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Feasibility is shown for the use of a liquid-metal-coupled regenerator
incorporated in a 7:1- pressure-ratic, 1000-horsepower turboshaft study
engine. The weight of the regenerator for .525 overall effectiveness
is 235 pounds. The increase in the engine weight resulting from incor-
porating this regenersator in the powerplant system is 303 pounds. The
regenerator design weights are besed on current state-of-the-art materials
and fzbrication techniques for the heat exchanger elements. Use of thin
fin materiel, available before the end of the year would reduce the
weight of the heat exchanger to 2C0 pounds. This fin ma&terial develop-
ment projected two yesrs hence is expected to reduce this weight tc 180
pounds. No attempt was made to cptimize the engine cycle or powerplant
configuration to minimize regenerstor weight. The performance of the study
engine with regeneration includes the attractive specific fuel zousumption
et 10C percent power of ,446 pounds per horsepower hour, and below .55
pocunds per horsepower hcour to 40 percent rated power. Detzil perfcrmarce
celculations have been made to support the fessibility of this regenerator-
engine composite.

A study of the exchangers which transfer Leat from the hot geses leaving
the turbine to the relatively cooler compresscr delivery eir has beern

made. Aa engine is shown in enough detail to demonstrate how the re-
generaror system is incorporsted by the engine. The cores of the heat
exchengers use 5/32-inch Hastelloy B tubing on which .008-inch fins,

copper clad with stainless steel, are helically wound 24 tc the inch.

In the heat exchanger behind the ccmpresgsor the airflow is i{n the axisl
direction thrcugh an &nnulus £illed with tubes bent to form inveclutes.

In the heat exchanger downstresm cf the turbine the gas flow is radial
through tubes running fore and aft between the headers. The:finned tubes
in both cores are serpentine designed in thet they teke five or mcre passes
between headers, thus closely simulating counterflcw heat tracsfer 2nd alsc
maintaining tube tc header welds 2t a minimum.

The design includes prqvision for assembly and disassembly of the regener-
ator system con the engine without disassembly of the engine itself and
withcut the breaking of & NaK line. This provisicn {8 accomplished by
providing twc separete systems, each describing 180 degrees of annulus,
eachk being able to be mounted from each side radially. The hesaders
accordingly consist of i80 degrees of 1-1/2-inch tubing wrapped circum-
ferentially arcund the engine. Exp2nsion chambers are provided close

to the headers and are cf simlilar construction but cont&ining bellows

on the inside. Thke &xial cross-over tubes from one exchanger to the other
contain bellows to ccmpensate for thermal expansion of the conteaining
system. All compcnents of the regener&tor system are free to tske positions
relative to one another without incurring undue thermal etresses. The
meterial recommended for the N&K containment system is Hastelloy B, which
1s more than adequate for the containment of NeK at 1100°F for 1000 hours.
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The heat exchanger system is designed so thet in the event of a failure
in the liquid metal system, the spillage of NeK would be internal to

the engine and passed off kith the exhaust gases of the engine. In the
event cf such & liquid metal lesk in the engine air stream from the heat
exchanger system it is expected ¢ha: the Na&K would be consumed. Since
the heat relesse of NaK is smeil, snd since so little is used in the
regenerstor, it is not expacted chat leskage of NsK into the engine

air system would cause sericus demsge to the engine.

The interesting range of cverall regeneretor effectiveness for this

design is between .5 sand .7. 1In the interests of coming close to a
300-pound limit fur che regemerator system the design was get at 2 value
of .5 for performence stuwdy purpouses. Tre actusi design &s drawn agrees
with an overall regenerator effectiveness of .525. The heat transfer
minimizes regenerator weaight by making the component regenerator effective-
ness of the exchenger behind the compressor greater thsn that of the heat
exchanger bekind the turbiue,

In additis:, 28 pregenced in Appendix A, & design point study hss been
made &nd 13 presented which describes the funstione of fins per inch,
overall regenzratur effectiveness, aad toral pressure loss of the air
and gas in the exchangers and their effect on exchenger core weight and
other physical parsmeters. A limited study is zlso included showing
the effect of fin thickness and fin material on core weight,

For purpuses of *his design study NsK &lloy (45 Na-55K) was selected as
the neat transfer fluid. This selecti~n was based primarily on the fact
that this eucectold remsins mushy, uader xll rstes of freezing, down to
the freezing point of the euzectic {L12”F). Pruvision is made to thaw

thie hesders s#.d zhe expanmeior. ~hsrbers before engine start~-up. A simple
eleciricei system is iacluded in tte design sed in the weight analysis of
the regenerstor system, If the smbiznz telpecreture 18 below approximately
507F, these two compouents require preheat sc rhat the solid NaK in the
core tubes will be éble ¢ extrude freely inmzo the headers when quickly
heated by the compressor delivery air in cne ssse and by the exhsust
gases from the turbine L2 the other ~aze.

In crder t~ derciscrate the performance of a light-weigh®, liquid-metal-
coupled regererster for &n airersefr rurboshwfi engine, hest exchangers
tave beern designed fur imczrporstisn in ¢his compwnv's Series 300-ST
engine, Thies turbestefr englin: Ls zated &t & nominal 60 horsepower and

is loaded by #u integral centrifi gsl wa:er pumg through gearing. The

core design of the heat exzhsugers, including the headérs &nd the ex-
pansicn chsmbers with ocellows, nicsely rsersileis the design of the 1000-
horsepcwer engine. Minor difie-ences were made betweea the twe designs
for purpozes ci conveulence §:d ezinomy. The basic engine Ils particularly
adsptable to this somvsraoon,

For the testing of this regeneretcr-engine combinaticn, the NakK loop is
desigred to be simple sud its components are held to a minimu, yet com-
patible with 20 tours of perfirmsnce testing., Tha loop incorporates

twe electromsgnetic NaK pumps i- series, an electromagretiz flow meter,
an externsl expansion chember. previsisn to pressurize with sn inert gas,
provisicn teo draw & iow vecuum on the svstem for clesering #nd charging
purposes, &and mizcelianecus instiumertsric: snd valves.



CONCLUSIONS

1. A light-weight, liquid-metal-coupled regenerator can be incorporated
in a high-performance, light-weight engine in the 1000-horsepower
class to successfully compete with other engines for helicopter
application. The engine-regenerator powerplant has the following
performance and weight characteristics:

Design specific fuel consumption is .446 pounds per
horsepower hour; specific fuel consumption is materially
below .5 pounds per horsepower hour at the lower usable
power levels; as compared to the basic engine at cruise
power, this performance shows a fuel saving of 15 percent.

