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Abstract 

Transient Evaporation and Stratification of Two Immiscible Liquids 
for LMFBR Transition Phase Analysis 

Two immiscible liquids at different temperatures are suddenly brought tagether inside 
a reetangular box. The co/der liquid evaparates upon contact of the hotter, less volatile 
liquid. Fast thermal equilibrium is achieved by vapor-generated mixing of the fluids. 
The denser, less volatile liquid finally stratifies below the remaining liquid phase of the 
more volatile fluid. This report describes the experimental apparatus of the Alu/tiphase 
1Hulticomponent Box ( !14J\1 B) experiment, and presents the experimental results of 
seven tests. The results may shed some light on the fundamental thermal hydraulics of 
the transition phase during beyond-design accidents in liquid meta! fast breeder reac­
tors ( L1HFBR). 

Transienie Verdampfung und Stratifikation l'On zwei nicht mischbaren 
Flüssigkeiten jiir die Analyse der LA4 FBR Transition Phase 

Zusammenfassung 

Zwei nicht mischbare Flüssigkeiten von unterschiedlichen Temperaturen werden in 
einem rechteckigen Behälter plötzlich zusammengebracht. Beim Kontakt mit der 
hezßen, weniger flüchtigen Flüssigkeit verdampft die kältere Flüssigkeit. Von 
Dampfblasen getriebene A1ischungsvorgänge der beiden Flüssigkeiten fördern das 
schnell eintretende thermische Gleichgewicht. Die dichtere, weniger flüchtige 
Flüssigkeit stratifiziert schließlich unterhalb der flüssigen Phase der flüchtigen 
Flüssigkeit. Dieser Bericht beschreibt den experimentellen Aufbau des J'V!ehrphasen­
,\1 ehrkomponenten-Behälter ( 1\1 J'VI B) Experimentes und geht auf die Ergebnisse von 
sieben Experimenten ein. Die Ergebnisse eröffnen Einblicke in die grundlegende Ther­
mohydraulik der Transition-Phase während eines hypothetischen Unfalls in einem 
Flüssigmeta!l-gekühlten Schnellen Brutreaktor ( LM FBR). 
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Introduction 

In liquid metal fast reactors, beyond-dcsign accidents may lead to local configura­

tions whcre liquid fucl and liquid steel are close enough to intcract like two liquids 

at different temperatures. Computer codes /I, 2/ are used to analyzc this interaction 

of increascd mobility of the reactor components in the so-called transition phase. A 

good estimatc of the complicated thermal hydraulics is necessary to describe the 

accident sequence and the neutranies feedback. Disregarding the neutronics, the 

physics inside the fluid volumc is charactcrized by rapid heat transfcr, evaporation, 

condcnsation, and stratification. Assuming that liquid fuel and liquid stcel arc 

immisciblc, it is of advantagc to find a similar pair of liquids to study thc funda­

mental thermal hydraulics at moderate pressures and temperaturcs. As new models 

and mcthods for thc asscssment of bcyond-design accidcnts are under invcstigation 

/2/, thc transient behavior of the two simulant fluids reprcscnts a first tcst on the 

ability to rccalculatc thc complex transicnt proccss. 

Simulant Fluids 

Thc main condition for finding appropriate simulant fluids was to lowcr Saturation 

and fusion tcmpcraturcs. Additionally, both liquids were to be immiscible, a condi­

tion that grcatly rcstrictcd the choiccs. For modelling the rapid hcat transfcr at 

liquid-liquid contact, thc thermal diffusivity of the fuel simulant had tobe lowcr than 

that of thc stccl simulant. For the stratification, thc fuel simulant had to bc dcnscr 

than thc stecl simulant. Thcre wcre a number of additional conditions which could 

not be met simultancously, as thcre arc: the vapor pressurc curvc of thc more volatile 

stecl simulant should mect similarity la\vs; upon boil-up in a two-component pool, 

thc vapor pressurcs of thc stecl simulant should correspond to the hydrostatic hcad 

of thc pool; as droplet wcrc to be lcvitatcd at phase transition, the Kutateladze 

numbcrs should bc similar; for natural convection in singlc-phase two componcnt 

liquid systcms, the Grashof numbcrs should bc similar. 

First, ammonia was sclccted as thc stecl simulant because its Saturation tcmperature 

and density met similarity laws with a numbcr of liquid hydrocarbons. Then, there 

wcrc two choices for thc fuel simulant, cyclohcxane, C6H 12 , and tetralin, C10H 12 , which 
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is equivalent to 1.2.3.4-tetrahydronaphthaline. Cyclohexane has a fusion temperature 

of 280 K. Approaching this temperature from the liquid phase, the liquid viscosity 

increases rapidly which poses major problems in running and analyzing the exper­

iments. Concentrating on the hydrodynamics rather than on the freezing phenome­

na, tetralin was used throughout the experiments presented in this report. 

Table I shows representative average properties of the prototypc systcm, stainlcss 

steeljmixcd (U-Pu) oxidc, and thc simulant systcm, ammoniajtctralin. Thc simulant 

system mcets the condition to IO\ver characteristic tempcraturcs. The dominant tem­

pcraturc is the saturation temperaturc of the volatile componcnt at prcvailing pres­

sures, i.e. atmospheric pressure in thc expcriment (because of safety rcquirements in 

thc vcnted apparatus). Thc lcss volatilc component is bcttcr charactcrizcd by thc 

fusion tcmpcrature bcing closcr to thc prcvailing transicnt conditions. Thc ratio of 

prototypc to simulant charactcristic tcmpcraturcs are thc samc in both cascs, sec 

Table II. The liquid Prandtl number, governing the liquid-liquid hcat cxchange, is 

Pr 
lJ c 

}. 

where 17 is the viscosity, c is the specific heat, and A. is the thermal conductivity. The 

Prandtl numbers of stccl and its simulant arc consistcntly lowcr than of oxidc and its 

simulant. Howevcr, thc valucs for thc simulants arc abovc unity, which is apparcnt 

from the Prandtl numbcr ratio of Tablc Il. Thcrcforc, tcmpcraturc and vclocity 

profilcs of the simulant system arc bound to bchave differently than in the prototype 

systcm. This is a substantial diffcrcncc. Thc lr.ngth scalc, L, is dcrivcd dircctly from 

thc dimcnsionlcss momcntum cquation. Its inverse valuc is 

l g 
L c T 

where g is the gravitational acceleration, and T is the characteristic liquid temper­

aturc. Thc values are listcd in Table li. Conscqucntly, the simulant lcngth scalc is 

about a third of thc prototypic lcngth scalc. Tbc normalizcd dcnsity diffcrcncc, R. is 

R-
P oxide - Pstecl 

Psteel 

whcre p is thc liquid dcnsity. Both prototypic and simulant systcms yicld poSitiVe 

valucs of R. The dcnsity differencc of thc simulant systcm is morc pronounced. This 

