
NUCLEAR POI{ERED GAS IIJRBI}IES. AN OLD IDEA
WHOSE TIUE IIAS CO}IE.

by
Rodney tt. Adaros

Modern warships in the U. S. Navy are propel led by one of  two types of  engines.
SnaII  to medium sized surface combatants use gas turbine engines for their  h igh power to
weight rat io,  ease of  maintenance and operat ion.  rapid response and relat ively Iow cost.
Aircraf t  carr iers and submarines use pressur ized water nuclear reactors due to their
unl i rn i ted endurance (years between refuel ings ) ,  h igh total  power product ion,  and lack of
dependence on oxygen or need for exhaust.  rh is s i tuat ion has been accepted for lack of
better al ternat ives.

I t  is  possible,  by combining proven technologies,  to produce a c losed cycle gas

turbine engine in which the gas is heated by a nuclear reactor.  The character ist ics of
the engine would include rapid start  capabi l i t ies,  h igh power to weight rat io,
independence from fuel  supply l ines,  smal l  total  p lant  volurne, independence from oxygen,
zero air  pol lut ion,  a fow thermal s ignature,  a high level  of  p lant safety,  re lat ive ease
of maintenance, and acceptable l i fet i rne cost,  This is not a perpetual-  mot ion machine or
sornething out of  science f ict ion,  i t  is  achievable in the near term.

gr ief  Technical  Descr ipt ion

The engine operates on the wel l  known Brayton cycle that  is used in al l  gas turbine
engines. The major di f ference is that  the cycle is c losed. The working f lu id that  shows
the most prour ise is hel iurn.  A compressor raises the pressure of  the hel ium. The reactor
heats the pressur ized gas to gi-ve i t  more internal  energy.  The turbine turns the hot,
pressur ized gas into mechanical  work by accelerat ing the gas through nozzles and direct ing

i t  onto rows of  spinning blades. When the useful  work has been extracted, the gas is
cooled to br ing i t  back to the start ing point  of  the cycle and the process cont inues.

Figure 1 is a T-S diagram of the cycle.  Figure 2 is a schematic diagran of  the proposed

syslem.
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The enabl ing technologies for  th is engine are modern, high temperature c_erannic reactor

fuels that  can maintain fuel  integr i ty even with temperatures of  up to 20OOoc and hj-gh

eff ic iency compressors and turbines that can oPerate rel iably wi th turbine in let

temperatures of  1O0Ooc. wi th current l i r r i tat ions on core er i t  ternperature,  turbine in let

temperature,  compressor and turbine ef f ic iencies and postulated cooler ef fect iveness, the

engines have the potent ia l  to reach thermodynanic ef f ic iencies in excess of  40*.  This is

a large increase over current nuclear powered stearn plants that  have urax ef f ic iencies of

3Ot.  Addi t ional ly.  improved ef f ic iencies are possible as mater ia ls are developed to alLow

higher temperatures.

Nuclear Power l tytbs

anid al l  of  the negat ive press concerning nuclear f iss ion, much informat ion has been

obscured. The f issioning of  heawy elements l ike uranium and plutonium is a highly

concentrated forn of  energy that leaves a very smal l  volume of  waste product behind. I t

requires no oxygen and produces no exhaust gas that must be discharged. One glan ( there

are 454 grarns in a pound) of  uranium-235 when f issioned wi l l  re lease 7. '300 ki lowatt  hours

of energy.  For comparison, that  is  the same-amount of  energy that is re leased from

burning 13 bglle-LE of oil or 3 lggg of coal-r The waste products from that granr of

uranium weigh less than a gram, wi th the nass di f ference being direct ly converted into

heat energy.

contrary to some reports that uranium resources are too linited to make much of a

di f ference in the long term, the total  energy avai lable f rom proven uranium resources in

the United States is more than ten t ines that of  coal .z Explorat ion for  these rnter ia ls

has barely started. Addi t ional ly,  the enr iched mater ia ls in deconnissioned nuclear

rDuderstat, James and Kikuchi,
Universi ty of  Michigan, 1979,
2Duderstat ,  p.  10

Chihiro,  Nuclear Power.  Technofogv on Tr ia l '
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\ ' tarheads could be readi ly converted into reactor fuels,  g iv ing a new meaning to the idea
of beat ing swords into ploughshares.  one way of  cornpletely destroying the explosive
potent ia l  of  these mater ia ls is to break each atom in hal f  for  the product ion of  useful
energy.

