u’)’ 4.8
dx

- an

E-Db ’
- e

bhc d¢iffererntiul equation defining the relationship which must exigt between
the pressure end the distance along the cealed area.t

Tith the =ubstitution Ed! - oy
2
(dP vz
= \

e ——— R i n p e — —
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equation 4,8 may be rearraunged te give

1
$oE-E@’

vith the substitution Lug

RERES
A ~equation 4.2 becomes
‘ ds - dpP Bo
| 2x(Be2/2 -1) T
. . Integration of 4.10 gives
i m_!‘!'?;__-tnP*c'-tnPo
n k™ a

which, on clearing of logs and rearranging cives
=\
g = (—E—- - f)“
m o=
Using oquations 4,80 and 4,10 in 4,11 ziver

| ap 1 =V

44,80

4,9

=
&

4,10

4,11

4.12

tion would Ve
-1
(1) oG £ ED e s L2 e

6. If 4.8b had boen solved this result would give

4, 1If 4,1 had been ovtained from B.8 instead of B.9 the differentisl equa=-

S 1
2h -G gt e

4,102
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Rearranging 4.12 and irtegrating betwoen linits

/P x
B i. E!’l 0
c e —"1
giving
Y .. t -t -
1\ - 1_ 0‘!1‘”: .g‘x 4515
l-%oR, 1l-XkopP 1 - Py
Fram 4.3, 4.5 and 4,8
3
4P .
= - e ) = <+
wT A(=- LP i) BSP 4.14
Substitute for dP/dx from 4.12 giving
1
woealEoEr)+nsp
? e -
- BS
bub x = =7
= AL
ife
therefore wi‘ - AL 3
Q
al/? i
or 0 = 4.1
T
Substituting 4.8a and 4,156 into 4,13 gives
i - _‘%s_ P 5
: i eln—— B8 a6
1 B8 p 1 - P 1-.58p D
wh TR T L

tho solution for rotary regenerator seal leakage. As 4,16 pgives neither the
leskage quantity V,, or the proassure gradient P vs. X in olosed form it is
tedius to solve,

Equation 4,18 msy be written in ths form

n
2 1 1-"7;'-0-:? 332
= - - e x
T L Ty BT
] @t 1 m e I I“T'J'D}'
Y Vip  Tg B
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vhers r = P/'P2 and WDI = BS Py, tie displacezent flow at the high pressure

side, This ecquatlon has boen used to oomstruct the solutims graphs of
Figs. 4-3 and 4=4 which give the leaknge and pressure gradient readily.
To use these plots enter with the known valuo of

2 r P
B x x_ T 1
X L"E‘l"’“drz"r'“?z°
Read the quentity W?A’%l' which, since W, = BS P is lknown, gives V.

1
: Along ths seme horirzonta) 1ino of constant WTA'IDI » the rp/r vs. x/L

.- quantitics can be picked off and solved far r ve. x/L. The oritical nature
g of matohing the oovundary condition at x/L = 1 is sush that high accurecy

i in obt}aining the pressure gradient will not be realizei at large v~lues

3 of BS/A,

Equation 4,16 nmay be written in the form

AP
B3, A2

1 _ 1 o A7 _ 382 2

e =2 \A / r

2

.. AP AP ne . AP,
1 - (-‘iﬁ)(wf-)r,, 1- (%)(‘,;-)r 1 - Ror ey

whioch is perhaps most coxvenient for direst mmerioal solution, Values of
Values of (%s-)(w-z-)r are ascimed, and with % = 1, r must be unity, and 55

A
T AP,
mey be determined. 17ith (%i) kncwa Tf;g is obtained by substitution in the

’ assumed quantity. Values of x/L va. r may now be determined.,

] Figs. 4«56 and 4-6 show the form of the solution for r. = 4o In

: Fig, 4=F the leakase quantity for negative and positive rotatiod are showm.
] Since a regemerator mmst have the seals in palrs, one rotating with the

1 pressure pradiont and one against it; the net leakage will be the sum of

! the leckepge fram each seal, Fig., 4=-6 shows net leakage plotted assuming

+ -
-(.%s;) - (%Q) e Fig. 4=~6 shows the variation of pressure gradient with

+ -
rotation., TFig. 4=7 shows a 1ange of values of nst leakage if _(_BI§) " (-%s-)
for warivas pregsuss ratios,

b . The effect of choked flow under the seels is analyzed in Appendix
De

Choldng will not ocour +ill high values of l(%"-)l are reached,
. . =1
Tith large %ﬁ the quantity = = —toml

: T e 2

L
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beoanes amall smd V, is the term affooted by choking. Thus choking under
ths seel malkes nc pi'actioal ohange in the valuo of WT under the conditions
which choking will ccour.

EXPERTMENTAL INVESTIGATION

The experimental spparatus described in Appendix E was nged +a
cheolx the leakage theory descridbed in the prooceding section. The calibre-
ticn of the apparatus is dosoribed in Appendix E. 7The apparatus allewed
for varietion of 5, N, Ty and 5, all of whish svpsar in tho dimensionloss
letkapge parsmeter (BS/A)"and tests wers sonducted o verify taat this
quantity does determine tho leckage flow and the form of ths pressure
mim:;

Fipn, 4«8, 49 and 4=10 ghow the nmeasured points und the theoreti=-
oal curve for ¥ » 2, %, and 4, The correlation is fairly good except for
at nogative values of BS/A. This may be due partly t: small extraneous

Toatloamn Noamasam v dha arnamadvie AL wbawdlins $la M awe e dame Lha abaaes
BVIMAWME)Y MADDWMEY D Aid WANS WLWS W VIAW WAN VWA Vikal) WSS AbWIN WLNDA Ay nkal

pressure gradients oocouring during negativo rotation, and partly duc to the
steep gradients no longer meaking the assumption of amal’i mressure differe
enoes between edjacent campartments velid. Fig. 4«11 shows the leaknge

due to olearance vs. BS/A, This quantity is seen to dnorease with rotation

in oithar dAivoation.

