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FOREWORD o s

ThlS report was- orepared by McDonnell Alrcraft—Company

the National Aeronautics'and~Space
of this program was to add to the existing technology base for
active cooling of~hypersonic-aircraftwstructure~by~assessing—#———

large capac1ty heat pump concept, a uniaﬁe'method of increasing

the amount of hydrogen heat- 51nk avariable for- structuraimcoollng.

.
- >

The program was conductedrln accordance with NASA RFP 1-05-.
I

3734.0128 and McDonnell's— Technlcal—Proposal

ary units were used in performlng the englneerlng analyses dlscus
I
Study resultStwere converted—to the Internatlonalt-

sed-herein.
System of Units (SI) for the flnal report
“Mr: ‘Ralph L Herring- WJS“the MCATR—Program—Manager—“w1thﬁ———

... Page

=Mr. LaVerne L. Pagel as. Pr1n01pal Investlgator.
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SUMMARY . . ___ 1

A detailed study was conducted—to- conceptuaiiy de51gn—and——"

evaluate the use of a_ Jlarge capacity _ heat _pump__as_a_means oOf 1n—

creasing the amount of hydrogen heat—sink- avallable—forfactlve——"

cooling of hypersonlc alrcraft structure.;;Séecific objectives

of this pProgram were: T T T - I

(a) Evaluate feasibil;ty of u51ng a heat,pump concept to

enhance active coollngn T T T

(b) Assess the. advantages or dlsadvantagesrofrus1ng_thls“_‘J

- I
system, relative to current dactive cooling concepts

i
1
i

for_aluminum_ alrcraft Othermal shielding), and_

(c) ”Determlne whether, by ds1ng the heat pump to increase

_the_available_fuel_ heat 51nk,_a bare_iunshleldedx_wr%__i

alumlnum hypersonr’—trgnsport can be actively cooled

' The. baseline_ alrcraft_conf1gurat1on_used_throughout_the study

dwas ‘a"Mach 6 actlvely COoled 11gurd_hydrogeﬁ—fueled—transport
?Qneference 1) _with. arcooled'structural area_of 2980_m %L432 134 -

‘lftz) “and 509 Mg (12; 900“1bm) of external shieldings

»(flgure l) carrles_200_passengers with_a_mission_ range_of_9200_km

l.

h(4968“NMY" Alrframe and englne doollng reguirements used - through—
out the study were_obtained.! from references 1 _and_2_ respectlvely
' |

The de31gn philosophy tor use of &a heat Pump to enhance

| |

'actlve cooling -of the_ a1rcraft structureuls illustrated_in_ flg—,l

ure 2. As shown, the alrframe structure is cooled w1th “*60/40’“

mass solutlon -of._ ethylene. g%ycol -and_water.__The alrframe heatr__

load Q is transported by the closed Toop coolant systen and” ,

rejected to the hydrogenﬂfuel v1a themhydrogen/glycol heat.- ex'

changer (Q ) and ‘the heat pump ° (Q ) o Wlthout a heat pump, ex—‘

H/X
ternal shielding-would-be. requlred to- llmlt_the airframe_ heatJ-u_

load to a level con31stent w1th the’ hydrogen heat 51nk avallable

~through dlrectuheat transfer in themheat exchangerr_AThe heat,"h_

pump rejects heat to the hydrogen at temperatures in excess of

heat exchangermoutletrtemperature -HET—thereby 1ncreas1ng~the~+e;

available heat sink- for structural cooling. 3 j
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Primary Characteristics

Mach 6 ~ ® Payload = 21.8 Mg (48,000 Ibm)
Actively Cooled Structure (200 Passengers)
Modified Elliptical Fuselage )
Integral Tankage
TOGW =:296.1 Mg (652 800 Ibm)
Range = 9200 km (4 968 NM)
OWE= 187.3 Mg (412 816 Ibm)

Weel = 108.9 Mg (240,000 lbm)

21.8 m

— - — — (71.50 ft)
- -~ ,
TRy s i8530 oM Besdea0000 /0 Eh X
] W .
"

| : 100.1 m |
f (328.5 ft) . I

FIGURE 1
BASELINE AIRCRAFT
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Study results show that sufficient power can be extracted
from the hydrogen fuel to drive the heat pump and aircraft sub-
systems. An assessment of various heat pump/power extraction
arrangements resulted in selection of a multi-pass condenser de-
sign, where power is extracted from the hydrogen fuel prior to a
subsegquent pass through the condenser. This design limits hydro-
gen outlet and hence the condenser temperature to a level consis-
tent with efficient heat pump performance and permits the use of
a conventional refrigerant such as Freon R-11. Study results
demonstrate that with the aid of a heat pump it is technically
feasible to cool to aluminum temperatures the airframe structure
of an unshielded Mach 6 aircraft. Although the use of a heat
pump (in lieu of external shielding) increases the mass of the

baseline aircraft, spinoff benefits in specific impulse and drag
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offset the mass gain such that a small net improvement in air-

craft performance is realized.



. ..  _INTRODUCTION .. . . ._ |

Numerous studles (references 1, 3, 4, and 5) conducted durlng

the past several'years -have assessed—the potential-benefits— of

using the hydrogen fuel as a heat sink to cool Mach 6 alrcraft

|

structure. Cooling-to. alumlnum temperatures is_of particular

interest due to the materlals avallablllty, hlgh structural effl—

ciency, and known long=life. fabrlcatlon characterlstlcs. How=.

ever, due to “the low operatlng temperature “of aluminum, the. aLlow-

able- temperature rise-of- the—hydrogen—fuela—(and~hence~¢ts—capa E
|

‘city for structural coollng) is severely restricted. In the past,

t
!
!
l
V

’a -portioen-of-the—-airecraft-was—shielded-to—reduce— structural—cdol-
|
.1ng requlrements to a level‘compatlble with the achieveable |

mhydrogen heat-- s1nk:—~A»petent1al alternate solutionT—investlgated

durinémtheupresént’progfam,iuses a large capacity heat pump to

%1ncrease the--amount— of—hydrogen heat sink—availdable—for— struc—}——

|
l
|
3
|
i
]
A
1
!

r;tural coollng._ The des1gn phllosophy is illustrated by the heat‘

———

pump/ fuel--system- arrangement—presented—in—flgure
" the airframe heat load 1s_ahsorbed and transported by the glycolﬂ

ywater~coolanteandmrejected—to—thé hydrogen—fuel

,load 1s rejected directly, v1a the heat exchanger, raising the

_temperature of- thewhydrOgen—to“the-value of—T4 Additlonal—heat

81nk capac1ty for structural coollng is achieved by us1ng ‘a heat,

hydrogen temperature of T6 ‘ e

This program~wa5mde51gded—to establlsh—concept—fea51b1llty*~

evaluate advantageslor dlsadvantages relative to the basellney

.shielded aircraft, -and determlne the -cooling—capability— of—the"-~

heat pump concept relatlve to coollng needs of a ‘bare alumlnum

aircraft. Three heat pump/fuel system arrangements— were—anaiyzed
i

in selecting a preferred concept Also, detalled schematlcs of

the fuel/coolant system ‘were- der1ved~for -the- basellne—alrcraft“~~

a bare aluminum heat pump conflgured alrcraft and an_ advanced

aircraft with a 25%- 1mprovement 1n Tift-to-drag

extraction, heat pump, fuel system, aux1llary _power system, and




coolant system components were sized and the resultant mass of

the heétfpump*configuredmaircraft compared -to—the baseline.