The regenerator system is designed for .3 pounds per engine
horsepower output representing achievement of design objec-
tive. The weight objectives were met by employing only
current state-of-the-art technology except for the flight
NaK pump which needs development,

If projected design based on future development were used,
a 30-percent reduction of regenerator system weight is
possible.

2. Liquid metal (NaK) can be pumped and contained successfully, and
with low risk, in this NaK-coupled regenerator.




RECOMMENDATTIONS

There are problems in certain areas of the liquid-metal regenerator field
for aircraft engines which are most suitable for investigation and require
development. Benefits from work itemized below are pertinent to early
realization of use of liquid-metal-coupled regenerators in aitecraft
engines. It is recommended that immediate recognition for future profit-
able work be given to the following items:

1. Development of an electrodynamic flight pump for liquid
metals.

2. Development of a full-scale engine-regenerator turboshaft
powverplant for endurance and flight testing.

3. Research to accomplish:

a. Development of new fabricating techniques including
inspection, making possible the use of new materials
such as aluminum for fins behind the compressor.

b. Investigation of liquid-metal composition, the
various compositions of Na and K, in regard to their
characteristics on freezing and melting and of the
possible use of additives such as cesium to Nak,

c¢. Demonstration of the degree of fouling of closely-
spaced fins on tubes in the air and gas streams of
aircraft gas turbine engines.

d. Development of expansion chamber design.

e. Demonstration of the assimilation of NaK by the airflow
system of a gas turbine engine,

f. Generation of heat transfer design data for specific
optimized designs.

i
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As stated in the Recital of the contract, '‘The typical mission for Army
aircraft requires full power for & smzll percentsge of the mission time.

It is therefore necessary thst Army aviation research include in its program,
research projects lesding to the development cf gas turbine engines which

have improved fuel economy when cperating at reduced power. The use of re-
generators has long been considered as a promising method of achieving part
locad fuel ezoncmy but the weight of the conventional heat exchangers has pro-
hibited their use on zircrafr. It i{s believed that a heat exchanger using
liquid metal as & heat transfer medium will be considerszbly lighter than
systems currently used, and will zhus be compatible with aircraft requirements'.
In the Statement of Work ¢f the ccntract under Phase I the text is quoted as
follows in pert, '"The Contractor shall conduct sng&lyticszl and experimental
studies of a heAat exchanger and shall prepare the design of a full-size liquid
metal heat exchanger. The mechanical design of the regenerztor system will be
targeted to demonstrste a weight increase nor to exceed .20 to .30 pounds per
shaft horsepower ar 1000 horsepower, and alsc bssed on & regenerator effective-
ness of 50Z to 70%'". The Statement of Work &lsc includes the following
instructions, '"The Contractor---~shall conduct a study and investigation for
the design and shall construct a liquid metal heat exchanger suitable for use
with a gas turbine engine with 100 h.p. or less and perform tests of the liquid
metal heat exchanger instslled cn a ges turbire engine of known characteristics',
The Plan of Performance for Phase I specified use of tthis company's Series
300-ST turboshaft engine ss the teat venicle, its rework to incorporace the
required instrumentation and its running tc accomplish the calibration of the
basic engine,.

This report involves, under Phase I, feasibility of the 1000-korsepower
engine-regenerator concept and precticality of using the Series 300-ST
turboshaft engine for demonstrating regenerator performarce, In crder that
this heat exchanger performance be certinent to that of the 1000-horsepower
design, the design criteria of the heat exchanger cores and headers for the
test engine are based on the design study of the 1000-horsepower prototype.

The basic Seriss 300-3T7 engine hzs been calibrated; the calibration report
(Reterence 4) i{s being published concurrently under separate cover and herein
will be referred to as required.

The work under Phase II and III, zhe incorporaticn of the regenerator into
tae Series 300-ST engine &nd the performance testing of the engine-regenerator
composite, is scheduled for the spring and summer of 1961.
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1000 HORSEPOWER ENGINE
COMPREHENSIVE CONCEPT

The degree of success of the design of the 1000-horsepower engine is
measured by the featured low specific fuel consumption and in turn the
low weight of the engine-regenerator assembly that is demonstrated to
be feasible. The Ievels of these two all important items are more
significant on an absolute basis than in terms relative to the basic
engine. In other words, compared to the basic engine, the percent of
decrease in specific fuel consumption along with the percent increase
in weight of the engine regenerator assembly should not be considered
controlling. The pertinent question is the performance and weight of
this engine with regenerator compared to all other possible engines that
might be used for the same application. Previous to the actual design
of the 1000-horsepower engine in this program, it was considered that
an engine developing 1000 horsepower, weighing less than 600 pounds
and achieving specific fuel consumptions, &t military power and down
to 60% military power, of appreciably less than .5 pounds per horse-
power hour could more than compete with any anticipated reciprocating
engine or other gas turbine for helicopter application.

Considering the range of Army missions which consist of light obser-
vation, surveillance and transport, it is the first two except for
ferry missions that the helicopters will perform. In addition to
helicopters for light observation and surveillance, VIOL and STOL
will have a place buc using engines considerably larger than 1000
horsepower and probably totally installed more than 8000 horsepower
collectively., The Army helicopter missions are between 2.7 and 3
hours for flight observation and surveillance; for ferry missions,
from 10 to 16 hours, the latter for intercontinental ferry range of
2400 nautical miles. typical cruise power rating for a helicopter
engine is 65 percent 6f maximum power. Altitude is always low enough
to be considered as sea level for design purposes. Cruise speed is
approximately 100 knots. The fact that cruise requires 65 percent of
maximum power is in contrast to lower value of approximately 50% for
STOL and 25% for VTOL, Helicopter engines do not have to be operated
efficiently at the extremely low power levels required for VIOL and
STOL.

Choice of the basic engine required a comprehensive understanding of

the purpose of the engine regenerator combination. The fact that specific
fuel ccnsumption and engine weight are the two primary considerations can-
not be overestimated. The basic engine has to combine low weight and low
specific fuel consumption. To establish real minimum specific fuel
consumption it 18 necessary to maintain maximum component efficiencies
and minimum total pressure losses in the basic engine. A straight-
through axial-flow gas turbine can best meet these requirements., (ne

of the natural advantages that the liquid-metal-coupled regenerator has
‘over the other types is that {t can be incorporated with a true axial-
flow engine without compromising component efficiencies and without

adding unduly to the total pressure losses.