Ieads to thc ratio of 0.61 for prototypic ovcr simulant normalizcd dcnsity diffcrcncc 
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m Table Il. Consequently, the simulant system shows a stronger stratification 

potential. The prcssure scale, P, is derived from the dimcnsionlcss momentum 

equation, like the length scale. The inverse pressure scale is 

I 
P pcT 

The ratio of the prototypic to simulant pressure scales are listed in Table 11. They 

indicate that, in order to be consistent with the tempcrature scaling, thc characteristic 

system pressurc should bc much lower than the prototypic prcssure. With the prcscnt 

experimental apparatus, howcvcr, atmospheric pressure was sct as rcfcrcnce, which 

thcn Ieads back to chosing the characteristic temperatures. Additionally, the inverse 

prcssure scalc valucs indicatc that thc vapor pressurc curves of stccl and ammonia, 

normalized with the characteristic tcmpcrature prcviously choscn, do not mect simi­

larity criteria. The normalizcd ammonia vapor prcssures are 30 to 50 timcs highcr 

than the normalized steel prcssures for the sarne normalized tempcratures. lt suggcsts 

that the vapor prcssure plays a morc dominant roJe in thc simulant systcm comparcd 

to prototypic conditions. 

Finally, we come back to thc last thrce similarity conditions mentioncd at the bcgin­

ning of this chapter. The comparison of vapor pressures to hydrostatic head has been 

proposcd by /3/ to bc dcfincd by 

dp 

dz 
= p g 

wherc z is thc vcrtical hcight of the boilcd-up pool. Expanding thc lcft hand side 

dp dp dT 
dz dT dz -

and using a two-parameter-approximation for the vapor pressure 

* r* p = p exp (--) 
T 

where p* and T* are material-dcpcndent constants, combining the above equations, 

and sol\ring for thc vcrtical tcmpcraturc gradicnt yiclds 

., 
dT P g y~ 

dz p r* 
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This gradient which depends on the ambient pressure and temperature and the 

material properties represents the conditions necessary for a steady-state boil-up. In 

the prototypic system, steel contributes to the vapor pressure most. T* of steel is 

43370 K. Again, atmospheric pressure is assumed, and the liquid density varies 

between pure steel and pure fuel, so that dT/dz varies between -147 and -184K/m 

The simulant system, with T* = 2868 K for ammonia, yields between -1.3 and 

-l.9K/m. The values are listed in Table 111. The values for the simulant system sug­

gest that boilcd-up conditions in the pool are achieved at relatively low heat fluxes. 

Therefore, the latent heat terms in the energy cquation are likely to dominate terms 

of temperaturc gradients. Similarity conditions with respect to the prototypic system 

are not maintained. 

Thc Kutatcladzc number is defined with thc latent hcat rather than with the velocity 

of the stecl vapor. lt characterizes the levitation of droplets in a steel vapor stream 

that arc subjcct to brcak-up by dynamic forccs. The dcfinition uscd here yields 

Ku 

whcre p is thc stecl vapor dcnsity, and !J.p the dcnsity difference bctween thc vapor 

and the liquid that forms the droplcts. There is a choice of two droplcts, either fuel 

or steel. Therefore, thc values of !1p and (J have to cover this range, as given in Table 

I I I. Thc valucs of thc prototypic and simulant systems diffcr by about a factor 5 

indicating a moderate diffcrcnce in levitation criteria. 

Finally, thc Grashof-numbcr is defined using the characteristic lcngth, L, of 0.3 m 

for the prototypic system and 0.1 m for the simulant system accordfng to the lcngth 

scaling prcviously mcntioncd. 

Gr 
g p !J.p L 3 

Yf2 

Unlikc in a singlc component systcm, the density difference is defined between the 

two liquid componcnts, and thc lighter componcnt (stccl) is supposcd to be thc con­

tinuous phase, sctting thc values for p and 17. The two Grashof-numbers are shown 

in Tablc III. They are defined by thc ratio of buoyancy forces over viscous forccs. 

The valucs of prototypic and simulant systcms are close together. For turbulent flow, 

for cxample, the heat transfer to a rigid wall in a single-component system is pro-
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portianal to Gr0·333 indicating that differences in the Grashof numbers are less effec­

tive. 

Experimental Apparatus 

Fig. I shows side and front views of the main reaction box. A reetangular box with 

double pane front and side windows houses plastic inserts which form an exhaust 

volume at the upper rear, and a test volume close to the front window. A stainless 

steel hollow cylinder can be moved right up to the front window. A plastic washer 

between the cylinder and the window provides a leak-tight connection. At the rear 

end of the stainless steel cylinder, a plastic insert with a concentric duct closes the 

void volume in front. Prior to the test, the apparatus is cooled down to 340 K and 

below, with a liquid coolant flowing through the space between the double pane 

windows. Liquid ammonia is introduced into the volume next to the front window 

outside the stainless steel cylinder. The inside of the cylinder is still void. Tetralin, the 

liquid hydrocarbon, is heated in an outside container. 

Shortly bcfore the test, the tetralin is injected through the duct of the stainless steel 

cylindcr inscrt into thc voidcd cylinder. After the filling has bcen completcd, the 

movie camera and the frequcncy modulated ·(FM) tape recordcr arc started. The 

prcssurc and temperature signals are rccorded on the tape. With the ignition of an 

clcctronic flash, a motor is started that drives the stainless stecl cylindcr to the rcar. 

As thc cylindcr disappcars into the plastic displacement inserts, both liquids, ammo­

nia and tctralin, intcract inside the volume next to the front window. There are seven 

thermocouples visible through this window, from number 2 to 8, the numbers shown 

in Fig. I inside solid line circles. 

Fig. 2 shows a photo taken of the front window. The plastic hoses provide the box 

with the coolant liquid. The stainlcss stcel cylinder is clearly visible with the conccn­

tric hydrocarbon inlct duct, and thrce thcrmocouplcs cxtending from thc inlct. Thc 

plastic inserts house several photo diodes to idcntify photographic distortions while 

taking movie pictures. The photodiades are 15 mm apart, see Fig. 1. Fig. 3 shows, 

from the samc angle, the front window, the movie camera, and the spatlight on the 

right hand sidc. A 10 mm wide and 200 mm high sheet of light is projected into the 

box through -thc right side window. The beam is directed into the box only after the 
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start of the transient. Prior to it, a metal shield between the main lamp and the box 

is closed to prevent the box from being heated. 

Fig. 4 shows a downward view of thc experimental apparatus \Vith thc movie camera 

in front, and the spatlight on the right sidc. To the left, a rack houscs the data 

acquisition for thc tcmperaturcs and the pressure, behind it is an extended time line 

platter to monitor the tempcratures in the external containers and in the test section. 

In the right rear, the photo shows the thermostat control of the tetralin heater, and 

the programmablc controller. Fig. 5 shows the wholc area photographed from the 

left front. On the lcft hand side stands thc liquid nitrogcn dewar. The liquid nitrogen 

was uscd to condense ammonia and to keep thc cooling liquid at constantly low 

tem pera tures. 