Figs. 4~12 through 4«17 show tho measured pressures and the
theoretiocal pressure gradiemts. The agrcvamont is seen to be good for
moderate BS/A, but the measured points full short of ths theoretical ocurves
for large BS/A, The correlation of differoent conditions with BS/A is seen
to be good even when the theoretical ocurve ic not reached.

The theoretical amalysis seems to be verified by the experimental
tests with sufficient acsuracy to prediot seal leakage and the pressure
gradient under the geel shoes in design problems.

THE EFFECT OF LEAYAGE O REGBIERATOR EFFECTIVENESS

The regenerstor effectivensss caloulated by equation 3.3 or any
of the references provided may be desoribed as internmal regenerator
effectiveness, 7).., a8 it takes no account Jf the effeat of the leakage
flow, An analysis by Harper end Rohsenow (12) under the assumptions of
Fig. 4=18(a) gives the correstion to caloulated effectiveness as

"
T a2 = Fay)
B . 0+

4,19

This quantity is showm plotted on Fig. 4-18(b), The correotion is seer ic
e slight snd would not justify a more rigorous anslysis,
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V. EFFECT OF ROTARY REGENERATOR PERFPCRLIANCE
Oll GAS~-TURBIIE CYCLE PERFCRIIAICE

In order to ovaluate the offeot of o rotery-regencrator in a gas~
turbins oyole it is nsocessary to oonsider nct only the regomerator
effoctivencss but also the preasure and lealage logses ococuring due to its
use. Considering the gas=turbine cyele of Fig., 6=1 together with the T~-3
diagran of Fig. 6«2 the follcwing vyocle analysis has been oarried out.

Assuning constant specific heat and carrying the snalysis out on
| the basis of one pound o. air oompressed per sesond, the cumpresasor work

is given by
=1
cT
v aRl(r ¥ _3) 6.1
] b 4 o
1 o o
| 2lowing for the leekmge quamtity MW/W, the turbine work is given by
) 8y ) - 1

Wﬂn(luw,7ruprs(1.-—lg-r-) 5.2

m S'T K

; But rp ¥ r, due to the pressure losses in tho aystem. These pressure losses

oocur on the air and gas sides of the regenorator and in the dueting.
Assuming small AP/P in the warious components, the effect of pressure loas
ey o introduced as a correction to turbine effioiensy ratcher than expene
sion ratic (Hawthorns Ref. 13a), Thus

i r]} AP
F L=
' A1)y Sk ZP s
* k Towl .
(rcT -1)
i where
] AP _ AP AP) Ap)
| e S5 S & emms L " 5.3
P Plaey Flm Ple -
j
I Introdueing 5.3 in 5.2 and rearranpging gives
( &) Q..E___IZ_%E) '
AV k X
wﬂ « (1 ov) C_‘_’ T37Tll © — _k'.l 504,
' L ¢ £
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Tha heat transferred “o the oycle by cambustion is given by

- q=Q -.gl) (_cp(r8 -1,) - cp(rz -1)- c, (r, - 1'1)1 " BB

Fran the definition of extermal regensrator effactivensss

or =% " Txe X(Ts =)@ -1) - (T - 1'4)] B8

—-T-T 59?

- \ 8
Wm = Gp (Tz -1, Bo8

Uedng 5.7 in 5,63 5.8 3n 5.5 and 6.63 and 5.0 in 6.5 pives
(
&"' - - S ——
a= @ -0 -g)e,a,-1) rr”_l+7m( —{ 5.9
1\ < l = 'ﬁ")

For a regonerstor to be oonsidered for a gas turbins oyele,
thermal effioiency must be ane of th® most irportant factors. The oyole
should thorefere be desigrned to operate at or near it8 maxirmm thermal
efficiency voint. Ths oycle efficiency may be written

14 - 17
Yo

7"

5,10

If squations 5.1, 5.4 and 5.5 are introduced into 5,10, it can be scen that
for fixecd temperature limits, leakage, pressuro loss, and component efficie-
erncies the efficiency of the cycle is a function of the campression ratio
r_ only. For moximum cycle efficiemsy undsr given conditicns 47 /dr must
ofual gero. This differentiation has been carried out and gives ag Cits
regult
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where .
¢= L-’/@
’(o-(zvf‘f)?m
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Equation 5.11 has been solved for a oyele operating betwsen 60°F and 1500°F
with compressor and turbvine efficiencies of 0,86 and 0.88 respectively. A
ra of regensrator effootivencss, pressure loss anxd leaknpge loss have been
used. The results of these calculations are given on Figs. 5«3 through 5«7,
Eeoh plot iz for a 8‘17921 vaiue of Z.) AF @and 18 emtered with The desired

value of 7RE and < W o The maximum oyole efficiency, the compression retio

for maximum effiociency, and the net work output may be read off. These
results show clearly tae loss in oycle efficicnoy and work output due to
regonsrator leakage. For regenerators of high effectiveness the point of
maximum efficiensy oocura at & low campression ratio which iz adventsgeous
for reduscing leakage loss in the regenerator. Iowsver, the specific work
output of the cycle is seen to be low at this point. The necessity of
Yoeping regenerator leaknpge at a minimm and of predioting the leakage
quantity as clcsely as possible is made apparent by thic anslysis.




