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A?TALTIICAL :fKVE3TIGATIC1f OF THE USE OF REGE:NERAT ron TIT

CO~PRESSOR-T~BII{E-FROPELIER SYS~E1~

By Ceorge P. Y[t;:)od

T~e use of regene~ative heat exchangers in corr-pressor­
turbine-propeller aircraft po~er plants has been investi­
gated. The effects of regeneration on specific fuel con­
sumption and thrust power have been calculated for va~ious

values of the import~~t par~et3rs: altitude, blower
compr-es eLon ratio, maxd.nrum turbiJle-inlet temperature, and
heat-G.Y.:changer c r-o s a-cae c t LonaL ar-ea , The e I'f'e c bs of
regeuerati~n on fuel requirements and cargo capacity ~or

flights of various duratio~ have been determined.

~he investi~atio~ showea that reductions in specific
fuel cor-sumptio~ could be obtained by means of regenerative
heat exchangers. For the 3~6 heat-exchanger weight, tee
reduction in specific fuel cons~~tion would be great€r
the louer tbe altltu~e, the cigher tJe maximurr. tc~perature

at the turbine inlet, the lower the temperature rise due
to compression, and copsequently tee lower the pressure
ratio across t~e compressor. Fo~ flights of sufficient
duration, the reducti0n in fuel ~eight would be greater
than the heat-~xchanger we!ght re~uired to give that
reduction. The difference between the reduction in fuel
~eight and the heat-exchar~er weight ~ould ~dicate that
additior-al cargo could be carried ~ithout a change in
take-ofr gross weight rben regener&tion Is used.

As an example, a regenerative heat exchanger that
weighs 4000 pOQ~ds can reduce by 19 p6rcent, or 650 pounds
per hour, the rate of fuel consumption of a power plant
oper-abLng at sea level 'lJ"it'h a compression ra,tio of 6, a
capacity of 50 pounds of air per second, a maxi~um tempera­
ture of 1800° F J and a tr~ust poTIer of1 5 400 horsepower.
For flights of greater duration th~L ~ ho~s, the red1~-

tion in fuel wei0ht is greater than the heat-exchangsr
~~ight and, for tDe same take-orf ~eight, additional cargo



Can be 10 ac~d. For a 16-bour fli :;ht, thE' req'u. red fuel
w03i€-ht is reduced. 'by 10,50'J '901.".r..d'3 and the c az-go 1jl~ight

is incre~sed by 5500 ~o·~ds.

narODU0TION

Re2eneratlon is B. well-known means of modifyin,:;: t he
theTrllodsnarnic cycle of an ei1p.ne t.J i!J'i')rove :'uEJ. sccno.nv,
Bec aus e regen8ration 1s ac oomoId ahod by means cf h~at

exchange r-e , it errt atLs an Lric r-c as a in the weight of e.
:J0'wer p Lerrt , r:r.'he use of r-egerie r-atd on for Lnc r-easLng
efficiency is COltL'11on pra~tice tor stationary ::::~eam­

turbine power plants, in wht ch r.eight is root sc i moo r t ant;
a consideration as in a'rcraft power plants. 1he use of
ragen€ration in ga~-tt~bine marinG row~r ~lants has bean
consd.dene d in l"E:.ference s 1 and 2. The Nf:.ti cnaL Advi sory
QO!11rni tt,06 for Aeron8uti c e hwa r;\,·.bli sped ~mdyse.s of
r0gener~tive aircraft ?o~er plar:ts - reference 3 deals
with the l'egeneT'attve :?rDpel16r-c'.)::!r9ras30r-engins-turbin€l"
j'9t system and reference 4 considers, smong other::!, ths
regenerati v e compr-c s sor-ti.lrbi-nE- syBterr. rn'~d pur-po sa of
t.he pr-e s errt paper is to show in mor e datp.1l the YJossi- -
bilities end the limitations of' the use of regeneration
.as :.:\ meane of' e t'f'ec t ing greatsr fu:) 1 economy and of
re0,ucing the ne t w0i[ht of tho powe n plant and fuel of'
c'Jmpressor-turbine-propeller uiI'CN..ft engip..9s. Curves
ar-e therot'ore given thst show, ror- n vsr~Gty of c ondt «

tl ons , the vSr't ati on r~i th h:::?t-:5x~hs.nf.:..:3r weight of
s1;>-3cif'i:3 fuel c onaump t i on , thrust power , f' ....61 weight,
and ne t change in the taka-·Jff V,il2iSht of power p Lant and
f'ue 1.

DESCRIPTION 01" SYS;i'Erl. AND METHOD

The 0orrprassor-turbins system without reg?-n~ration

O?:3l"G..b:.:S on the th?rmod·,y.!.l'lIdc cycle shewn in figure 1. The
Vlo1.,1::1ng fh"id unde r-goe s t he f'o Llowd ng processes (fig. 1):

0 to 1 ind'.1.ction from free stream into airplane
1 to 2 machanical caml,)ression
2 to it combustion
4 to 5 E:x~3.nslon in t urbdne
t:: tG 7 e xo ans ton in cxhaua t nozzle.I

Re~6nE;::re.tio~ m8.Y be E,±'t:3ctad in the corr..Dressor-turbine
s:yctcm by t,ddlng a he c t ·3Y..ch8.l1.~6r e s shown in figur'3 2.
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Fi~~re 1.- Nonregener&tive c0m~ressor-turbine engine cycle.
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Heat is extracted rro~ the fluid between the turbine b.nd
the exhaust nozzle 19..11(1 is addeJ. to the co Lde r fluid. between
the compr-e s so r arid the corubu s t Lon chamber. T:i:lE:~ cycle then
becO!;'18S that shown in fibure 3, in which the curve f'r-om
st~ti?ns 2 to 3 represe?ts he~tin~ in the heat excr~n;er

G."1U tn6 curve from statlons 5 to b represents cooling in
the heat exchanger.