6
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This company has shown in other applications that low specific fuel con-
sumptions at low power outputs can be attained with attractive weight of
heat exchangers by placing the heat exchanger associated with the turbine
upstream of the power turbine or between power-turbine stages. A config-
uration of this sort allows the engine to run close to its component design
points yet well below the maximum power output of the basic engine. When
maximum power is required, the heat exchangers are by-passed or the NakK
flow is throttled. What might be considered the more orthodox position for
the turbine heet exchsnger, that is, downstream of the power turbine, was
chosen for the 1000-horsepower engine because, for equal weight of heat
exchanger core under conditions of 7-to-1 pressure ratio and 1750°F turbine
entry tempersature, the location downetream of the ‘pover turbine realizes
appreciable advantage in specific fuel consumption to that of the upstream
location. Figure 1 demons:rates this advantage. The reader will notice

in addition that the lower curve sessociated with the heat exchanger down-
stream of the power turbine is continuous up to maximum power, giving full
advantage of the regeneretion over the entire range of powers.

For the 1000-horsepower engine, therefore, the regenerator system is com-
posed of two heat exchangers, one behind the compressor and the other behind
the turbine. In the clcsed liquid-metsl system which couples the two heat
exchangers NaK is pumped from the heat exchangers behind the turbine to the
one behind the compressor thus conserving the heat that would be normally
exhausted to the atmosphere. A liquid-metal-coupled system is chosen to
recover this 2xhaust heat since if properly designed, it is inherently
compact and light in weight. As pointed out above, the liquid-metal system
allows the basic engine to be compromised the least since heat is trans-
ferred from the exhaust location to the compressor delivery location with a
minimum of rerouting of the gases.

For ease of servicing and to eliminate risk of liquid-metal fires external
to the engine, the concept of the engine with regenerator allows for removal
of the heat exchangers from the engine without opening a liquid-metal line
and provides containment of the entire liquid-metal system within the engina.

Feasibility of the engine regenerator concept is not considered proven on a
performance-weight basis alone. The practicality, and with low risk, of
containing and pumping the liquid metal has been given full consideration
throughout this study.




1000 HORSEPOWER ENGINE

PERFORMANCE

Presented in this pert of the study are estimated design and off-design
performance characteristics of the engine, considerations leading to the
selection of the design point parameter values, and details of the turbo
machinery design concept that are closely related to the required performance.
The reported performance results were developed through the use of digital
computing methods. Existing corporate digital computing programs were used
to compute performance with speed and accuracy.

Design Point Performance

To support the choice of the weight flow of the engine and to establish

the level of specific fuel coasumption at the design point, a design point
study was accomplished using the computer.. The results of this parametric
study are shown in Figure 2. The regenerator effectiveness was chosen at

.5 to make the attairment of the 200-pound-maximum goal for the regenerator
system most likely. The "Product of Regenerator Gas Total Pressure Re-
coveries'" in the abscissa falls at approximately .94 for the design point,

a 2-percent total pressure loss being assigned to each of the cores and to
the air diffusion passage between the turbine and the downstream heat ex-
changer. A 2-percent total pressure loss entering the exchanger behind the
compressor had already been taken into consideration as input to the calcu-
lations (see Item 12 under 'assumptions' in Figure 2). 1t is noteworthy that
the specific fuel consumption at the design point so defined is at the attrac-
tive value of ,449 pounds per horsepower hour. The basic engine without
regenerator has a specific fuel consumption &t the design point of .515
pounds per horsepower hour. The following teble lists the calculated engine
design-point perfcrmance including the assigned component characteristics on
which the calculations were based:

L 4



1000 HORSEPOWER TURBOSHAFT ENGINE

DESIGN POINT PERFORMANCE AND COMPONENT LOSS ASSUMPTIONS

Shaft horsepower, horsepower 1000
Shaft specific fuel consumption, Esjégﬁ? . 449
Air weight flow, 3%2 8.25
Compressor total pressure ratio 7/1
Turbine entry temperature, °F 1750
Turbine adiabatic efficiency, percent 89
Compressor adiabatic efficiency, percent 86.5
Regenerator effectiveness, percent 50

Total pressure recovery c¢f air in core of heat exchanger
behind ccmpressor, percent 98

Total pressure recovery of gas in core of heat exchanger
behind turbine, percent 98

Total pressure recovery of air eatering heat exchanger
behind compressor, percent 98

Tctal preasure recovery of gas entering heat exchanger

behiind turbine, percent 98
Total pressure reccvery in cocmbustion chamber, percent 98
Combustion chamber adiabztic efficiency, percent 99
Total pressure lcsa zt engine inlet, percent 1
Mech&nical efficiency (each shaft), percent 99
Total pressure lcss in engine exhaust, percent 1
Airflow bleed at compressor exit, percent 3
Power required to drive NaK pump, hcrsepower 15




The engine as shown above is designed to have a 7-to-1 compressor pressure
ratio and a 1750° turbine entry temperature. Choice of these two design
values {5 coupled by the fact that at s pressure ratio of 7-to-1, specific
fuel consumption and specific horsepower (an engine weight function) are

not seriously compromised by & turbine entry temperature as low as 1750° F
(see Figures 3 and 4). To favor low weight, this 1750°F was chosen to be
that turbine entry temperature which is usable without resorting to blade
cooling. At a turbine entry tempersture of 1750°F, specific fuel consumption
and spacific horsepower are clcse to optimum when using a compressor pressure
ratio of 7-to-1 (see Figures 5 and 6). With weight penalties in mind, 7-to-1
pressure ratio was recognized, in addition, as being the limit within which
one stage of turbine to drive the compressor can be employed. A single-spool
compressor was chosen because of its mechanical simplicity and light weight.
The 7-to-1 compression ratio, in addition, is the limit beyond which variable
geometry has to be resorted to in s single-spcol engine for good handling
qualities.