Final ly,  though the quest ion of  how best to handle the waste generated from the plants
is not resolved, th is is not as large a problem as many people th ink.  The total  volume of
the high level  waste produced in the Uni ted states projected through the year 2000 would
f i t  into a cube measur ing 15 meters on a s ide, When cornpared to the fact  that  a s ingle
1000 Kw coal-  f i red plant reguires the removal  of  th i r ty three train car loads of  ash every
single day, i t  is  obvious that the problem is rather t ight ly bounded.3 The wastes have
been safely stored in temporary areas for many years and there are many technical ly sound
proposals for  permanent storage, Part  of  the reason that permanent storage arrangements
have not been completed is that  the "spent"  fuel  rods are potent ia l ly  valuabl-e,  wi th a
large amount of  f iss ionable mater ia l  that  can be recycled wi- th avai lable technology.

The nental  p icture that  most people have of  nuclear energy product i -on is of  enormous
plants wi th huge cool ing towers or a maze of  p ip ing with cornplex indicat ion systern-s on
board aircraf t  carr iers,  cruisers and submarines. These i rnages are direct ly related to
the fact  that  current nucl-ear power plants use pressur ized water to rnake steam, The
images have l i t t le to do with the f iss ion process i tsel f .  The stearn produced in the
secondary of  pressur ized water reactors is handled in the sane r , ray as steam produced in
boi lers fueled by a var iety of  carbon based fuels.  The steam system is what produces
much of  the complexi ty.  s ize and weight of  the plants.

uistor ical  perspect ive

The Naut i lus project  began only 8 years af ter  Enr ico Fermi achieved the f i rst  sel f -
sustained chain react ion.  Captain E)rman c.  Rickover,  a deternined engineer who wanted to
rapidly apply the potent ia l  of  nuclear power to the problem of underwater propuls ion. was
the dr iv ing force behind the Naut i l -us.  Ee nade decis ions for Naut i lus based on fol lowing
the course of  least  technical  r isk in order to make the project  work.  Be and his team
succeeded adnr i rably,  Iaunching an operat ing nuclear powered submarine a mere 13 years

after the very f i rst  chain react ion.  This was an amazing feat and the qual i ty of  the
effort  has er iabled the basic design to remain intact  dur ing the 37 years s ince the
Naut i lus reported "underway on nuclear power.  "

Unfortunately.  a crash program reguires that  some sacr i f ices be made. Invest igat ing
interest ing possibi l i t ies takes t ime and resources away fron the prfunary ef for t .  one
casual ty of  Rickover 's s ingle-rninded deterur inat ion to apply nuclear power was that
proposed al ternat ives to his pressur ized water reactors were squelched. One of  those
al ternat ives was the combinat ion of  a gas cooled reactor wi th a then infant gas turbine
engine. In 1958, the Air  Force operated a nuclear powered gas turbine as IErt  of  their
Aircraf t  Nuclear Propuls j -on progfram and in 1961. the Army operated a smal l ,  c losed cycle
nuclear gas turbine designed to supply power to remote bases or corununicat ions s i tes.*

whi le Rickover was aware of  these developments,  he was deternined to use mature
technology in his program. Ee was an inf luent ia l -  rnan in those t imes of  technological
confrontat ion wi th the soviet  Union and he convinced congress, industry,  and the American
people that  h is way was the only way.5

The central ly control led Navy Nuclear Power program has produced admirable successes
including an unmatched safety record,  a large number of  h ighly t ra ined people and a strong
base of  knowledge. Bowever.  i t  has also produced a high cost power plant that  no one else
in the United States wi l l  buy,  a f ragi le industr ia l  base that is total ly dependent upon a
single customer and a feel ing anong the general  populat ion that the prograrn may not be
worth the expense. Addi t ional ly,  i t  has produced a system where few people are wi l l - ing to
chal lenge the status quo.

During the 42 years s ince the beginning of  Naval  nuclear power there have been
considerable advances in technology and pol i t ics that  af fect  the future course of  nuclear
power,  Gas turbine engines have become a mature power source accurnulat ing rni l l ions of
hours of  operat ing exper ience and impressive records of  re l iabi l i ty .  whi le gas cooled

3Duderstat ,  p.  110
4t" tcponald,  col in F.  "Turbine Power Plant Possibi l i t ies wi th a Nuc]ear l leat  source-
Closed and Open Cycles",  90-GT-69, paper presented at  the Gas T' l r rb ine and Aeroengine
congress and Exposi t ion-Junel l -14,  1.990.