I
I

I
~l
~I
,.cl

~I
I
J

FiE:ure 3. - Regenerati ve comnr-e s sor-> t.urbine e ng i ne cycle.

'2:'("6 ;;:,srf'Jrmance of tl::.e r'.:J;:;enerf.l. ti ve Dower nlant Ls
depE-l1('lent uoori a numoer of: pararr.eters, whi ch i nc Luc e i;1.1 ti-
tudl'l) bl)v~Ar corupr-e s s l on ratio ano et'fic1.ency, max l mum
turb~ne-lnlet t&ffigeratur6, turbine efficiency, heat­
ex~han~er effeotiv6ness, an~ hBat-exc~anger cross-secti~nal

:3.!'e.s.. In this inve,"3ti;ation the lJer.:'crmancE. chs.r-ac t erc-
Ls ct c s of' the oompr-e s eo r-c t.ur-bl ne s y s uem ·.\'ereJ·at6.in~d by
a s s Lgn l ng values to these var-Lou s pur-ame t e r-s (cC':'l1pr(:;;ssor,
t.urbd ne , and pr-o pe Ll.e r- ef'f'iciencies of' 85 percent ·.vere
u s e o I arid then calcula ting th-.=:: chang", in the conr' LbLc n ,
~r Gtate, of the air bet#e~n eac~ two ~djacent stati0TIS
shown .in figure 3. Tr..is procedure, when repeated f:'r flo

series ,')1:' vaIue s :>f the varLous par-ame t.e r-s , indic6.tes t he
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performance of the system with regard to specific fuel
consumption and power output.

The weights ~f the heat exchangers that are required
t·') effect the heat transl'er necessary for various amounts
of regenerati0n are c&lcul&ted from ~ str~ightforward

analysis of the heat-exchange systen. The heat exchangers
~re of the counterflow tube-and-shell type with cores
~ade of bunGles of stainless-steel t~bes having a
O.020-inch wall thickness and U.25-inch inside diameter.
The tube spacing from center to center is 0.34 inch.

Tbe symbols used in the present paper are given in
a~~encix A. A detailed analysis of the proble~, the
co-routia t t oria I pr-o cedur-e used, a description of: the hea t
exchangers considered, and a ~iscussion o~ the effect of
altitude are presented in &puendix 3. A discussion of
the source of the th€r~odyna~ic Qata for air is presented
i:1 a.ppendix c.

rtESULTS AND ~ISCUSSION

C~eration &t Sea Level

Resul~s for co~nressor-turbine-propellersystens
0perating at sea level at an airplane speed of 200 miles
per hour are presented in figures 4 to 7. The reduction
in sueci~c fuel co ns mro t Lo n that can be obtained bv
means or regeneration is given in ~igure 4. 20r this
pl~t the abscissa is the weight of the heat-exchanger
installation (core, shell, tind Quctip~) per unit rate of
air flow, the pressure ratio across t~e compressor is 6,
&nd the results ~re for maximuT.l fluid te~ueratur6s

(temperature at entrance to the turbine) of 1500° F
<::.no IGooo F.

With a maximum allo~able temnerature at t~e t~bine

inlet of 18000 F, the s~eciric fuel consumption of the
zyste~ is 0.63 pound or fuel psr h0rseponer-r~ur without
regen6raticn. ~hen a ~eat exchan€er that weighs 50 pounds
per pound. of air per sec-::Jnc. and that has an open cross­
sectional area given by A/~ ~ 0.1 square foot per pound
p6r second is added to the system~ the s?ecific fuel
consumption drajs to 0.50 poun~ of fuel per harsepower­
hour-, a decrease or 21 pe r-c e n t (fig. 4). 'I'he relatively
sn;.a.ll gains that result when the weight is increased
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from 50 to 150 Doun~s per~ouni of air per second illus­
trate the law of diminishing returns, which holds for
heat-exchange systems. The reduction in specific r'ue l,
consumption obt&.ined wi th a gi ven he a t-e ex changer' weig.r:t
:t S aomewha t less for b. maxdmum temperature of' 1500') 1"
than for 1800° F.

ht low values of regenerator weight, the heat
~xchangers with the lar6er cross-sectional areas cause
s:naller reductions in s ne cLfLc fuel co.naump t Lo n than
thOSE:: with the smaller cross-sectional areas (fiG. l~).

ThesE reducti~ns for the 1~r6er cross-sectional ~re~s are
brou~ht about because, as the cross-sectional ~reb is
incl·t';<ised~ the ve Lo cL ty and the Reyno Ld s number or the
r Low in the he a t-exchan,;er t.ube s , and tihe r e f'o r e the heat­
transfer co ef' 1'1 ci ent, de cr-e a s e and consequent ly t he rb. te
or heat transfer decreases.