Turbine

The gas generator turbine is & sirgle-stage unit with a design tip speed of
1293 feet per second, a rotor exit diameter ratio of .78 and a predicited
design point adiabatic efficiency of 89%. The free power turbine is also
single stage with a design tip speed of 1175 feet per second, a rotor exit
diameter ratio of .587, and a predicted design ponint adiabatic efficiency of
89%. 1t was necessary to use a single row of turbine exit guide vanes to
achieve the high efficiency of the power turbine. A single-stage turbine
driving the 7-to-l pressure ratio compressor is justified by vector diagram
analysis. The unconventional shape of the engine and regenerator makes this
single-stage configuration possiple. A turbine larger than conventional,
but {in this case consistent with the heat exchanger diameter, permitted
attainment of wore efficient vectcr diagrams without incurring stress problems.

Compressor

The compressor is a 7-stage transcnic unit with sn engine design point
pressure ratio of 7-to-l, & predicited adiabetic efficlency of 86.5%,

a discharge velocity of 275 feet per second, &nd sn inlet tip speed of

1150 feet per second. Compressor dischsrge velocity was set at this low
level to reduce the diffusion requirement entering the heat exchanger.

As in the case of the turbine, the compresscr diameter tends to be larger
then would normally be found in an unregenerated engine to pass the same
air flow. Mzking the compressor larger to be ccmparibile with the size

of the regenerator has the advantage of placing the resultant design at a
high diameter ratio and tends to ease the serodynamic and mechenical de-
signs. Without resorting to multiple spools or to variable geometry, it

is felt that the best way to favor a gcod stall line is to desigr the com-
pressor at a slightly higher pressure 1scio than the engine design point,.

A ccmpressor basic design pressure ratic of 7.25-to-1 was selected herein
for that purpose. The design feasibility of the cowmpressor was verified by
analyzing the vector diegrams at the more critical stages. This investiga-
tion proved that the concept nf the seven-s:iage compressor is reasonable.

10




Cif-Desigzn Performance

The off-design performarce of the 1000-horsepower engine was calculated in
detail on the computer. The first step invelved the study of the functions
of gas generator &nd power turbine rym's ss reisted to specific fuel con-
sumption and shkaft horsepocwer. Engine performance is nct sensitive to vari-
ations in ges generator rrm, & least down to 70% of its design value and
over the range of from Z0C toc 1CCO horsercwer. Cn the other hand, the speed
of the ccmpressor spoci needs to decrease a&s the power cutput of the engine
decreases (see Figures 7 #nd 8). These performance characteristics are
compatible with the concept of o free power turbine. Throughout the power
range of the erngine the zpm ¢f the power turbine is considered to be constant
at its design value. Ihe rrm ¢f the coxrpressor spocl viries with shaft
horsepower as indicated ir Figure 8 aad in & more conventicnal plot in
Figure 9. Constang rotor rpm 1is ettrestive for helicopters over the power
range.

Using the rpm schedules so defined. corplete ergine c¢ff-design performance
was celculated under ses level sratic condivicns from 10CO0 teo 300 horsepower.
Figure 9 shows vff-design veluzs fcr the two rpm &, turbine entry tempera-
ture, specific fuel ccnsumpticn snd exheust geas temperature. Figure 10 shows
off-design performance for fuel flow, 2ir weight flow, compressor total pressure
ratio and overezll regenerstor effec-iveness. Figure 11 shows off-design per-
formance for temper&arures cf the gas and the NeK sssccisted with the heat
exchangers and sgain overall regeneratcer effectiveness, Figure 12 shows off-
design performance for gas velccities, zotal pressure losses and total pressure
levels associated with the heat excohangers. Figure 13 shows the conventional
compresscr map for the engine and its cprerating line. Figure 1, already
introduced, replots specific fuel consumpticn &s & function of shaft horse-
power as compared with that of the basic engine without regenerstion (and as
compared with another heat exchanger configursticn). The engine without
regeneration has been adjuated in size, & slight decrezse as compsared to

the engine incorporsting the regzenexrsgtor, so that 1000-horsepower output
coincides with engine design point pertcrusnce. Using an overall regenerator
effectiveness (E.) cf .5, the specific fuel consumption at 1000-horsepower
output 1is .449 pounds per hcrsepower hcur snd represents a reduction of

12.8% compared to :“he unregenerazed; st 650 horsepswer, .484 pounds per horse-
power hour, & reductiorn cf 15.3%; st 40C hoersepcwer. 551 pounds per horse-
power hour, & reducztion cf 17.3%. Whern &n E_ of .5)5 is used, directly
applicable to the 1000-horsepcwer engine regeneracor as designed, the specific
fuel consumption is .446 pounds per horsepcower hour, Note that at the
expected cruise power level of & helicorter, 650 horsepower, the specific

fuel consumption ¢f the regenersted engine is apprecisbiy less “han the
unregenerated engine at its design poin: (€7%). With decreasing power the

two specific fuel consumpticn zurves diverge 28 & funmction of increasing
overall rxzgenerstor effectivenens (see Figures 1 and 10). This overall
regenerator effectiveness cuxrve x3 &pplied tc engine coff-design performance
was calculated under the assumpticr thet che retic cf the weight flows times
specific heaz of the NaK and si: remain unchunged® - & value of unity

*This ratio can very between .95 und 1.7 witncuc sprreciasble effect on
performence (Reference 1, peage 18),
i1l




at the off-design points as compared to the design point. This requirement
presupposes that the pumping of the NaK can be varied independently or

that the characteristics of the pump, in this design mounted on the power
turbine shaft, can be associated with a small but effective variation in
rpm as a function of engine power output. Alternatively, it is reasonable
to assume that the NaK pumping rate at constant rpm could be biased by
variable geometry in the pump, independently controllable. The best measns
for maintaining the required air flow-NaK flow relationship at off-design
povers would depend on the establishment of the exact pump characteristics
{refer to Page 21 for a description of the NaK pump concept).