VI. ROTARY REGENERATOR DESIGN

In designing the rotary-regensrator, it will be necessary to fix
the overall nmatrix dimensions along with the dimensions of any rotating
ducts such that vhen inatelled in the gas-turbine plant the desired pleuut
performanca rill be reslized,

A preliminery analysis of the offect of ths prineciplt ratrix
dimensions was made by Harper and Rohsenow (12). This showed that, for
ortimum plant performance there exists a best rotatiomal speed, matrix flow
length, and frontal area. Therefore, for a Tixed gas-turvine plant per-
formance thore rmist exist en sptimm set of iregenerator dimensions., The
analysis hore will be for e gas turbire oyslo of 400C hersepover output ead
meximum oycle efficiency of 34 pervent., Figures 6-2 through 5«5 of Section
V, define a plane in Wx."{m, AP/P cocrdinate systen on whioh cycles with

this maximm efficiency will be found. Any point ca this plane cen be
defined by the quantities AP/P and AV which will be determined by the
proportioms of the rotary-regenerator (the required effectiveness being
attained for eash configuratian), The correciion to the regenerator eiTecte

iveness for Lsakage can be obtained fram Fig. 4-12b,

JATRIY. CIIARACTERISTICS

The matrix type chosen has the poametry found by Coppare (7) to
have the most favorable heat transfer-friction power characteristics.
This matrix oonsists of layers of wire sorcen arranged perpendiculerly %o
the flow direction, The mesh chosen (20 x 20) will not ;ive as cumpact a
unit as clcser mosheg, but it probably is about tho closest mesh for mn
open oycle plant where canbustion products nust be pacsed,

latrix datar

negh, 20 x 20 wirss por inmoh x 0.0 inol. digmeter
18/8 stainless steel
specific hoat, ¢ = 0,12 Btu/1b F

heat transfer area, A' = 784 £t2/1t°
nags, m' = 82,6 lb/f‘!:‘5
hydraulie redius, r, = 1.0626 x 1070 2
screen thickness = 0,02 in
porosity % = 0,882
Fraz Fige. G of reforence 7 the heat transfor correlstion is given as

' 30,50
; - and the Iriotion fastor curve has been approximated by
£ =36 (1 )0T26 6.2
N 'Rel [ %
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ROTOR TYTT

The rutor type assumed is shown on Fig, 6=-is, Here, the matrix
is mounted in drum for and a section of inlet and ouilet duoting rotates
with the matrix., This srrangement allos for asmall main geal shoes placed
at the ends of the drum which sinpl ifies the equalizing of seal shoas theupt
and the allowance for thermal expansion of the rotor. It does, however,
inorease the displacament loss. For analysis the voids volume of matrix
plus rotor is agsumed to be five tirmes the totel matrix volume. The drum
diameter to length ratio is assumed to be 1.5, to aliow sprmoce within the
drun fer the internal dueting. This rotor type clso allows far the tur -
campressor shaft to pass through the roiary regenerator shaft, giving a
compact plent layout. This arrangement would be particularly desirabls
for application in 2 locamotive.

Five rotor partitions are usemmed to be under the seal sghoe at
one time, Fach seal shoe is assumed to ocovor 20 degrees of angle., That
is, the useful matrix volume is 320/%20 of “he total matrix volume.

ROTARY REGENERATOR IEAT TRANSFER RELATIONSHIPS

From Seotlion III, with the assumpticz of equal air and gas heat
camcity rates, the equation for regemerator effectivensss is given by

i- No |1 1w 2—]
.| ° ' - (—-) 6.8
TKRI | Ag * ilL 9 AA |
@ 1
whore /\o /\ . /_\__é l
Ag
gt c o v, c e
llere (g') » ,A' B2 ."'A T A 64
N m' o I‘R SAm
S
but ‘: oquals the matrix volume flow rate, and hénmce, the total displace~
A
ment leakage may be given by
S
U= 5-4& (R =-R)
'A S L ¢ 4

i A
oy (',k.)“. - SVD- e U - 6.5

where Tav is the average of ths air and gas temperatures cssurring under

‘the seal shoos; a good appreximation for regenerators of high effectiveness.

1Y)
funstion of w.é_. and r only,
D A'hi
Since N\ = & T frou the hast Yransfer correlation, Equation
p

Thus, for a fixed value of TAV and the gas side pressure PG’ (% )A in a

6,1, wo oan cerive
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N, Gg' 0.80

= - (31‘?’ ‘ 606
Ly
ond AT ] @) 6.7

80

' 0.
where kl = ""'"—"li:: AL, ('EE‘—)
n

Equations 6,5, 6.2 and 6,7 have defined all the gquantities appearing in
Equation 6.3.

ROTARY REGENERATOR PRESSURE DROP RELATIONSHIPS
The total regomerator pressurs drop paremeter, (LP.) 15 defined
PR

A
(‘%P;)p. - ?.-P'}; & (%P')e 6.8

-

Let RP equal the pressure loss ratio

AP AP

Fran 6,8 and 6.9, with r = P,/P. we have

.
cwneme W8 6010
APA r
’Po(%)p.
and A'PA - - 6.11

Fram the pressure 2rop formula

L &
AP'fr—h- Be 2

and the friction faotor correlatian, Equation 6.2, and Equation 6.11 we
derive fran the nir gide pressure drop equations,

6.12

I-n(G;)l 280 . k,Fy (A?P')n 6,13

r:a
vhere F, ® qusmp—
o Fs L * Y
»

2z p"z ),_1.285 n.1=’.715
BES = AT
36 RT, (u/a)"

v
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Using Equetions 6.12 and 6.2 for the air and ns sides we obtain
0,78 '

G,' T
g ) _g_\ < 5 0.78 514
[
N (T; 2
Sy _ 0.78
end hence y e F, 6.16
G .
IETHOD OF ANALYSIS
The matrix velume, allowing for the 40° of "dead" maurix
is
LV
590 X A 1
Vol = 58 1y (5, + 8¢) = 55 T Qe : =) 6.16

and on using 6.4, 6.6, 6,7 and 5,15 gives

“I 1 0028 1028
. 280 A Ao .
Vol = 320( =5 } {i_—l Fy 6617
&% R 1 :
0,28 1.28 78
1 '\ L 0.39 ° '1 -
vhere Fs '(_5"{\ [1 + Fz } [1 + (?;) _J 6,18

and F, = funstion of r and Rp mly if TA/IG is agsumed nearly constant.