Data Acquisition 

Fig. 6 shows a blockdiagram to idcntify the data acquisition and the controls. The 

programmable controller starts the FM tape recorder, the camera, the elcctronic 

flash, and the cylinder drive motor. While the analogue tape records seven temper­

atures and the pressure inside the box, the camera takes about 500 frames pcr sccond 

through the front window. Thc tctralin is colared by a red dyc, Sudan red for 

microscopy. Whilc recording, thc analoguc tapc was run at 3% inchcs per sccond. 

The samc spccd was used to read thc data, c<Jnvert to 12-bit digital data, and read 

it into thc mcmory of a POP-li /23 microcomputer. Typically, a sct of data was 

samplcd each 20 ms. The pressure transducer was locatcd at the end of a lang tube 

filled with liquid ammonia. It was not possible to prevent the liquid from evaporating 

iriside the tube. Therefore, the pressures rccorded - do not rcprcscnt the transient 

inside the box sufficicntly weil. The pictures, rccordcd on the high-speed movic, wcre 

rcar-projected on a scrcen with cartcsian co-ordinates. Points on the picturc hat to 

bc hand-picked by moving graphic arms. The co-ordinates of these points were read 

as analoguc data, digitizcd to 8-bit valucs, and read into thc mcmory of a Commo­

dore 4032 microcomputcr 

While thc absolute stcady-statc tcmperature was mcasured with an accuracy of +0.5 

K, the transicnt tcmperature is a function of the time constant the thcrmocouplc lags 

bchind the continuous fluid tcmpcrature. The time constant is 
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'! = 
Vpc 

Ah 

where V, p, and c are the volume, density, and specific heat of the sensitive tip of the 

thermocouple, and A, and h are the surface area and heat transfer coefficient to the 

adjacent flow. If we simply take the geometry of a sphere with the diameter of 

d = 0.3 mm, then 

dpc 
'! = --

6h 

A rough cstimate of the heat transfcr coefficient is used for low Rcynolds-numbcr 

(Rc~700), and a Nusselt-numbcr dcfined by Nu = 0.4 Re0·6 Pr0·3 • Ammonia is sup­

posed to be the adjaccnt fluid, and -r yiclds values of O.OI s and below. Therefore, 

with a transicnt of about 3 s, the error in time scale is below 1%. Frequencies above 

I 0 Hz are not observed so that there is no influence on the amplitude. The threshold 

frequency for -r = O.OI s is about 40 Hz. For frcquencies higher than 40 Hz, there is 

a substantial reduction in the recorded amplitude. 

Time dependant data, while being compared to calculations, depend on thc accuracy 

of measuring thc start of the transient. lt took about I 50 ms to withdraw the sepa­

rating stainless steel cylinder from the reaction chamber next to the front window. 

Howevcr, the error rccorded over 10 experiments was of the order of 10%, so that 

the uncertainties with rcspect to the time scale are of the order of 10 ms, or 5 frames. 

The crrors for the digitized co-ordinates of the movie frames depend more on the 

optics than on the mcthod of digitization. The optical error is at least± 1 mm. While 

looking at a sharp interface between liquid and vapor through the front window, the 

error increases to ±2 mm. lf the box was filled to a liquid Ievel of 90 mm, the error 

at defining the cross section area of the liquid was therefore 4%. However, during 

the transient, poorly defined fluid topologies had to bc analyzcd. Judging by rcpeated 

digitizations of one and the same frame with two phases churned up, the crror in 

defining the hold-up turned out to be a few ten percent. Only qualitative data of the 

topologics can hence be extractcd using the present technology. 
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Test Matrix 

A total of seven experiments will be described in this report. Table IV gives an over­

view ovcr major initial conditions and experimental parameters. 

The table lists the ammonia Ievel measured from the bottom of the pool, the area that 

the liquid component projects on a plane parallel to the front window, and the total 

initial volume of the liquid component. In all cases, the tetralin injected into the hol­

low stainless steel cylinder fillcd the whole inside volume available. The cross section 

arca of thc stainless stcel cylinder has not been taken into account, sec MMB-07 for 

details. The plastic inscrts inside the box were changed during the course of refining 

the apparatus. In test MMB-07, the depth of the reaction chamber (perpendicular 

to the front window) inside thc box was still 5.23 cm (sce Fig. I) which led to con­

siderablc three-dimensional effects cspecially during the withdrawal of the stainless 

steel cylindcr. Furthcron, the time for total withdrawal was too long. The sheet 

lighting from the side illuminated almost the total volume. By moving the sheet of 

light closer to thc front window, three dimensional effects in the rear were still visible. 

It was decided to dccreasc the depth, to 3.23 cm for test MMB-19, and to 2.07 cm 

for thc remainder of the tcsts. By doing so, the three-dimensional effects were 

reduced, and thc boundary laycr effects of the main walls, i.e. the front window and 

thc back plane, wcre incrcascd. The boundary layer effects wcrc judged to be still of 

littlc effcct on the main pool flow. In Table IV, liquid level, cross scction areas par­

allel to thc front window, and liquid volumes :He given as effcctive values. This was 

done becausc structurcs in the corners of the reetangular reaction chambcr had to 

be taken into account. As the apparatus was refined, the associated volumes of 

structurcs were reduced, and an unobstructed view through the front window was 

obtained. 

In Tablc IV, the tcmpcraturcs arc estimated averages for each component. In the 

ammonia, the very top layer was usually at saturation, and the bottarn layer at a 

slightly lowcr tcmpcraturc than average. The two isothermal cxperiments, MMB-07 

and MMB-21 were pcrformcd ncar the saturation tcmperature of ammonia. The 

slight differcnccs bctwcen thc two bulk temperatures observed in these cxpcrimcnts 

are neglccted. For all experiments, the temperature of the box walls and plastic 

inscrts can bc assumcd to bc vcry close to the valuc of the initial ammonia pool. Due 
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tothelarge mass involved, the wall temperatures can be assumed constant during the 

transient. 

Individual Test Description 

Each of the seven tests will be described in this chapter. After the definition of the 

test set-up and initial conditions, the basic transient data are shown in graphs. These 

are the temperatures, and the hold-up. The hold-up, H, is defined by 

H= -1 

Where V is the total volume of the multiphase pool extending up to the open pool 

surface. V0 is the total volume before the transient starts. We refer to MMB-07 for 

the dcfinition of the idealizcd initial value. 

All timcs arc rccordcd from thc start of the withdrawal of the stainless steel cylindcr. 

The start of thc movcmcnt was recordcd on the analogue type and on the movie film. 

At this point, thc time is sct to zcro. 

