US010507934B1

12 United States Patent 10) Patent No.: US 10,507,934 B1

Dyson, Jr. 45) Date of Patent: Dec. 17, 2019
(54) THERMAL MANAGEMENT SYSTEM (56) References Cited
(71) Applicant: United States of America as U.S. PATENT DOCUMENTS
represented by the Administrator of
NASA, Washington, DC (US) 4,584,840 A * 4/1986 Baumann .................. F25B 9/14
60/517
(72) Inventor: Rodger W. Dyson, Jr., Elyria, OH (US) 4,722,200 A% 2/1988 Hofler ...oc.ocooveveece. FzSBﬁg%i‘g
. _ : : 4,858,441 A 8/1989 Wheatley et al.
(73) Assignee: United States of Amerlca- as 5901,556 A *  5/1999 Hofler .....ccocovvvvvnn.. FO3G 7/002
Represented by the Administrator of 62/467
National Aeronautics and Space 6,374,617 Bl 4/2002 Bonaquist et al.
Administration, Washington, DC (US) 7,131,288 B2 * 11/2006 Toonen ................. F28F 13/003
62/324.1
( *) Notice: Subject to any disclaimer, the term of this 2004/0093865 Al1* 52004 Weiland ................ FO2G 1/0435
patent is extended or adjusted under 35 60/520
U.S.C. 154(b) by 505 days. 2006/0119224 A1*  6/2006 Keolian .............. HOIL 41/113
310/339
: 2008/0223579 Al 9/2008 Goodwin
(21) Appl. No.: 15/344,661 2011/0162827 Al 7/2011 Riley
(22) Filed:  Nov. 7, 2016 (Continued)
Related U.S. Application Data Primary Examiner — Philip J Bonzell
(60) Provisional application No. 62/251,989, filed on Nov. Assistant Examiner — Tye Willlam Abell
6, 2015. (74) Attorney, Agent, or Firm — Robert H. Earp, III;

William M. Johnson
(51) Int. CL

B64D 41/00 (2006.01) (57) ABSTRACT

B64D 33/08 (2006.01)

B64D 27/16 (2006.01) A thermal management system for an aircrait 1s provided

B64D 37/34 (2006.01) that includes thermo-acoustic engines that remove and cap-

F02C 6/18 (2006.01) ture waste heat from the aircrait engines, heat pumps pow-
(52) U.S. CL ered by the acoustic waves generated from the waste heat

CPC B64D 33/08 (2013.01); B64D 27/16 that remove and capture electrical component waste heat

(2013.01); B64D 37/34 (2013.01); B64D from electrical components in the aircraft, and hollow tubes

41/00 (2013.01); F02C 6/18 (2013.01); FOSD disposed 1n the aircrait configured to propagate mechanical
2220/323 (2013.01) energy to locations throughout the aircraft and to transfer the

(58) Field of Classification Search clectrical component waste heat back to the aircraft engines

CPC F25B 27/02: F25BR 9/145: F25B 2309/1403: to reduce overall aircrait mass and iIIlpI'OVE: pI’OplllSiVE’:
F25B 2309/1407; B64D 33/08; B64D efliciency.

37/34; FO2C 6/18; FO2G 2243/34

Combustor —

See application file for complete search history. 20 Claims, 6 Drawing Sheets
I{J{}—\
202
202 200 Ve
Compressor L N Compresser
| DA} ‘m!ﬂH !
|—— A '_‘“——d--__H_"""'--_
e AR v = — Combustor !

A2
I l 30 'w [ ] 30, ’
Turbine (60 \ NI T 160 Turbine
120A = = |
_\; Heat Engine Heat Pump Heat Engine i 1204
= 1
T 70 Al 1208 Generator N Al 170 T
h 140 - 208 140 b
; Electric || ;
< Motor N 208 c
t 204
‘\ / l Ducted Fan L\_ 408 '\t/

IR I~ T~ |



US 10,507,934 Bl

Page 2
(56) References Cited
U.S. PATENT DOCUMENTS
2013/0092350 A1*  4/2013 N. ., FO1D 5/084
165/51
2015/0207157 Al1*  7/2015 Ono .................. HO1M 8/04007
429/408
2016/0007773 Al* 1/2016 Renshaw ............. A47G 9/0215
62/6
2016/0177802 Al1* 6/2016 Courtes ..........oeeveveeen FOIN 5/02
60/320

* cited by examiner



US 10,507,934 B1

Sheet 1 of 6

Dec. 17, 2019

U.S. Patent




US 10,507,934 B1

Sheet 2 of 6

Dec. 17, 2019

U.S. Patent

4
i s BT

-
-

E

a1
¥

L]
3

| I




US 10,507,934 B1

A .
E L™, k-
h RN .
- F
. L E o g e
. . ”, LA R .
Lo A A N A NI
A XA R EXEXEERESERYNERDE B
S N .HFHv“HHHHHHHHHHHﬂxﬂﬂxﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂlﬂllllﬂﬂ .IHI .
(R M M M N NN N MERRERIE k
. . (LA N XXX XX RLEXALEREREDNE ]
A HHH Hﬂﬂﬂl ] Illlllllll

]

Al
HH"HHH
Xx A A AN

A

HH! L

HKH"HHHH?‘HHHHHH
'HHHHH A

X,

Dec. 17, 2019

L N K

! ! ) HH!H..“HHHHHH HH“..”P
. o i
. L
N R A

A i, i
A

oy

- e | R S

L FR SRR ORI

~N— L L |

- : S B



US 10,507,934 B1

Sheet 4 of 6

Dec. 17, 2019

U.S. Patent

[ ]
]

