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Abstract

The usc of liquid metal combustion as a Rankine cycic
heat source in stored chemical cnergy propulsion systems lor
undersca  vehicles has fostered interest in the {undamental "
procgsses occurring during such combustion. This paper reports
an investigation into the usc of high cnergy, rcal-time radiogra-
phy to provide X-ray images of the confincd combustion of an
oxidant injected and submerged in a Tucl bath. Studics of the '1
combustion processcs and fluid dynamics of the jet-driven cir- !
cutating flow in the fucl bath arc described. Rcsults of tests
using cylindrical combustors which have single, horizontal oxi-
dizer jets at their centerlines are presented. Selected radio-
graphic images showing some of the large scale, Jow frequency ;"
turbulence, dense product behavior and reaction zone growth’
which occurs during such closed combustion proccsses are
presented and discussed. /

/

1. Jntroduction

. ]

Research and development cfforts for undersca vehicles
have tor the past two decades been characterized by 4 continu-
ing scarch lor incrcased cnergy density in therifal power
cvelest* ) Onc advanced propulsion system currently being
Jeveloped includes the combustion of liquid alkaline nictal fucls
with halogenated oxidizers*™ These sources ol thermal encrgy
arc typically cxtremcly recactive, release enormous quantitics of
heat in small spaces and operate at temperatures on the order of
1000 dcgrees Celsius, thus, investigation of the fundamental
chemical, thermodynamic, und hydrodynamic processes therein
necessitates the development and use of special diagnostic tech-
niques.t59)

As these combustion characteristics represent a consider-
able challenge to experimental investigations, we have been
developing methods of studying the internal processes in closed,
liquid mctal combustipn through the usc of penctrating ,\—r—ﬁ-
radiation techniqucs, specifically real-time radiography (RTR).
Continugus imiaging of combustion processes which involve a jet
of, high molecular weight oxidizer immersed in a liquid Li fuel
Lath, has been accomplished with both medium encrgy and high
cnergy X-ray gencrators, Our cfforts to date have focussed on,
(a) the region where the reactions occur and (b) study of he
overall flowficld structurc in the combustion chamber. Studics
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of the combustion zonc have allowed us to obtain some informa-
tion aboul its size, locus and stability, whereas examination-of
the cntirc confincd flowficld has provided insights into the
behavioral characteristics of the densc reaction products, mixing
characteristics and interaction of the scveral phasces during the
combustion of the fucl.

2. Liguid Metal Fucl Combustion

Liquid mctal combustion (LMC) for the high energy den-
sity heay sources of interest in this work makes usc of molten
metal fucls and high molccular weight oxidizers. Such processcs
have Leen deseribed at length previously by Bicrmann®®, van
der Siuys®?, Grolf and Facth® and others. Our purposc here is
to report the investigation of diagnostic techniques which pro-
vide the opportunity for ficld studics of the recaction processcs,
hydrodynamics and transport processes which occur in such
heat sources during the cntire operation, ic from initiation of the
reaction in a purc fucl bath to complete consumption of the Sucl
in a products-rich bath.

2.1 Reaction and Mixing in Closed Liquid Mectal Combustion

Among leaturcs and phenomena of interest in the confined
combustion proccess, the rcaction zone is particularly important,
cspecially when the reaction is highly cxothermic, may involve
vaporization of the fucl and may be governed by condensation.
A considerable volume of work has been devoted to this aspect
of the combustion of liquid metals, especiaily by Facth and his
co-workers."1) What is in short supply in this tcchnology is
cxperimental data for very reactive closed combustion processcs.