MMB-07 

This isothermal test will be dcscribcd prcdominantly to quantity differences to the 

sccond isothermal experiment, MMB-21. While the MMB-07 box depth was still 5.23 

cm, the MMB-21 box dcpth had the final value of 2.07 cm. The initial ammonia 

tcmpcraturc was high enough to maintain a rather constant pool boiling at a void 

fraction of approximatcly 10%. This was due to heat fluxes from the adjacent walls 

and thc tctralin which wcre slightly warmer than ammonia. Fig. 7 shows handpickcd 

intcrfaccs drawn from thc framcs shot by thc high-spccd movie camcra through thc 

front window. Thc time= 0-frame shows idealized interfaccs. This is done to help 

spccify initial conditions for computer codes. Therefore, the area occupied by the 

stainlcss stccl cylindcr wall has bccn neglccted. Prior to the withdrawal of the stain­

lcss stccl cylindcr, tctralin fillcd thc \Vholc inner cross section with a radius of 32.5 

mm. Assuming thc stccl cylindcr would not be there, tctralin is supposed to fill thc 
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area defined by the outer radius of the steel cylinder (35 mm). To maintain the ori­

ginal cross section area, a horizontalline is drawn to cut off a segment at the top end. 

This is done according to observations of the tetralin Ievel decreasing inside the steel 

cylinder immediately after the start of the cylinder withdrawal. The upper Ievel of the 

ammonia has to be reduced by the area of the steel cylinder wall, as weil. In 

MMB-07, the center of the cylinder is at an elevation of 56 mm. In all other exper­

iments, this elevation is 45.5 mm. The remainder of the ten frames show solid lines 

of interfaces where these were clearly visible, and dashed lines where the view 

through the front windows was obstructed or a clear-cut interface could not be 

identified. 

Compared to MMB-21, the transient of MMB-07 is slower bccausc of thc prcscncc 

of the vapor bubbles and the Ionger period the stainless stcel cylinder needcd to move 

back. At about 0.15 s, thc coherent MMB-07 tetralin mass is still 15 mm higher than 

in MMB-21. At about 0.21 s, this difference has increased to 20 mm, mainly becausc 

of the Ionger time the MMB-07 steel cylinder needs to cross thc 5.23 cm box depth. 

Additionally, three-dimensional effects change the transient, too. When thc steel cyl­

inder is partly withdrawn, tctralin pours out near the front windows and displaces 

ammonia to the back. Therefore, the apparent tetralin cross section is increased, and 

the ammonia cross scction decreased. At 0.3 s and later, tctralin has rcachcd the 

bottom of the box, moves horizontally to the left and right corncrs, and thcn upwards 

along the sidc windows. Whilc the beginning of the upward slosh Iooks similar in 

both expcriments, the MMB-07 tetralin reachcs its highcst clcvation latcr at around 

0.6 s. The upper parts of thc tetralin area are not coherent, they arc fillcd with 

tctralin droplets rather than with continuous tt~tralin, which is indicated by dashcd 

lines. Bcyond 0.7 s, tetralin movcs downwards. This movement is slowed down by the 

presence of ammonia vapor bubbles. Bubble sizes of 1 to 5 mm can be idcntified. 

Most bubbles have a diameter of 1 to 2 mm, but at later times, bubbles of up to 5 

mm diametcr may appear close to the interface betwccn tctralin and ammonia. At 

around 1.0 s, MMB-21 tetralin is stratified, but MMB-07 tetralin is still at its final 

downward slosh. It takes about 1.2 s in MMB-07 for tetralin to stratify bclow the 

ammonia pool. 
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MMB-19 

For this test, the box depth was rcduced to 3.2 cm which was found to be still too 

!arge. The effectivc ammonia Ievel is very low, indccd below thc top of the tetralin. 

During the withdrawal of the stainless steel cylinder, the tetralin discharged near the 

front window until its Ievel reached that of the ammonia. The centcr of the cylinder 

is at an elevation of 45.5 mm. The initial tempcrature differencc is the highest of this 

test series. It is therefore appropriate to check whether the instantaneous contact 

temperature exceeds the homogeneaus nucleation tcmperature of ammonia. The 

instantancous contact temperature, T1 is 

(Acp)~2 
TA+ (J.cp)i

2 

TT 

()_cp)~2 + ().cp)~ 

where the subscripts A and T stand for ammonia, and tetralin, respectively. p is the 

liquid density, c the liquid specific heat, and }, the liquid thermal conductivity. The 

homogeneaus nucleation temperature, Tu, for ammonia is calculated using the 

approximation for non-metals 

27 
32 

whcrc Tcrit is the critical tcmperature. For MMB-19, the contact tcmperature is 

T1 = 265K. This is well below Tl!= 342K so that homogeneaus nuclcation can be 

rulcd out. The minimum film boiling tempe!'ature of ammonia on contact with a 

horizontal surface has bcen assessed using correlations of /4/ and /5/. At this tem­

perature, a film of ammonia vapor may be stable. However, the correlations yielded 

temperatures close to the homogeneaus nucleation temperature. Consequently, Tu 

= 342 K may equally well represent thc thrcshold for a stable ammonia vapor film. 

This stablc film can hence bc rulcd out for all MMB cxpcriments, including MMB-

19. 

Fig. 8 shows thc idcalizcd initial configuration of MMB-19. The tetralin arca is sur­

rounded by a dashed line. Its shapc has bccn obtaincd the same way as that of 

MMB-07. Therc are sevcn thcrmocouples in MMB-19 rcgistcring thc transicnt tcm­

pcraturcs. Thc thcrmocouplc locations are given in Fig. 8. Thc assigncd channcl 

numbcrs arc listcd on thc right hand side of thc frame. Thc location of thcrmocouplc 

2 \Vhich is inside the tetralin movcs into thc rcgion outside the cffcctivc tctralin area 
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when using the idealized interface shape, see also MMB-07. However, its location 

should be moved to 2a, indicated by a square just below the originallocation. Ther­

mocouple 8 touches the stainless steel cylinder before withdrawal. At time = 0, the 

steel temperature is close to the ammonia temperature. Thermocouples 6 and 7 are 

inside the liquid ammonia. The ammonia interface to the vapor volume is represented 

by a solid line. As the stainless steel cylinder is withdrawn, tetralin pours out at the 

front end. A three dimensional mixing process is started during which a considerable 

amount of vapor is produced locally. Prior to 0.15 s, the pool height is about 6 cm, 

corresponding to an average void fraction of a few percent. The void fraction 

increases rapidly. Between 0.1 S s and 0.39 s, the average pool height is about 9 cm, 

corresponding to an average void fraction of 36%. 

Figs. 9 and 10 show the temperatures measured during the transient of MMB-19. 

Channels 2, 3, 4, and 5 start inside the hot tetralin. Around 0.3 s, rapid equilibration 

of tcmperatures indicates the violent mixing process. Channels 6 and 7 start inside 

the liquid ammonia, and channel 8 inside the nitrogen plenum. At the bottom, 

channel 6 starts from the coldest tcmperature but contacts the hot bulk of tetralin 

falling do\vn first. At thc time of contact (0.2 s), the liquids arestill forming coherent 

masses, only the fringes arc being disperscd. After the violent mixing, the thermo­

couples register frequent redistributions of the liquids, and a final stratification of 

ammonia above the tetralin. Channels 5 and 6 lie well within the tetralin layer. There 

is a residual temperature difference between tetralin and ammonia of I 0 to 20 K. 