In -

adjustments were-determined-and qSedﬂin*computing—aircraft*pef~”'

formance.

Study'resultsmand“conciusioﬂs‘are”discussed*in*the*body*df*—

!

'

!
.
t

the report; analysis methods used are presented in the Appendix.
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ACS
APS
Btu

- Hr

OWE

psi

PR

_Enthalp“+_J/g_JB£u/lbm) 7 _ .

B Hour

|

!
-, HP”or hp "Horsepower —— — - ; g
Cw |

|
V,”Inch__,_"_r ! o e
|

‘HP- hr) ) "1
_Adlabatlc headh_m _{(£ft) .

“Lengthr_cm_iln.Jl

"Llft—to drag ratlo

-Spec1f1C~speed~;~~n_ e f

Pressure ratio ;

IST OF SYMBOLS

Actlve-coollng system - -

vAux111ary power system . o |

Brltlsh"thermaI“unlts e |

Compressor_

Drag coeffic j:en't“ —— ' -

Llft coeffic1ent B

Material- spec1f1c—heat J/kg ‘K (Btu/lbm—°F)""“——————"f

Coeff1c1ent—of_performance SO S

Diameter _ |

Specific dlameter_"_ : e . . b
|

‘Pumping’ power conver51on”factor, g/kW s (1lbm- fueI'—‘—“

|

— e T A

l ; -

|
Mechanical equlvaient|of heat

1
- .

Pound force _ _ ' __ | _ __ ..___ _ __ R N

Pound mass""””*

Mach. . ... ... e

McDonnell Alrcraft Company

Mass.- flow_rate,ﬁkg/s (lbm/sec),“"wm___.mw_" R B
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Heating or cooling load, W (Bfu/séc) T
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_ BASELINE AIPCRAFT CHARACTERISTICS | '1 .

The reference -1 Mach—6‘transport presented~1n figure 1

serves . .as the basis_. for_conductlng_thls_program. As_ shown,_the

baseline ‘aircraft is— actlvely cooled employlng‘thermal sh1eId="

ing (external TPSLgto reduce the aerodynamlc heat_load_to_a_ |

level that is compatlble w1th the “amount < of—hydrogen fueI“he;t

The alrcraft is _ 51zed

sink avallable for _ structural coollng.

to carry 200 passengers— (2I—77 Mg, 48,000 Xbm™ payloadr_'"dlstance

] t

of 9200 km (4968 NM). ‘ | _ S i 3

. l :
Pertinént’ aerodynamlc,I thermodynamlc, and propulsive char—]

_acteristics for the_ basellqe aircraft..are_summarized.lin table 1.

'As shown, the baseline alrtrameqheat Igad (shielded aircraft)

‘is- approx1mately_52°mof_that_exper1enced by a_bare_ alumlnum_%_WQ

“aircraft. Engine cooling requlrements and fuel system pressures.

77_used»throughoutwthe study are for _a_Mach_6__ Alrframe Integrated_r

Scramjet as presented in references 2 and 6. The maximum alJ.\OW-‘

’ ;ableuhydrogenwfuel_temperature (1144_K”_2060_~Rynwas selected__ﬁ

- based on results of the reference 3 study. |

)
1

'”vw — Anschematlc—notlng—operatldg-characterrstlcs_of_the_fueﬂ¢_m

:icoolant system for the basellnenalrcraft is presented in flgure

3. —As- shownr»the—hydrogeanuel is—heated—to—699_K-(1258-2 )_“_»

in satlsfylng Tairframe, subsystem, and engine cooling requlre—’

1}
i
i
|
1
1
4
1
!

' mentsfquanefthls-representsmo?ly—approx1mately_60 % _of the | _|

‘maximum allowable temperature rlse of the hydrogen fuel, the |

‘potentlal«for add&tlonai—coollng and-hence-the possibility- oﬁ___‘

freduc1ng thermalishleldlng requlrements is established. Power i

to drive aircraft subsystems 1s supplled~by a llquld—hydrogen/

~oxygen burning aux111ary power system “(APS). -
T |
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Study Elements

Characteristics

1. Baseline Aircraft

2. Design Point

3. Airframe Cooling

4. Engine Cooling

5. Fuel System Pressures

6. Hydrogen Fuel

® Mach 6 Hydrogen Fueled Transport
® TOGW = 296.1 Mg (652,800 Ibm)
@ Range = 9,200 km (4,968 NM)

® Mach 6 Cruise at 31.4 km (103,50»0 ft)
® Dynamic Pressure = 23.9 kPa (500 psf)
® Cruise L/D = 4.66

® 2,985 m2 (32,134 ft2) of Actively Cooled Aluminum Structure at
an Average Temperature of 367 K (200°F)

® 5.85 Mg (12,900 Ibm) of Shielding (External TPS)

® *Airframe Heat Load, fls =47.4 MW (4.5 x 104 Btu/sec) . . . . 52%
of Airframe Heat Load Experienced by Bare Aluminum Aircraft

e Qp = 84.7 MW (8.03 x 104 Btu/sec)
® Engine Fuel Flow Rate, m ¢ = 13.6 k g/s (30 Ibm/sec)

® 4.83 MPa (700 psia) Minimum at Engine Fuel Injectors

e Total Pressure Drop of 2.07 MPa (300 psi) . . . . 0.34 MPa
(50 psi) Drop in Fuel System and 1.72 MPa (250 psi). Drop in |
Engine Cooling Circuit.