~he use of regeneration decreases the Dower out~ut

of a system but the decrease may be inappreciable. T!'lere
s.r-e two reasons .f,::>r the decrease in nower ou t.puc caused
by regeneration. One1s that the available enerby in the
~orking fblid at the entrance to the exhaust nozzle is
('6GreaS6d by the loss of heat in the re[,enp.rat0r. For
the nrnpeller-driven system the reduction in power output
i'r")m th.is c au a e is very sj'I''3.11. r.rhe o t.her r-e a so n .t'o r- the
reduction in 90wer 0Utput caused by regenGr~ti~n is ~he

pr-e s sur-e loss re sulting from fri c t Lon in the hea t­
pxchanger tubas. ~hls pressure 18S3 is & function of the
cynamic pressure Ol~ the f Low in the tubes and is t hez-ef'o r-e
cepen66nt upop tihe v~lue of' the parameter A/~. The
~f.feot or Aj# 1s shown in .fig~re 5, which giv~s the
thrust power developed by the system as a f'un c t io n ·:)1'
hea t-~xchf::l.nser ';\'ei .ght f,:)r several values of A/ii. .i?or
heat ~xchangers o~ relatively large rrontal area
(Aid = O.~ sq ft/lb/3ec), the '!ressure crop is quite
:::nnIi11 and has no a.pcr-e c Lab Le ef.fect an the output. 20r
beat exchangers of' relatively small fro:r:..tal area
(A/IV = 0.05 sq t·t/lb/sec), the thrust power Developed "o;)T
the s vs t.em decreases i'rom an original value of lOt) L10rse­
;::".)WE:l' per pound per second to a value o r 101 hor-s e power'
:::er no urid DE;r s e co nd r'or- I::i. beat-exchanger ;;iei;ht (,f'
50 P0UnaS per yound of air per second.

~r~ie fact that rec.'l'ctions in s pe c t r'Lc f'u e L consumption
can be obtained by use of regElneraiion (.fig. 4) me&ns
that the weight of the fuel required for a flight of
~iven 0uration can be reduced by th~ addition of a heat



7

exchanger. The change in f~el weight as a function of
heat-exchanger weight for fligP~s of vario~s durations
is given in fig~e 6. Considerable fUel savings are
possible for flights of long duration. As an ex~ple,

i'or a 16-hour f'light the use of a regenerati ve heat
exchanger that ~ei6hs 80 pounds per pound of air per
secone can reduce fuel consQ~ption bv 210 nounds uer
pound oi' air per second (fig. - 6 (a) ) .' If the pr.jpulsi ve
system uses 50 pounds of air per second (and accordingly
develops a thrust power of 5400 hp, fig. 5(a», the
saving is 10,500 pounds of fuel for a l6-hour flight.

The fact that regenerators can reduce the specific
fuel consumption also ffieans that, for flights of suffi­
cient duration, regenerators c~~ reduce the net weight
of' the power plant and fuel at the beginning of a flight.
The net change in the initial weight of the power plant
&nd fuel as a function ~f t~e heat-exchanger rieight for
flights of various durations is given in figure 7. For
flights of 4 hours or less, regeneration in tne system
with a compression ratio of 6 leads to no reduction in
the net wei~t of the power plant an~ fuel. ~or flights
lonser than 4 hours, a reduction in the net weibht of the
power plant and fuel is obtained. For a flight of
16 hours, as an example, the use of a heat exchanger that
weig~~ 80 ~ounds per pound of' air per second gives a net
weight reduction of 130 pounds per pound or air per
second. If the rate of air cons~~ption J~ the power
plant is 50 pounds ner second, the net weight reduction
is 6500 pounds. This net reduction is efrected by the
use of a hOOO-Dound heat exchanger that re~uces the
required fuel weight by 10,500 Dounds.

Figure 7 is plotted for A!i; = 0.2 square root per
~ound per secand. For this value o~ A/W: the use of
regenerators causes no reduction in the power output of .
the system (fig. 5). In the present paper only the
changes in the fuel weight and the net weight of the
power plant and fuel that are e~£ected at constant thrust
power- are shown. Tn other words, all p Lo t s of' change in
fuel wei;ht and of nat weight change hereir- are based on
heat-exc~nger cross-sectional areas chosen in such a way
that the heat exchangers have no ef'f'ect on the thrust-
power Qut?ut. If, there~ore, the weight of the cargo is
increased by the amount that the net weight of the power
plant and fuel is decreasec, the gross wei;~t, the wing
loading, and the power loading or the air~lane at take-
efr remain the s~~e with regener~tion as with~ut regenera­
ti~n. It has been assurrled that ~o changes in the strLct2ral



p

ue}. !ht of' the airplane result f r-om the use of regeneration
if the t~tal weight of the power plant, fLel, ana cargo
remains constant.

It shou1d be -;Jointed out that greater reductions in
fuel weight thcUl th0se shown herein are possib18 if the
Leat-E;xchanger cross-sectional areas are chosen in such
a WiJ..y that the reductions in specil~ic f'ue L cc n sumpba ori
~.ro greater than those obtained wi ti.l cons t arrt tbrust
p0~er and that, therefore, the thrust power is reduced.
These r·eductions in fuel weight can be obt~ined from the
curves given herein. The present investi~atian has not
been extended to include the darivation o~ tLe effects
(In the net weight of the power plant and fuel of the use
of cross-sectional areas that cause losses in thrust
power. That the reductions in net weight may possibly
be greater than those shown herein should be mentioned.

The prececing discussion has been concerned princi­
pally wit~ a compressor-turbine-propeller system in uhlch
the pressure r~tio across the comprensor was 6. A rather
c.etailed C:iscussion has been given in orf.er to explain
the ef'f'e c t s 01' cezrt a i n nar-eme t.e r-s anc to show the me t.hcd
cf nresentatian used he~ein. ~he effects of re~eneration
when the compr-e s s t ori r&.tio is o t Le r' tLa.n 6 aho u Ld a130
be shown. The performance of a nonref,slleratlve compres30r­
turbine-uropeller system at sea level is presented in
fibures fJ arid 9. 'Tile oata :for these plots "ere c a Lcu La t ed
~y the s~e method usee in analyzing the regenerative
,;:ys·;-:;8rn, w'i th the exception that the he a t e exchange r' w€:ight;
~nd ~ressure drop were taken equal to zero.

