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Abstract

of the combustion zonc have allowed us to obtain sonic informa-
tion about its sizc, locus and stability, whercas cxamnination of

The use of liquid metal combustion as a Rankine cyclc thc cntirc confined flowfield has provided insights into the
hcat source in stored chemical cncrgy propulsion systems for behavioral characteristics of thc dcnsc reaction products, mixing
undcrsca vehiclcs has fostcrcd intcrcst in the fundamcntal characteristics and interaction of thc several phases during the
procqsses occurring during such combustion. This paper reports I combustion of the fuel.
.in investigation into thc use of high cncrgy, real-timc radiogra-
pvy to provide X-ray images or the confined combustion or an
oxidant injected and submerged in a 'fuel buth. Studies of the s 2. Linuid Metal Fuel Combustion
combustion processes and fluid dynamics of the jet-driven cir-
culating flow in the fucl bath arc described. Results of tests Liquid metal combustion (LMC) for the high energy den-
using cylindrical combustors which have single, horizontal oxi- iuid mces o bestin this wor mhe usg or dlndizc jes a thir cntellns ac peseted.Selcte raio- sity hca sources of" interest in this work makes use of molten
dizer jcts at their centerlines are presented. Selected radio- mietal fuels and high molecular weight oxidizers. Such processesgraphic im ages show ing som c of the large scale, low frequency h e n sc ibed t o le ngthr previht slydi yers.;S ch procc vschave been described at length previously by Bierniann2), van
turbulence, dense product behavior and reaction zone growth dcr Sluys' ), Groff and Facth ('t and others. Our purpose here is
Which occurs during such closed combustion processes are c r ly(,GofadFch n tes u ups eei

presented and discussed. to report the investigation 'of diagnostic techniques which pro-
vide the opportunity for field studies of the reaction processes,
hydrodynamics and transport processes which occur in such
heat sources during the entire operation, ic from initiation or the

Iintroduction rcaction in a purc fuel bath to complete consumption of the fuel
in a products-rich bath.

Research and development efforts for undersea vchliclcs
have for the past two decades been characterized by I continu-
ing search for increased energy density in thermfal power 2.1 Reaction and Mixin? in Closed Liquid Metal Combustion
cycles!t't One advanced propulsion system currently being
dc.clopcd includes the combustion of liquid alkaline nictal fuels Among features and phenomena or interest in the confined
with halogenated oxidizers. 2'1 Thcsc sources or thermal energy combustion process, the reaction zone is particularly important,
arc typically extremely reactive, release enormous quantities of especially when the reaction is highly cxothcrmic, may involve
heat in small spaces and operate at temperatures on the order of vaporization or the fucl and may be governed by condensation.
1000 degrees Celsius, thus, investigation of the fundamental A considerable volume of work has been devoted to this aspect
chemical, thermodynamic, und hydrodynamic processes therein of the combustion of liquid metals, especially by Facth and his
necessitates the development and use of special diagnostic tcch- co-workcrs. ( ' tl) What is in short supply in this technology is
niqucs'S.O] experimental data for very reactive closed combustion processes.

As these combustion charactcristics rcprescnt a consider- A second subject of study in these thermal energy sources
able challenge to expecrimental invcstigations, we have bccn is that of thc mixing process within the closed combustion
developing methods of studying the internal processes in closed, chamber and the interaction and ctTccts or this mixing on the
liquid metal combustipn through the use of penetrating X-ray reaction, hcat generation and transport processcs. These con-
radiation techniques, specifically real-time radiography (RTR). sidcrations have an incrcasingly important effect on the
Continuous imaging or combustion processes which involve a jet conmbustor's pcrfnrmancc as a heat source as the rucl is con-
o1l high molecular ,cight oxidizer inimcrscd in a liquid Li 6_c sumcd. Our approach to the investigation of these plhrnonlcna is
bath, has bccn accomplishcd with both medium energy and high tA,cndeavor to observe in real time the mixing in the entire
energy X-ray generators. Our efforts to date have focussed on . chamber, recording dynamic images of the processes and then
(a) the region where the reactions occur and (b) study of the analizing the images to infer the mixing and transport chirac-
overall flowficld structure in the combustion chamber. Studies tcristics throughout the observed field.
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2 RI :dlot3:llh1:ic (.olliderl':llot ilg Ilangc for the latter contained the oxidant iniector :l