The engine off-design characteristics are reasonable, Stable engine
operation throughout the power range is indicated by the position of the
operating line on the compressor map (see Figure 13). 1In Figure 12 the
differing characteristics of the percent total pressure loss entering the
cores &nd in the cores of the exchanger behind the compressor and the
exchanger behind the turbine are worth comment. The loss behind the com-
pressor on & percenta&ge basis increases slightly with decreasing horsepower
of the engine, while that behind the turbine decreases to half its original
value., Note that the effect is due not only to a decreasing velocity
entering the exchange:r behind the turbine but to the fact that the pressure
level behind the compressor falls off rapidly with decressing engine output
while the pressure level leaving the turbine remains constant. These
pressure levels are thcse con which the percentage loss is based, engine
performance in turn being sensitive toc the percentage loss,

The indicated off-design engine performance estimates represent the results
of an investigation which accounts for the off-design performance variation
of &«ll mtjor components. Compressor and turbine maps were used to represent
typical off-design characteristics for units of the subject types. Off-
design performance of the regenerator system was estimated and was included
in the resultant performance analysis. By recognizing that many compcnent
variables exist and by taking realistic account of them in this perfor-
mance analysis, it is felt that the indica&ted results present reasonable

and attainable performance.
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1000 HORSEPOWER ENGINE

MECHANICAL DESIGN OF HEAT EXCHANGERS

Drawing R15347 (pages 13 - 15 ) shows the layout study of the heat ex-
changers and the regenerator system of the 1000-hcrsepower engine.

The general configuration of the heat exchangers is mainly established by
the thermodynamic considerations such as the required frontal area, the
number of liquid-metal passes and the number of layers* of tubes. In this
design the heat exchanger behind the turbine has four times the fronts&l

area and about one-fifth the number cf tube layers as the compressor ex-
changer. When an attempt is made to design these heat exchangers into

the air passage system of the engine, the above requirement dictates that
the heat exchanger behind the compresscr have considersble length with

the air flowing through in an axial direction and the exchanger behind the
turbine be raedially thin with the gas flowing through from finside to outside.

Since the heat exchangers are lirge components of cthe engine, & problem
arises as to the assembly and disassembly of the units without compromising
the engine design excessively and without disconnecting the liquid metal
lines. The exchangers are annular in shape, yet in two separate unirs.

The annuli are split in an axial sense and are formed when the two integral
parts are assembled radizlly from top and bottom (see schematic diagram on
page 16). A separate pump cell is prcvided for each system. To remove the
regenerator system it is not necessary to disassemble any part of the engine,
with the possible excepticu of the reduction gear box. This feature is
particularly pertinent since the present state of the &rt of the contain-
ment of liquid metals for other than laboratory purposes prescribe that

the flow circuit have &ll wékded connections; hence, no mechanical joints,.
Eech unit of the exchanger behind the turbine is permanently connected by
cross~-cver pipes to the respective unit of the exchanger behind the compressor.

The structural design and weight cptimization of the liquid-metal con-
taining system is dependent upon a compromise between the passage flow
length of the two fluids, air and 1liquid metal. To accomplish efficient
heat transfer, &an exchanger requires a multiplicity of passes of the
liquid metal; i.e., to simulate counterflow. A large number of passes
imposes & serious pressure-drop parameter on the containment system,
thereby increasing pump size and piping wall thickness. The compromise
must be made between the number of passes and the system presmsure. From
heat transfer analysis data the difference between the exchanger effective-
ness with four passes and an infinite number of passes is small (less than
5%). Therefore, a design criteria can be established in order to keep’the
pressure as low as possible; the desirable number of flow passes is four.
From a heat transfer standpcint the frontal area &nd number of tube layers

* "Layers'' of tubes in this report refer to planes of tubes across the air

or gas stream. Progression from one layer tc the next is in the direction
cf the air or gas flcw.

-
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are established. From a mechanical design standpoint it is desirable
to have as large a flow area as possible, therefore, low velocities.

A reasonable maximum liquid-metal velocity in any part of the system

is 30 feet per second. Average NaK velocity in the serpentine tubes

of the excharger behind the compressor is 13.4 feet per second and
behind the turbine, 15.5 feet per secord;in the headers, 7.75 feet per
second and in the cross-over tubes, 17.4 feet per second. These
velocities together with enteripng and exit losses incur a total pressure
drop of 40 pounds per square inch.

The mechanical configuration of a liquid metal regenerator system for
flight vehicle powerplant should be established in close congriity with
the other components ir order to maintain compactness. Compactness is
obtained principally by desiguing for the efficient transfer of heat
from metal to air in the smallest vclume.

Finned Tubes Afrer considerable study in the nuclear field of heat
exchangers this company is convinced that small tubes with closely-spaced
circular fins result in minimum size. The exchanger cores incorporate
serpentine tubing thus keeping the headers, in turn, to minimum size and
reducing the number of welds joining tubes to headers. These finned tubes
are fabricated in this design from .156~inch outside-diameter tubing with

a .015-inch wall thickness. Fins are helically wound and brazed to the A
tubing. The outside diameter of the fins is .418 inches; fin thickness

is .008 inches, consisting of .004 inches of oxygen free high-conductivity
copper and .,002 inches of AMS 5521 stainless steel cladding on each side.
The fins are spaced on the tubes 24 to the inch. Tubes are spaced to each
other at .458-inch intervals in an equilateral pattern, leaving a .040-inch
clearance between fins. Weight per inch of this fin tube is .00903 pounds.
Although a saving of weight is indicated in the heat transfer study in
Appendix A by designs using 30 fins to the inch, 24 fins to the inch are
used in this design to avold fouling of closely-spaced fins in the air
stream and particularly in the hot gases downstresm of the turbine.

Since mechanical fatigue 1is possible where air is moved at high velocity,
material selected for those elements in the &ir stream favors high fatigue
strength in the operating temperature range as well as compatibility with
the liquid metal and hot gas. Hastelloy B was selected as the tubing
material, and for the cther components of the NaK containing system, because
of its properties at 1100°F. These properties include good resistance to
corrosion by NaK and by air, high 1000~hour rupture and creep streugths
and, in particular, high fatigue strength., Other materials with good
fatigue strength which are recommended for tubing to successfully contain
NaK at these temperatures are HS 25 and Hsatelloy N. Mass transfer in
1000 hours at 1100°F maximum 1is negligible with thess materials.
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Liquid NaK will quickly attack local areas -where inclusions or defects
in the material are concentrated. It is even conceivable in thin wall
tubing that a minute oxide particle will cause an early failure of an
otherwise acceptable heat exchanger. 1In addition very small amounts
of impurities found in the liquid NaK itself can greatly accelerate
corrosive attack. For these reasons and to improve fatigue strength,
both the heat exchanger material and the NaK must be reactor grade and
free from impurities. V

It is equally important that all weldments exposed to the liquid NakK
be resistant to corrosion by the liquid. The presence of even a small
amount of oxides or gas entrapment can result in serious localized
corrosion. Therefore it is imperative that the material be readily
weldable without danger of weld defects, undesirable phase changes,

or loss of ductility and other mechkanical properties. These conditions
are met by the materials recoumended. '

Heat Exchanger Behind Compressor

Integrity 1is maintained only through careful design of each component
to operate in its environment., Due to the high thermal gradients, the
effect of expansion on each component should be considered and the result-
ing strain eliminated where possible.