® Tank Conditions
T=21K (37°R)
"P=0.14 MPa (20 psia)
® Maximum Allowable Temperature of 1,144 K (2,060°R)

*Airframe heat load matched to hydrogen fuel available for structural cooling (see page 65 of Reference 1).
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POWER EXTRACTION , 1

Analyses were performed to determine the amount—of—shaft—-

power that. could berextracted from “the basellne aircraft! s_rlr;:

hydrogen fuel system to be used 'in- dr1v1ng a Targecapacity K

heat pump. Analyses were performed assumlng power._ ¢ extractlon
both upstream (Option A) and downstream (Option B)—of the— englne

cooling circuit'as illnstrated in'figure 4, At"the upstream* _j

location (Optlon A) “the- hydrogen fuel is ata relatively IOW‘T

energy state (T 273K,l492°R) and for a. glven-power_output____

requlres a large pressure drop across the turbine, and high fueh

oz {
} [}
!

The,excesslpower_iturblne _output_minus._fuel_ and_j__r
0
1
coolant ‘pump - requlrements)lavallable at this location increases

pressures.

w1th increasing_fuel. pressurelup to_a_max1mum_of_8+AlMW_lll”200_u

|
HP) ‘at a fuel” pressure STofT 34 5 MPa (5000 psia). At higher fuel~

V_pressures,fthelexcess power_avallable_to_drlve a— heat_pumpld% -

! '
Creases because the 1ncrement in fuel pump requirements Now ex-

ceeds the 1ncrement 1n~power_turb1ne —output

St
|

“Figure 4 also shows that, for the same fuel pressure, four

to six times-as-much- excess_power -is—available- by.extractlng:

downstream (Optlon ‘B) rather - than Upstream (Option A) of the |

i
engine coollng circuit.. _Extractlng_power_downstream of_the_J»__

englne coollng c1rcu1t was therefore selected as "the preterred

option. to ensure an. adequate_powervsupply»forﬁdr1v1ng_the heat

- pump, and to minimize fuel‘pressures. [

Characteristics--of_a_ representatlve hydrogen turblne_w15h__
a power output of 22, 4“‘ (30 000 HP) are presented ‘in” table,2”‘

Turbine characterlstlcs were. determlned (see Appendlxﬁ—w1th—thef

aid of references 7 through 9. j B , vW
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Hydrogen:

Flow Conditions]

= 13.6 kg/s (30 Ibm/sec)

i

i

. MH,,

® PR = 243 :
® Py = 11.72MPa (1700 PSIA)
e Ty = 722K (1300°R)

e P, = 4.83MPa (700 PSIA)
. Ty = 610K (1098°R)

® 000 00 0 &

“Turbine 'Chiérai:teristicsé

Turbine Type ........coiiien. e s Axial

No.of Stages ............ e eees 3

Power OQutput ............ e 22 4 MW (30,000 hp)
Wheel Diameter, D ........ e 48.5 cm (19.1in.)
Turbine Speed, N . .................. (24,000 rpm)
Tip Speed, VT ... . e 610 m/s {2000 ft/sec)
Weight (Turbine Assembly) ......... 200 kg (440 Ibm)
Volume (Turbine Assembly) ......... 0.15 m\ (6.2 ft3)
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HEAT PUMP ANALYSES [~~~ 1

Three heattpumptconcepts*were—evaluated—and—are—drscussed—"

in the following_sections._|

Concept I = A schematlc-and analys1s results—for the—Concep Jl*"

heat pump/fuel system arrangement .are presented in table 3, ThlS

concept employS”a'cascaded“heatxpump—drIven*by—a—power—turbrne*v

As shown,'

located downstream of the englne cooling circuit.

the approach 31gn1f1cantly‘enhanceS“actlve—coollng"capabllltx

~but is limited. to_an alrframe heat__ load_equal_to _approximately
1

85% of-~ that"éXperlenced by~ a bare @luminum aircrafts lncreaalng,.

~ the heat_load beyond _ the"85°a11m1t_would exceed_the_ max1mum_J,_J

allowable fuel temperaturevof ll44K“T2060°R) and result in o%er-

,heatlnglof the engine

, |
tion, nhiné stages of cascadlng are Tequired to pump heat - from

_an_evaporator_temperature_of_B28KcLSSD_RL_tola_condenser_tema__m'

_érature of 731K (131! °R)7 a Spread of some 403K (725°R)~ ue
~to. the hlgh refrlgeratlon_cycle|temperatures,_the last_three_:

-jstages require an exotic refrlgerant SUch as mercury. Lascadln%

requirements. were_ based.-- on_the recommendations_of-reference_ ﬂoq_

N namely, a max1mum evaporator to::condenser temperature spread |

of -56K (lOO“R) per-stage_and_a-llK_420~Rl_temperature_dlfferTm.J

ence for heat transfer between stages. ‘The large increase 1n -

condenser temperature_w1th 1ncreas1ng~heatmload reduces— the_ooef

f1c1ent of performance (COP) and results in a dramatic 1ncreasel

in heat pump power requlrement51and -condenser-_load.-- — :
Although 1t was recognlzed that max1mum hydrogen fuel temp-

erature could be- lowered (extendlngwthe—present operatlngﬁllmlt)

by extractlng power upstream of the englne ‘cooling c: c1rcu1t thlS

approach was not-pursued. ~Concept—l_was_ellmlnatedmfromwfurther

con81deratlon because of the extremely complex heat pump that

would be required-{(nine or more stages of.cascading, exot1c~1__-

refrigerants, and large power demands).

Concept -2----The-shortecomings--of Concept 1 -are- dlrectly—trace7

able to ‘the large 1ncrease 'in the temperature of the hydrogen

1
as it passes through the condenser, ‘resulting-in- hlgh hydrogen

- 17 |
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[P ELSNESTEN) SHARACTERISIT -5

. Heat Pump Characteristics o
0 n T7 - Maximum
. Temperatures Load - % of Power Hydrogen
'_,:\lr:rim:d Coeff | Number : % Temperature
eat Lo of of Evaporator Condenser
(% of Os) | pert Stages Evaporator | Condenser | MW HP
(K) | CR) | (K) | (°R) (K) | (°R)
70 7.25 1 344 | 619 368 662 14 16 1.2 1,600{ 782 | 1,407
76 1.81 2 337 | 607 430 774 22 34 84 |11,200] 844 | 1,519
81 0.69 5 331 596 570 |1,026 29 71 30.9 | 41,500 984 | 1,77
85 0.41 9 328 | 590 731 1,315 33 115 62.6 |83,900] 1,144} 2,060
thes: 1. Qs airframe heat load
2. f)so, airframe heat Inad for bare aluminum aircraft equal to 90.7 MW (8.6 x 10% Bru/sec)
3. Number of cascading stages based on an evaporator to condenser spread of 56 K (100°R) per
stage and a 11 K (209R) temperature difference for heat t(ansfer between stages.
4. Concept limited by maximum allowable hydrogen temperature of 1144 K (2,060°R)
Hydrogen Q >
Tank
Airframe Hydrogen/
(.J E> Cooling Coolant Loop Glycol <::’C.l i
S {Aluminum’ (60/40 Mass Solution of £ Heat H/X:
Structure) Ethylene Glycol/Water) @ xchanger
) Evaporator .
f —— = e = = o = P — o T r—-.—b
@ :
i Heat § L s
v |49 @
Power w | :
| o :
" — Qe #
* . )
Power Out o Y é
G E Pump i
Hydrogen Power Engine @ Condenser @
to . N i ——t T o]
Engine Turbine Cooling c.