e e i N
e
EEERRERRERERR
. rEEREREEXRRER
el a"n"n"n"a"a"a"n“n"a"l A
EERER EREREEXEREEER  ®
"__. n"__."n“a"n n"n"a“a"n"n“n"n"n“n"a "..“a"n"a“a"a"a“n"a"a“n"n"a“a"a
= EERERE EEEEEEERERRER ERERXIEIRERR
] E R R ER R R R R EERERER R R R R
" EEEERERETRE EEEEREEREXER REREEREERERR
X X ERRERER ERERREXRERRERR EERXERRERRERERRERER
x X EE R KR ERE FEEEREREETXRRER EEREEERERX
X X ER R xR R R X R R R EERERRERERERRE
x x EEEREXER EEZITXRAIEXRXER R rXEEERREERER
" EREERRER X e R R R R R EERERRERERRERER
" x EEERERREE ZTXREREERERR EXRREERERXRRE
" X ERERER ERERREREXRERER R KRR RN KRR
" x XX XK EREX FEEERERIEEEER RXEEERRXETXETXEERTE
" E R R REERREERERERE EEERERREEERRERRERERRE RER
Ex EEEERER FEREEEREERER EEEEERREXREREERER
" X EERRER EREERERERTHR R N m K X
. E R FEEREREERETR EXEERERXEREEER EER
X ERRERER REERRERERRERENR EXREERRERR XRRERERER
®EREEEEE FEEEEEEEEE EEE R EREEXEEREEERETR
X e R R R R R R EEREERREERRERERREERREREN
“a"a"nn na"__." S "a"a"a“a“a"a"a“ a"__.Ha“a"a"n“a"anananaannn"a“ "a"la
nnna.." n“nn e n"n"a“n "n“annan“a"n"a“
rx EE xR EEREERERX
" e m " xR’ R N
EER i REREEREER
X xR x x EERRERRERE
e e x ®E EEREREERERE
R X ® " R R R
n..la"__. e’ a"__." l"a"a“a“a
R R
ll . L4 u
R ]
xR X
XRERREREERRERREREXRERE " EE R W
" wr e e e e e e e e a “..Ir.
X x S " s o
e e e e T " T
. EEEERE EEEREXRERZE EEEER EREXERERRERXIEEERERERERR EERER v M x EEREEREXREIRERERTR
x EXERXERREERRERERERERRKERX X e R K "X R RN XN X X R R R R
®r EEEEEFEEFEREEFXEFEREErFR XX BEEEREER EERZIERRTR ®_ X * = | E R R
r x ERRERREERRERRERRERERRERERR ERR R xR xR xR R X R R R
x_E EEREEX XAREEIREERER AEREXAERRRER x x il " x EE RN
N, X X R R R R KRR R R R R R R i i X e R RN
W X FEFEEFFEFEREEEFREERREREEEREERER . w o EE EEERER
N EXEERERERREERRERXAEXREEREREERR L L R _K X R R E
x X a"__."..r EREER ".."a"__.".."a"__.".."a"__."..“a"__.".."a"a“a“a”a“a"a“a"a“a"a“a“a M " “;“a" na”ann“a“a"a"a"a“ __.“..” "an__.n..___an__.n..lan:nalanaaalnn:na"a"a"a"a"
o e " X £ R R E e R e X £ T K X e I T e I It T I IE T I I X K . P R JE_FE_IE e A I I " x X N R R e R X
MR R NN i i A A R EE RXR R EREEER XEXERXXIEXXIEXIEXEERRE XX RXEXXXIEXXRXIEERERTR R R EERERREREEEERXXEXERERER
i o A ) xR RERRERERRERERREREREERRERERREXXRERRRE XN XK X KRN EREREXXERXXRERERERREREXRER ) RERRERERRERERRERRERRERERRERRRR
. . Eo o i i e R E R XX 2 EER TR R EXAERERREERERERXEXRERERXXER e N A R R X e R E R TR R R R R E R X R R R XXX X R R
O R A A A A A R R R IERERRERIERRERERREREXIRERERREREXZEIRRERXRR MK XN X ERERE XX EREREE XX ERXERXREXRE X EERREXRERRERRERERERE XXX XRXR
. ! : AN RN AN o ) RIEIEXEXXERR EXEXXIR XXX IR XA XX AREXAR IR X XERRERE XER Ry XX XX E X XRRXREAREXXXEXERERR EXIREX X XXE XX AEER XX XERR XXX
A A R A A A A R R NN ] TP P A X X R A e PE M A PE I e P e e A M I P e _IE P I I I KRR XA R RN R RN R KR ] KX R AR R R RR xR R RR R
X ; AR AR ZREREREXXENT EX ZXERRER XXX X IR EEXIEREEXIREXXEX LR ZEXXEXREXE XL XEREREEXEERE XXX EXXXERX XXX EXREREXXIERREREREREXXREREXXEXRXRR
. . R R R R x EERERREREXREREXREXZREREERRERERRERERRRERREF ¥ W XXX XXX XXX E R "X RN e EEXRERERRERERIERIRERRERXRER
. . . . EEREEEXRRERE XX EXR R EXXEIREXEXXTEIEAREEER X ERR VE A X XX XXX R XXX ERER XX AR E XX XX R ETXXXTXEEEXREXR XREXXXRREXR