5Di l r r"aar,  Francis ,
Inst i tute Press,

Rickover and the Nuclear Naw. The Discipl ine of  Technoloov. Naval-
ennapol is,  1990, p.  13-16



reactors have been successful ly operated in the Uni ted States and cermany in t r ia l
programs and in the Uni ted Kingdom on a large scale.  on the pol i t ical  s ide,  the
superpower confrontat ion seems to be over and there is an increased interest  in reducing
the costs of  providing for the nat ional  defense. There is a growing real izat ion that
nuclear f iss ion is fess harmful  for  the environment than burning fossi l  fuels.  Final ly,
there is a growing understanding in the t lavy of  the benef i ts that  can be obtained from
innovat ion and new ideas.

ANTI-NUCLEAR POWER ARGI, ITTENTS IN TIIE NAVY

The fol lowing'  are some of the standard arguments that  have been used against  nuclear
power for  shipboard use.

* The plants have a low power to weight rat io and compl icate ship design.
* They are exLremely cost ly and hard to just i fy in an era of  re lat ively cheap oi l .
*  The plants require a long t ime to bui ld and test .
*  I t  takes a nuclear powered ship a long t ine to go fron cold i ron to stean- ing

condi t ions.
*  operat ion and maintenance of  the plants requires a highly t ra ined, special ized and

expensive work force.
* A large volume of  internal  space must be dedicated to the engineer ing plant on a

nuclear powered ship.
A. l - I  of  these " facts" are t rue. but they are not facts about nuclear power,  they are

facts about pressur ized water gf4alg plants.  Near ly two decades ago the rest  of  the

mari t ine wor l -d decided to stop bui ld ing more steam plants.  For the last  decade or so,
only submarines and aircraf t  carr iers obtained enough advantages from nuclear power to
overcome the disadvantages. Both programs are now in jeopardy due to their  h igh cost and
changing defense pr ior i t ies.  As a resul t '  nuclear plants and their  components are
increasingly being produced at  low and inef f ic ient  product ion rates.

Advantage6 of  techuological  Advances

The fuel  for  most reactors has been a ceramic fuel  encased in corrosion resistant

metal  to protect  i t  f rom the high temperature water used as the coofant.  Compared to nany
industr ia l  mater ia ls,  th is fuel  has a relat ively low nel t ing point .  The combinat ion of

fuel  and coolant chosen in the ear ly days of  nuclear power has placed l in i tat ions on the

highest temperature avai lable in the cycle and on therrnodynarnic ef f ic iencies.

Addi t ional ly.  the combinat ion has had an impact on nuclear power 's cost  and perceived

safety.

The enormous engineer ing ef for t  to design against  the possibi l i ty  of  fuel  nel t ing has
dr iven the cost of  nuclear power.  Due to the large change in therrnodynamiq plqpssl igg

that occurs i f  h igh temperature water loses pressure and changes phase fron water to
stean, nuclear power plants require careful ly designed systems and procedures to prevent

the loss of  coolant.  They also need several  redundant means of  removing heat f rom the

core in the event that  power is lost  to the pumps that normal ly c i rculate coolant.

Judging frorn nuclear power 's arnazing safety record,  the engineer ing and training

effort  has been successful .  but  i t  has been cost ly and is gett ing Dore so. Not a1I of  the
costs are measured in dol lars,  they are also measured in the amount of  t ime that leaders

on nuclear powered ships spend in dut ies related to their  engineer ing plants.

When high temperature water is removed from the eqluation, the opportunity for a

completely di f ferent fuel  appears.  The basic ingredients of  f iss i le mater ia l  are t t re
same, but the rneans to isolate the f iss ion products is di f ferent.  fuel  dedigned for use
in a gas cooled reactor is formed into smal l  pel lets that  are encased in several  layers of

a high integr i ty cerannic coat ing.  A certain amount of  extra space is included inside each
pe11et to al low for the fact  that  some f issi .on products are gases and wj-1l  have a higher
volune requirement than the or ig inal  rnater j -a l .  These pel lets can be forned into ei ther

long thin rods or bi l l iard bal l  s ized spheres in order to be loaded into the reactor.6

The considerat ions for  the core speci f ics are beyond the scope of  th is art ic le.  but

each forrn has been successful ly tested in t r ia l  reactors in the Uni ted States.  the spheres