A sccond subject of study in these thermal cnergy sources
15 that of the mixing process within the closed combustion
chamber and the interaction and clfects of this mixing on the
reaction, heat gencration and transport processcs. These con-
sidcrations have an increasingly important cffect on the
combustar's performance as a heat source as the fuel is con-
sumcd. Our approach to the investigation of these phenomena is
th,.cndcavor to observe in real time the mixing in the cntire
chamber, recording dynamic images of the processes and then
analizing the images to infer the mixing and transport charac-
teristics throughout the observed ficld.
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2 Radiogiaphic Considerativns

Real-time radiography has been uscd as a non-destructive
ssting and inspettion technique tor the past three decadcs, dur-
15 which time the technology and capabilitics in this ficld have
nproved dramatically, There has been a  corresponding
soidening of the applications of this imaging technology to
ncompass many arcas of diagnostic investigation due to the
bility of this technique to disclosc information about cvenis
1side hostilc environments. RTR imaging requires a continuous
¢nctrating radiation source, scintillating matcerials for conver-
on of the cncrgy into visible light and appropriate optics and
amera for recording the images, The physics ol the image gen-
ration and factors which affect its quality arc summarized by
ossi, ct al®) A discussion ‘of the application of real time ncu-
on imaging to internal combustion processcs is given by Joncs,
t al™) The issues of X-ray imaging of the closcd combustion
rocesses under consideration in the present work arc discussed
v Parncll, ct al®

3. Description of Experiments

In order to perform the experiments reported in this paper
test [acility and somé small combustors were designed and
uiit at the Naval Occan Systems Center. Several preliminary
sperimients were conduclcd to verily the combustor dcsign,
acration of the test cduxpmcnt and thcrmal characteristics of
\c’ reaction process. Testing was then shifted to the Naval
‘edpons Cenicr to gain access to cxisting radiography facilitics.

[}

warm\

I ' lf \
XIDANT= '/ i u ‘: |‘ H‘H
” |'I

[- WATER WATER

T

-

jg i} e

Fig. 1 Liquid metal combustor. Componcnts as - notcd
oolant flow paths arc indicated.

2

1 Combustor Design

The first RTR tests uscd existing thick-walled cylindrical
ymbustors designed to contain 0.82 kg Li, 0.20 kg pyrotechnic
arting material, a pyrotechnic initiator, and sufficicnt ullage to
iinimize pressurization clfccts. Fig. 1 shows a cross-scction of
i design which consisted of two concentric stainicss stecl
ipes, cach 300 mm long. The inncr pipe contained the lithium
tel, haed 0 inside diameter of 92 mm and a wall thickness of 11
.m. This thick-walled containment was chosen to provide
rough thermal. resistance to prevent boiling of the cooling
ater. The outer pipc had a diameter of 130 mm and a wall

dickness of 6.5 mm, Ieaving an annular spacc 6.5 mm thick
stween the two pipes. Prior to assembly ol the two pipes a sohd

wpper rod was helically wound around the inncr onc to force
¢ cooling water lo flow in a spiral path between the cntry and
\|t ports in the outer pipe. The combustor and hcat cxchanger
erc completed by welding both of these pipes to a biind flange
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an une end nd a 102 e slip-an Tasge on the ather, The mat
ing Tange for the latter contained the oxidant injector il
appropiiate fittings Tor cvacuating the combustor and admitting
initiator wircs. A gasket of stainless steel and asbestos wias
clamped between the 102 mm Nanges to prevent Icakage of mol-
ten luel, oxidant or reaction products.

After completion of the [irst RTR tests and ammalysis ol the
Iimi(im, factors in creating images of this combustion process
with X rays,'9 jt was cvident that a medium cncrgy X-ray gen-
crator was rcquircd to produce the images we desired. How-
cver, to usc a medium cncrgy machine it was nccessary to
reduce the X-ray cross scction of the test apparatus. Consc-
quently, the existing combustors were modilicd in two ways lor
use in subscquent tests: First, radiographic windows were cut in
the outer pipe and aluminum was uscd to replace the stecl to
confinc the cooling water. Secordly, the inside of the combus-
tion chamber was bored to reducc the wall thickness to 5.5 mm.
These chianges resulted in a total steel thickness in the path of
the X-ray beam of 1] mm, about onc-third of that present
before the modifications. Although these changes allowed the
usc of the medium encrgy machine, they did not permit obscrva-
tion of the cntirc combustion chamber nor allow use of an X-ray
tube voltage which was low cnough to provide the contrast
required for real-time imaging of the reaction zone itscll (ic,
csscatially a small void :n the Li fuel). Thus, a small sacrificial
plate was placed inside the combustor, mounted just in front of
the injector and in linc with. the oxidizer jet. The purpose of
this plate was to provide a dynamic indicator of the outlinc and
growlh ratc of the reaction zone during the operation of the
combustor.