outlet temperatures and hence, high condenser temperatures
(condenser temperatﬁre is equal to hydrogen outlet temperature
plus 11K; 20°R). These shortcomings can be circumvented by a
multi-pass condenser‘as illustrated in table 4. With this ap-
proach, power is extracted from the hydrogen fuel stream,
lowering its temperature between passes through the cendenser,

thereby limiting hydrogen outlet and condenser temperatures.

Concept 2 heat pump/fuel system characteristics as a func-
tion of coefficient-of-performance are tabulated in table 4.
Note fhat this concep£~can absorb 100% of the bare aluminum
aircraft's airframe heat load. As shown in the table and in
figure 5, the heat pump must be sized to operate at a coefficient-
of-performance of 1.17. (condenser temperature of 454K; 817°R),
such that the'power extracted equals the amount of power required
to drive the heat pump, fuel pump, and aircraft subsystems. At
this condition some 43.6 MW (58,500 HP) of mechanical energy is
extrécted from the hydrOgen fuel system‘(48% of airframe heat
load), requiring a maximdm fuel pressure of 35.6'MPa (5160 psia)
to satisfy the design condition of a 4.8 MPa (700 psia) minimum
pressure at the engine fuel injectors. As shown in table 4, a
three stage cascaded heat pump is proposed to span the 136K
(244°R) spread between evaporator and condenser temperatures.
Selected Concept - As shown previously (table 4), Concept 2 is

constrained to operate at a coefficient-of-performance of 1.17,
as operation at a higher COP results in power extraction rates
that are in_excese of requirements. The selected concept (fig-
ure 6) permits operation at a higher coefficient—of~performance
by utilizing the excess power to drive a hydrogen compressor
downstream of the condenser. Operating at a higher coefficient-
" of-performance lowers the condenser temperature and reduces the
size, complexity (cascades), and power requirements of the heat
pump. Adding the hydrogen compressor reduces maximum fuel pres-

sures by approximately a factor of 2 which reduces fuel pump

19
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1000 hp

Power -
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Power - MW

60

40 —

26 1~

Notes: 1. Includes 1.49 MW (2000 hp) allowance for

aircraft subsystems

2. Open symbols - 3 passes
Solid symbols - 4 passes

@‘ - Heat pump compressor

@ & @ - Power turbines

Power Extracted

7
o
o)
7
7
// Te = 318K(573°)
P
Reql?ivx:c; / Evaporator

ﬁ/ Heat

7 Pump
7

Tg= 285K

, @

PN = 6.55 MPa

Condenser

Pass No. 1

@ (513R)

2

Multipass

N

(950 PSIA
Excess Power ( )

0
350

650

|
400 450 500
T., Condenser Temperature - K
| | 1 | 1 I
700 750 800 850 900

Tc. Condenser Temperature - °R

FIGURE 5
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requirements, and fuel system and heat exchanger mass. Since

the present--system-has—no—known jupper —limit—on—the-CoP7—selec—-—

tion of an optimumwyalue_Would require performing a detailed

trade study to- 1dent1fy-a—m1n1mum ‘mass or- mlnlmun—cost—systeﬂ-

such a study was beyond the scope of the present program. For

the - selected COP of 4, a s

tlonal refrlgerant Freon

ingle stage‘heat~pump—and—a~conven—

R—ll can_be used[“ijhls COP was !

. , | ,
selected”as'a“reasonable*compromlse“between further—decreaSIngﬁ;

heat. pump _requirements_. andllncreas1ng the. number of. hydrogenl

passes through the condenser“) As shown "in flgure 6” the— sel

ected . concept requlres“flve,passes through _the condenser._ and'

{

four power - turblnesT““Two turblnes —connected—in— tandem*drlvej*—i

the hydrogen compressorh_another proyldes_power for aircraft |

H

l

subsystems, —and the—fourthjdrlves"the—heat*pump. ' I

R _The_results of. flgure

'6 demonstrate the technical fea51{

_aluminum structure of _an unshlelded Mach_6_transport.

Results__

1

re—- presented-ln“the‘%-f

sectlon which.. follows. An

versus external shielding ™ and the resultant impact on alrcraft‘"

lassessment of_the_heat_pump_. conceot

performancewls ‘discussed_in_a_ later_section. !

‘»J

Heat Pump SlZlng - Follow1ng the procedure of reference 10— (seeT
|

Appendix), cycle characterlstlcs of _the_ heat_pump_wereﬁdeter:;__

: mlned establlshlng system|pressures and*the refrigerant mass

flow. rate required..to. absorb"the evaporator ~load..

flgure 6’ heat pump whlch operates wWith” FreOn ‘R=II with a comJ

pre5510n eff1c1ency of 60

For_the lr__

t
r_a refrlgerant mass_flow_rate _of_ 285 5

kg/s (629‘5 lbm/sec)"fs’required to absorb “the™ evaporator load

of .. 40 5.MWw (11,520_tons_-of

coollngln_ The _system._ operates Bé:”

tween an evaporator temperature of “318K° f573°R) —and a’ condenser

temperature of 358K (645°R),~w1th correspondlng pressures_oft

0. l9 MPa (27 5 p31a) and 0

|
59 MPa (85" p51a), respectlvely. ']

--Based on’ the- aboveuoperatlng condltlons,_heat_pump_compo-

nents. were 51zed and mass and volume requlrements were deter—"'

mined and are  presented ‘in

24

table 5. As--shown, thelmass ~-and vol—



ume of the heat pump system is 10. 46 Mg (23,050 1lbm) and 11. 77 m
(416 ft ), respectively.