R EE R R R EERREERERERERXERERERRERERRERERV EK X XN R e X X e e X R R e X e R R R R R X ] EERERERERRERERRERERERERERZXRRR
. LT EERIREXXRERER RS EXX IR IAREXIEEXXERRE R AT AN ZX XXX XA XEXR XXX EX XXX XAERXARE XN EREX KR XX XIRERXXREAIREXXXEREX XXX XXX EER
X X R K X A e e X e e xR e e e e e e e IE X R X A A e A X e X X R X X I I X RERXXEXREIEXZREERERREXZERRR
. RXRERRE XXX XX EERREERZIREXERXRERS N X XX XIREXIREREXAEXEXLERE XL EXEXEEX XXX XXX EEX EXXXEXEXEXEXEXEXREXEX XXX EXXRERER
T EEREREXAERRERERXEAEEXLREERREERREEXRERERR KN X X A I EREREXXERRERERXTREXXEXRREXTRREXRERERER XXX e XXX REXRRERERERREXRERXXRR
. RERXZEXRRERIEXRERENL TR XTERREERRERR T ™ Lo, XXX XXX XEXER LR XXX EXEXEXELERELXXRELH xR XXX ETER TR XXX XN
TREREERREXEREXXXEREXERERE ~ TRERREREXREX T alan ALK EXRERXXERXEREXXRERTXEXXEEXEERERERTXERREI o TEXREEIRERREXERER XREXRERRXX
. EREXR IREX X XER X EXREX AR XERX . "L XX N a ZX XXX X XXX XXX EXE XXX EXXREX X XXX R ZX XXX XAREXRE XXX XXX XEX XXX X XN
X PR B A e X X o i, P A e P T e A e ¢ A AT ¢ Al T e e A e A T e IE P R I X XX R R R R KRR KRR X
IEXXEXERERXERRERER AV A R R e g EXXIREXXEXEXEXELEXELEXEXEXEREXE XXX XXX XX XREXEXEXER XX XEREEXEXERLXXXN
EX XXX XX ; | XREREXRE XXX XXX XXX XXX XXX N X ZXXR IR XREXRE XXX XXX XXX
R X R R XA AW X ' x XA R KRR AR R A AR R A R e R R X AR R AR R A A R AR R R N
i > : ] i X XXX XEREXEREREXREEX R XXX EXRX
. . XXX XNV KN X e A A X A E R R XX AR AE AR AR XA XXX AN A XX A XA A XX A XXX XXX XXX N XXX XXX XXX E XX XXX L XX
xR ; e M PE P e PE e PE ¢ A PE PE FE_FE PE FE A A A PE A FE T PE A T e FE FE PE A PE A P A P A A A A A A A e A e A e A e e e R e R x X o
. xR I XE IR X EEXIREIR XM EEX X EX X EX XA EX X EX X EX AR AR ER AR XX EX XL EX XA EXE X XXX ER AT XA XXX XXX ERE X XXX XXX XXX EXEXRELEXEXEXEXELEXX XXX
X R XXX EERE R X X EE R EE R R ER R EREE XX XXX LR AR AR AR R XX XXX RN X XXX RER XL X TN XL R RN
; XXX AR EE XX ER XX EX X EX X LR E TR A EE XXX LT ALK o
; R X KX X R RN KRR X TR NI N xR XXX X R XEEER TN RN TR
. : X ¥ ZXER XXX XL XN XXX E X R EE AR AR EE XA E XX AN A E XX RN AR E XX E XXX XL XXX XXX TN XL LN
o o A O
K ! . XXX NN TX ZXEXXXEX IR X EXELEXEEEXLEEXEEENEELEXELELEXREELELELEEREELLERXX XXX AKX
RO TR AR o XXX XX XXX XN XX RN RN RN ELEX TR O
i e e : R A T T K R T A e e e
PR i o A A A A A R A A AR AR RN i i i
L, i X XX O 0 U U 0 0 0 A 0 0 0 0 0 0 0 0 0 0 0 0 )
' o o A i i
i A I A I A A, B A A U U 0 0 A i, i
o o 0 0 0 A A A A A A A I i
AL A A i A A A A e A i iy
A O A A A A A A A A A i A A 0 A A A A A A
A A A A A A A A A A A i ; A A A A
A oo e o A A A A A A A A o A A A
A Hﬂﬂﬁﬂ#ﬂlﬂ:ﬂﬂﬂ:ﬂ:ﬂ#ﬂvﬂvrxv.. rr.wr. xrx”xr..._”x”xrx”xr A Mo P A o o xrxrnrnrv.rxrxr.nrnvxrxrr.rxrxvnvvrx”x”xr rnrxwxrnrxr
. o o e A .u_ C, " ”xv wx” r.”“v .r”“xr.rv.rv A ;
: x X __.x"xnx__.xa ”x“ e xnxaxnx”xn 2 e R x xx” XK R K K r.._“”xwr.ﬂ A xx”x” “Hvr R A AN A A P AL L AL A v“
e e R R " i e e e
P AP, e e e P e PE e PE I T PE P e PE I A PE R PE P X B e e A JE R X T xR e R R R R R R AR A e R R ER R R ER R
. . XX R X E R X E XXX E AL LR XL LR ERERETEREX XX EX LR XENR x_E Z XX IREXIREXIRERTERE XXX XEXRX 2 XXX IR IERREERIREX X ER XERREREXEREXREEZIERERERREREREER R ERX
. . R e s s L bt e et o
- . x ] a ’ ot A SRR gl i i i i i e A T i
e’ e e o e e