Sings the volumo, Equation 8.17 is definsd in terms of /\o.

(.....)R end F and sinco/\ (A‘) and r are defimsd for a given regeaerator
design, ths mim.‘-.r.:.: 'ﬁ"':..-se 1111 oocur whore
ar_
ug - 0. r=- constant 6,19
4

Equation 6.19 was golved for R_over a range of ro Thug, for a given value
of canpression ratio, r, the ¥functions F, ys Fp and 1"8 have a given constant
value,

The natrix passage length can be derived cs

12 75'} 0.28

I'4 AT [
el @nnfiaen =)

The total frontal area of the matrix is given by Vol L, aud the air anl gas
side areas ocan be obtained from Equations G,15 and 6.1
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RESULTS OF AIALYSIS

The results of the preceding analyeis are shown on Fig. 6«1
plotted against A'\'T/W as o paramoter, All points on these 3esgign ourves
define a regenerstor which will give the pgas=~turbine plant analysed ia
Section V the desirod ocutput and efficiensy. In sddition, the gas side
to alr side pressure loss parameter as dei'ined by R , has taken on values,
throughout the calenletion of these curvea, that g;i% miniram matrix
volume w8 determined by Equation 6,19, Thile the results eare plotted
agaiust &5/ which is a convenient paremetor, and ome of the prinsipal
quantities investigated in this report, they could have been trensferred
and plotted against one of the dimonsional quentities: rotor diameter,
rotor RPI, or mmber of layers (passage-length).

[ Fig, 6=1b gives the matrix volume for varicus pressure

drops through the regenerator. A constant AP/P = 0,03 for cysle ducting

, has been assumed, A minimum matrix volume is seen to ocour at AWAT = €, 085
! and (Apyr)n = 0,08,

Pig, 5-lo shows the regenerator diameter which is perhaus
a more significant measure than matrix volume. This minimm ocours at
AWN = 0,085 and (aP,’P}R = 0,09, however, thore is no cippificant Aiffsre

enoe in diemeter between the minimm for (AP/P), = 0.03 and 0,09,

< & Fipg. 6-ld givesz rotor RFll which has a value of about Z0 at
minimum diemoter.

Fig, 6=le shows the mmbor of screen layers requirsd in tho
natrix, and is a measure of the matrix length in the M ow dirsction,
(the radiel directiom).

Tith the rotor typo here analyzsd, tlis main seal shoe length
ie short omparsed to the rotor voids volumw, hencs, even for clearances
of 0,003 inohes under the seals the lealmge parameter BS/A is largs, This
indicates that the displacement leakage oconstitutes almost the entire
ragonerator leakage.

In conclusion, this design study of a 4000 horsepower (ase
turbine plant incorporating a rotary-regenerator shows that this type of
heateexchanger can attain the required offestiveness withir & amall apace.
Careful design of plant laycut and duoting should enable this type of plant
to be incorporated in a locomotive, or in small ships.

e e e o
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VII, REDUCTICIN OF LEARAGE I TIE ROTARYeREGEIWIRATOR

Tho amount of leakage in the rotary regenerator when applied to
a pas turbine cyole has been shows to be intimately connected with the
design of the coycle components. That is, an inoresse of leakage at the
optimum design point decreases the work output of the cycle per pound of
air compressed at a greater rate than the leakags inorcase, Thus, all
the canponents of the cycle rmist accomodato an inoreased flow rate. To
attain a given cycle efficiency, the regenerator lealiage aiso requires
an increase in regenerator effoctiveness, aml henoe 1ts size.

IETIIODS (F REDUCIIIG LEAKAGE

1, Clegrances

If the internel structure of the rotorematrix cambination is
such that the vsolime flow rate during rotation is susll (as with seals
bearing dirsctly om the matrix passage ends), 1.6, arali BS/A, redus
soal Bho6 olearancs wiil [ivs good vosults. Howevsrt, as this typs of
regenerator will have very large seal shoes snall clearances may be
voided by thormmal distortion, In addition the forces required to support
large sealing aresas actinst pressurc may introcduce distortion on long

goal shoes, anl excess seal loading will cause high frictional forces

—a el cdelonm wedinded
ACVSLB VAL, &WVVaAvawvie

I the structure of the rotor malrix combination creates large
volumetric flow rates, henoe, large displacemont losses, i.e., large
BS/A; olearanoce, within limits, has little offeot on leakage flow, This
is the type of rotary regemerator whoro thers is robating ducting and
very amall seal shoes as in Fige G=l,

2, Sezl Length =

If trhe seal length is reduced in order tec reduce the flow
passage under the clearances the sonfiguration of the rotor is forced
to & *ype with iarge rotational losses. Thus, as the 3eal length is
reduced, the leaknpge due to cleararnce becames negligible and the dise
placement losses inorease,

3, Rotational Speed =

kedueing rotational speed below its optimur valua for a given
effeoctivennass, increacses rotor size amd tlo sealing clearancse length at a
greater rate than the decorsage of displacement leakage and results in
inoreaged loaimge. Inoreasing the rotatiomel speed above its optimm will
cav.se large and vrapid insreage of leakago duc vo displacement effects,