TABLE 5 \
COMPONENT MASS AND VOLUME BREAKDOWN FOR !
_ SELECTED HEAT PUMP SYSTEM*

JR—— R — © e -

. ) T Mass | Volume |

--Component : =

1. Evaporator (Dry) ' | 298¢ | 6400|357 | 126
§2 Condenser {Dry) ' , 336 7,400 A 5.86 207 :
3 Freon Compressor 0.89 1,950 1.27 45
4 Compressor Drive Turbine & Gear Box 0.18 400 0.11 -4
5. Freon | 227 | so00 | - -
6 Lines & Conwols (80113 || 036 | 800 | o054 | 19
Subtotal (Heat Pump) || 996 | 21950 | 11.35 | 401
7. Hydrogen Compressor & Drive i . [ ; §
Turbines (2) o ! 0.50{ | 1,100 0.42 15
Total HeatPump System || 1048| | 23,0501| 11.77] | 416

*See Flgure 6

Systeﬁﬂfﬁbact'— The mass of the'fuel/coolant system for the heaf

pump configured, bare aluminum aircraft (figure 6), and the
baseline shielded aircraft (figure 3) have been determined and
are compared in table 6. As shown, the bare aluminum aircraft
realizes a mass reduction due to elimination of the external
thermal protection system (TPS) and the savings in power genera-—
tion propellant requirements. However, these mass savings are |
overpowered, primarily due to thé mass of the heat pump system
(10.46 Mg; 23,050 lbm), such that aircraft mass (relative to the
baseline) is increased by 2.75 Mg (6050 lbm). The resultant

impact on aircraft performance is discussed in a later section.

25
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Baseline Bare Aluminum Aircraft
Mass Element Mroeatt Actual Del;ta (1)
(Mg): | flbm) (Mg) (Ibm) (Mg) (Ibm)

Shielding (External TPS) 5.85 | 12,900 0 0 —5.85 | —12,900
Active Cooling System 4.31 9,500 5.40 11,900 1.09 2,400
Hydrogen Fuel Pump 0.05 100 0.1 250 0.07 150
Aircraft Power ‘
‘Generation System(2) 313 | 6,900 O0.11 250 | —3.02 | —6,650
Heat Pump System = = 1046/ | 23,050 | 10.46| 23,050

Total 13.34 | 29,400 | 16.08 | 35,450 2.75 6,050

(1) Delta; changé relative to baseline

(2) Baseline aircraft: Mass of APS propellant consumed during cruise
Bare aluminum aircraft: Mass of power turbine and gear box

Even though subsystem power requirements for the bare
aluminum aircraft are more than double those of the baseline
(see figures 3 and 6), the mass of its power generation system
is 3.02 Mg (6650 lbm) lighter. As noted in table 6, this mass
savings is attributable to the method used in providing power
to drive aircraft subsystems during cruise. That is, the base-
line aircraft uses an auxiliary power system (APS) which con-
sumes 3.13 Mg (6900 lbm) of propellant in satisfying subsystem
power requirements, whereas the bare aluminum aircraft ex-
tracts power from the hydrogen fuel system and is charged only
with the mass of the power turbine and gear box (0.11 Mg; 250
lbm). Although the reference 1 aircraft was retained as the
baseline for the purpose of this study, it should be noted that
mass and performance characteristics of this aircraft would be

improved if re-configured with a hydrogen power turbine.
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EFFECT OF IMPROVED AERODYNAMIC EFFICIENCY

Earlier work (reference 3) has shown that as aerodynanic
efficiency (L/D) imp:oves, the potential for active cooling of
the structure decreases. This is due to the fact that as L/D
increases the fuel heat sink available for cooling decreases at
a faster rate than the aerodynamic heat load. Furthermore, since
the baseline aircraft is a conceptual design, improvements in
aerodynamic efficiency may be expected. Analyses were therefore
' performed to determine the effectiveness of the selected heat
pump concept for an aircraft wiﬁh a 25% improvement in L/D over
the béseline aircraft.

Assuming that the 25% improvement in.L/D is due to equal
improvements in lift coefficient (CL) and drag coefficient (CD),
it can be shown that for a fixed size aircraft of equal cruise
mass and specific impulse (I ), the-drag and hence the fuel
flow rate, decreases by 20% whereas aerodynamic heat 1nputs de-
crease by only 8%. After adjusting the basellne fuel flow rate
and engine and airframe coollng reguirements, the selected heat
pump concept was resized as summarized in figure 7. Note that
even though the fuel heat sink available for cooling (ﬁH2) has
been reduced 20%, the heat pump concept has adequate capacity to
cool the unshielded Mach 6 aircraft to aluminum temperatures.
Comparing figures 6 and 7, it can be observed that the major
~effects of a 25% improvement in L/D are, (a) a 78% increase in
fuel pressure, (b) a 43% increase in fuel pump power require-
ments, (c) a 113K (204°R) increase in the maximum fuel tempera-
'ture, and (d) the need for 5 rather than 4 power extraction
turbihes'(ZO% increase in the amount of power extracted). Al-
though increasing the L/D decreases ,airframe cooling require-
ments 8%, it can be noted from figures 6 and 7 that the heat
pump evaporator load has inereased by approximately 9%. This
paradox is due to the large decrease in fuel flow rate which
produces a corresponding decrease in the amount of heat that can

be transferred directly to the fuel system via the hydrogen/
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i

glycol heat exchanger; the balance of the airframe heat load

. must be transferred by the heat pump.

"— !

N Y S L__ [ o

For the purpose of this study it was assumed that the mass
of the heat pump system would scale according to evaporator load.
Hence, the mass of the heat pump for the aerodynamically impfd&ed
ailrcraft was estimated to be 11.44 Mg (25,200 lbm), which" 1519%“
more than the previously presented heat pump mass for the éI;:f
craft with an L/D = 4.66 (see table 5). —
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~avallable hydrogen (fuel) heat 51nk
zshleldlng 1ncreasesAthe mass of the basellne aircraft, splnoff !