Fig. 11 shows the reading of the pressure trc:nsducer compared to that of thermo­

couple channel 5. As mentioned before, the atsolute values of prcssures are unreli­

able, hmvever, thc prcssure peak at 0.43 s coincides with visual Observations of a 

rapid increase of fluid velocity dirccting the bulk liquid into the upper plenum. The 

thermocouple which remains inside the bulk hot tetralin the Iongest (channel 5) 

reaches a fast temperature decrease at the sametime because thc rcst of the cohcrent 

tetralin mass is rapidly dispcrscd. Judging from what can bc secn in thc movic pic­

tures, the rapid dispcrsal starts at the lower right corner. A similar triggering event 

has not bccn observed in any othcr cxpcrimcnt. The increasc in fluid vclocity is rap­

idly progressing into thc rcmaindcr of the multiphase pool. Velocitics of up to 5 m/s 

arc rcachcd. A considerablc amount of liquid is ejcctcd beyond thc top of the framc 

window. A part of the ejccted fluid moves back between 0.55 s and 0.61 s. At 0.61 

s, a sccond violent interaction takcs placc at the lower pool end. Another bulk of 

liquid is ejcctcd into the upper part of the box. Again, the ejection is followcd by fluid 
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sloshing back down araund 0.8 s, with channel 5 reading an increase in temperature 

because of warm tetralin moving back. 

The remainder of the transient is characterized by a churning pool with gradual 

equilibration of temperatures and a final stratification of tetralin below liquid 

ammonia. Araund 0.98 s, the pool height is rather constant at 19 cm, corresponding 

to an average void fraction of about 70%. From the visual observation, the pool 

continuous phase is liquid. At the top end of the pool, a foamy flow regime can be 

identified. A clear interface between tetralin stratified below liquid ammonia is visi­

ble at 2.1 s. Stratification is completed shortly thereafter. 

MMB-21 

This isothermal test is the first of the series with refined box geometry. The box depth 

has been reduced to 2.07 cm, the width to 8.8 cm. Fig. 12 sho\vs eight pictures taken 

from selected high speed movie frames. The ammonia pool is indicated by an "A" and 

has a white color, tetralin is dark with a Iabel "T". At 0.15 s, during the withdra\val 

of the stainless steel cylinder, a gas bubble emerges from within the back-volume of 

the steel cylinder. The bubble has only a limited effect on the early tetralin move­

ment. However, as it takes more than 0.15. s to withdraw the steel cylinder, this 

action has an influence, and data fram the pictures have to be refined in order to 

compare them to model calculations. Fig. 13a shows a digitized picture taken fram 

the time= 0-frame. The tetralin area, i.e. the inner diameter of the steel cylinder (65 

mm) is marked by a dashed line. The center of the cylinder is at an elevation of 45.5 

mm. The ammonia pool surface is at an elevation of 95 mm, however, the surface 

would be lower if the steel cylinder would not occupy any volume. For comparison 

with model calculations, the pool surface in Fig. 13b has been lowered to 84 mm, and 

the tetralin area is constructed as described for MMB-07. To place thermocouple 2 

correctly into the bulk tetralin, location 2a is given by a sqtlare in the new geometry. 

The same procedure produces Fig. 14b out of the original data of Fig. 14a, and Fig. 

15b out of data from Fig. 15a. In all pictures, the total cross section area, and the 

tetralin area are listed. Figs. 16 through 21 need not be refined because the steel 

cylinder is fully withdrawn. Starting with Fig. 17, the tetralin becomes dispersed at 

its upper end. Therefore, there are two dashed lines, one for defining the area of very 
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high tetralin volume fractions, and the one above to identify the boundaries of a 

mixture of tetralin and ammonia to almost pure ammonia. The area of the mixture 

is given the name "2-COMP." After a transient similar to MMB-07, the heavier 

tetralin stratifies below the ammonia pool. Stratification is completed after about 1 

s. While the measured total area stays constant during the transient, the 

Fig.21-tetralin area reads a deficit of 20% compared to the initial area. Tetralin leaks 

into gaps of the lower box and replaces ammonia, an effect that is visible in all fol­

lowing experiments. 

MMB-26 

MMB-26 is a thermal test with a rclativcly small temperature differcnce between 

tctralin and ammonia. The cffcctive ammonia Ievel is at an clcvation of 8.6 cm. Thc 

initial tctralin tcmpcrature is 289 K, and ammonia is closc to saturation. Fig. 22a 

shows the initial configuration of MMB-26 featuring the dashed linc betwcen tctralin 

and thc stccl cylindcr as obscrvcd through thc front window. Fig. 22b shows the 

idealizcd initial configuration of MMB-26 gcncratcd thc samc way as that of 

MMB-21. Thc channcl numbcrs arc markcd at the position of the associatcd thcr­

mocouplcs. Instead of using the original thcrmocouplc location 2, onc should usc 

location 2a in conjunction with idcalized data. Figs. 23 through 29 show 

tctralin/ammonia intcrfaccs (dashcd) and ammoniajgas intcrfaccs (solid lincs) for 

MMB-26 at sclcctcd timcs. Figs. 30 and 3I .'\how thc transicnt tcmpcraturcs of all 

thcrmocouplcs. Effectivc mixing of both liquiL's starts aftcr 200 ms. Boil-up is lcss 

violent than for MMB-19, and it takes a Ionger time to achicvc thermal cquilibrium. 

Stratification starts after I s. A clear interfacc bctween the stratificd liquids is visible 

after 2.9 s which completes the transient. 

To quantify the information dravm from the movie pictures, the holdup, as defincd 

previously, is plottcd ovcr the time. Figs. 32 and 33 show the holdup on two different 

time scales. Thc residual holdup for times grcatcr than 4 s shows thc magnitudc of 

the crror in defining the areas. The crror is approximatcly I 0%. Table V lists thc 

arcas and holups at givcn timcs. 
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MMB-27 

MMB-27 is a thermal test with a maximum amount of ammonia and an average 

temperature difference. The effective ammonia Ievel is 9.4 cm, the initial tctralin 

tcmpcraturc is 300 K, and the initial ammonia temperature is 239 K. Fig. 34a shows 

the intcrfaces between tetralin and thc steel cylinder (dashed line) and between 

ammonia and gas (solid line) as observed through thc front window at time = 0. Fig. 

34b shows the idealized configuration of MMB-27 generated likc for thc previous 

cxpcriments. The channel numbers arc given for the positions of the associated ther­

mocouples. Numbcr 2 is redirected to 2a thc same way as for the prcvious exper­

imcnts. Figs. 35 through 41 show thc interfaccs at sclected times. 