4, Recovery of the Iisplacement Loss
ith anal soal shoes the pro'b:.ens of seal olearance, support,

and friction can bs conveniently handled, Ilowever, as pointed ocut already,
small seal shoes will dioctate the use of rotating internal ducting and
large displacement 1osses. Any methed Lo reduce the displacement loss
7will emable the use of amall seal shoes and hipher rotational gspeeds withe

out inorease of the total leakage {law,
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CROSS COMIECTED SFAL SICES

Rotary-regenorators with smell clearanee areas (amall seal choes)
and large rotating volumes will establish large values of the leakage
paremoter BS/A, Large BS/A cause large differing pressure gradients undor
the seal shoe pairs. The pressure pradient vhere the rotor rotates into
the high pressure region is low, and vhere 1t rotates out of the high
pressure region it is high., Thus, if a pipe or series of pipes were
oonnectad between ported seal shoes, the pressurs gradient would dbe equale
ized betwoon shoes at each pert. It can readily be ghovm that as
BS/A— oo ths pressure gradiemts become stepped et cach port, and that
for this cace the leakare is given by

« =1
¥, § +1 7ol
4 o4

where Np is tho number of ports. This will pive adequate results for

BS/A > 10 providing the oress cormecting pives are sized to rive negligible
pressure drop.

Fig. 7«1 shoas the results of an exporimental test of a ported
seal shoe set in the range 0 = BS/A = 6, The percent leskage curve shows
thot nc offest ie shtainad halou a value of BS/A = 1, and then, with
inoreased BS/A the leskage is approaching the asymptotic 'mlue given by
Equation 7.1,

The measured preasure gradionts graphically illustrate the
equilization of tho pressure between shoos at eash port,

Fram Equation 7.1, or fraa Fig, 7«1, it is clear that the success-
ive reduction of leakage hecames less with each added conmsction. Thus,
more than thres or four oross connections boiwean senls would not be
warranted,

VIII, CONCLUSIONS AND RECCIIIENDATIONS

: In the preceding Seotioms the robary regensrator has been analyzed
in detail with respoct to its application in a gas~-turbine ocycle. This has
shown that, ewven though a definite small leakage botween high and low
pressure sides must exist it will not detract from tho size advantages of
this type of heat exchanger.

An aoalysis enxd experimental investigation of seal leakapge in the
rotary rogenorator has been uesoribed. The theoretical results are quite
sdequate for seal design purposes. The method of reducing the displasement
loss by cross=connecting ported seal ghoes is shown and gives coasiderable
prouise.

A rotary-regencrator has been sizcd for a spscific gas-turbine
plant requirement., The effeoct of cshoice of pressure drop and leakage rate
are ghown by design point curves. A suggested plant layout is presenmted
to ensble vigualization of the space requirenents of the rotary=regenerutor,




A goneral conoluslon may be dravm that the best osversll rotary
regendrator arrangement will have a rotor comtaining the matrix and a
syst n of rotating compartmented ducts leading out to amall seal shoes.
Tho geel ghioces can be pressurp balanced by a diaphrem or piston whioh ecan
be pressurized by a port in the seal shoe itgelf. The location of this
port. along the pressgure gradiert will depond on the seal area aad piston
area, This leading force should be Just muffioclent to keep ths seal in
close oontaot vith the roter campartments, but not to caiise exsess frioe-
tion. If the seals act on opposite feces of a drux type rotor, thermal
expansioa of the rotor will not result in great difficulties., As such a
rotor will ocontain largo rotating volumes a gyster of seal porting and
orogs~-conneoctisa should be used to minimize leakage. This general
ariangement with the matrix mousited 4n a mmber of separate campartrents
would facilitate provision for separstc removal and replacement of matrix
elenents.

RECOIEIDATICOIN

Tho work of Coppage (7) has given adequate heat transfer end
flow friction data for matrix forms. This report has covered the prob-
lems of soal leakage adequavelyj providing Uhw muber of CGuparwasiive
under the scal ac one time is greater than about six or oight., Thile
the results oan probably be applied with fair accuracy to leakage for
fewer ocampartnents under the gseal, the assumptions of the analysis are no
longer valid and the pressure gradients will no longer apply, Finite
difference riethods should be carrivd oul [6Ff Uiils Gasde 1ne oiifecvs of
oross=comneoted seal shoes have only beer. analyzed for large values of
the leakage parsmmeter, BS/A, where it ic most useful. Additional avaly=
gis sould be carried out to obtain a result for BS/A betwsen O and 10,

The preceding recommendations for further work are samevhat de=
tailed. It would appear that the most fruitful next step would be to
design an experimental rotary regensrator of convenient size and con=-
gtrucstion. &nong the dsairable propertios would be to arrange for inmtore
changing matrix elementa, This would allow actual regensrator tests with
varying metrix confipurstions, along with tho other variables of
roctational epeed; flow rate; and temperaturc levels. The sealing desipgn
would aiso reveal any problems that have not bren apparent in an ideelized
study of sealing alone.
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APPENDIX A

EFTECT OF PASSAGE DIAMETER O HEAT EXCIANGER VQLUME

For the triangular passez» cf Fig. 2-la a flow frioction and heat
transfer oorroistion was obtained from Fig, 16 of Xays, London snd Johnson

(16), £z the lanijsar flow range, as follows.