Ml
|
Al
Ml
FY

SO
A AN EERER -]

A

AR R R

o




US 10,507,934 B1

Sheet 5 of 6

Dec. 17, 2019

U.S. Patent

e

R i i e T
- Qi llnn__.nnnan__.
B e
W e e
_..w..__n.rn..__.n-unnl e

” P _
S e W A = .
||| _-I-.I-. _- Ja iy rvlﬁtu o o -. - l"ll
- ) ) _- Y . : A, e - " ]
.qI-__-_-_I-_-I_-_I-_I-_-I-_"-_“-iun_"-. - . A lr-_-_-_l-.--_-_-_-_-_l_-_ & lllnl-l .%“1 e
Pl e .tl nm . L -
-_I-_ A B » o ll-llllliil nE s 'R N
; e e N ey
k | lﬁ | L] .
n N ] K
| ll" lllll LR b E_F
.....". : ...“n.nwx R&. %
n Pl . Er
» " u P W, e T e ]
-_-_-_-_- -_-_-_" o o . -llu"“- l-u--iin B A e e e e e v e W oy
u n L I el e N Y -
) . liu-l e A T RGN dr i e e i T e XN
) n nEE e e e R e T e e E R EE R,
- u nr L T R s P A o
__.t.T ﬂiinu.-_ e LN N R s P e e
. F ]
..“..v “l.. - .... .""......". e “““..“.. e e e
* ] 1l|llnl rrmNERE ll- = u lll- x Wy e ar e T T g Yo e ar T T T e Yo T e T T
m) " e e e . n . . L e e e e e e 2
e lnlnl "u"n llll B W e e e e e T e e P A A
. ln lwi liiluﬂiilll -lini lll“lluiilllllllll-lll-l lll-llﬂi " am wow e e aae ala aa  a  Wa
u x . . o . L IR i e T T e », .
am liu. A EE e R R E r lll EE E EEE. e R R N Al lnlj-. *
l - m ll" l" o l" e -llnll-nll" . -nll"-_"nl e "- - "_..| T e e _._-""__
n Y l e -nlnlnli“lnnlulnl u -ll- llnlllnn-lnnllnnnn__.n-nlnlnlulnlualanlnnlnnnn-lnnlnnnlnalaul e l e e e e T e T e T :
e E R T EE R TEE R EFNEEEEE R E EEEREXEREEREERERER EEEERER i o R N Pl A
llllll-lllll.ll o ulnii o E n."lln.. . R ..n__.lnlann R R R R s lannnalnnunananlannanlnnlanu L, | _-""-._-_-_-_-|.-__-_....._.._....q.q....q&...#&...&k...f.r....r.rb“.“.“1._1._1.._....##.,_....&.... Aol '
FEE R T T T, n l n e . e e o M A A A o A e R
.4._4-.-....._1-.-.1-.-.11-.-1 l-u::_._.:au-_n .alﬁ.a.a. L N a nEEr SuTa T G ) .. : I S b i Pad. " Pia it
R A A N A L T T g W TP i R ..:..:....a.n-.nn-.:n::n u pe Rt - . ae A e AT N Nt TN, A N WL
. F : e SELI : o o e g ot ol
..................... Bl ol 0 M M dp dpodp dp de B omom e g el -
A A A NNl W e
.......... .-_l".-..-..-..................._.n.__.. : Fol ot .
o b n [ ]
-_.“t gy, ._.__-.I.l.._.._..ul.__..__..._. o e e ..
....... _-_1-.-_1.-._-_.____-..4.___...4.4...&4...&._1...__ M a e o
/!f'... .. Won o ...4.4#.4:..__..._ l. "-. "" “-_-__-_-_--_ " .-_“"ul-_..n_-_—l. e g
LT .. A K u S )
. . aaaaaaanalllll -. i
. R R » .
L. " & R ER X R n o
. EREERZTZEERERN -.--.-.._ .
gttt m r C P K A l““ll“l T
. . ; X N R X L -_-_ -
: N . RO BT A RC ORI i T
m” w B e s s S PR
WA e i e E W R L KRR K EE R E R E . n llw o
e e e e e e > e MR R, nlll- x
g e i e oA N -“ll
....... R e n . . Vl i
.-_u_.i._.i_a.....k F | R s
S IR Ay’ 5 ._.._.v v.vxa.._.l“n-l o uannanuannalua al"l"n:. T II""-‘
Lt L. o o o R e R .
" n
x x

-I ||
T
.h

- HHHI KK
.. .__H.HHIIIIIIIHI E .
. v.v#ﬂlﬂllﬂlﬂlﬂlﬂlllﬂlﬂﬂl Ill K
- ol .. FHHIIIIIIIIII!
l-._ LRI #HHHIIIIIHIII.
-5 . u_ » HFHHHHIIIIIIHIIIIIHHIH?

g ._.4 A _.,,ﬂnwwwwwwwwwm

(M R A N

: ’ S I
R R . e .._.__u_vﬂﬂllll
. VA e m o

-qﬂﬂﬂl
HHH

i i
ol

HHI
HHII
'Il'i!ilill
e i



U.S. Patent

Dec. 17, 2019

600 -
\

602 ~

604 —

608 ~

610 ~

612 —

614 -

PROVIDE THERMAL

MANAGEMENT

SYSTEM

CAPTURE WASTE
HEAT FROM

TURBOFAN ENGINES |

" CONVERT WASTE
HEAT TO SOUND
WAVE

PROPAGATE SOUND |

WAVE ALONG

HOLLOW TUBE

CONVERT SOUND
WAVE INTO

USE ELETRICAL

ELECTRIC
COMPONENTS

ENERGY TO POWER |

Sheet 6 of 6

-~ 610

HEAT FROM
ELECTRICAL
COMPONENTS

618

HEAT TO HOT HEAT |
EXCHANGER :

620

RAISE REJECT TEMP. |/
OF WASTE HEAT |

FIG. 6

DISSIPATE WASTE " 622

HEAT

' TRANSFER USABLE | — 624

| WASTE HEAT BACK

TO TURBOFAN
ENGINES

PREHEAT FUEL AND/ | — 626
OR AIR TO

" TURBOFAN ENGINE

US 10,507,934 B1



US 10,507,934 B1

1
THERMAL MANAGEMENT SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Patent Application Ser. No. 62/251,989 entitled “Flight-
Weight Electric Aircraft Propulsion Thermo-Acoustic-
Based Thermal Management System” filed on Nov. 6, 2015.
The entirety of the above-noted application 1s incorporated
by reference herein.

ORIGIN OF THE INVENTION

The 1invention described herein was made by employees
of the United States Government and may be manufactured
and used by or for the Government for Government pur-
poses without the payment of any royalties thereon or
therefor.

BACKGROUND

Full-scale electric aircrait requires approximately 50 MW
of electric power to be delivered to electric motor propulsors
that are strategically distributed throughout the aircraft for
optimal system performance. The complete power system
including a turbo-generator, distribution, protection, con-
verters, and motors all generate heat that must be dissipated.
Studies suggest that over half the mass associated with a full
clectric power propulsion system 1s attributed to the thermal
management system and as such 1s likely a key limiting
factor to achieving economical flight. Moreover, as the
operating temperature 1s reduced, the power and motor
components become tlight-weight and more etlicient but
often at the expense of increased thermal management
system mass. In particular, the best system performance 1s
predicted to occur at cryogenic temperatures. Ideally the
aircraft thermal management system can lift 500 KW or more
of heat from 50K to 300K with a mass of 3 kg/kw or 1500
kg overall.

Today’s aircraft generators are cooled convectively with
jet fuel that 1s readily available at ambient temperatures.
This 1s safe because the aircrait bus voltage 1s below the
Paschen curve at 270V. Even 1f the insulation fails, a spark
1s not likely to form and ignite nearby jet fuel. Future
aircraft, however, requires a bus voltage of over 4500V to
keep the overall system mass and etliciency optimized for
flight. At these high voltages a spark could 1gnite standard jet
tuel as well as the alternative cryogenic fuels such as liqud
methane/hydrogen.