; alpproiiate fittintgs I-or c'acuating the conbustor and admitting

Real-time radiography has bccn used as a non-dcstructivc initiator wires. A gaskct or stainless steel and astcstos was

st~ng and inspettion tcehniquc lor thc past thrce decades, dur- clampcd between the 102 mm flangcs to prcvent leakagc of mol-

ig which ithnc tIe technology and capabilitics in this field have ten fuel, oxidant or reaction products.

nprovcd dramatically. Therc has bcen n corrcsponding Aflcr completion of (lhe Iirst RTR tcsts and analysis of ihe
0IadCning o1 the apl)licalionS or this imagilg technology to limiting Ifactors in crcating images or this combiustion vrocesm

nucompass many areas of diagnostic investigation due to the with X rays, t 5) it was evident that a mcdium energy X-ray gcn-

bility of this technique to disclose information about events crator was required to produce the imagcs wc dcsired. Hlow-

iside hostile cnvironments. RTR imaging rcquircs a continuous ever, to usc a mcdium cncrgy machine it was necessary to
enctrating radiation source, scintillating materials for convcr- reduce the X-ray cross section of thc tcst apparatus. Consc-
on or thc cncrgy into visible light and appropriatc optics and cucntly, the cxisting combustors wcrc modificd in two ways for

incra for recording the images. The physics or the imoge gen- use in subsequent tests: First, radiographic windows wcrc cut in
ration and factors which affcct its quality arc summarized by thc outer pipe and aluminum was uscd to rcplacc the steel to
ossi, ct al.(t" A discussion 'of the application of real time neu- confinc the cooling water. Secondly, the insidc of the conbus-
on imaging to internal combustion processes is given by Jones, tion chamber was bored to reduce the wall thickness to 5.5 mm.
t al. 1 ) The issues of X-ray imaging of the closed combustion These cliangcs rcsultcd in a total stccl thickness in the path or
rocesses under consideration in the present work arc discussed the X-ray bcam of II mm, about one-third of that present
v Parnell, ct al.15) before the modifications. Although these changes allowed the

use of the medium energy machine, they did not permit obscrva-
tion of the entire combustion chamber nor allow use of an X-ray

3. Description of Experiments tube voltagc which was low enough to provide the contrast
required for real-time imaging of the reaction zone itsclf (ic,

In order to perform the experimcnts reported in this paper essentially a small void :n the Li fuel). Thus, a small sacrificial

test racility and som ,small combustors were designed and plate was placed inside the combustor. mounted just in rront or

,ilt at the Naval Ocean Systems Center. Several prcliminary (lie injector and in line with the oxidizer jet. Thc purpose of

tpcrinicnts wcrc conducted to verify the combustor design, this plate was to providc a dynamic indicator of the outline and

cration of the test cluipmcnt and thermal characteristics of growth rate of the reaction zone during the operation or the

ic: reaction process. 'Testing was then shifted to the Naval combustor.
cipons Center to gain access to existing radiography facilities.

WATER- WATER WATER 3.2 Test Equipnmcnt and Facilities

I The RTR tests were conducted in a test facility dcsigned

for testing large objects, such' as rocket motors. rhc facility con-
t till usistcd of a concrete reinforced test bay and a control room

910ANT4- i t i F located in a bunker about 200 mctcrs away. A portable test
1stand was built to position the combustor in the proper location
0 for the radiography and provide a means to connect the combos-

tor instrumentation and control equipment to the control room
(Fig. 2). The test stand also housed a self-contained oxidant
delivery system that was controlled remotely to allow selection