/3

°°o 58

(nm_,.)(‘nm,)z - 0.3 (K, ) a3

=0
= 4.60 ('20) -7 A2

Assuning perfect geametry of the triansmlaw nastage, the equivslent dimmeter
e B X, vhiere X is the center to center plate spaocing and @ has a valus of
0,666, The fraotion of frontel area availablofor flow is § where {f bas a
value c£ 0.80, h

Assume the following ommditions for the heat exchangers, whieh
are tyniocal of those found in a gas turbine cyole,

4y + 2y - o
P’ P
T «80° R T =3ig00°R
A Gy
*
¥ = a . -
Mg = 080 W oW, =45 /200 A.S

Fram the definition of sffectivensss, is derived

T »14%, 7. =1006°R

A @

a7, = 148° : Al

The Plate=Fin Cross-Flcw Heat Exchanger

Uging the dimensional notation of Fig. 2«la, the Famning
aquation for the air side pressure drop may be written

2
6, =4 tA;é- . ;‘. T A.8
e M
s
and uung GA .%—-@—— A8
end defining R = (%2)./(-:“3) A7
P ?d PA
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tagathar with eauation A.2 gives

N -—-—--h'l' A.8

L 1.zzg E"

where the quantities in k, ere oconstsnt and have been eveiuated at mean
tamperatures where applicable, Prooeeding si-ilarly we have

L
G _ o n 045 A9
- K -]

L, 2

A""b',;;‘"&'&‘ 4.10
x¥ Ls

h x

A 4

T, o Uav il

G ap

Fram the Newton relatiom

qQ"- UA!ATI
where Y = oross flow facter
h
U=h/Q+ 5‘:‘)
A = 6L I.GIC

waere £ is fin effectivensss, and assumed constent and equal to 0,03
together with A,10 and A.11 we derive

0058 oaw 3

LALG B 1. ,
- )k (14 —-—6-1&6; A.12

x b R ® -

P
U’:’.ng A‘G, A.Q ‘lll A'iz
— G
x [ ]
L F2( n) 94
“e ?:8‘5 =
R ) o

L, " ps( o AlS
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The volume is given by L L 2>

R )F (& )7
Vol = 2 ( S_p. xl‘“ - p(n ):1 «55 A.16
°f(n )

For mininum volume for a fixed plate spacing, the value of B for F(R ) a
minirum, was determined and found to be abont unity. P o

Tha is ) - (AP) for minimum volume,

"'i‘sh R = unity squations A.1l3 through A.16 wers used to determine
the solid ourvesPof Fig, 2.1,
Rotaxry Regenorater with Plate~Fin Type Surface

Proceeding in a sinilar manner es above, tut using the notation S
for matrix frontal ares, hence

we ocan derive

X
by * R 0T Aekf

Froem Seotion III we have

'YLR Ao =y 1)(1 -"(") )

"n BA'S
Ay =N /(1 *Ao)t l'\'-gr-a—t" S 4.18
where At -%&.1, m' = S8 “7:‘:.
ah 2 8o

whzre WD is the digplacement leakayzs aml Wg ic tglen as 0,02,
A
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From the relationghips A.17 and A.18 are found

~0,106
S, =F 4(np)::

I,~F (R )14
5 p
. - R -
axd ram A.17 S, = Fs( p)sb Aol9
Allowing 40 degrees of dead rotor for sealing

var = 22 1,(8, +8,)

L 2, )I1 sv (z)le ® S

320 \“ IJ
1,586
- F(Rp)x 'w A.20
Ters the vaiue of B {of minimum F (ap} is 25, vt is

=

AP
FhH"2F

TN B e BN anccndhloacwa A IO S A OA mmae —aV S N ALY _ A_As_
Ccawes o T MY VWMUAYAVIALG Aseav Mibe MWV VLY OWVAYOUWU AV VUT UUVWVWOW

curves of Fig., P2-1, For drum dismeter it was taken that the drum length

.and dismeter were equal., The value of R_ ™ 20 gives SG/SA = 1,22, ths

ratio of the gas to air sidee of the regz¥nerator.

APTERDIX B
THE STRAIORT TTROUGH LARYRIRTH

The leakesge flow between the seal shoe and the partition or
passage wall of the rotor 1s assuned t:0 act as an orifice. See Fig. A-l,

IThe flow équation through the ol noo 5 may be written
Vin +1) - vzn
T had 1' °
2g - cp ¢ n (nﬂ)') B.1
5 P
where v(n#l ) is at a gootion e'; where the pressurs equals P el Generally

the ld.no\ ic energy of appromch to the nth clearsnoe will be a function of
(5—) andno Asminz w:v and V

uv.nitud. (-;—) - (28 0 f(T e 1)

(ﬂ).arooftheamorderof

ve 8
- (!E)(ml)' - £ (A » 2)
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vhere e (-65- , n)
Introdueing B.2 4nto B.1

v . .
(?i)(nﬂ)' Q= iF) cp(rn - r(n*i)‘)

a4

& } .
23‘( Iy B cp ¢ n r(m‘l)')

where v, = 1/(2=F)

For an sdiabatic exrression P/Pk

thus 2 kel
k
P {__(nu)
(’-r)(né-l )8 - lcprn[ \P. B3
But P(n’l) R Pn*l
p Toml kel
gt ¥ AP x »
Expanding (Pn) =1+ ", where PP =P
bty use of the binamial expansion gives
bl
C{gﬂ) ¥ kL PN - Y (Al.')z e
P ¥ P X 2 P
n n n
Thieh when introduoced Zato equation B.% gives

vz r AP .‘
'—-‘ - f_'. — A -—- .
B T i Bt T x \_Pn 2x (P )4 oce J
Pn*l AP
Sinoce this formula is valid czly for - > 0,68 that ix -P—-< 0,47,
2
AP y; .:.,k.(%g). and the squared term -s.nnw neglected, =