A second approach 1s to provide an inert cooling fluid
such as liquid nitrogen and utilize a heat pump such as
reverse Brayton to refrigerate the tfluid. This, however, 1s
difficult to achieve flight-weight systems with that approach
due to system complexity, which includes coolant pumps,
vacuum jacketed plumbing, size-able heat exchangers and
recuperation mass. Further, such a system will deplete power
from the turbo-generators to operate the turbo-alternators.
For cryogenic systems it 1s not likely possible to directly
shaft connect the warm turbo-generator to the cryogenic
turbo-alternator or other combinations 1n which an ambient
component would be connected to a cryogenic component.
Other approaches such as convective air cooling are 1nad-
equate for the amount of heat lift required in full-scale

electric aircratt.

SUMMARY

The following presents a simplified summary of the
innovation in order to provide a basic understanding of some
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2

aspects of the mnovation. This summary 1s not an extensive
overview of the mnovation. It 1s not mtended to identity

key/critical elements of the mnovation or to delineate the
scope of the mnovation. Its sole purpose 1s to present some
concepts of the innovation 1n a simplified form as a prelude
to the more detailed description that 1s presented later.

In one aspect, the innovation disclosed herein comprises
a thermal management system for an aircrait that includes a
plurality of thermo-acoustic engines configured to absorb
waste heat from a plurality of aircrait engines, a plurality of
heat pumps configured to absorb electrical component waste
heat from electrical components of the aircraft, a plurality of
first hollow tubes disposed 1n the aircraft configured to
propagate mechanical energy to locations throughout the
aircraft, and a plurality of second hollow tubes configured to
transier the electrical component waste heat to the aircraft
engines.

In another aspect, the mnovation disclosed herein com-
prises a method of utilizing waste heat from an aircraft
engine that includes providing a thermal management sys-
tem having a plurality of thermo-acoustic engines, a plural-
ity of heat pumps, and a plurality of acoustic hollow tubes
and a plurality of heat pipe hollow tubes that transfer
mechanical energy and waste heat respectively, capturing
engine waste heat from the aircraft engine by a thermo-
acoustic engine, converting the engine waste heat into
mechanical energy, propagating the mechamical energy
along the plurality of acoustic hollow tubes, converting the
mechanical energy into usable electric energy, powering
aircraft electrical components including the plurality of heat
pumps with the usable electric and/or mechanical energy,
absorbing electrical component waste heat by a cold heat
exchanger of the heat pumps, raising a reject temperature of
the electrical component waste heat, and preheating fuel
and/or air supplied to the aircraft engine.

In still another aspect, the mnovation disclosed herein
includes a system to increase eiliciency of a turbofan jet
engine on an aircrait that includes a plurality of thermo-
acoustic engines configured to absorb waste heat from a
plurality of aircrait engines, a plurality of heat pumps
configured to absorb electrical component waste heat from
clectrical components of the aircrait, a plurality of acoustic
wave hollow tubes disposed in the aircraft configured to
propagate mechanical energy to locations throughout the
aircraft, and a plurality of heat pipe hollow tubes configured
to transier the electrical component waste heat to the plu-
rality of aircrait engines.

To the accomplishment of the foregoing and related ends,
certain 1llustrative aspects of the mnovation are described
herein 1n connection with the following description and the
annexed drawings. These aspects are indicative, however, of
but a few of the various ways 1n which the principles of the
innovation can be employed and the subject innovation 1s
intended to include all such aspects and their equivalents.
Other advantages and novel features of the imnovation will
become apparent from the following detailed description of
the 1mmnovation when considered in conjunction with the
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic illustration of an innovative thermal
management system for an aircraft in accordance with
aspects of the innovation.

FIG. 2 1s a perspective view of a heat exchanger including,
hot region, regenerator, and cold region 1n accordance with
aspects of the innovation.
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FIG. 3 1s a perspective view of a wing and engine section
of an aircraft illustrating a location of hollow acoustic wave

tubes of the thermal management system in accordance with
aspects of the innovation.

FI1G. 4 1s a close up view of a turbofan engine 1llustrating
one example embodiment of a location of thermo-acoustic
engines that utilize the waste heat exhaust in accordance
with aspects of the innovation.

FIG. 5 1s a close-up view of the wings section of the
aircraft 1llustrating the location of the hollow acoustic wave
tubes 1n accordance with aspects of the innovation.

FIG. 6 1s a block diagram illustration of a method to
utilize waste heat from a turbofan engine to generate power,
cool electrical components, and 1ncrease fuel efliciency of
the aircraft in accordance with aspects of the innovation.

DETAILED DESCRIPTION

The innovation 1s now described with reference to the
drawings, wherein like reference numerals are used to refer
to like elements throughout. In the following description, for
purposes ol explanation, numerous specific details are set
forth 1n order to provide a thorough understanding of the
subject mnovation. It may be evident, however, that the
innovation can be practiced without these specific details.

While specific characteristics are described herein (e.g.,
thickness, orientation, configuration, etc.), it 1s to be under-
stood that the features, functions and benefits of the inno-
vation can employ characteristics that vary from those
described heremn. These alternatives are to be included
within the scope of the mnovation and claims appended
hereto.

While, for purposes of simplicity of explanation, the one
or more methodologies shown herein, e.g., 1n the form of a
flow chart, are shown and described as a series of acts, 1t 1s
to be understood and appreciated that the subject innovation
1s not limited by the order of acts, as some acts may, 1n
accordance with the innovation, occur in a diflerent order
and/or concurrently with other acts from that shown and
described herein. For example, those skilled in the art will
understand and appreciate that a methodology could alter-
natively be represented as a series of interrelated states or
events, such as 1n a state diagram. Moreover, not all 1llus-
trated acts may be required to implement a methodology 1n
accordance with the mnovation.

Disclosed herein 1s an mmnovative light-weight and fuel
cllicient thermal energy management system for electric
aircraft propulsion systems for both ambient and cryogenic
systems 1n accordance with an aspect of the innovation. As
mentioned above, a key problem with current ambient and
cryogenic aircrait propulsion systems is the mass burden of
cooling the high power electric motors and electronics. The
anticipated significant mass addition required for thermal
management can nullify the entire benefit of utilizing elec-
tric propulsion 1n aircraft due to the additional induced drag,
on the aircrait. Moreover, the traditional method of cooling
aircrait generators with standard jet fuel 1s not cold enough
for use 1n future fhght-weight cryogenic systems. Still
turther, the much higher voltages required for tlight weight
systems (4.5 kV vs. 270V) mtroduces additional spark
1gnition hazards associated with alternative cryogenic cool-
ing fuels including liquid methane or liquid hydrogen.