Fig. I Liquid metal combustor. Components as-notcd. of one of two preset oxidant flowratcs and a cooling water

oolant flow paths arc indicated, delivery system. During each test, temperature and pressure

I Combustor Design

The first RTR tests used existing thick-walled cylindrical

)nibustors designed to contain 0.82 kg Li, 0.20 kg pyrotechnic
arting material, a pyrotechnic initiator, and sufficicnt ullage to 13D

iinimize pressurization cfccts. Fig. I shows a cross-section or
tc design which consisted of two concentric GtainIcss steel
ipcs, each 300 mm, long. Thc inner pipe contained the lithium
tcl, hal ',t inside diameter ofr92 mm and a wall thickness of I 1
im. This thick-walled containment was chosen to provide
tough thermal. resistance to prevent boiling of the cooling F

atcr. The outer pipe had a diameter of 130 mm and a wall Fig. 2 Portablc liquid metal ombustion test frame.

,ickncss of 6.5 mim, leaving an annular space 6.5 nmm thick t
:twccn the two pipes. Prior to assembly or the two pipes a solid
,ppcr rod was helically wound around the inner one to force dati and video images werc recordcd while makig the radio-

c cooling water to flow in a spiral path between the entry and graphic images. Data that was critical for control of the reaction

.it ports in the outer pipe. The combustor and heat exchanger was also displayed for the test conductor to monitor, including

crc completed by welding both of these pipes to a biind flange the Li bath and combustor wall temperatures, oxidant supply
pressure, and the external video images.
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Fig. 4 Schematic of real time radiography test facility.

capable of 1000 FPS (full framc) is currently under devclopmnct
for high spcqd studies; the improved time resolution of this sys-

.tcm would permit better understanding or the high speed events
0 50 100 150 200 250 occurring inside liquid metal combustors and is planncd to be

TIME (seconds) used in future tests.

4. Dcnse Product Bchavior
Fig. 3 Exampicof-tcmpcraturc and pressure histories dur-

ing closed liquid metal combustion. Separation of the dense reaction products into a product-
rich immisciblc fluid volume below the injection point is shownA sample of the data typically obtained for these experi- in Figs. 5-12. These radiographs were obtained using the high

mcnts is presented in Fig. 3. Oxidant pressure was mileasured just
upstream of the injector and is proportional to the mass voltage linear accelerator described above. Growth or thc
floW. rate. The oxidant supply line was overpressurized at the volume of the dense products is disccrnable in the radiograph,
start of the reaction -but became stabilized at IlIc dcsircd 0.30 and is sumnldrizcd in Fig. 13. Although thc technique used it
k'Pa at t-60,s, , during which time the bath temperature climbed produce these photos docs not pcrmit identification of the tur.
to about 1000'C. Foi the test shown in Fig. 3 the oxidant pros- bulent structures in the combustion chamber, the low frcqucnc
.juic was in'r'cascd -to 0.50 kPa at t-90 s; the corresponding components of such arc scen in the video tape records. Higlincreasc in flow resulted in a rise of only 50'C in bath tempera- frequency turbulence cannot be seen with standard frame rates
ture. The cIdwall temperature curve in .the figurc shows the It is clear from the photographs and Fig. 13 that the dense pro.rcsponsc of the uncoolcd end of the combustor, a stainless steel duct separation leaves a reduced volume for the highly chanoti
plate 17 mm thick. The 102-mm flange was used to-mount the fuel-rich region in which the turbulent mixing and combustio
combustor to.the test stand; its temperature rcsponsc.refldcts not processes appear to be confined during the early stages of tjionly its large thermal mass but also the effect or rtn cooling, fuel consumption. Significant mixing of the product volume i'
Both of these ends of the combustor show peak tcinpcraturcs noted in the video records only aftcr the rcacting gaseous jet i
(k40'C and 420C, rcspectivcly) occurring well after termination engulfed by the products.
-6f the reaction.