6McDonald. C. F.. "The High Temperature Gas-cooled Reactor - A Versati le Nuclear
Heat Source for space, Terrestr ial,  Mobile. subterranean and Undersea Power
Appli-cations", Proceedings of the 23rd Intersociety Energy Conversion Engineering
Conference, July 31- Aug 5 1988. p.  545



at Peach Bottom in Pennsylvania and the rods at  Fort  Saint  vrain in colorado. Due to i ts

abi l i ty  to wi thstand high temperatures,  cores using the new t ] tpe of  fuel  can be designed

to to maintain integr i ty even without forced cool ing.  Through the heat t ransfer

mechanisms of  radiat ion andrconduct ion the fuel  reaches an equi l ibr iun temperature before

i t  gets hot enough to fa i l . '  This character ist ic el iminates the possibi l i ty  of

meltdowns. Since high pressure is not needed to keep the coolant in a s ingle,  predictable

phase, most of  the components in the system can operate at  atmospher ic pressure.  This

ninimizes the potent ia l -  for  leaks.

Gas turbine engines have proven to be a l ightweight.  compact means of  convert ing the

heat energy released from combust ion of  fossi l  fuels into the nechanical  energy reguired

to push ships and aircraf t  and to produce electr ic i ty.  When operat ing at  peak loads,

they have a better fuel  ef f ic iency than other al ternat ives.  when using an inert  gas that

is heated in a reactor,  several  synergisrns can be real ized that wi l l  make the gas turbines

even better.
*  A turbine operat i -ng in inert  hel ium instead of  in the corrosive environrnent of  the

exhaust products of  burning fossi l  fuel  should Iast  longer.
*  problems associated with incomplete combust ion,  fuel  nozzLe clogging, soot

format ion,  and ai-r  pol lut ion wi l l  be el i rn inated.
* A closed cycle plant wi l l  be insulated from environmental  considerat ions l ike sal t

spray,  sandstorms, and ambient air  temperature.
r  A c losed Brayton cycle operat ing wi th a constant temperature power source can use

inventory control  of  the coofant for  power level  changes. wj- th th is scheme. i f  the power

denand goes down, some of the gas can be bled of f  the discharge of  the compressor to lovter

the system pressure.  This scheure is projected to give a near ly f lat  ef f ic iency response

over a wide range of  power.o
* The engine gives ship designers the abi l i ty  to }ocate the engine wherever i t  is  rnost

convenient.  The enormous volume of  intake and exhaust duct ing is el iminated as is the

need for exhaust gas cool ing.
*  There is no high ternperature exhaust to provide a br ight  infrared target.  waste heat

wi l l  be rejected to the ocean in the form of a s l ight ly warmer wake.
* Fuel  handl ing,  storage and treatment systems can be el iur inated, saving a great deal

of  weight.  The potent ia l  exists for  a core that lasts the l - i fe of  the ship.

Tact ical ly,  the ships would have great l -y improved f lexibi l i ty  and resistance to

changes in the external  wor1d. No longer wi l l  ships have to refuel  every few days,

subject ing them to the hazards of  operat ing in c lose proximity to other ships at  constant

courses and speeds. Training t i rne wi l l  no longer be dictated by guarter ly fuel  budgets or

events that  tenporar i ly  l i rn i t  the avai l -abi l i ty  of  fossi l  fuels.  The need for foreign

naval  bases wi l l  be l in i ted to the resupply of  weapons and spare parts,  th ings that are

needed much less f requent ly than fuel .  Fast surface combatants wi I I  be able to race

across oceans to respond to cont ingencies wi thout wai t ing for  s lower oi lers to keep up.

For subrnar ines the benef i ts would be equal ly impressive.  They would be able to deploy

faster f rorn a shutdown condi t ion.  overhauls could be shortened based on the reduced

propuls ion plant maintenance. tsul l  s izes could be reduced at  the same t ime that power is

increased, leading to higher speed capabi l i t ies.  weight formerly dedicated to the

propuls ion plant couJ-d be put into the hul l  to increase operat ional  depth capabi l i t ies

without resort ing to exot ic mater ia ls.

Cost Picture

The fol lowing character ist ics of  the engine should resul t  in substant ia l  cost  savings.
* A system with fewer components should be less expensive.  This engine great ly

reduces the nunr lcer of  parts involved when compared to ei ther fossi l  fueled gas turbines or

pressur ized water nuclear plants.
*  El i  Whitney and Henry Ford showed that complex manufactured products using

standardized designs for large scale product ion in factor ies can be nade cheaper and with

higher overal l  gual i ty than equipment that  requires an art isan for each piece. These

engines could propel  ships,  both commercial  and naval  and subrnr ines.  They night even be

eventual ly adaptable for  aviat ion appl icat ions.  The potent ia l  market is enorrnous.
* The complex infrastructure devoted to the distr ibut ion of  fossi- I  fuel"s to a

geographical ly dispersed f l -eet  can be reduced.