3.2 Test Equipment and Facilitics

The RTR tests were conducted in a test facility designed
(or 1esting large objects, suchras rocket motors. The facility con-
sisted of a concrcte reinforced test bay and a control room
located in a bunker about 200 mcters away. A portable test
stand was built to position the combustor in the proper location
for the radiography and provide a mecans to conncct the combus-
tor instrumcntation and control cquipment to the control room

. (Fig. 2). Thec test stand also housed a sclf-contained oxidamt

delivery system that was controllcd remotely to allow sclection
of one of two presct oxidant flowrates and a cooling water
delivery system. During cach test, temperature and pressure
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Fig. 2 Portablc liquid metal combustion test [rame.
r
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dath and vidco images were recorded while making the radio-
graphic images. Data that was critscal for control of the reaction
was also displayed for the test conductor to monitor, including
the Li bath and combustor wall tempcratures, oxidant supply
pressure, and the external vidco images.
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2 rFig 3 Example.of_tcmperature and pressure historics dur-
’n closcd liquid mclal combustion.

A sample of (hc datn typically obtained for these cxperi-
ments is presented in Fig. 3, Oxidant pressurc was mcasured just
upstrecam of the injcctor and is proportional to thc mass
flowrate. The oxidant supply line was overpressurized at the
snn of the rcacuon -but became stabilized at the desired 0.30
kPa at t=60 s, during which time the bath temperature climbed
to about 1000°C, For the test shown in Fig. 3 the oxidant pres-
qurc was mcrcascd to 0.50 kPa at t=90 s; the corresponding
increase in flow resulted in a rise of only 50°C in Lath tempera-
wre. The cindwall temperature curve in .the figure shows the
response of thc uncooled end of the combustor, a stainless stecl
platc 17 mm ‘thick. The 102-mm flange was used to-mount the
combustor to.the test stand; its temperaturc rcsponsc.reﬂects not
only its large thermal mass but also the effect of fin cooling.
Bozh of these cnds of the combustor show peak tcmpcraturcs
@40‘C and 420°C, respectively) occurring well alter tcrmmatlon
ol' the reaction,

R
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33 iRcal-Tirﬁchadiogrnghv System

: ' N

SN " The )\ ray system used for these LMC tests employed a

.2}00 kVp c.ommuous \ =ray gencrator for the medium energy stu-

dies of the, mod:l’ ed combustors and a 9 MeV radiographic

Accélcrator for the high cnergy studics of the cxisting thick-
\valicd combustors. The schematic shown in Fig. 4 shows the
dysfem’s gcncral conl' iguration and componcnts which, for the
modt part, arc standard radiographic items. All the componeats
were protected from a potentially hazardous cnvironment, usu-
ally that of a solid rocket motor during static firing; the major
cnv:ronmcmal concerns were heat, vibration, acoustic noise and
shock The data was presented visually in real time on a video
monitor and rccordcd as the tests were performed. Real-time
viewing provided thé project ¢ngincer with the opportunity to
make immediate decisions regarding the tests during their pro-
gress. The infage sizes could be varicd from 5 cm x 5 em to 90
¢m’x 102 em. The standard 30 framcs per sccond (FPS) video
framec ratc was uscd for alf of these cxperiments. A system
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Fig. 4 Schematic of real time radiography test facility.

capable of 1000 FPS (full frame) is currentty under development
for high spced studics; the improved time resolution of this sys-
tem would permit better understanding of the high speed events
occurring inside liquid mectal combustors and is planned to be
uscd in future tests.