V3.3Rca-Tinc,Radiographv System

The X-ray systcm used for these LMC tests employed a

.O0k p continuous X-ray generator for the medium energy stu-
dicd of thc, odificd combustors and a 9 MeV radiographic
accelerator for the high energy studies of the existing thick-
Vallcd combustors. The schematic shown in Fig. 4 shows tie

tystem's general contiguration and components which, for the
mott part, arc standard radiographic items. All the componentswere protected from a potentially hazardous environment, usu-
ally that of a solid rocket motor during static firing; the major
environmental concerns were heat, vibration, acoustic noise and ..
shock. The data was presented visually in real time on a video
monitor and recorded as the tests wcrc performed. Real-time Fig. 5 Radiograph of closed LMC at initiation of reaction
icwlng provided the proicct engineer with the opportunity to 0t0).

make immediate decisions regarding the tests during their pro-
gress. The image sizes could be varied frdm 5 cm x 5 cm to 90
cm x 102 cm. The standard 30 frames per second (FPS) video
framc rate was used for all of these experiments, A system

.,1 ,



Fig. 6 Radiograph of closed LMC showing dcnsc product Fig. 10 Radiograph of closed LNIC showing dcnisc product
'paration at t=30 s. separation at t= 150 s.1. 11;I.

Fig. 7 Radiograph of closed LMC showing dense product Fig. II Radiograph o closed LMC showing dense product
,cparation at t60 s. separation at t-ISO s.

Fig. 8 Radiograph' of closed LMC showing dense product Fig. 12 Radiograph or closcd LIC showing dcnsc productCPration at t.90s. pCI)altti U t t=2,10 s.

240-.A.
I50 OXIDANT

120
01 60, I O

Fig. 9 Radiograph.of closed LMC showing dense product -. ig 13 Sunmmary o" dcnsc products %olumc jro%,h"paratlon at t=120 s. characteristics during steady, closed combustion of liquid Li.Rection clapsed times as indicatcd.



Reaction Zone Growvth

Thc increase with time in thc length of the reaction zone is
dicatcd in Figs. 14-1 S. In these radiographs thc center portion
thc sacrificial plate placed in the combustion chamber is sccn
bc piogrcssivcly destroyed by the extremely high-tcniperaturc

aIction. A tungstcn rod was also placed adjacent to thc plate at

ccntcr of the combustoi and is casily sccn in nit of the radio-
iphs. It is offset from the axis of the oxidizer jet by thc half-

feccts of the reaction by bending downward, as secn in Fig. 18.
ni zas or thc growth rate and other charac tcris tics of thc reac-
in zone will be published elsewhere.

Fig. 16 Radiograph showving reaction zone eiffect on plate
after operating for 6 s.

Fig. 14 Radiograph of conmbustor at initiation or reaction.
icw through X-ray window showing drilled sacrificial plate
id tungsten rod.

Fig. 17 Radiograph showing reaction zonc effect on plale;III. ater operating for 16 s.

* Fig. ! 5 Radiograph showving reaction zone effect on plate
ter operating Acr 2 s.

Fig. IS Radiograph showing reaction zone effect On Pl- te
ilier olperating Icr 22 s.



6. Concluding Remarks

Separation or a cl oscd, liquid metal combustor's dense
-action products into0 a produiet-rich immiscile fluid reion

)lurnc below tlic injction point has been obscrvcd and
-scribed. This behavior has been. a consistent feature of all of
ic LMC experiments conducted in the work reported here and
.is significant implications regarding the mixing and circulation
isuch combustion. Evidence obtained from sacriiial~ probes

laccd in thc path of the oxidizing jet indicatc a stablc reaction
,nc with a steady, quantifiable growth rate and a restricted en-

zlopc. These results demonstrate that studics of confined, very
:active combustion processes at high temperatures can be per-
xrmed successfully through the use of-real-time X-ray radiogra-
hy, provided careful attention is paid to' the requirements of
ic radiography in the combustor design and operation. This di-
gnostic tool offers the opportunity to investigate dynamic
onibustion processes and obliuin quantitative as well as qualita-
yec information.
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