.ymass galn such that a small net 1mprovement in performance lS|

“are -held constants;

: fikinéfthéftierremalnlng parameters, a 0.3% reduction in fuel |
. . } .
~ requirements--or--a-0+4%—increase in

uailwéases‘airaraft_takezgfﬁlyeigﬁt (TOGW) increases bxuagproxﬂ-Aj
i i i

.improvements~are directlv'attrlbutabie~to—a~259—1mprovement~tn

IMPACT ON AIRCRAET. PERFORMANCE_.AT L/D =_4.66_ AﬁD-s 83;

Alrcraft empty Ww welght payload, fuel requirements, and range

for two-heat pump_coniiguredmbare alumlnum_achraftﬂare_compared_

to the shlelded basellne 1n table 7 As ‘'shown, the use of a heaE

pump..in .lieu--of- shleldlng_lncreases alrcraft empty_-weight_ (reﬂa—
tive to the baseline) by 1. 7 at'an L/D of 4.66 and by 2.3% at

an L/D of 5.83. —The mass 1ncrease~at .an-L/D-=_5.83-would_be_ ne-

duced, relatlve to a shlelded basellne operating at the same |

lift-to-drag ratio,— as—the present comparlsen»does—notﬂaccount

for the fact “that’ addltlonal shielding would be required at the

hlgher -L/D-value- to~match—aﬁrframe ceol1ng—requ1rementSAto_the——J

| ~i

- -mAltheughwthe«usemoﬁ-awheat pump at—L/D———4 66yﬁ&n—i1eu—of

¥
'

~that~these~perfermance~1mprovement%

.6eeniisin§ﬁlaf1§;v That 1s,,when the baseline range and fuel load

'
Likewises; ’ :

|

—payload—ls increased—2%=

I
Tn-——-!
|

mately 1. —— o o= | — - — ;

 Performance 1mprovements (relatlve to the baseline) for the .

bare~alum1num-a1rcraft~w1th7an—L/D—ef~5783~rangeefrom—an—8f—£uei4
i i

 savings to a 67% increase in payload capability. Although thése

Ly . N

-

the baseline 1ift- to -drag ratlo,dthe results are of interest to

the- present study ‘since- such~1mprovements~1n~aerodynamlc efflj—-ﬁ

;
ciency may be more readily achieved with a bare aluminum aircraft

than with a shielded aircraft.-. - - C e S e —n—%~—4

|
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iMass i ir_luMg (Ibm)

32

6
: - volume requirements

equal to baseline
Excludes effect of decrease in fue!

o gbwan Rl\ﬁ“}?i}F"JﬁfAi rcraft
MissE'e'nsDts Baseline = -
) 1. Aircraft -00 et ,
iL/D = 4.66 ey
22488 fActual: | [pend® | |Acwal | [Daia® |
[ @ || iesar || 1es21 | [1ee24 |
iAircraft Empty Weight =" (364 800) (370, 850) [1.7% {373,100) 12.3%
| Payload 23 ,_ZJ i 22.27 o 1136:42 ,
: "(48,000) 1(49,100) 12% 1(80,300) i67%
1At Rangq = 9,200 km T )
' (4,968 NM)
Fuel = 108.86 Mg
- (240,000 1bm)
TOGW( ’ 296.11 299.37 _
(652 800) (660,000) 1%
Fuel | 10886 | o858 - !100 20(5) o
, ‘ : (240,000 1(239,400 1~0.3% 220,90 8%
; ’At Range = 9'200 km ¢_§ &Y,0 ) ( 7,08 ) e/ ( 0) no/%
. L.
| 298.60 - 291.21
(658,300) 1% - 842,000). —2%
‘Range - km (NM) 19, o ; 10 645 o ;
| . | :(4,968) - (a.988) 10.4% (5,748) . 116%
At Payload = 21.77 Mg {
(48,000 Ibm) f
Fuel = 108:86 ; s
ToGw(3) ' 20611 | | 208.85 299.87
(652,800) | i(658, 850) 1% (661,100) | ¢ 1%
: .I\vlotes: ,(_1). Delta; change relative to baseline aircraft value
2) |Aircraft weight exclu{dmg payload and fuel
,.i:(3) Alrcraft take-off gross weight '
(4) i Assumes a_ payload volume requlrement '




‘o Wach &

® q=23.9 kPa (500 psf) at|L/D = 4.66

|® a=21.5 kPa (450 ps) atiL

583

{item’

|Baseline Aircraft

“IL/D =466

ltkg/s) |(bm/sec)

é 1. ra?: Cold'Wall Effects (1.7% |n5¥é_ase
{  inSkin Friction)

2. Drag ~ Removal of External Shielding
- {ACp = —0.0002)

3. Igp ~ Increase in Fuel Temperature
: se (L/D)

14, 25% Increase in (

{
]

— H
| J—

{ Cruise Fuel Flow Rate

E]

* *Relative to baseline

§ JImprovement™

1
. et
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Conclusions drawn from the present study are as_follows.‘

1.

2.

3.

CONCLUSIONS. . . . R

With the ald of,awlarge capac1ty,heat_pump_1t 1s_tech:__

nlcally fea51b1e to cool to = alumlnum temperatures the

t
1

airframe structure of .an unshlelded Mach _6b_aircraft. Tr_j

,Themuse of a heat-punp in lleu of shleldlng_iexternalr;,

TPS) results 1n a 1.7% 1ncrease 1n“aircratt enpty welght

However, splnoff beneflts -in-drag-and-- spec1f1culmpulse_e

offset the mass galn and a small net improvement in alr—

craft- performancemls reallzed VN

- Substantial 1mprovement iin L/D (25%) can be readlly ;

accomnodated‘w1th—the heat

|
' L/D reduces the ¢ amount of fuel available for coollngn




"Page missing from available version”

page 36



_ RECOMMENDATIONS

It is recommended that additional studies—be“performed~to"

1. Determine. potentlal aavantages of. u51ng_a_heat_pump

L/D). R |
2. Converge system for one aircraft- tO'better“deflne“penaI=

other alrcraft (1nclud1ng type, SIze7“Mach—number7—ama-"

tles/beneflts to. alrcraft performance. ?

3. Determine- optlmum comblnatlon of~ shleldlng/heat—pump.

requlrements as_a._ functlon_of Mach. number. ]

!
4, Assess 1mpact ot~ heat pump Colicept relatlve to descent/

abort_requirements.._ | - __-.,__rﬂmdrd,;umj

. — .
5. Determlne minimum mass heat pump systéem. Traae“studies—

-should.. 1ncluder_(aM_COPiversus evaporator_and_condenser
I

‘mass, (b)~ refrlgerant versus evaporator and condenser““

;t.u,Mmass,m(cxrhydrogen/glycol heat_exchanger_effectlveness__f

versus heat pump’ mass, and (dy tube=s shell Versus plate—;

~fin. heat_transfer dev1ces.