Stratification is first visible after 2.9 s, and completed at 3.9 s. Figs. 42 and 43 show 

the transient temperatures, exccpt for channel 2 which failed. The transient is similar 

to that MMB-26, but the thermal equilibration takes a little bit longer. Figs. 44 and 

45 show the holdups on two different time scales. The maximumvisible holdup is 0.8. 

Thercfore, between 0.36 s and 0.52 s, the holdup value is at a constant maximum. 

The curves are very similar to those of MMB-26. Table VI lists the arcas and hold­

ups at given times. 

MMB-28 

MMB-28 isathermal tcst with a small amount of ammonia and a !arge tcmpcrature 

difference. The effective ammonia Ievel is 6.9 cm, the initial tetralin temperature is 

312 K, and the initial ammonia tcmperature is 240 K, indicating nuclcate boiling at 

time = 0. Fig. 46a shows thc interfaces betwceri tctralin and the stecl cylinder 

(dashcd line), and bctwecn ammonia and gas or two-phasc (solid linc) as observcd 

through the front windows at time = 0. The pool surface moves up and down and 

is, at an avcrage, as low as thc upper end of thc stccl cylindcr which is covcrcd by a 

laycr of dcnse ammonia vapor bubblcs. Thc uppcrmost thcrmocouplc (numbcr 8) is 

locatcd within the layer of bubbles. Fig. 46b shows thc idealized initial configuration 

of MMB-28. The liquid ammonia Ievel is reduced by the cylinder wall cross section 

arca. Thc cffcctive tctralin arca has a bccn modified slightly to makc surc that the top 

ammonia surface and thc tctralin surface arc at thc samc clcvation (69 mm). Thcr­

mocouplc 8 is nmv wcll inside the covcr gas indicating that its location is not con-
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sistent with the idealized configuration. For consistency, thermocouple 2 has been 

redirected to 2a, as done in the previous experiments. 

Figs. 47 through 53 show the interfaces of tetralin and ammonia at selected times. 

Stratification is first visible after 1.8 s which is much earlier than in the experiments 

described before, and completed at 2.9 s. Figs. 54 and 55 show the transient tem­

peratures. Equilibration of temperatures takes a little bit Ionger than for MMB-28. 

Figs. 56 and 57 show the holdups on two different times scales. The maximumvisible 

holdup is reached between 0.17 s and 0.31 s, its value is 1.68. The multiphase pool 

may extend weil bcyond the visible Iimit which is indicated by the steep upward and 

downward gradients at both sidcs of the maximum Ievel. Howevcr, in the experiment, 

thc top vessel head lies closely above the visible Iimit, and fluid hitting the head may 

be diverted into the backward safety volume which is voided, or back down into the 

pool. The slosh-back may partly be responsible for the fast collapse of the pool 

around 0.35 s. Table VII lists the areas and holdups at given times. 

MMB-34 

MMB-34 isathermal test with a small amount of ammonia, and a high temperaturc 

difference. The cffcctive ammonia Ievel is 8.1 cm, the initial temperature difference 

is 82 K, and ammonia is subcooled by as much as 13 K. Fig. 58a shows the interfaces 

bctwccn tetralin and the steel cylindcr ( dashed line) and ammonia and gas (solid line) 

as observcd through the front window at time = 0. Fig. 58b shows the idealized 

initial configuration, produced the same way as for the previous experiments. As in 

MMB-28, thermocouple 8 lies now within the cover gas region which is also not 

consistent with the experimental initial configuration. To achicve consistency, ther­

mocouple 2 has been redirected to 2a the same way as before. A rather complete set 

of digitized frames is added. Figs. 59 through I 08 show the interfaces of tetralin 

(dashed lincs) and ammoniajgas (solid lines) at selected times. During the first 0.24 

s, the cohcrcnt tctralin mass is diffuscd and movcs down slightly, but not as fast as 

in the isothermal tests. Appreciable evaporation starts after 0.2 s. 

Fig. 90 ( 1.339 s) shows a first reappearance of a tetralin intcrface, indicating that 

tctralin starts to form a cohcrcnt stratificd layer below the churning pool. At 1.634 s 

(Fig. 95), a second solid line at 61 mm elevation separates an almost clear ammonia 
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pool below from a two-phase churning region above. There are only a few vapor 

bubbles ernerging from the tetralin interface travelling upward through the clear 

ammonia pool, and tetralin droplets travelling downwards. As stratification contin­

ues, the tetralin layer grows, and the two phase region collapses. At 4.217 s (Fig. 

I 06), the stratification is completed. Afterwards, more tetralin escapes through the 

back\vard gaps which is indicated by a decreasing elevation of the tetralin interface, 

similar to MMB-21. 

Figs. l 09 and 110 show the transicnt temperatures. Du ring the first 0.5 s, the tran­

sient is similar tothat of MMB-19. This is not surprising because the initial ammonia 

tcmperatures of both experiments are at a low 227 K. With respect to the other 

cxpcriments, it takes about 0.1 s Ionger to increase ammonia temperatures to Satu­

ration so that vigoraus evaporation can start. Except for thermocouple channel 8 

which is inside the void after the collapse of thc two-phase pool, all tempcratures 

equilibrate quickly after 1.3 s. Again, a slosh-back may help to spccd up equilibra­

tion, as the fluid may return quickly when it hits the vessel head. 

Figs. 111 and 112 show the holdups on two different time scales. The maximum vis­

ible holdup is reached between 0.39 s and 0.58 s, its value is 1.28. The pool collapses 

slightly around 0.8 s, and rises to a second maximum at about 1.1 s. During the final 

collapse, !arger vapor bubbles appear near the pool surface. The collapse is rather 

steady and takes more than l s. Whereas de:viations in tetralin areas from time= 0 

to time= 8 s exceed 40%, errors in total pool area are likely to be compensated by 

one liquid replacing the other liquid in the backward gaps. Therefore, the error of the 

final holdup value is about l 0%. Tabe! VIII lists the areas and holdups at given 

tim es. 

Conclusion 

To study the fluid dynamics and transient thermal hydraulics of two liquids in a 

reetangular pool, an experimental program has been carried out in the Multiphase 

Multicomponent Box (MMB) apparatus. Hydrodynamically, the pool of liquid 

ammonia and liquid tetralin is similar to what can be expected of a transition-phase 

liquid stecl-liquid fucl pool without frcezing. Major similarity laws are close to being 

obeyed for thc stratification potential, the length scale, the tcmperature scale, the 
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levitation of droplets, and the liquid-liquid buoyancy. Similarity laws are not obeyed 

for two other important dimensionless groups. Particularly, the question whether a 

boiled-up pool can be maintained for a long time cannot directly be answered 

because the MMB system pressure was too high. Additionally, similarity for the 

vapor pressure of the steel simulant could not be achieved. 

Isothermal test are characterized by a movement of a coherent tetralin mass down­

wards until it hits the bottom. Tetralin is directed into both corners of the reetangular 

box and upwards along the side walls. During the upward slosh, the tetralin front 

diffuses and tetralin droplets form. The droplets and the coherent tetralin mass ulti­

mately fall back into a stratified layer of the heavier tetralin below the lighter 

ammonia. The whole transient is slightly delayed if vapor bubbles are present in the 

ammonia. 