" ’
The attachment of the tubes to the headers represent a comnsiderable
metal section change; therefore, the welding and back-brazing technique
if used, should provide generouc tube to header fillets. The preferred
technique is to expamd the tube in the header holes and weld only. 'To
minimize the number of tube+to-header welds, the tubes shquld be
serpentined, i.e., folded across the air flow passage as many times as
practicable.

An involute design is merged with the serpentine tube concept in the
core of the exchanger behind the cmmpressor. This design in addition
to its structural considerations provides maximum utilization of: fromtal
area for the axial flow of air and with constant NaK velocities at any
radiug. The curvature of the tubes describing the involute provides
stiffening in one plane and thereby increases their natural frequency.
The calculated first bending mode frequency of the straight fin tube
was found to be 18,700 cycles per minute. Bending stresses imposed on
these tubes are smalln Calcaulations indicate a maximum stress of

296 pounds per square inch when the tubes are considered cantilevered.
Actually the support system for the tubes apprdaches a beam fixed on'
one end simply supported on the other, implying even lower stresses.
All tubes are mounted so that they can expand without restraint thereby
eliminating any longitudinal stresses due to thermal growth.
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An entrance header and an exit header only are required with serpentine
tube design. Hastelloy B is specified for the headers, as for the tubes
as mentioned above; one-and-one-half-inch inside-diameter tubing with
.045-inch wall thicknes® is used. The header cross-section is circular
in shape with a heavier wall where the exchanger tubes enter, thus
allowing a minimum weight. The 180-degree headers are made in two halves
to permit welding of the tubes along their long axis. Support of the
finned tubing on the outside diameter is accomplished by punching and
stamping lipped holes in sheet-metal shells. The inner end of the tubes
is supported by a fabricated radially-slotted cylinder. All of the gas
pressure loads on the outer diameter of the heat exchanger are taken up
by the second outer shell which has been designed to take a calculated
stress of 21,100 pounds per square inch. All of the supports and other
components in the 180-degree segments of the exchanger behind the
compressor are designed to be as light as possible not only to minimize
weight but to allow flexibility in reducing thermal stresses. The ends
of the 180-degree headers in each segment are mechanically attached to
each other so that thermal growth results in 1ncreésed diameter but

not straightening. Header circumferential stress due to an operating
NaK pressure of 50 pounds per square inch is 894 pounds per square inch.

Heat Exchanger Behind Turbine

The heat exchanger behind the turbine is designed to accept radial gas
flow and has the same serpentine fimed tubing as in the other exchanger,
but running fore and aft. This tubing in addition is bowed radially
outward, that is, in the direction of the air flow to promote stability
‘and lower stress. In this exchanger the finned tubes are supported in
plates with punched holes and sleeve inserts for bearing surface, These
tubes are also free to expand to take care of thermal growth. Attaclment
of the headers to the supporting structure is by mechanical clamping to
the two contour plsates which allows circumferential expansion. Berding
stresses in the finmed tubes are slightly higher than in the exchanger behind
the comp*essor due to .the greater span.

Piping and Bulkheads

To maintain a light structure the bulkheads and piping should conform

as near as possible to good pressure-vessel design. .This criterion calls
for the elimination as far as possible of flat surfaces and the use of
generous radii. Connecting joints between bulkheads and inlet and outlet
piping must have good flow tramsition. Cross-over pipes between the two
exchangers must provide for thermal expansion. The most common device
used for thermal expansion absorption is a pipe loop. When space is of
prime consideration, the bellqws joint is more suitable.

Connecting lines between headers are one inch in diameter with .045-inch
wall thickness, and fabricated of Hastelloy B. These connecting lines

are attached to the headers by welding to flanged holes, formed with large
radii in the headers. In order to compensate for thermal differentials
between the upstream and downstream exchangers, bellows units are built
into the connecting lines.




Expansion Chambers

Contraction of the liquid metal during cooling and expansion during
heating must be taken into acdount by the provision of sufficient
expansion voelume, Need for expansion chambers is well illustrated by
the fact that NaK (45Na-55K) expands 20% in volume for a 1100° F risme

in temperature (LO0°F to 1200°F). Since the expansion chamber must
operate at any attitude, the free-surface type with an inert cover gas
is unsuitable for this application. BRellows have been incorporated into
the expansion chambers in thi%s design. NaK is contained on the outside
of the bellows against the pressure of an inert gas on the inside. The
expansion chambers are shaped like the headers using the same one-and-one-
half-inch inside-diameter tubing with .045-inch wall thickness. The NaK
is on the outside of the bellows to make it possible to properly drain.
Each expansion chamber is located clese to its header section and is
connected to each by half-inch tubing. The bellows in each expansion
chamber is designed to allow for 27.5 cubic inches displacement; in the
four expansion chambers, 110 cutic inches total displacement. The
volume of the entire NaK system without expansion chamber is 687.5 cubic
inches. Between the melting point of the NaK and the maximum operating
temperature this volumetric increase Ls considered adequate. Expansion
of the contailning system itself is not estimated quantitatively but

is considered to be a real factor of safety.

Liguid Metal System Containment

The liquid metal system is cocmpletely contained inside the engine. A
one-piece titanium alloy shroud .030-inches thick slips over the heat
exchanger behind the compressor and the connecting lines and is bolted
to tHe supports of each exchanger fore and aft. If a leak should occur
in any part of the NaK system,a local and internal fire would break

out and burn at the source of the leak 1f the NaK were at its operating
temperature. Progressive damage to the hardware at the leak location
and ensulng enlargement of the leak wuuld take place. The heating
values of sodium and potasium, however, are small, 389 and 1984 BTU

per pound respectively. The titanium shroud is designed to contain
both the products of the NaK combustion and the heat. 'This shrouded
internal volume is vented intec the exhaust system of the engine. A
white smoke in the engine exhaust would be tndication that a NaK leak
had occurred. Damage to the heat exchanger is expected to be restricted
to the localized area of the leak; the engine 18 expected to carry off
the products of the combustion and the heat without damage to itself.
The products of combustion NaK are irritating but not toxic.