In order to overcome these disadvantages, the innovative
thermo-acoustic-based thermal energy management system
uses waste energy from turbo-generators to thermos-acous-
tically create a pressure wave that 1s delivered, via a routed
duct work, to pulse-tube coolers located at all components
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requiring cooling in the aircrait. In other words, the thermal
management system uses aircrait engine waste heat to
produce a high intensity acoustic wave with no hot moving
parts that can be used for power generation or component
cooling. A temperature gradient between hot and cold heat
exchangers 1n a heat engine etliciently creates the acoustic
waves. The mnovative thermal management system can be
used for both cryogenic and ambient electric aircraft and can
be cooled with minimal mass, fuel, and risk with the
innovative thermal management system.

As mentioned above, the thermal management system
uses normally wasted energy from turbofan propulsion,
which 1s considerable in large aircrait. For example, the
Boeing 737 passenger transport aircrait utilizes open cycle

Brayton turbofan propulsion engines, which generate about
50 MW of thrust, but waste about 45 MW of the available
fuel energy through the exhaust. The typical exhaust tem-
peratures are about 850° C. which are 1deal for a bottoming
cycle. The innovative thermal management system recovers
this waste heat energy and uses 1t to drive a thermo-acoustic
based ambient or cryogenic heat pump.

Several embodiments are possible including channeling
some of the hot exhaust gases directly into a thermo-acoustic
engine to internally heat 1t, or to convectively heat the
external portion of the engine using turbine exit fins in the
exhaust, or to utilize the electric energy from a turbo-
generator to drive a pulse-tube generator. In each of the
above cases, an acoustic wave 1s developed that can quietly
and efhiciently transier energy via a traveling wave to each
component requiring cooling through a hollow channel/tube.
An acoustic heat pump can then be located directly at each
motor and converter to provide cooling using the energy
delivered in the tube. Each heat pump can be two stages,
which 1s beneficial for keeping the environmental heat out
while also rejecting the heat generated from within the
power system. Further, because the heat pump itsell can
reject heat at higher than ambient temperature this reduces
the size and mass of radiating fins.

Referring now to the drawings, FIG. 1 1s an overall system
representation of an innovative thermal management system
100 for use on an aircrait 200 1n accordance with an aspect
of the mnovation. The thermal management system 100
takes advantage of engine waste heat to create power gen-
eration, operate electrical components on the aircrait, and
increase the ethiciency of the aircraft engines.

The thermal management system 100 includes heat
exchangers 120, one or more first hollow tubes (acoustic
tubes) 140, and one or more second hollow tubes (heat
pipes) 160. The thermal management system 100 extracts or
captures waste energy from turbofan aircrait engines 202
using thermos-acoustic technology that converts heat into an
acoustic (sound) wave 170. Since sound waves can transfer
energy over a distance, the sound wave delivers energy
throughout the aircraft 200, which 1s converted into usable
clectric energy using a transducer such as a linear alternator
or piezoelectrics and can be used to operate electric aircrait
components including electric propulsion engines 204. The
delivered energy can also be used to operate a heat pump,
which removes heat from electrical components and raises
the reject temperature to approximately 400-600° C. so that
the heat can be returned back to the turbofan engine via a
heat pipe. This returned heat can be used to preheat the fuel
or air for the turbofan engine.

Referring to FIGS. 1 and 2, based on the location of the
heat exchangers 120 1n the aircraft, the heat exchangers 120
may function as either a thermo-acoustic heat engine 120A
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or a heat pump 120B and include a hot heat exchanger 122,
a cold heat exchanger 124, a regenerator 126, and a reso-
nator 128.

Referring to FIGS. 1-5, 1n one example embodiment, the
thermo-acoustic heat engines 120A are located near a rear
206 (near the exhaust) of the turbofan engines 202. The hot
exchanger 122 1s heated either externally or internally with
hot gases from the turbofan aircraft engines 202. I the hot
gases are channeled directly into the thermo-acoustic engine
120A then the thermo-acoustic engine 120A will act as a
heat pump and will exhaust that air. The cold heat exchanger
124 1s disposed on a hot side of the turbotfan aircraft engines
202 located near the hot turbine exhaust. Jet fuel or air tlows
over the cold heat exchanger 124 for cooling purposes.

The thermo-acoustic heat engines 120A remove engine
waste heat from the turbine exhaust using fins located
parallel to exhaust flow from the aircrait engines 202 for
flow straightening and a high heat transfer rate. The waste
heat 1s absorbed by the hot heat exchanger 122 and travels
through the regenerator 126 to the cold heat exchanger 124.
As mentioned above, the temperature gradient between the
hot and cold heat exchangers 122,124 eiliciently creates
mechanical energy in the form of the sound wave 170. The
sound wave 170 propagates from the cold heat exchanger
side as indicated by the arrow A in FIG. 2. The advantage to
this form of energy 1s that no additional weight was added
to the aircraft.

The sound wave 170 travels through the first hollow tubes
140 from the turbofan engine 202 to other areas in the
aircraft 200 1n a direction indicated by the arrow Al (see
FIG. 1). The representation of the thermal management
system 100 and the aircraft 200 1n FIG. 1 15 a single line-type
schematic diagram that shows only a single electric propul-
sion engine 204 and a single heat pump. It 1s to be under-
stood, however, that the thermal management system 100 1s
configured to manage multiple electric propulsion engines
204 (see FIG. 5), multiple heat pumps, multiple electric
components, €tc.

The sound wave 170 1s converted to electrical energy by
transducers and 1s used to operate electric components 208,
such as but not limited to, the electric components of the
clectric propulsion engine 204 (e.g., a generator, an electric
motor, fans, etc.) or any other electric components associ-
ated with the aircrait. The electrical energy can also be used
to operate the heat pump(s) 120B throughout the aircraft.