J [

6. Determlne 1f unused (23 ) hydrogéﬁ*heat “sinkTcapacity
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| P . . s ws e es e
o APPENDIX . | !
S ""_METHODOLOGY SR :

Governingwreiations and methods used;during_the_presenti

i
S Q.._AROWER L
! .

the change inm
I
l

As shown 1n “various englneerlng textbooks,

enthalpy - for a. steady flowrprocess_w1th“tr1v1al~changes in

klnetlc ‘and” potential energles ﬂs equal to the heat added mlnus

the useful work - (e. g,ﬂshaftﬁwork) -done-by the.- system. Hence,m~_‘

when the process is also adlabatlc the amount of power (useful

,workvper<un1tmt1mey_that—can_beYextracted_fromutheeflow_ls-equal
' |
“to the fluld mass flow rate m tlmes the change in enthalpy |

,j—(h h-)r_as shown—lnﬁequatronﬁlf f { f

2 | '
e We=M(hy=-h) I , (1h—.

T 1 ‘ | J

- Turbines - Solving for the;change "in enthalpy for an adlabatr

o of |

- i
"~expan51on~oﬁaa~perfect~gas%w&th constant—specrirc—heat—&and [

“substituting in equation 1) deflnes turbine power output (equa- |

- tion--2)--as- awfunctlon—oﬁ~m%ss~flow—rater—gas—propertiesr—£Lu#d—”

‘inlet temperature, and the[pressure ratio across the turbine.| |
]

|

|

|

|

S I — |

W= ( ) () = e = 2)— -
t l\ ;

, XY= L {PR Y- l)/Y; -t L

"Turbine power output calculatlons performed during the present =

-study -were based on"an—adlabatlc expans&on—efircrency_nffof_B5o;

Compressors - An expres31on analogous to equation 2 defines | i

compressor -power- reoulrements and~¢s oresentedﬁas -equation—-3- t_“,

.o TS P e G2 S et B
We = = “;’“‘ ,?i “_x,_;,’ Tlf,[PR; - ?]ftf ‘“f‘_:‘%’____;
|

Technically, as- shown by equatlon L and 3, compressornpower %sﬂ—

negative because it is added to:rather than extracted from the

flow'proceSS7m—During~thisistudj,—however——the»signéconventi#nem

was omitted and compressor‘(also pump) power requirements are
f |

) B S



presented. as positive..values .in the body,ofrthe_report- Hydro:_‘

gen and Freon compressor power requlrements were computed based

on an adlabatlc .compression.. eff1c1encymn of-85%-and-60%.,

respectively. =~ = B , R j

Pumps - For steady adiabatic flow .of an incompressible_ fluid'

(liquid) the general expression for power (equatlon l) ~ takes the

form of equation-4. = . : A — - o
i Co U —
nEMLRZ APlLMAHUM~IH*Wf - —

W= . L
[ .
T L B

- e _— i
!

|
Pump- power - requirements ‘were - computed basedfon -a- pump~ef£iciency

| - I
of 8515._7 : )
The—mass oﬁ—the~fuel—punp was determ1ned—us1ng—the J=2— -

rocket's llquld hydrogen fuel pump as a data base (J-2 pump .
.mass = 0.027 kg/xw; 0.045-lbm/HP),‘ Methods used in computing- the

|
mass .and -volume of turbines and compressors is discussed in the '

4

‘I|section that .follows.

o e

G -'i-TURBOMACH"INERY CHARACTERISTICS

Turblnes and compressors were sized (wheel diameter and

1

i
!
. j

[

rrotatlonal speedyvbased onethe~51mllarity—concept dlscussedwrn——

‘references 7 through 9. Veglectlng Mach and Reynolds number;i
:

l ;
effects+ similarity con51deratlons show—that-the- characteris—auﬁ

tics of turbomachlnes can_ be completely descrlbed by the param—'

eters specific speed, Nr and—spe01f1c d1ameter,~ gywdefinedainf

equations 5 and 6, respectlvely. - i

. 1/2 N S
N =N "~ | (5) -
T 3% T

py /4 : - -

Ds - 0 1/2 : = WLQL,

where Q is the maximum volumetrlc flow and is therefore eval- -

uated ‘at the inlet for compressorswand“at the ex1t~for~turb1nes.

That is, , o

_— 1 [ e ———— e



Q =m.R Tl/Pl (for compressors) (7)

c £
. m_. R T
Q, = £ 1 (PR)l/Y (for turbines) (8)
Py T

The adiabatic head (the isentropic enthalpy change of the pro-
cess, Ah', times the mechanical equivalent of heat, J) can be

expressed in terms of known conditions as presented in equations

9 and 10 for an adiabatic compression and expansion, respec-

tively.

Yy RT |
1 (v-1) /v _
e R [PR 1] (9)

et
Il

|

‘ Yy RT R
1 _ (y-1) /v
Hy = =1y [1 1/PR"! ] (10)

All turbomachines were sized as axial flow designs using the
Ns - Ds diagrams of references 7 and 9. Multi-stage designs
were selected when the overall pressure ratio was greater than
the maximum desired pressure ratio per stage as defined by

equation 11.

- VT (Y—l)l :
1- 2
2g (Vp/CQ) YR Ty
where,
V., = wheel tip speed
T 1/2
C, = spouting velocity = (2g Hst)

‘To satisfy stress requirements, tip speeds were limited to 610
m/s (2000 ft/sec). The number of stages was determined from
equation 12, where fractional parts were rounded to the next
higher number. A '

_ log PR (12)

log PRmaX

41



The mass of turbomachine assemblies was determined using
the "single wheel" correlation of reference 7, presented herein

as equation 13.

mass = C1>D (13)
where,

c, = 0.028 kg/cm® (0.4 lbm/in?)

D = wheel diameter in cm (in.,)

The mass of multi-stage assemblies was obtained by multiplying
equatidn 13 by the number of stages.
Turbomachinery volume requirements were computed assuming

a cylindrical assembly with dimensions as follows:

diameter = wheel diameter plus 2.54 cm (1.0 in.)
length = L, +.nL, + L

1 2 3
where,
Ll = alloWance~for bearings = 30.5 cm (12 in.)
L, = allowance per stage = 11.4 cm (4.5 in.)
n = number of stages
L, = allowance for exhaust“system = 7.6 cm (3 in.)

HEAT PUMP CHARACTERISTICS '

Following the procedure of reference 10, éycle pérformance
of the heat pump was determined using a pressure - enthalpy plot
for the(éelected refrigerant'as illustrated in figure 8. As
shown, the heat pump (vapor cycle refrigeration system) fluid
experiences an increase in enthalpy equal to (h2-'-_hl‘) as
it absorbs heat at constant pressure in the evaporator. Between
state points 1' and 2, the fluid absorbs heat via an isothermal
'phase change from a liquid to a vapor. Between state points
2 and 2!; the vapor is superheated to ensure that no liquid
enters the compressor. Area 2' - 3" - 3' is the increase in
enthalpy and entropy resulting from the fact that the compres-

] n
sion process (2 - 3 ) is nonisentropic and hence less than



100% efficient. The efficiency of the compression process is
defined as follows:

h,' — h.' -
e = ——'_"'hB“ = h2 _ (14)

2

As suggested in reference 10, cycle performance. for Freon R-11

refrigerant was determined based on a compression efficiency of
60%.