) a

L gr AE
So that (28)(!!’1). F“ n P

The equaticn of sontinuity fer the jet gives
W Av o
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pn - .._P;xl- k (1 4-92 x
P na Pﬂ*l P:;
whioh when expunded gives
Pn 1 P , k1 ,op2
—_al'i? -i-(;-l ™ 420
Par a 2x ‘n
Agsin negleoting the squared term, and resrranging gives
= fa
pnﬁ" 1 ;l ‘A_P‘
n
or
P n®
PPan "L EE B.5
b P
Introduocing B.3 and B,B into B.4 1
) 202 ~RR Q?'IZ
- ] g Pn 1 ™n -
n l. P o ]

1
[-F 23? AP }E,

rr (1 -;F)

Introduce a coefficient 0Lesush that wol= a' vhers a = Lg 5 s the dimensions
of the clearance,

3
= P
.1.1&=" Plzs, ., AP -8 e
ac L 2 4
n l'kP

Equation B.6 has been solved by Egli (ref. 9a) to give the flow through &
lebyrinth geal,

ﬂ

P z2_p2 %
(w—a'{ 18 ° L——-w——\! B.‘?
e | BT ’
. © n ¢+ ln?- J «
2
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In this solution Egli uses U = f(-f- » 0 ="r§. Vi cwry-gver coefficienb

for ths straight through labyrinth and has obtained z=perimental values of
for & range of /A and n under the assumpticn of constant flow coefficient
oL for uil the orifioces.

Using a = 8L the clearance area and the carry-over coeffioiert
as determined by Egli%(Fig. B=2) equaticn B.6 msy be writtea

RIS T SR AV APV I IR IR A3 K ST [ e e e
“ .

1
P AP 42
w -d&é ﬁ ® n
LSS N
n
’ ; If the term %é_? ig oonsidered amall oampared to unity
i ‘ . 1
L T owoisn 2B . p M;F B.9
f n s| RT n
ok which gives for a solution of the labyrinth vroblem
¢ 1
' S = 2 =
! : ¥ - P z :
i i : T Ao o _1 2
5 -«.KSL.L—"-RTO = J B.10

Camparing the appraximate solution of equaticn 5.10 with B.7 gives

{
,i".
1
';‘ == rn*#nP_/Pa‘;;
§ w L n J
§ 1
: [ !nPI/P9]§' 3 o A
= _———4 =] — -
e L ¥2n BT meee

Thus for the approximate soiutizn to he valid the astural log of the
pressure ratio 1=1/p§26 dividad by twice the mmber of throttiings n

must e small oampared to unity.
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APPRNDIX C

EFFECT OF PASSAGE RESISTANCE

T

In the amslyais of rotary rezonecrator seal leakage given in
Seotion IV, the asgumption was made that the resistampe to cutflow fron
a Eatrix passage or campartment, during its traverse >f the seal ahoe,
seuld s nsglectsd. That 43, the prsssure ol any polul within u mabtrix
passage was teken as equal to the prossure in the passsge end at the
gogal fade,

B oLl oL

To vorify this sssumption; a sinple conservative, emnlysis
wa s made, Assuming the passege resistance to Le conocentzrated at the exit

+% & chanbver of volumd eoqual to the passage voilume, the equation for oute-
flow under & sudden pressurs release gives

SR

'
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where 2
e B @) (2
<g Iy

and L = one half tthotal passago length,

Tho maximum passagh - in a gas turbine oycie rotary regenerator is 1ikely
to be sbout 500, 1.es L/D here equals 260. For this oase the pressure in
the pascage (chamber) will fall 90 psroent of the ttal pressure drop in
atout .0 seconds. This is much a shortsr time than the minimm of about
0.02 egeoonds to traverse a seal shoe. Thus, wo may owmizider the assumption
of no inbternal passags resistance as wvalid.

A —
A e e e P K SR I} (PP e
.

If in same partiocular appliocation the passage resistances were
higher a gealing snalysis sould be carried out uaing finite difference
methodg, However, tne work required might not te justified as tho intro=
duotion of high pagsage resistance will bring the g‘oltal leakage closer
to the sum cf stationary leakege plus displacement loss,

e e

APPENDIX D

P CHOKED FLOY UNDER THE SEALING SHOB

Ths flow rate thrcugh & simple orifics will reach a maximum,
b or choked valuc, when the sonic velooity is reached in the comtracted jet.
The oritical pressure ratio at vhioh choking ocours is givean by
,L . X
2 - L. &) D1
Ypoo'2 )

The wslus of P:./Pn for air, k = 1,4, is 1,80, Since dp/dx end ¢1“;>/<:x2

are nogstive for positive rotation, choking only ocour in the Jlast 2
restriotion. For negative rotation, since dp/dx is negative and d°p/dx’

is positive, choking will ocour ia Liw {irst rostriolium, This comnditiom
will be reached in the seal loakage passages for |BS/A| large and n emali.
For a given oase, for |S| large and n emall, To determine if, for a given
BS/A, choked flow has been reachsd, the sgalmge equstion is solved for

¥g/AP . For positive rotation (BS/A = ¢) it is mext solved for with

P/P, * 1.89 @i ir z/L > n=1/n ohoking has cocurred,  For negutive rotation
S r A p B/ .
(BS/A = ), x/L 15 solved for with 'rz - Pz Pl "-m and if x/L < .}T

T

el

, ohokinp nas ooourred.
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Sclutions for Leekage 1T Choking hes Qocurrea

The equation for flow rate through & choked restriction may be

derived as
2

-l 25 . X (2 |
W =L ?o\;_ R " T e J

”