4. Densc Product Behavior -

Scparation of the dense reaction products into a product-
rich immisciblc fluid volume below the injection point is shown
in Figs. 5-12. These radiographs were obtained using the high

voltage lincar accelerator described above. Growth of the
volume of the dense products is discernable in the radiograpl:
and is summirized in Fig. 13. Although the technique used
producc these photos docs not permit identification of the tur-
bulent structurcs in the combustion chamber, the low frequencs
components of such are scen in the video tape records. Higl
frequency turbulence cannot be scen with standard framc rates
It is clcar from the photographs and Fig. 13 that the densc pro-
duct scparation leaves a reduced volume for the highly chaotic
fucl-rich region in which the turbulent mixing and combustiot
processes appear to be conflined during the carly stages of the
fucl consumption. Significant mixing of the product volume i:
noted in the video rccords only alter the reacting gascous jet i
cngulfcd by the products.

! Figs Radiograph of closcd LMC at initiation of rcaction
(t=0), -~
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Fig. 10 Radiograph of closed LMC showing dense product

i Fig. 6 Radiograph of closcd LMC showing dense product
scparation at t=150 s,

‘paration at t=30s.

Fig. 11 Radiograph of closcd LMC showing dense product
scparation at t=180 s,

Fig. 7 Radiograph of closed LMC showing dense product
»cparation at t=G0 s.

Fig. 12 Radiograph of closed LMC showing densc product

* Fig. 8 Radiograph’of closcd LMC showing densc product
¥ sepatition at (=240 s,

cp?mtiqn at t=90's.

07
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iz. 9 Radiograph. of closed LMC showing dense product v Fig 13 Summary ol dense products solume growth
- characieristics during steady, closcd combustion of liquid Li,

:paration at t=120s. c : aly,
Rehetion clapsed times as indicated.
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Reaciion Zone Growth

The increase with time in the fength of the reaction zonc is
dicated in Figs. 14-18. In these radiographs the center portion

" the sacrificial plate placed in the combustion chamber is scen

be progressively destroyed by the extremely high-temperature
action. A tungsten rod was also ptaced adjacent to the plate at
¢ center of the combustor and is casily seen in alt of the radio-
aphs. It is offsct from the axis of the oxidizer jet by the hall-
ickness of the sacrificial plate but ncvertheless shows some
fects of the reaction by bending downward, as scen in Fig. 18.
naly s of the growth rate and other characteristics of the reac-
n zonc will be published clsewhere.

o e e m——

Fig. 14 Radiograph of combustor at initiation of reaction.
iew through X-ray window showing drilled sacrificial plate
wd tungsten rod.

. Fig. !5 Radiograph showing reaction zon¢ effect on plate
ter operating Ier 2 s,
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Fig. 16 Radiograph showing reaction zone cifect on plate
alter opcerating for 6 s.
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Fig. 17 Radiograph showing reaction zonc effcct on plate
alter operating for 16 s.

HAMOUNE WP awrmen
43122241990 333

FFig. 18 Radiograph showing rcaction zonc cliect on plate
alter operating For 22 s,




6. Cancluding Remarks

Scparation ol a closed, liquid metal combustor’s dense
wetion products inte a producterich immiscible Nuid region
siume ULelow the injection point has been obscrved and
seribed. This behavior has been a consistent feature of ail of
1¢ LMC cxperimeats conducted in the work reported here and
as significant implications regarding the mixing and circulation
y such combustion. Evidence obtained from sacrificial probes
faced in the path of the oxidizing jet indicatc a stable reaction
sne with a steady, quantifiable growth rate and a restricted cn-
. :lope. These results demonstrate that studics of confined, very
:active combustion processes at high tcmperatures can be per-
srmed successCully through the use of real-time X-ray radiogta-
hy, provided carcful attention is peid to the rcquircments of
1c radiography in the combustor design and opcration. This di-
gnostic tool offers the opportunity to investigate dynamic
ombustion processes and obtuin quantitative as well as qualita-
-ve information.
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