The heat pump(s) 120B serve a couple of functions. First,
the heat pump(s) 1208 captures or absorbs electrical com-
ponent waste heat from the aircraits electrical components
through the cold heat exchanger 124 and transiers the waste
heat to the hot heat exchanger 122 and dissipates the
clectrical component waste heat 1nto the atmosphere using
smaller heat exchangers. The hot heat exchanger 122 raises
the reject temperature of the waste heat from the electric
components. In one embodiment, for example, the heat
pump(s) 120B may raise the reject temperature from
approximately 100-200° C. to approximately 400-600° C.
Higher reject temperatures translate into lighter radiator/
convective heat exchanger weights to dissipate heat into
atmosphere and higher quality heat can be pumped back into
turbofan engines 202, as will be subsequently described.

A second function of the heat pump(s) 120B 1s to transfer
waste heat back to the turbofan engines 202 to preheat the
tuel and/or air. Thus, once the temperature of the waste heat
1s raised, as previously mentioned, a usable electrical com-
ponent waste heat 180 1s transferred from the heat pump(s)
120B back to the turbofan engines 202 via the second hollow
tubes 160 1n a direction indicated by the arrow A2. The
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usable waste heat 180 can be used to preheat the fuel and/or
air to the turbofan engines 202, which increases the efli-
ciency of the engines 202.

Still referring to FIGS. 1-5, 1n one embodiment, one or
both of the first and second hollow tubes 140,160 can be
added to the aircraft 200 and channeled through parts of the
aircraft, such as the wing 210, fuselage 212, etc. Because the
hollow tubes 140,160 are hollow and thin walled they add
nearly no additional weight to the aircraft. In another
embodiment, the hollow tubes 140,160 can be incorporated
or integrated into the aircrait itself and serve to transier the
sound wave and waste heat. The integrated tubes can be
pressurized with a gas, such as but not limited helium, and
also be used as a support structure for the aircrait and, thus,
would be near zero weight added to the aircratt.

Referring to FIG. 6, a method 600 to utilize waste heat
from a turbofan engine to generate power, cool electrical
components, and increase fuel efliciency of the aircrait will
now be described. At 602, a thermal management system
100 1s provided that includes thermo-acoustic heat engines
120A, heat pumps 120B, and hollow tubes 140,160 that
transier mechanical energy and waste heat respectively. At
604, engine waste heat 1s captured by the hot heat exchanger
122 of the thermo-acoustic engines 120A. At 606, the waste
heat 1s transierred to the cold heat exchanger 124. At 608,
the waste heat 1s converted into mechanical energy and more
specifically, into a sound wave 170 during transier to the
cold heat exchanger 124. At 610, the sound wave 170
propagates along a first hollow tube 140 to other areas of the
aircraft having electrical components. At 612 the sound
wave 1s converted into usable electrical energy as described
herein. At 614, the electrical energy 1s delivered to and used
to power electrical components mncluding, but not limited to,
clectric propulsion engines. Thus, as described herein, the
engine waste heat from the turbofan engines 202 1s used to
operate electrical components and also generate power or
thrust. At 616, clectrical component waste heat from the
clectrical components 1s absorbed by the cold heat
exchanger 124 of the heat pump 120B. At 618, the electrical
component waste heat 1s transferred to the hot heat
exchanger 122 1n the heat pump 120B. At 620, the hot heat
exchanger 122 raises the reject temperature of the electrical
component waste heat. At 622, the waste heat 1s dissipated
into the atmosphere. Or at 624, the electrical component
waste heat 1s used (usable waste heat 180) and 1s transferred
back to the turbofan engines 202 and at 626, the usable waste
heat 180 1s used to preheat the fuel and/or air supplied to the
turbofan engine 202. It is to be understood, that 622 and 624
can also occur simultaneously.

Advantages to the innovative thermo-acoustic thermal
management system disclosed herein 1s that thermo-acoustic
technology 1s light-weight and etlicient due to the creation of
an acoustic wave to deliver cooling energy to distal locations
through the aircraft. This eliminates the need to deliver
energy with electrical, mechanical, or fluid tlow, each of
which adds mass and complexity. For example, electrical
power distribution produces EMI, heating, and requires
heavy cables. Mechanical distribution such as distributed
torque shaits adds weight and requires lubrication. In addi-
tion, pumping a cryogenic fluid requires a large volume of
fluid, pumping mechamsms, extensive mnsulation, and heavy
heat exchangers to transier heat energy.

Rather, once the acoustic wave 1s formed it 1s a simple
matter to channel the wave 1n small tubes to anywhere 1n the
aircraft. Since there are no moving parts in the cold region
both the reliability and mass are suitable for aircrait. In
addition, there are no hot moving parts since the thermos-
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acoustic engine 1s used to create the pressure wave, which
climinates the need for lubrication and maintenance.
Based on existing thermo-acoustic devices, a performance
of the system 1s expected to be as follows: first, a jet engine
1s about 40% ellicient. With the exhaust temperature at 850°
C. the thermo-acoustic engine 1s approximately 25% efli-
cient. At cryogenic temperatures of S0K, rejecting heat to
300K the cryogenic cooler requires 20 W of energy input for
every 1 W of heat lifted. So to lift 500 kW of heat would

require 10 MW of acoustic energy mput from the pressure
wave generator or about 40 MW of thermal heat or mechani-
cal energy from the turbo-generator. Delivering this much
heat energy 1s dithicult to deliver into a single unit externally.
Rather, the mmnovative thermal management system 100
utilizes multiple pipes to reduce the transfer required per
pressure wave generator. This 1s economical since each
generator 1s essentially a hollow tube. Further, if the hot air
1s directly inserted under turbine pressure mto the pressure
wave generator the hot heat exchanger 1s not required.

Mass and weight savings are realized due to that the
thermal management system does not require liquid cryo-
genic fluid, does not require an alternator, does not require
power wiring, does not require plumbing insulation, does
not require EMI protection, does not require a large recu-
perator, the thermal management system simply and eflec-
tively conducts heat transfer to fins. Some energy savings
are realized due to the utilization of the waste heat from the
turbofan engines, no power 1s required for driving turbo-
alternator or cryogen pumps, the thermal management sys-
tem 1s a light-weight system that does not burden aircraft
drag, there 1s no heating due to power wiring, no heat 1s lost
through plumbing insulation, and EMI protection i1s not
required. Finally, cost savings of the mnovative thermal
management system are realized due to that lubrication or
maintenance 1s not required, power conversion equipment 1s
not required for driving turbo-alternator or cryogen pump,
there 1s minimal modification to existing aircraft, and no risk
of spark 1gnition due to high voltages.