~~.3 t.he comnr-e s s Lcn ratio is varied be twe en 2. ann '-I

(£'13;. 8), the Dower o u t ou t goes t:CU"ough a maxd.mum at; &'

compr-e s s t o n ratloJf a ppr-oxfma t e Ly 6. As the ccmpre s s i.o n
ratio is Lricr-ea ae d f'r-on, 2, the ape c i at c f'u e L co nsumpt.Lori
C:ecrelises toward & minimum, which it has nea.rly r-e a c ncd
at a camnression ratio of 6 (:i~. 9). The effects ot
re68neratlon have t her-e r oz-e be e n Lnve s t Lge.t e d for the
r-ang e of' compression ratio from 2 t.o 6. 'I'he r-e su Lts hre
presented in figures 10 to 21, v/b..ich show the var-La t Lo n
wi th regenerator weight of' s pe c i rLc rue L co naump t Lo n ,
thrus t power , fuel weight change , ario net '...-eie;ht change ,
~he reductions in s~ecific fLei consumption, fuel weight,
d:10 the net we Lgrrt o f' the power ..... La n t and fuel ar-e e;rEater
f'0r a compr-e s s i on ratio of- 4 (['igs. 10 t·) 13) t han f'o r a.
compres sian ratio of' 6. Par a compr e s sian ra ti') of 3
(figs. l4 to 17), the reductIons are larger than t~0se
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for a compressicn ratio o~ 4. ~or a compression ratio
of 2 (figs. 18 to 21), very laree reductions 1n specific
fuel consQ~ption (a~prox. 50 ~ercent) and in fuel weight
are sho~n. For flibhts of lO~6 duration, very large
reductions in take-off weioht of pO",fer plant and f'u.e L are
s~wn. Resenerati~n is therercre a means cf effecting a
large Lmpro vemerrt in the e ccnony of a system th&.t t on
a c courrt of' a low compr-e a a Lo n ratio, :ts very urie conorcLca L
without regeneration.

~he regenerative system with a compression rat~o

of 2 should be compared t however , w:':,. th nonregenerati ve
systems ',lith comnr-e s a Lon r a t Lo a of' 4. e.nd 6. In order for
the regenerative-syste::u with a compressi:>n ratio of 2 to
have the same specific fLel c~nslli~ption as the nonregenera­
tive system with a compression ratio of 4 (0.71.;. lb/h'9-hr,
fig. 9), a heat-exchanger fiei3ht of 130 ~o~nds ?er pound
cf air per sec0nd is needed (rig. 18). In order for tte
re3enerati ve system. wi th a compression ratio o:>f 2 to have
the same speci.f'i c fuel conaump t Lon as the nonregenerati ve
system with a compression ratio of 6 (0.63 Ib/h?-hr) fig. 9),
a heat-exchanger weig~t vf m0re than 200 pounds per pound
of air l;)er second is re':!uired (fig. 18). The use of
&dd1 ti,:>nal stages o:Ji' cozapr-e s sion in t:te system wi th a
compression ratio of 2 ca~ give the same reduction in
s oe cf.t'Lc r"'uel corisump t.Lon that the U2e of' regenera.tion
can give and with much less increase in weignt. Further­
more, witn a co~pression ratio of 2. the power output is
only 64 ~orsepo~er per ,aune of atr per second (fig. 0)
bu t , with a compression r-a t Lo of Li.J the power output is
S9 hOrS6?OWer yer ~ound or air per second &nd, with a
cO~Dression ratio or 6, the p~~er output is 109 ~orsep~wer
per pound of' air p'~r second. ~he nonr6~enerative powEr
plant wi th a carr.pression ratio o:Jf 4 to b theref'ore -11eighs
less and aevelops more power thar- the regenerative power
plant of the s~~e specific fuel consumption but with a
compression ratio o~ 2.

Operation at 25~OOQ ff~et

~he effects of regeneration for compressor-turblne­
propeller systems operating at an altitude of' 25,000 f'eet
and at an airDlane speed of 300 miles per hour are shown
in figures 22 to 73. Results .for a system with a com­
rression ratio cf 4 are biven in fi3Ul"'es 22 to 25, with
a compre3sion r&tio of 3 in figures 26 to 29~ and with a
cDmpression ratio of 2 in fibures 30 to 33. T!lese figures



J.O

show that specific fuel consQ~~tion and fuel ~eight can
be reduced by means of re,~eneratlon <:md t.hat , ror- i'liChts
of sufficient duration, the net wei~ht of t~e power plant
~.l!1d f'n e L can be reduced."