TMcDonald,  c.  F. ,
8Frutschi ,  H. u. ,
Turbine cycles,  "

p.544

"napid Posi t ive Load changes by Gas Inject ion in c losed Gas

ASME PaDer 7B-GT-8



* The need for exhaust gas scrubbers to meet envirorunental regulations will be headed
off  before i t  imposes a burden on the f leet ,

*  The potent ia l  sural l  s ize of  the overal l  uni t  nake i t  possible that  i t  can be
retrof i t ted into exist ing ships.  There may be no requirement to bui ld ships f rom the
ground up to take advantage of  these engines.

* ships and submarines wi l l  reduce the amount of  their  precious internal  volume
dedicated to the propuls ion plant.  rn any transportat ion appU-cat ion.  the s ize and weight
of  the engine plays a large role in the overal l  economy of  the vehic le,

*  The engines would require a lower nanning level  than current nuclear plants.  Both
operat ions and maintenance wj- I l  be s impler.  This wi l l  reduce pa.yrol l  costs per plat forn
and again increase the volume of  internal  space avai lable for  other appl icat ions.

*  compared to water,  hel ium exper iences low act ivat ion in the reactor,  minimizing the
contarninat ion of  turbine and compressor parts.  Modul-ar construct ion and repa. i r  techniques
wi l l  s t i I I  be useable- shielding weight wi l l  a lso be great ly reduced.

* Al though qual i ty and dedicat ion to reactor safety wi l l  cont inue to be the hal lmarks
of Navy Nuclear Power,  the inherent stabi l i ty  bui l t  in to the plant design should reduce
the required oversight and lead to s igni f icant savings in administrat ive costs.

Conclusion

The technology is modern, but aI I  of  the components have been thoroughly tested. cas
turbines are weII  understood and manufactured by lErny companies for  such diverse

appl icat ions as aircraf t  and ship propuls ion, peak load generators,  and natural  gas
pipel ine pumps. The United Kingdorn,  cermany and the United States have operated

suff ic ient  numbers of  gas cooled reactors so that any di f f icul t ies associated with then
are wel l  understood,

The long term success of  the pressur ized water reactor has given us an enonnous

knowledge base relat ing to reactor physics,  radiological  controls,  personnel  t ra in ing, and

mater ia ls research. The United States has the expert ise and the capi ta l  necessary to nake
nuclear powered gas turbines for shipboard propuls ion in the near term. The technology
can be appl ied to other prograrns,  helping the United States to regain i t 's  prour inence in
an industry i t  once dominated. The program would be an investment that  could reap
impressive rewards.
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4/6/92 R. L. Kiang

Comments on LCDR Adams' course project report entitled "NUCLEARED
POWERED GAS TURBINES - AN OLD IDEA WHOSE TIME HAS COME'"

This report is well written. The idea of combining a closed cycle gas turbine with
a gas-cooled reactor is an interesting one. I enjoyed reading the entire report. My
comments should not be construed as a judgement of the quality of the work as a term
paper (that job belongs to Prof. Wu), but rather as suggestions for future improvements
should LCDR Adams decides to pursue this matter further.

To me, the biggest shortcoming of this report is the lack of quantitative information.
Phrases like "rapid start capabilities", "high power to weight ratio", and "fewer
components" would have a lot more weight to them if they are backed by numbers. I
fully realize that numbers are hard to come by, at times, but that's what scientific research
is about.

The discussions at the top of p.5 talk about converting nuclear warhead material to
reactor fuel. My rather limited knowledge about nuclear warhead tells me that either pure
U-235 or Plutonium is the common fission material. The fuel in a commercial nuclear
power plant is only 3Vo U-235: and that is why a reactor will never have a nuclear
detonation. It is not clear to me how much modification is needed before the warhead
material can be used as reactor fuel. "break each atom in half" docs not mean a lot to
me.

I am not familiar with the fuel used in a gas-cooled reactor. An identification of the
high temperature ceramic clad fuel pellets would be very helptul. You also need to
convince me that such fuel rods or spheres can maintain its intcgrity without forced
cooling. Quotation clf some expcrimental data would help.