. Isentropic._ .|
tng = 100% |

et

B

/4 Condenser ® Te i

iPressure

Evap'ofé"tvor @ Te

~ /\-s:;‘{a;;ted Vapor |

Enthalpy |

FIGURES |
'HEAT PUMP PERFORMANCE

i
|
|
|

. L] [}
and 4 the refrigerant is cooled (3 - 3),
- ]
condensed to a liquid (3-4), and subcooled (4-4 ). as heat is re-

]
jected in the condenser. Subcooling from 4-4 is necessary to

Between 3

ensure no flashing of .liquid to vapor upstream of the expansion
(throttle) vaive. As the fluid expands at constant enthalpy
through the throttle valve (4' - li), a portion of the liquid

- flashes to vapor and lowers the refrigerant temperature to the

evaporation temperature Te and completes the cycle.

43



For a given evaporator load Qe' the refrigerant mass flow

rate mp is determined knowing the change in enthalpy Ahe across

the evaporator, as illustrated in figure 8., That is

10 .

m, = A—ﬁ; - (15)
The coefficient-of-performance (COP), a figure-of-merit
used in assessing the relative efficiency of refrigeration
cycles, is defined as the amount of refrigeration obtained per
unit of work done on the system. The amount of refrigeration
obtained is the evaporator load, ﬁ

. R

done is My Ahw. Solving for Ahw from the compression effi-

ciency expression (equation 14), the coefficient-of-performance

Ahe,Aand the amount of work

can be expressed as follows:

h,' - h,' -
COP = ng {hz?-:-h—lr] | (16)
2

where the expression in brackets is the coefficient-of-perform~
ance of the cycle when the compression process is isentropic
(see figure 8). _

Refrigeration éycle state points for the Freon R-11 heat
pump arrangement of figure 6 are presénted in table 9.

Evaporator and condenser characteristics were determined by
a computerized heat exchanger sizing program. Only tube - shell
designs, with the refrigerant on the outside of finned tubes,
were considered. Both aluminum and steel designs were assessed.
In all cases, én aluminum design proved to be lighter in weight
~and was selected as the preferred concept.

The mass of Freon refrigerant in the system was determined
assuming that the "free volume" in the evéporator and condenser

was 25% liquid and 75% vapor.



TABLE 9 .

i

FREON R-11 REFRIGERATION CYCLE

‘COP = 4

ne| = 60% ;
e = 318K (573°R):
358 K (645°R) |

:-.~.? o. 0
L
)
o

_Isentropic_|

0= 100%) |

Pressure

Enthalpy |

State | | _Temperature| | Pressure| Enthalpy |

Point | ' | or| | mpa | msii | g

T | s1e) | 3] | ote|| 275)| 107 | 48
2 318! | 5731 | 019,| 275|| 2441 | 105
2 | 322 | 580/ | 019(| 275 | 249 | 107
3" | 386 | 695/ | 059 | 85.0(| 284 | 122
3| | 368/ | 662, | 059/ 85.0!| 270! | 116
3 3581 | 645/ | 050:| 85.0|| 263/ | 113
4 358! | 645/ | 059i| 85.0/] 109 47
4| 3e6)| ea1l| os9i| 850}l 107} 46

a5/



. GEAR BOXES
The mass and power'loss attributable to gear boxes were
computed based on the results of previous in-house studies, as

follows:

mass = 0.0125 kg/ky (0.0206 lbm/HP) (17)

power loss = 1% per geér mesh (18)

Gear box cooling requirements were assumed equal to the power

loss defined by egquation 18.

_ ACTIVE COOLING SYSTEM
The mass of the active cooling system Was determined using
the correlations of table 10. These correlations were derived
during a previous MCAIR study of active cooling systems. Al-
though derived'specifically for a 60/40 mass solution of ethylene
glycol and water, the correlations are believed to be equally '
applicable to other coolants.

ATIRCRAFT PERFORMANCE
Performance characteristics of the bare aluminum aircraft

were determined assuming a fixed aircraft sizé and adjusting
baseline performance values for changes in mass, drag, and speci-
fic impulse; neglecting the effects of changes in payload and
fuel volume requirements. Volume requirements of the heat pump
system were also neglected as it occupies less than 1/2% of theé
baseline fuselage volume. A ‘ ?

46/,



, JABLE 10,
EQUATIONS DEFINING THE MASS OF
ACTIVE COOLING SYSTEM ELEMENTS;

Mass Element Equation ~ Mass/Area -
(1)  Pumps (Dual/Wet) W1 = Cq (rg) (APG)/p,
@ Heat Exchanger (Wet) Wo = C9 daps
@ Coolant in Lines { wg=Cz(m)™ (k)2 (pc)"3 AP)4
@ Distribution Lines (Dry) Wy = Cq (W3) (Pg)/p
@ Reservoir (Wet) Wg = Cg Z Coolant Inventory

® Coolantin Lines ~ W3
® Coolant in H/X ~0.4 W5

C's (pc) (D)?
® Coolant in Panel ~ —m7m ——

P
Z Coolant Inventory
APS Propeliant » Wg = Cg () (APg) (8)/p
@ F =0.34 g/kW-s (2 Ibm/hp-hr)
Variables Constants
" Units ‘ Value in:
Symbol Definition Symbol -
Sl English | English
W, | Mass Element ko/m2 | bm/i2 | Cq 0.44 0.19
e | Coolant Mass Flow | ka/mZ-s| Ibm/ft2sec Cy 0.0105 | '0.0244
P System Pressure kPa Ibf/in.2 C3 249 3.9
APy | Pressure Drop kPa Ibf/in.2 Cy 0.116 0.05
pc | Coolant Density | kg/m3 | tom/ft3 Cs 0.06 0.06
dabs | Absorbed Heat Flux | kW/m?2 | Btu/ftZsec C's 0.00467 | 0.0389
Me Coolant Viscosity Pa‘s Ibm/ft sec Cg 1217 0.524
N Time . hour hour nq 0.75 0.75
Dee Tube 1.D. cm inch no 0.083 ~0.083
P Tube Pitch cm inch n3 0.583 0.583
ng | —0417 | —0.417
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