Comnarison of the performance at an altitude of
25,000 feet (figs. 22 to 33) with that at sea level
( f'igs. 10 to 21) shows that the reducti ons made pc S 8i ble
by the use of regener~tion are les3 Tor oper&tion a.t
25,000 feet than for operation ~t sea level. ~he better
~er.forri1ance at sea level is due to the d.iif'erericE in t.he
censity of the atrr.os~here at the tw~ altitudes. The
re Lation between hea t-exche-r.i..;er 1:~el~ht and air densi ty
(appendix B), when o~her co~cit:~ns (pressure drop ane
oynamic pressure in the hea t exchanger arid l:eat-exchanc;er
effectiveness) are held consta.nt, is

J" " .... I

," 'e1 'l. t / 1 \1) .1.;_
" b i

! o; I I

.. \l'E:nsi ty/

and the relation between heat-&xchancsr cross-sectional
area and air density is

if

As ~n exmfiple, at sea level and with A~; = 0.2, ~ h6&t­
excllanger weight o~ 50 ~ounds par pound of air per second
~iv~s about a 20-Dercent reduction in soecific fuel con­
swa~ti0n for a co;pression ratio of 3 (tig. 14). At
25,000 feet, where the density is substantihlly one-h&lE
that fit sea level, A/W must have the value 0., for a
20-perce~t reduction in specific rue+ consumytion, ana
the wei.gJ.1.t of the he a c eX~hanger is b~) pounds per pound
r:.f' air per second (t'ig. 20). The fact that at the b.ig,ber
a Lti tudes more he a t vexc harig e r- weight is r-equ t r-e d per pound
:,f' air per s e co nd than at the Lowe r a.L ti tudes mer..n s that,
fer the same take-ofr weight, re~enarRti0n i~ less effec­
tive dt the higher than at the l~wer altitudes as a llieans
of increasing c&rgJ capacity. Com~arison ~f the figures
t ha t show the chanze in f'ue 1 wei,.:;:l1t and in ne t wei;:ht f".Jr
operation at 25,000 feet with t~e co~resp~nding f'i6ur~3
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for operation at sea level shows, however, that the dif­
ferences in the ct~n6es in fuel and net weight are not
large.

Operation at 40,000 Feet

~t 40,000 feet, where the d6nsi~y i3 sub3tanti~11y
cne-fourth that a t sea level, :heb.t exchanger-s mus b be

l~ times as heavy per unit rate c·t" air flo'l as d.t sea

level and, Lor tt...e same percentage reeucti-:"ln in specii'ic
fuel consumption, !l!U3t have twice the cross-sectional
ar-ea per unit r6..te af air i'l·:nv as at sea level. The
~eight reduction caused by the use o~ regeneration WOuld
there!'ore be less than that at sea level. The effects
of regeneration for the po~er plant having a compression
ratio of 3 and operating at an altituce of 40,000 feet
~t 450 miles per hour are presented in figures 34 to 37.
The reductions at ho,ooo feet in fuel weight and in net
weight of power plant and fuel are less than the reduc­
tions at sea lovel for ~ower plants of the same com-
pr-e s sian ratio and flights of the same duration. The
reductions are nevertheless large for fli~~ts o~ long
cura.tion.

Co)!·;C LUST 0 :i:'JS

The rollowi~~ conclusions have been drawn with
regard to tr-e auplication or regeneration to compressor­
turbine-9ropeller aircraft p~~e~ pla~ts:

1. Reductions in the specific fuel consumption would
be obtained by ~e&ns of rsgenerative he&t excrueJgers.

2. ?~r the sarr.e heat-excmLJger ~eight, the reduction
!n specific fuel consumption would be greater the lower
the altitude, the higher the maximu..>n temperat'!..il'e at the
turbine inlet, the lower the temperature rise due to
compression, and consequently the lower the pressure ratio
across the compressor.

3. For a system opera.ting at sea level with a com­
pression ratio of 6 (the compr-e a a Lon ratio that eave
ap~roximatelyminimum specific ruel consumption and
maximum power in the nonregenerative system at sea level),
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reductions in specif:!. c fuel consumption 8f approximately
20 ~ercent would be obtained witl~ut a reduction in tiwu3t
power and by use of' a reganeratnr ~hat wei~hed 50 pounds
per pound of air per sec~nd.

4. For a system operating at sea level with a very
low compression ratio of' 2 (a cOllipression ratio chat
results in a very high specific fuel consill:lption in the
nnnrAgenerative system), reductions in specific ~u~l

consumption of approximately 50 percent w()ulci be obt"iined
by means of' regeneration wi thout a r-eouc t Lon in t.nr-ua t
power. The use of additional stages of co~pression,

however~ would give the same reauction In specific fuel
consumpti0n as the use of r&gen~ration, would increase
the power-plant weight less than the use 01' regener;3.ticn,
and would &lso increase the thrust :J0Vler.

5. For flights of' sufficient duratlon, th6 reduction
~n fuel weight would be greater than the heat-~xchB.ng(;;r

wei~ht required to sive that reduction. The di£ferencc
be twe en the r e duc t Lo n in fuel .weiGht and the heac-i exchanger­
weigilt would indicate that additional cargo could be
carried wi t ho u t a change in take-of'i' t;rosa we i g nt; 'lihE<n
reseueration is used.

LangLey i~!emorial Ae r o nau ti cal Laooratory
lliati,)nal Advisorv CommL ttee for Aeronautics

" / LL&ngley Flel~, Va., November 20, 19~5
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open franta.l area of heat exchanger, sq f't

snecif'ic heat of' f~uid at co~st&nt press~e,

. Etu/lb/o:<,

specific heat of rluid at constant volillae,
!3tu/lb/oF

D

E

g

h

H

J

diallister of heat-exchanger tubes, ft

&nt~alpy of fluid, Btu/lb

difference between inlet enthalpies of' hot and
cold fluids, Bt~/lb

acceleration due to gravity, I..t/sec/sec

coefficient of' heat transfer. Btu/sec/s~ ft/oP

total, or staGnation, pr&8SUre, lb/sq ft

mechanical eqvivalent ~~ heat (778 ft-Ib/3tu)

le~gth of heat-excnaneer tubes, ft

~ number at' heat-exc~anser tubes

~ static 9ressure, Ib/sq ~t

~p stacie-pressure dr8P due to friction, lb/sq ft

P thrust p~wer, hp

q dyna~ic pressure, l~/sq ft

'-l. rate of' heat transfer, Btu/sec

R Reynolds number; also, Jas constant where specified

R" compression ratio of' compress~r
'.'