Thermal test are characterized by a premixing period in which the generated ammo­

nia vapor drives the mixing process between tetralin and ammonia. Only in MMB-

19, a triggering event was observed marking the initiation of a violent dispersal of the 

liquid pool into the cover gas volume. During all other transients, this period of 

integral pool movement began less violently, but was equally followed by a rapid 

thermal equilibration. As the boiled-up pool gradually collapsed, tetralin began to 

stratify below the remaining liquid ammonia. The time of stratification is difficult to 

define objectively. It takes between 1.5 s and 3.2 s for a clearly visible interface of the 

stratified tetralin to develop. The experiments with the highest initial tcmperature 

differences and the most violent dispersals have the shortest stratification times 

indicating that the fluid movement may be con"iderably influenced by the slosh-back 

after hitting the vessel head. 

The pool fluid-dynamics is governed in !arge part by the geometry of the box. 

Extrapolation to prototypic conditions may only be possible by using computer codes 

verified on these experiments, and carefully adjusted to the geometry conditions of 

the prototypic configuration. 
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Nomenclature 

A m2 surface area 

c J/(kg K) specific heat 

d m diameter 

g mfs2 gravita tional accelera tion 

h Wj(m 2 K) heat transfer coefficient 

hv Jjkg latent heat of evaporation 

H holdup 

L m length scale 

p Pa pressure 
p Pa prcssure scale 

R normalized density difference 

r m radius 
T K temperature 
V m3 volume 
z m vcrtical length 
lJ kgj(m s) dynamic viscosity 
) W/(m K) thermal conductivity 
p kofm3 b, density 
(J Njm surface tension 
'[ s time constan t 

Gr Grashof number 
Ku Kutateladze number 
Nu Nusselt number 

Pr Prandtl number 

Re Reynolds n um ber 
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Tables and Figures 
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TABLE I Average Characteristic Properlies of Prototypic 
and Simulant Components 

unit pro-
toty-
pic 

component stain- mi-
less xed 
steel oxide 

saturation temperature at at- K 3070 3600 
mospheric pressure 

fusion temperature K 1700 3050 

molecular weight mol/g 56 270 

liquid density kgjm 3 6900 8660 

saturated vapor density at at- kg/m 3 0.19 
mospheric pressure 

liquid specific heat Jj(kg K) 785 504 

latent heat of evaporation Jjkg 6.5·1 06 

liquid thermal conductivity W/(m K) 20 5 

liquid thermal diffusivity m 2/s 3.7·1 o-6 1.1·10-6 

liquid viscosity kg/(m s) 0.004 0.005 

critical temperature K 8000 10600 

·surface tension N/m 0.2 0.47 

simu-
lant 

am- tetra-
monia I in 

240 350 

195 235 

17 132 

683 970 

1.9 

4454 1690 

1.4 ·1 06 

0.5 0.2 

1.6·10-7 1.2·10-7 

0.0003 0.002 

405 480 

0.023 0.04 
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TABLE II Ratio of Major Scaling Groups 

ratio of prototypic to simulant group steel oxide 

for the saturation temperature 13 --

for the fusion temperature -- 13 

for the Prandtl number, Pr 0.06 0.03 

for the inverse length scale, 1/L 0.44 0.26 

for the normalized density difference 
0.61 

for the inverse pressure scale 0.04 0.03 

TABLE 111 Additional Scaling Groups 

group prototype simulant 
unit 

vertical temperature gradient, 147 ... 184 1.3 ... 1.9 
-dT/dz K/m 

Kutateladse number, Ku - 370 ... 460 80 ... 100 

two-component Grashof number, Gr - 2.0·10 11 2.1·10 10 
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TABLE IV MMB Testmatrix 

TEST NUMBER 7 19 21 26 

effective N H3 Ievei (cm) 
9.9 4.2 8.4 8.6 

effective N H3 area (cm 2) 

64.8 23.7 40.4 42.2 

effective N H3 volume (cm 3) 

339 77. 84. 87. 

effective C10 H12 area (cm 2) 

33.2 33.2 33.2 33.2 

effective C10 H12 volume (cm 3) 

174 107 69. 69. 

initial N H3 temperature (K) 
240 227 237 239 

initial C10 H 12 temperature (K) 
240 319 237 289 

initial temperature difference 
Q+ 94. Q+ 50. 

-) There was a 2 to 4 K temperature difference between 
tetralin and the colder ammonia 

27 28 34 

9.4 6.9 8.1 

49.2 27.2 37.7 

102 56. 78. 

33.2 33.2 33.2 

69. 69. 69. 

239 240 227 

300 312 309 

61. 72. 82. 
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TABLE V MMB-26 Area and Holdup Over Time 

Time Area Holdup Time Area Holdup 
( s ) ( mm 2 ) ( s ) ( mm 2 ) 

0.000 7540. 0.000 1.266 10636. 0.411 
0.131 8412. 0.116 1.286 11037. 0.464 
0.151 8372. 0.110 1.305 10816. 0.434 
0.170 8693. 0.153 1.344 10924. 0.449 
0.190 10154. 0.347 1.364 11259. 0.493 
0.209 11820. 0.568 1.383 11054. 0.466 
0.248 13757. 0.825 1.462 9799. 0.300 
0.268 14373. 0.906 1.501 9655. 0.281 
0.288 14368. 0.906 1.559 10125. 0.343 
0.307 12785. 0.696 1.599 9616. 0.275 
0.327 13252. 0.758 1.618 9865. 0.308 
0.346 13875. 0.840 1.657 9930. 0.317 
0.366 13831. 0.834 1.696 9346. 0.239 
0.385 14373. 0.906 1.736 9374. 0.243 
0.405 14465. 0.918 1.775 9078. 0.204 
0.444 13705. 0.818 1.794 8956. 0.188 
0.532 12464. 0.653 1.814 8941. 0.186 
0.581 14078. 0.867 1.853 9091. 0.206 
0.620 14462. 0.918 1.892 8747. 0.160 
0.738 12591. 0.670 1.931 9030. 0.198 
0.796 13108. 0.738 2.010 8989. 0.192 
0.894 12189. 0.617 2.090 8589. 0.139 
0.914 11660. 0.546 2.146 8596. 0.140 
0.933 11800. 0.565 2.248 8470. 0.123 
0.953 12546. 0.664 2.342 8433. 0.118 
0.972 12102. 0.605 2.440 8244. 0.093 
0.992 11857. 0.573 2.5:18 8163. 0.083 
1.012 12263. 0.626 2.929 8147. 0.081 
1.031 12161. 0.613 2.949 8262. 0.096 
1.051 12077. 0.602 3.320 7917. 0.050 
1.090 11360. 0.507 3.913 8158. 0.082 
1.129 11881. 0.576 5.870 8000. 0.061 
1.168 11593. 0.538 7.827 8061. 0.069 
1.207 10873. 0.442 9.783 8180. 0.085 
1.246 10669. 0.415 
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TABLE VI MMB-27 Area and Holdup Over Time 