Nak_Pump

A liquid-metal pump for operation in an aircraft should combine the
following desirable features: lightweight, compactness, adaptability
to the engine drive, leak-free operation at any attitude and reasonable
l1ife. Mechanical liquid-metal pumps and the electromagnetic liquid-
metal pumps are currently available for statiopary use. The mechanical
pump generally employs a centrifigal impeller to move the liquid metal.




One critical component of this type of pump is the seal between the
liquid metal and air or other fluids. The seal has to prevent any
contact of the liquid metal with air or with hydrocarboms. The other
critical component consists of the bearings which must operate at
high temperatures and, for some designs, in contact with the liquid
metal.

Mechanical pump seals developed to date are classified as canned-rotor,
cover-gas, and frozen seals. One type of canned-rotor or membrane-sealed
pump employs a thin non-magnetic membrane that is permanently sealed
between the liquid metal and air. An external rotating magnetic field
coupled through the membrane to a rotor which is submerged in the liquid
metal provides the driving torque. The obvious advantage of this type

of pump is the zero-leakage feature regardless of attitude. The gas-seal
pump operates on the principal of using an inert gas chamber above the free
liquid-metal surface. This design is unsatisfactory for aircraft application
due to the movement of the free surface with change in attitude. The
frozen seal pump, as the name implies, accomplishes sealing by freezing

the liquid metal in an annulus between a stationary and a rotating element.
While this pump can seal with zero leakage, an undesirable feature is the
requirement of a refrigerating system for the success of the liquid-metal
containment.

The electromagnetic type pumps move the liquid metal through a continuous
tube loop by taking advantage of the electrical conductivity of the

liquid metal. In the Faraday type, basically DC, the pumping force results
from an external current flowing in the liquid metal during its passage
through a magnetic field., The Faraday types, both AC and DC as developed
to date, are impractical for flight installations due to excessive size

and weight &nd the requirement of large amounts of external electrical
power.

Certain pumps called '"electrodynamic'" are designed on the induction
principle. 1In this type a moving magnetic field induces curremnt in

the liquid metal. The reaction between the eddy currents so induced

and the moving field results in a pumping force on the fluid. This
electrodynamic pump i1s the only pump in the small size required by this
project which appears feasible and adaptable to flight engine application.
Its compactness, lack of seals and adaptability to the engine installation
are together uniquely attractive.

The pump shown in this design is patented. The current state of development of
this type of pump permits accurate estimates of performance and weight. The
pump consists of two permanent magnets mounted on the main shaft of the engine.
Inserted between the magnets near the periphery are two 180-degree 'cells"

of the NaK piping. Each cell is incorporated in, and pumps NaK through, the
closed circult of each system. The 180-degree cell of the pump piping can

be pulled away radially from the pump magnets with the heat exchangers at
disassembly and without breaking a NaK line.
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Each puanp cell hes = cepacity of 40 geilons per minute at a developed out-
put pressure of 45 pounds per square inch. The pump weight is approximately
30 pounds and requires 15 horsepower to drive. Quoting from & letter by
Mr, Gordor R. Findlay. (see acknowledgements page), to Mr. Hargus Watts
of this company dated during the latter part of October 1960, there follows
an egccount of the pump development required: 'In order to reaiize and
optimize this performemnce, it wdould be necessery to carry cut en application
development program aimed at suitably medifying the standerd configuration
of ovr electrodynamic pump to meet the spezific application proposed.
We estimate that the progrém would regq:ire about 9 menths and cost in
the vicinity of $60,C00. The program would comprise an initial applica-
tion engineering design study in which megnetic zircuit, electric eddy
circuit. and hydraciic circuic parareters would be selecred to give &n
optimum weight enrnd performance package. This engineering phase would in
turn lead to an actual flight pump design. Finally, & test pump and loop
simuleting actuel sheft spesd and loop conditions would be ser up and
operating dets obtalnad to verify the design',

NsK Hesting Syatex

A heater system has been irncorporetad into the exchanger headers, expansion
tanks and connecting lines to adequately melt the NeK before engine start
up when ambient temperatures are less thsan epproximately 50°F.* An elec-
ericsl systex was thosen because of {ts simplicity and light weight. This
system uses 2irzraft power supply for cperaticn., Basically this NakK
keating system consists of rod elements through the headers, easily re-
placeable, and bonded surface heating elements on the expansion tanks and
connecting lines. Power vequlirements for this heater nave been established
at approximacely 1/3 tre cutput of a 24-volt aircrafr battery with a

75 amp-hour rating to accceaplish unfrgezing of the headers and comnecting
lines from the low temperatire of =65 F. Sterting procedure and pre-
hezting of the expsnsion tanks and connecting lires are involved in the
choice of the exact NuK comoosition chosen for this design. Further
discuasicn ¢f these subiecte Za found 12 tlre seztiorn which follows.

Liquia Metegi Composition

Tne pcssibility of using one of two high-temperature-melting-point liquid
metals, litrnium and sodium, 2s well as one very low-temperature-melting-
roint ecvzectin, cesium-potassium,wws conslderad. Lithium and sodium are
attracztive for their higher specific hests and electrical conductivity,
arnd the cesium-potassium evrectic 1s ectreactive for its -60°F freezing
point, which would eliminate frsezinrg #nd consequently any provision to
thew. In comparing specifi: hests the advantage of sodium over NaK
(56Ne-44K) 18 & mcdest one: .3C7 compared ¢n .248 BTU per pound per
degree F. These specific heats sve an {icverse measure of liquid-metal
flow reguirements ¢ & comears:lve besls end in turr. 4 saving in weight
of not oaly liquid metal bu:z of the contalring hardwere.

* Trewing of the hneaders and expansion chawrbers befeore engine start up
is predlecsted ~n the coacep: thut solid extrusion of NaK from the finned
tubeg into the hesaders has ts ve accompilshed ¢ protect the tubes during
start up. 1: is possible that voids in the solid NaK end the flow of
mushy NaK may adeqiacely provide volure £5v expansion without preheating.
Ir this senze the reqgiirement to prazrest is based on the mo3t severe
possibilities.
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The electrical resistivity of sodium is approximately 1/3, and that of
lithium approximately 1/2, that of NaK. The pump manufacturer advises
that the use of sodium instead of NaK in the system, because of this
electrical advantage, would reduce the weight of the pump from 30 to 20
pounds. Use of the cesium-potassium eutectic implies a specific heat of
less than half that of NaeK and an electricsal resistivity perhaps twice
that cf NaK. The performance disadvanteges of the cesium-potassium
eutectic are apprecisabie.