s surface area ~or heat transfer, sq ft



".,
.I. t.empe r-e tu.r e , 01"

maximum (turbine-inlet) t.e.npe r-a t ur-e , Jp

U over-all coefficient of heat transfer oetween
t':'10 i'luids ~ Btu/sec/sq ft/OP

V speed, ft/sec

\V weight rate of fl~w af ~ir, lb/sec

,'of vlGi[;ht rate of flow of fuel, lb/s<:c

ratio ~f soecific heats (cp/ev)

mean t emoe r-a ture difference be tween ho t t'lui d and
cold f Lu i d 6i vided by inlet-tE:ln"pbrature etit'­
fE-renee

T) rise L~ t empe r-a t.ur-e o f' co Ld fLu i c (i.ivicec: by
inlat- t emoe r-a ture (hf'rere~1C€

~c G~£iciency of compressor

"11." s.f"f:1. cl ency ,j.f' tl.,;.rbine...

ccef r'Lc l ent of' viscosity of' fluid, Slug/ft.-sec

"

"~., Oi'OP in t empe r a t.ur-e ..)1' uo t f Lu.i d oi vided by
inlet-tem~E-r~ture dirr'erenee

ma a s (lensi t~y 01' f Lu l c , slus/eu r c

SUbSC1'ipts:

1, 2 fluids in heat exchanger

o to 53 stations
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AP:?E1"TIIX B

ANALYSIS AND Cor{P"tJTATIO~rAL PROC3DURE

Regenerative Cycle

15

A qualitative represer.tation of the changes in the
condition ~f the working fluid as it passes through the
various narts of the regen6rative cycle is given in
figure 38. The various parts of the cycle are

8 to 10 inductiun into airplane &ond dif'f'usion

10 to 21 compr-e s aLon by blower

21 to 22 addition of energy in heat exchanger

22 to 30 addition of energy by c:nnbustion

30 to L~l operation of' turbine

4-1 to 43 aubtir-ac t Lon or.... enere;y in heat exchanger

L.3 to 53 expansion t.hr-ough. exhaust nozzle

The object of' the calculations is to obtain the
thrust power, the g~ec:Lf"ic f'uel consumption, anc the
heat-exchanber weiGht f0r given values of' altitude,
blower compr-e s s Lo n r-a t Lo , maxLruum temperature, heat­
eX0hanger ef'f'ectiveness, and heat-exchanger cross­
sectional area. The metmd of: calculation is to compute
the changes in the condition ~~ the f'luid in each or the
component parts of' the cycle.

In the equations given herein, the c~nditlon of' the
fluid at any station is }enerally given in terms of' its
total, ur stagnation, enthalpy E and i tis total,:>r
stagnation, pressure H. Exceptio~s are the e~uations

that cuntain station 0, which is in front of the airplane;
etation 53, which is behind the airplane; ~~d stations 21
and 22, which are inside the heat exchanger. At these
stations the velocities must be known.

The process Q£ taking the air into the airplane is
~ssumed to be isentropic. The total pressure and the



1 /_0 "··f.',0.

t o t a.L enthalpy 0:[' the a1 r as it go e a Lrrto the compre e sor
bre given by the relcitions

y - 1
2y

" y
P V 2\ y--l

'J ') }

Pr, ,... /,.

G
'J '\.

Y - 1 rJ.V_ ..... \
.) v )3 1 0 = Eo +

2) 'D• 'J

The nressure just behind the C0ffinreSS0r is

':i:'he enthalpy that the f'luic would have after compression,
if' the process of compression were isentr~pic, is

'['-1

":'20 E10 (Rc ) 'r

The ef'f'i c1 ency of comnr-e s s Lori 13 by dei-ini tion

-,

- "'-"10

(Avalue or 85 percent was used herein for ~c.) The
errthaLpy af'ter compression is a c co r-dd ngLy

3etween stations 21 and 22. nr.e &ir passes t.hrough
the heat exchanger. The chanses in ~reS3Ur€ and ~~thal~y
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that are effected in the heat exchanger are discussed
aeT;Jarately.

Between stations 22 and 30 combustion occurs. The
enthalpy at station 30 is obtained by assignin3 a max~um

permissible value to the fluid temperature. Tae pressure
at station 30 is taken as equal to that at station 22.
In other worGs, no account is taken of losses of pressure
in the combustion system due to friction, cr~nges in
passage shape and size, and the acdltion or heat. In
practice, the sum of these losses may be fairly large
but not enough data are available to make satisfactory
calculations of the lasses. If the open cross-sectional
area of the combustion cLfu~cer is ap~roximately the same
as the open cross-sectional area (~or one fluid) of the
heat exchanger, the ~ressure loss due to the addition of
heat to a compressible fluid can be shovrn to be of the
order of 1 percent of the pressure at station 22.

T~e fuel-air ratio is

E~O - E22
;'

where the enthalpies refer to the mixture o~ air and fuel.