The mnovative thermal management system 1s 1deal for
aircraft because it does not require extra fuel to operate 1t, 1t
1s light-weight, and it 1s essentially maintenance-iree. It can
be used to provide cabin cooling, ambient/cryogenic cooling
of converter, cables, and motors. In addition 1t can be used
to deliver power to remote locations on the aircraft without
using wires. A non-cooling application would be to use the
waste heat from a turbofan jet engine to generate a pressure
pulse and deliver that pulse to small electric motors that do
not provide propulsion, but mstead eliminate the boundary
layer induced wakes behind aircrait to reduce drag. This
increases the fuel efliciency since the aircraft drag is reduced
while using the otherwise wasted aircrait energy.

What has been described above includes examples of the
innovation. It 1s, of course, not possible to describe every
conceivable composition, article, or methodology for pur-
poses ol describing the subject innovation, but one of
ordinary skill in the art may recognize that many further
combinations and permutations of the mnovation are pos-
sible. Accordingly, the innovation 1s intended to embrace all
such alterations, modifications and variations that fall within
the spirit and scope of the appended claims. Furthermore, to
the extent that the term “includes™ 1s used in either the
detailed description or the claims, such term 1s itended to
be inclusive 1n a manner similar to the term “comprising’ as
“comprising” 1s iterpreted when employed as a transitional
word 1n a claim.

10

15

20

25

30

35

40

45

50

55

60

65

8

What 1s claimed 1s:

1. An aircraft comprising:

a turbine engine generating turbine exhaust;

a thermo-acoustic engine disposed proximate to an
exhaust exit point of the turbine engine, wherein the
thermo-acoustic engine includes a first heat exchanger,
a regenerator, and a second heat exchanger, wherein the
first heat exchanger, the regenerator, and the second
heat exchanger are disposed within a resonator,
wherein heat from the turbine exhaust heats the first
heat exchanger such that there 1s a temperature gradient
across the regenerator to generate an acoustic wave
throughout the resonator via the thermoacoustic eflect;

a transducer configured to convert the acoustic wave 1nto
clectrical energy; and

an electrical component conductively connected to the
transducer such that the electrical component receives
the electrical energy, wherein the electrical energy
powers operation of the electrical component.

2. The aircraft of claim 1, wherein the turbine engine 1s
attached to a wing of the aircraft, wherein the resonator 1s
channeled through the wing of the aircrait such that the
acoustic wave propagates towards a fuselage of the aircraft.

3. The aircraft of claim 1, wherein the electrical compo-
nent comprises a generator, an electric motor, or an electric
fan.

4. The aircraft of claim 1, wherein the resonator 1s filled
with a pressurized gas.

5. The aircraft of claim 4, wherein the pressurized gas
comprises helium.

6. The aircrait of claim 1, wherein the electrical compo-
nent generates waste heat, wherein the aircraft further com-
prises a heat pump configured to raise a temperature of the
waste heat.

7. The aircrait of claim 6, wherein the raised temperature
waste heat 1s transferred to the turbine engine via a heat pipe
extending between the electrical component and the turbine
engine.

8. The aircraft of claim 6, wherein the raised temperature
waste heat 1s dissipated into the atmosphere.

9. The aircraft of claim 6, wherein the heat pump 1s an
acoustic heat pump.

10. An aircrait comprising:

a plurality of turbine engines;

a plurality of thermo-acoustic engines heated by turbine
exhaust generated by the plurality of turbine engines,
wherein each of the thermo-acoustic engines includes a
resonator, wherein the heating by the turbine exhaust
establishes temperature gradients across regenerators
disposed within the resonators, thereby generating
acoustic waves 1n the resonators via the thermoacoustic

effect:

a plurality of transducers, wherein each of the transducers
1s commumnicably coupled to a separate one of the
resonators and configured to convert the acoustic wave
generated within that resonator into electrical energy;
and

an electrical component configured to utilize the electrical
energy generated via the plurality of transducers.

11. The aircraft of claim 10, wherein the electrical com-
ponent comprises a generator, an electric motor, or an
clectric fan.

12. The aircraft of claim 10, wherein at least one of the
thermo-acoustic engines 1s configured to internally receive
turbine exhaust from one of the turbine engines to generate
a temperature gradient.
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13. The aircraft of claim 10, wherein each of the resona-
tors 1s filled with a pressurized gas.

14. The aircraft of claim 13, wherein the pressurized gas
1s helium.

15. The aircraft of claim 10, wherein at least one of the
plurality of thermo-acoustic engines 1s disposed on an
external surface of one of the turbine engines.

16. The aircraft of claim 15, wherein the turbine engines
include exhaust fins disposed parallel to a flow of the turbine
exhaust, wherein the at least one of the plurality of thermo-
acoustic engines disposed on the external surface is disposed
proximate to one of the exhaust fins so as to be externally
heated by that exhaust fin.

17. The aircraft of claim 10, wherein the electrical com-
ponent generates waste heat, wherein the aircraft further
comprises a heat pump configured to raise a temperature of
the waste heat.

18. The aircraft of claim 17, wherein the raised tempera-
ture waste heat 1s transierred to at least one of the turbine
engines via at least one heat pipe extending between the
clectrical component and the at least one turbine engine.

19. The aircrait of claam 18, wherein the aircraft com-
prises a plurality of electrical components and a plurality of
heat pumps, wherein each of the plurality of heat pumps 1s
configured to recerve waste heat from a separate one of the
plurality of electrical components.

20. The aircratt of claim 19, further comprising a plurality
ol heat pipes extending from each of the plurality of heat
pumps, wherein each of the heat pipes 1s configured to direct
pumped waste heat from the electrical components either
externally to the aircraft or to one of the turbine engines for
tuel preheating.
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