The choice of NaK as the liquid metal in the heat transfer system of
this design is predicated on the concept that NaK in the tubes, the
headers and the connecting lines can be frozen after engine 'shut down
and thawed successfully before ergine start uvp in routine fashion.
Use of NaK (45Na-55K) requires heating to 45°F to completely thaw.
Use of lithium and sodium would require heating to 357 and 208°F
respectively. The concept of 2 succeszful start up which requires
preheating of the hesders, expension cheaxbers and connecting lines
reascnably presupposes that sclid NsK in the finned tubes of the core,
when suddenly heated by the compresscr delivery &ir in the one ex-
changer and by the iurbire exit 2ir in the other exchanger, will
extrude into the headers without damaging the tubes. Accordingly it
is necessary that the headers be free and the expansion chambers
operable. Preheating of the connecting lines 1s prescribed to avoid
delay in NaK circulaticn and regener&tor cperation.

To successfully thaw after freezing it is &dvisable further to reverse
the sequence of the freezing events, so that the solid NaK which is the
last to freeze will be the first to be melted and thereby have some
locel voids into which to expand. This concept leads to a refinement
in the choice of the NaK composition. It ca&n be shown on the sodium-
potassium liquidus diggram that the conventional NaK (Na56-K44) may,
depending on the rate of cocling, precipitate sodium out of the com~-
position and thus locally form & complete solid before the freezing
temperature of the eutectic (12°F) has been reached, Use of the NaK
composition (45Na-55K) is specified because it assures a mushiness of
the NaK %o be present down zo the freezing point of the eutectic.
Below this freezing point a porous structure of the frozen Nak is
expected, The temperature cf initial freezing of NaK (45Na-55K) 1is

457F; the differences in specific hest 2nd electrical conductivity of
the two eutectoids, (45Na-55K) &nd (56Nz2-44K), are small and not
significart.

Lithium and scdium are not recommended irn this design principally

because of the severe unfreezing problem involved with each of these
high-temperature-melting-point metals. The cesium-potassium eutectic

is not recommended because its only advantage is the elimination of the
requirement to unfreeze., Inasmuch &s the unfreezing of NaK (45Na-35K) is
considered a practicable procedure, NaK is chosen in order to take advan-
tage of its higher specific heat and thermal conductivity. A strong and
important general reason for choosing NaK over and abcve lithium and
cesium-potassium is that NaK and sodium have had a variety of uses for
heat transfer purposea. Advantage is taken in this feasibility study

of the more refined state of the #rt of contairing NaK as compared

to che other alksali metsls, except sodium.
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Mechaniical design of the tasic-engine follows current state-~of-the-art
practices. Criticsl areas have been checked for stress and designed to be
conservative, such as bearings with a DN factor of 1.2 x 10°. The critical
speed of the shaft comnecting the turbine and compressor was calculated

to be at 41,850 rpz whick is approximately 45% over the designm speed of
29,000 rpm.

Compressor rotor blades are pin mounted, and the turbine rotor blades
are sttzached by coavertional fir-trees. Beoth of the compressor and
turtine stavor blades are held to tre housings by circumferential slots.
Constructlon of th2 comwpreszor rptor and the intermadiate shaft to the
turbine rotor has been designed as an integral unit.

Attachmert of the turbipe rotor to the shaft is accemplished by the use
ot 4 curviec taccesplined coupling. Thrust loads for this compressor-turbine
ualr are taken thrcugh to the front bearirg package.

The free-turbine unit Is supported independently through the rear
housing of the exhaust diffuser and provides for the axial coupling of
a reduction gear in this rear location. Lubrication of all the bearings
iz accomplished *y a closed presscrized system.

Exharstt gases are diecharged cadially from the engine as the installation
reguires. The overall length of the englne, excluding the reduction gear,
1s 55 inches with a maxinum frontal Jdiazmeter of 27 inches. Lacking a
detailed welght analysis, that che scope of this study does not include,
trhe basic euglize withovt regenerator ic estincated to weigh. 250 pounds.

lhe aexchanger hebind the compressor and the exchonger behind the turbine
exit requive antular-type asir ¢iffusers antering to prov.de the design
fromral velocities = approximately 30 and A0 feer per second respectively.
Ir lesigring *he Jdilfusers. emphszis bhas teep placed on obtaining
relatively uveifem valocity profiles in a nivimum length without iacurring
axcessive tutsl preasurze less. To achieve “hese objeatives, a combination
6 hivhi-rate diffusiorn covcepts, which inaividually have been proven
expervimarcal ly, have teen irn-crporated 1w rha diffuser designs. The design
and analysis c¢f dlffuser botweer the compressovr aad the upstream heat
excharger hHus been divided inte three stages. In the initial stage the
design provides optimum diffusion through ar ares ratio of 1.77. This stage
includes a curved-wall area schedule which represerte a linear velocity
decelerartiorn sz a fuw tion of distance at a geometric divergence angle
which vaxies from 7% to L0 degrees. 7lhe second stage of the diffuser has

a 40-degree geomerric diverpence argle with an area ratio of 2,1. The outer
wall of this section is made of porous sterl to provide srea bleed for the
putrpose 2of hourdary laver removal, Approxticately 37 bleed is intended at
this poine and wi!l b= used for besring ccolinag etc. The final stage of
the design 18 effectively a dimp section with un area ratio of 2.5. Three
vanes dividiug four eqial ar=as are ircluded 1. this section to improve the
final velocity discritaslor. The overall diffusecr configurarion has an
aresa ratic of 9.35.




Structural considerations downstream of the turbine imposed a more
restrictive set of conditions on the diffuser in that location than
on the compressor exit diffuser. For this reason, there was not
enough flexibility to permit incorporating several of the more
attractive diffuser concepts in this design. The exit annulus from
the turbine exit guide vane presents a divergent passage with a
mean direction of 10 degrees outward from axial. The diffuser is
réquired to provide an 80-degree turn to a radial heat exchanger.
Three splitter vanes have been <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>