~he condition is made herein that the working fluid
issues from the exit nozzle at Tree-stream speed as well
as at free-stre~l pressure. This condition necessitates
the use of trial-and-error methOGs for the calculation
of can~iti0ns between statlo~s 30 ana 53. The procedure
is to use an estimated value 0f E43 in calculating con-
ditions at the other stations that follow station 30.
The enthalpy at s'tatian 53 is given by the relation for
the enthalpy change that 13 reqUired to accelerate the
rluid Trom zero speed to free-stream speed

where an estims. ted value or E;!,z
'-;...;

is static, not total, entr~lpy.

at station 43 is

V 2o
2gJ

is used and where E53
~he required pressure
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The pressure at e t a t Lo ne 41 and ~.2 is that at
~tation 43 with the absolute value o? the pres3ure loss
in nne rie a t exc hange r- added. The e nt.na Lpy ~t e t a t.Lo n 4.2
1.3

51'2'-r

The e nthaLpy at station 41 is g1 yen by the equat.Lo n
defining the turbine efficiency

~30 - Ell
:.:;Z() - Eh2

.-'

(In the present calcula t Lo ns , TlT wa.s gi ven a va Iu e <)i'

Cs ·ner-c:E'nt.) lJ:'he errt ria n Ly a.t Si.,c::..-ej.'_'il ';"3 l s T.}L:::::r'O::::;".-,re

s.nCi. t.hj.3 ve Lue of E43 must check "jd th the e s t Lrnate d
value 9reviously used.

~,-I,'1.e total wor-k done by th-:: turbine is £30 - 31.;.1'
)f' this quantity, :c.21 - EllJ is t.ne worri: l~l0ne ,J11 the
?Ompr':-:3s:,r a.nd the remb.in6er is t:c.lP i"',Jr'l~ 6,)n6 o n the p1"0-
~)(. -:_L,r. Ti-...e wor-k done on tl1.E: pr-o o e L'Ler- is t,~,len l!l1~ltiDli('c:.

by tht:: pr')"?e.ller effi cl e ncy , whl en in br,e pros ent 'b.pl3:r.'
ws.s ('5 ne r-c errt ,

E~~t-Ezchan;e Sycte~

.c:..D ana Ly e I sis gi ve n of the Ilea t-excl".i:iDbe 8:T6 tem
t ha t Ln c Lu de a the equations fDr oa Lcu Lati ng t he r,j, t e ,.,i'
heat t.r-anar ez- and the pressure '::r:)f1 in tL.e heat ·'jXdH~.::'1.:;(;rS
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and the method of calculating the core dimensions and the
installed weights of the heat exchangers. The basic
equations of heat tr~srer and pres3ure drop used in the
discussion of the heat-excLange system were taken from
reference 5.

The available temperature difference for heat transfer
is Till - TZ1' The drop in the temperature of' the hot
fluid 'divided by the available difference is

T4l - T43
tIl.:_l - TZl

The rise in the temperature o~ the cold fluid divided by
the available· difference is

11 =
T22 - T21

T41 - 'IZ1

As a convenience in making the calculatio~s, the approxi­
Ir.ate relations

E~l - E~_3

':::1.;.1 - EZl

&..nd

II =

in WillCh te~peratures are replaced by enthalpies, can be
used. The resulting inaccuracy is about 1 pe~cent.

~he fuel-air ratios are so small that the weight vi'
the ~ue1 can be neglected. The energy-balance equations
for the heat transfer are there~ore
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&nG the quantities '"--

- "..~ (E'
-,,~ 4.1

a.nd 1') are e4ual.

The heat ex changers coris Lde r-e d rier e Ln are cho sen to
'us of the counterf'low ty;:>e. 'lins mean t.emper-a t.ur-e dif-
fe r-e n ce between the hot .fluid and the co Ld i'luici e xpr-e s s e d
9.5 8.. i'raction of' the a va i Lab Le temperature c:ifi"er'Ence is
a c co r-d'i ngLy

t
r.. - n
'T

1 - "n
In.5e

1
.~- S

pr)r ~: = 11, tllis expr-e s s Lori is a nce t.e rm Lnat.e . Appli(:C::..­
+:i:Jn nf L' Hos p i, ta.l 1 s r-u Le ahow s , nowever , that when S -. 11

;-:.:l-c
;;, -'

~he rate 0f heat transfer 1s

A. •. -
.:J,""'::;'...:

= ~·rc:.t---=.
"'. ..' .....:> G·~::

where

1
US =

] -r
..L

+ --

Ina.si"1uch as hI is ver'Y
is very nearly e~ual to
c~n be ~ritten as

nea.rly equal to hZ a.nd 31
SZ, tile r-a t e o r ilea t trl:i.li.sfeJ:'

:~

:;:f t::..is equation for the rate .::,1' heat t.r-an s r e r- is d1vl,:."tf,'c:.
'by W bEi ano 0.21.;. is au o e t.Lt.u t e d £'01' c-. .
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3ut the rate of heat transfer is also given by

so that

.~

a.nd

The pressure drop due to friction in the heat
exchanger 1s given by the relation

up ~= 0 .18.4R- O.2 n.lJ
q

21

where the value of q is that inside tLe he~t-exchanger

~ubes. The relation between ~p/q and S is therefore

,•. p; C
'""'q- = 3·55 =

1 - S

The value of ~p/q therefore depends only on the value
of S, and the value of ~p can be obtained when S
and q are known. The value of q is given by the
relation

q = ~V2 = .E-. (/~'l\ 2 T + 460
2 23 A) P

,/

where R is the gas constant,
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R
0;fJ(T + 460)

" .
~ I. ....

nne-fifth at: the value oi' q was added to the pres sur-e
(roD calculated as just indicated in order to take into
i.c coun t the Lo s s occurring bot the exi t of t he heat
ez.change r ,