Time Area Holdup Time Area Holdup 
( s ) ( mm 2 ) ( s ) ( mm 2 ) 

0.000 8240. 0.000 1.109 11393. 0.383 
0.133 9827. 0.193 1.037 13480. 0.636 
0.152 9970. 0.210 1.039 13322. 0.617 
0.172 10709. 0.300 1.041 13359. 0.621 
0.191 11555. 0.402 1.044 13420. 0.629 
0.211 13083. 0.588 1.046 13472. 0.635 
0.221 13759. 0.670 1.048 12339. 0.497 
0.230 14615. 0.774 1.070 11498. 0.395 
0.240 14904. 0.809 1.089 11369. 0.380 
0.250 13974. 0.696 1.128 11545. 0.401 
0.269 14449. 0.754 1.167 11828. 0.435 
0.289 14896. 0.808 1.206 12163. 0.476 
0.308 15400. 0.869 1.216 12572. 0.526 
0.328 15900. 0.930 1.265 11364. 0.379 
0.363 16192. 0.965 1.285 1177 4. 0.429 
0.519 16192. 0.965 1.304 11361. 0.379 
0.539 15250. 0.851 1.343 10988. 0.333 
0.558 15090. 0.831 1.363 11032. 0.339 
0.597 14350. 0.742 1.382 11551. 0.402 
0.601 14150. 0.717 1.441 10246. 0.243 
0.617 14510. 0.761 1.449 10577. 0.284 
0.636 14570. 0.768 1.450 10137. 0.230 
0.656 14500. 0.760 1.480 10657. 0.293 
0.675 14660. 0.779 1.538 9762. 0.185 
0.695 14750. 0.790 1.577 9655. 0.172 
0.714 14800. 0.796 1.675 9436. 0.145 
0.734 14160. 0.718 1.734 9787. 0.188 
0.753 14100. 0.711 1.773 9625. 0.168 
0.773 14400. 0.748 1.870 8985. 0.090 
0.793 13900. 0.687 1.968 9166. 0.112 
0.812 14000. 0.699 2.065 9073. 0.101 
0.836 14161. 0.719 2.261 8956. 0.087 
0.875 13333. 0.618 2.456 8388. 0.018 
0.894 12856. 0.560 3.041 8500. 0.032 
0.914 13518. 0.641 3.432 8358. 0.014 
0.933 13225. 0.605 3.627 8350. 0.013 
0.953 13230. 0.606 3.920 8349. 0.013 
1.011 12912. 0.567 4.994 8513. 0.033 
1.031 13987. 0.697 5.872 8687. 0.054 
1.033 14143. 0.716 6.946 8467. 0.028 
1.035 13659. 0.658 
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TABLE VII MMB-28 Area and Holdup Over Time 

Time Area Holdup Time Area Holdup 
( s ) ( mm 2 ) ( s ) ( mm 2 ) 

0.000 6040. 0.000 0.700 7538. 0.248 
0.089 7298. 0.208 0.757 7487. 0.240 
0.108 7482. 0.239 0.776 8124. 0.345 
0.127 8164. 0.352 0.795 8126. 0.345 
0.141 9729. 0.611 0.853 8336. 0.380 
0.150 13331. 1.207 0.892 8153. 0.350 
0.158 14683. 1.431 0.930 8112. 0.343 
0.171 16192. 1.681 0.969 7447. 0.233 
0.305 16192. 1.681 1.046 7380. 0.222 
0.307 13500. 1.235 1.142 7579. 0.255 
0.348 13000. 1.152 1.200 7264. 0.203 
0.368 12500. 1.070 1.354 6043. 0.000 
0.387 12000. 0.987 1.546 5635. -0.067 
0.407 10500. 0.738 1.739 5389. -0.108 
0.426 9800. 0.623 1.932 5416. -0.103 
0.446 8500. 0.407 2.124 5501. -0.089 
0.465 8100. 0.341 2.317 5621. -0.069 
0.504 8750. 0.449 2.509 5662. -0.063 
0.526 9061. 0.500 2.895 5766. -0.045 
0.584 8883. 0.471 3.280 5879. -0.027 
0.603 8061. 0.335 3.852 5878. -0.027 
0.622 7916. 0.311 5.777 6138. 0.016 
0.641 7809. 0.293 7.703 6051. 0.002 
0.661 7372. 0.221 9.629 6115. 0.012 
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TABLE VIII MMB-34 Area and Holdup Over Time 

Time Area Holdup Time Area Holdup 

( s ) ( mm2 ) ( s ) ( mm 2 ) 

0.000 7090. 0.000 0.727 12686. 0.789 

0.152 7418. 0.046 0.770 12288. 0.733 

0.164 7325. 0.033 0.791 12322. 0.738 

0.177 7419. 0.046 0.812 14482. 1.043 

0.188 7885. 0.112 0.833 12831. 0.810 

0.198 8590. 0.212 1.002 14265. 1.012 

0.209 9137. 0.289 1.023 14442. 1.037 

0.219 9590. 0.353 1.044 15017. 1.118 

0.230 9946. 0.403 1.086 15371. 1.168 

0.240 10290. 0.451 1.128 15471. 1.182 

0.251 10542. 0.487 1.149 15309. 1.159 

0.255 10881. 0.535 1.191 15033. 1.120 

0.259 11703. 0.651 1.212 14420. 1.034 

0.264 12851. 0.813 1.234 14195. 1.002 

0.268 13646. 0.925 1.339 13232. 0.866 

0.272 14246. 1.009 1.402 12620. 0.780 

0.276 13750. 0.939 1.487 11787. 0.662 

0.280 14000. 0.975 1.519 11355. 0.602 

0.285 14100. 0.989 1.592 10973. 0.548 

0.291 14300. 1.017 1.634 10588. 0.493 

0.297 14400. 1.031 1.687 10170. 0.434 

0.304 14600. 1.059 1.792 9184. 0.295 

0.312 14900. 1.102 1.898 8508. 0.200 

0.363 15100. 1.130 2.003 7837. 0.105 

0.390 16192. 1.284 2.109 7299. 0.029 

0.580 16192. 1.284 2.214 6814. -0.039 

0.601 16000. 1.257 2.319 6709. -0.054 

0.622 15800. 1.228 2.53G 6651. -0.062 

0.643 15500. 1.186 2.741 6619. -0.066 

0.664 15089. 1.128 2.952 6717. -0.053 

0.675 14334. 1.022 4.217 6823. -0.038 

0.685 13626. 0.922 6.326 6824. -0.038 

0.706 12949. 0.826 8.434 6950. -0.020 
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Fig.2 MMB Front Window 
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Fig.3 MMB Front View 
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Fig.4 MMB Downward View 
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Fig.5 MMB Side View 
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