(N [

which, for air k = 1.4, reduyoces to

1
- . -2-5--\z
v, 0.488x¥S L.?o(mol

Pesitive Rotations =

Since the choked flow ocours at -:-; n'll;}' wo oan write

Wi =W + 7
T Diga) Llne1)

whe To

W = BSP
and WL ) is given by D.3

nel
thas
‘T:D L) - — (o) 1/2
2B
BSP (o) ¢ 0,4830cL8 SLaP(n-l )(Rl')

i
it ¢ 1:2. 25 T 47
e —g— %Fﬁ

2g 1/2

Since A -oth’én.(gﬁ%)
w
DSn-IZ —— -
T i+ 0.48XT TF
or
1
L J rnasm—

1. o.a.ssm/(%g)

D.3

D.4

D.6
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Fram the leakage solution ) uD el
1= 2
1 T ,BS nel
-——-r- - 7 - §n = { )
,Dl ID oy ﬂnl A . O
1 OWT— ]l .W.E.._z l ™ w';-
using D.6 to give
B
1-(—)%_) EAIR0E ( T ”\)’1_.8_8.._1)
0.488YF A T
2
BS. nel
- (T) = D,7
whare ‘s‘;-'r is Lhe puly unknown fos e given case., With ’-'v"2 determined equation
0.7 r ©2 golved for the pressure gradient for Pll P2 P(n.“ giving
(_ <32l nel
vaiues of O = =it

Negative Rotation

Hsre the choking will occur at the hig: prossure end of the
shoe, Mroa oquation D.6

by s
o1
L 0,488(%

1+ 8s/A

For this cape the leskesge solution becomes

B8 5 = / AP
00488‘3 1 -ﬁ 5 4 004831-5 TN p
| ol
; D.8
- whioh may be solved ’”.",-
: Yow, with w,_ detormined
E , B8 M
'- “2°F 2 ,
E 1 - 1—~=.’- - In E - _-B-g) f1 -é} D.o
i 1-ITW E ttiw  1-TCW %
T ‘2 I ¢ T 2
i
i
L o .




May be snlved for the pressure gradiant in the range.

APFENDIX B

DESCRIPTION OF APPARATUS

t- 1-.--

} ki
t P =pa:
§_ % :
{

i

!

:

The diagram of Fig. E=1 ghows the method used to carry out the
regenerator soal tests and to reocord data.

Ty The rotor passages were laid out on a oircle eight inches ir
' diameter, the section of the compartments helng sme inch wide at the seal
: fasc and two inches deep. The oompardmentc were spaccu at thess degres
i intervals sround the rotor. Figure E=3 ghows a general view of the rotor
1 exd the uncerside of the upper assembly. Loss of air to the cutside was
. prevented by two inoh wide mating faces on either side of the compartments.
The upper assembly was spring loaded againat the rotor. The spring foroe
being adjusted to balancs thc air pressure undernoath the upper assemlly.

Figure E=2 1is a general view of the apparatus layout. The

; elactris motor, with veriable sapeed puiley, drxives the rotcee through a

| four step pulley set, a worm reducer ami chaln drive. The drive gives a
: ssntimous variation of rotor speed of ten to one, Since there is only
ons tost seal ghes, the slastric motor is reversed to uimulabs positive

or negative rotetiom soals.

i Figure E=4 shows the three test geals used. Thaose ahoes,

| being of different ar lengths, enable tests to b run with the number
o soaled passages (2) equal to 8; 12 or 16. The olsarance between the ,

¢ seal shos fade =t r=tor was varied ovsr 2 range fram 0,001 to 0.009 inches.
Figure E=b ghows the statio test plece used to calibvrate the epparatus and

C to determine the flow scofficient under the individual! restrictions.

listhod of Cotaining Data

. Prolininary data was obtained by conneoting tiie atatio test

: rtece (Fig. 2«C) %0 ik air supply. manmeter ocounsctions, and metering

! system of Fig. B=2. A given pressure ratio vas applied aoross the test

! peaotion znd air flow readings taken. This was dmne for 2 ronge of

4 ciesranoss by changing the geskets and shins betwaen the atatic test plsce
[ hrlves, The static test piece originally had 1V partitions. These were
removed in steps of four end the above procedure repsated,

———
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The main teat section (Figs. E=l1 and E-%) was now comnected up
and flow readings taken, with the rotor stationary, cver a range of seal
shoe clearances in order to calibrate the unvented leakags past cornera
and suall oracks inherent with the use of an adjustable interchangesbdle
seal shoe. C

“3th the calibration '~ camplote, teste were
wade for various rotor speecs, shoe lengths, nlearantes, and pressure
ratios as recerded in Seotion IV,

Du¥ing tssts ths pressure wos equaliced between Pz and Py of
Figure E~l. Thus, the total leakage meas wrenent wes ths sum “of the” flow
meter reading plus {or mimus) ths volumetiic flow rate st constant pressure

between Pz end P,, The pressure PB was ad Justed by controlling the flow

out of that section or if necessery by introduecing air from the air supply
tank, '

The supply air prossure was hwld constent by an adjustable
Fressure redacing vaive. IThe metered air was measured in either of two fiow
meters giving a flow measurement range of 100 to 1. The pressure P, and
the s22l shoe pressures were measured on 106 inch msrsury U=Subes. "The
pressures P,, PB and the flow meter pressure wers obtained an 40 inch
vater Ustubés, '

The rotor speed wes obtained from revolution sountesr readings
axd a Lizo period reading.
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SCAL  LEAKAGE
rea

FIG 4-5

PRESSURE GRADIENTS

UNDER SEAL SHOE

FIG. 4-6
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PERSON OR CORPORATION, OR CONVEYING ANY RIGHTS OR PERMISSION TO MANUFACTURE,

USE OR SELL ANY PATENTED INVENTION THAT MAY IN ANY WAY BE RELATED THERETO.
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