'!'he calculations in the present paper are mace on
the basis of' stagnation pressure and stagnation enthalpy.
~he equations just given for calculating tp are strictly
valid only for calculating the static-pressure drop due
to f'ri c t.Lo n , Inasmuch as the Mach number of the fLow in
tbe heat exchangers is very small, however, the drop in
~otal pressure due to friction is very nearly equal to
the drop in static pressure dve to friction. Because of
the ratr.er small temperature differences in the hea~

exchangers between the tube walls and the fluids, the
c hange s in total pressure due to the trb.nsfer o f' heat to
and rrom a compressible ~luiG are in mest cuses quIte
sma.ll. Furthermore, the effect of the loss in total
pressure due to the accelerati)n of the colO. fluio thb.t
results from heat transfer is partly offset by the e~rect

or the gain in total pressure due t~ the deceleration ot:
the hot fluie. The chanoe in total pressure in the heat
exchan6er was therefore considered herein to be equal tc
the change in static pressure due to friction.

Par a gi ven value of A/W,
tau.nr) from the relation

R =
gl.~ A

the Reyno Ids number- Lc

~he len[th of the heat-exchanger tubes is given by

L = 19.3 (D \) 0 .2 (1,'/ '\ 0 .2 S
D 6Cl- A) 1 - 2

'\ / .' .-

l'he heat exchangers co risLde r e d herein are made 01"'
circul~r tubes. The tuLes are made of stainless steel
&.nd ar-e of O.25-inch inside c:..ia:neter anc O.020-inc.h w!ill
t}:,.1 ckne s s . The center- to- center apac I ng of t r;e t ube s is
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0.34 inch and there are 1250 tubes ;Jer squa.re .foot of'
r.eat-exc~anger rrontal area. One fluid f'lvws through the
tubes and the o tih...er i'lows over tile outside of" the tubes
in the direction of' the tube axis. 30th .fluids £low
t:~ouSh passages of equal hydraulic diameter and of' equal
cr0ss-sectional area. Por each fluid, the ratio of' open
f'r'):::ltal area to tt.e total f'rontal area cf the heat
6xchan~er is 0.426.

The speci£ic weight of' the cere is 71 ~ounds per
cubic root of' heat exchanger. The weight of' the core is
given in pounds per pound of' air per second by the

expression 3.47 L ~ or 67 (D') 0.2 (\'~\,0.8 ( s ')\.
D .~ \gfl./ ,H / \.1 - S

The weight of' the heat-exchanger .installation (core,
shell, ducting) is t&~en herein as 1.5 times the cal­
culated weight ~.f the heat-exchanger core.

In order to show graphically the interrelations of"
the installed weight o.f the heat exchanger and the
e.f£ective~ess, the cross-sectivnal area, and the length
0f' the heat exchanger, .fi~lre 39 is presented. Although
the quanti ty D/g~L is cit'f'erent f'or the hat and the cold
sides of' the heat exchan~er. it enters in the equations
only to the 0.2 Dower. in Figure 39, a constant value
0f' D/gfl. of' 1100 square Eeet-dec~nds per pound was used.
The tube length f'or any of' the heat excp~ngers discussed
herein may be deterwined .from .figure 39.

EI~~ect ~.f Altitude

The effect of altitude, or atmospheric Qensity~ on
the cross-sectional area and the wei~~t of the heat
exchanger caL be obtained as follows: In the analysis
given earlier, the he&t-exchan~er effectiveness S is
shown to be related to tLe pre3sure Grop and the dynamic
pressure in the heat exqhanger by

For constant values of
be constant but

l

~ c;
f:.p

1 - ~ q
r-
.=:

S and 6p~ therefore, q must



POI' co ns t.arrt q, therefore., the relation

A .- (1~O.5
- u- -", ,';
;. \1" /

must be satisflec.. (Although tJ is in tl'lj.s ex oz-e s s Lo n
the r;.ensi ty in t.r;e heat exc hang e r , it is or'o po r t Lc na L to
::..tmos:.)heric c:.ensity f'0r c::mstant COIDDreSS0r efficiency
8.r.Ci compr-e s sian 1'8. tic. ) 'rhe wei~·)::t of t ne he a t exchanger­
per "C-,ound of' air pSI' s e c o nd l"..B.S been s~'JOW!1 to be gi"len,
for con.stant values of D/gl-L, by the rel8.tiGn

?~r cansta~t ~ therG~ore,
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SC'v""RCE OF TF"F'ID£ODY1~AMIC DATA FOR AIR

The data on the ther~odynam~c properties of air
given in reference 6 were ~sed in making the computations
for the present paper. A t~ble of the enthalpy cr~nges

associated with isentropic pressure changes is presented
in reference 6. The use of this table eliminates much
tedious calculation or interpolation on a ~ollier chart.
~he ranee of ini tial t emner-atur-e i'or ;<,-hich the table is
given is from 9000 F to 20000 ? "~~en the initial
temperature in any calculaticn w~s 9000 F or more, the
table was used. When tLe initial ·te~uerature was less
t~n 9000 F, values of y were us~d that were obtained
from the plots given in reference 6 of c p and Cv
against temperature.~·\·hen it -Nas ne c e s aar-y to t'ind the
e irthaLpy co r-r-e apo ndd ng to a gi von value of' the temperature,
t~e following relation fr0~ reference 6 was used:

_. -1T + 460
.r:;. - c aTp

o

+ l.loh x 10-9(~ + 460)3 Btu ~er pound
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'[fig. 35a,b NACA RM No. L6109
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