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ABSTRACT 

An experimental and analytical program has been carried 

out in order to better understand the cause and effect of flow 

oscillations in boiling sodium systems. These oscillations 

have been noted in previous experiments with liquid sodium, 

and play an important part in providing cooling during Loss-

of-Piping Integrity (LOPI) accidents that have been postulated 

for the Liquid Metal-Cooled Fast Breeder Reactor. 

The experimental program involved tests performed in a 

small scale water loop. These experiments showed that voiding 

oscillations, similar to those observed in sodium, were present 

in water, as well. An analytical model, appropriate for either 

sodium or water, was developed and used to describe the water 

flow behavior. 

The results of the experimental program indicate that water 

can be successfully employed as a sodium simulant, and further, 

that the condensation heat transfer coefficient varies signifi

cantly during the growth and collapse of vapor slugs during oscil

lations. It is this variation, combined with the temperature 

profile of the unheated zone above the heat source, which deter

mines the oscillatory behavior of the system. 

The analytical program has produced a model which quali

tatively does a good job in predicting the flow behavior in the 

wake experiment. Quantitatively, there are some discrepancies 

between the predicted and observed amplitudes of the oscillations. 

These discrepancies are attributable both to uncertainties in the 

experimental measurements and inadequacies in modelling the be

havior of the condensation heat transfer coefficient. Currently, 
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several parameters, including the heat transfer coefficient, 

unheated zone temperature profile, and amount of mixing be

tween hot and cold fluids during oscillations, are set by the 

user, and have a deterministic effect on the behavior of the 

model. 

Additionally, criteria for the comparison of water and 

sodiiom experiments have been developed. These criteria have 

not been fully tested. 

Several recommendations for future study are proposed, 

in order to advance the capability of modelling the phenomena 

observed. 
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CHAPTER I 

INTRODUCTION 

1.1 Background 

The liquid metal-cooled fast breeder reactor 

(LMFBR) is currently under consideration as the prototype 

for the next generation of nuclear power plants to be built 

in the United States, Europe, and Japan. A thoroughly diff

erent concept than present day water cooled reactors (LWR's), 

the LMFBR employs liquid sodium as a coolant. This permits 

operation of the reactor at high temperature and low pres

sure, thus increasing power cycle efficiency. It also 

allows the use of a compact core with a high power density, 

which is then surrounded with a blanket of depleted uranium. 

This configuration permits breeding - the production of more 

fuel than is consumed - to occur. 

Along with the above advantages inherent in the 

LMFBR, there are several disadvantages. The fact that sod

ium is opaque means that the reactor cannot be easily in

spected by direct visual means. The coolant may also be

come highly radioactive. Perhaps the most significant draw

back is the possible effects of sodium boiling. When a 

light water reactor sustains an accident which causes the 
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coolant to boil, the reactor tends to shut itself off due 

to the decrease in the density of the moderator. In the 

LMFBR, however, the boiling of the coolant would shift the 

neutron spectriom in the reactor so as to increase the power, 

thus creating a possible "autocatalytic" reaction that would 

cause the reactor power to increase rapidly. 

There are also circumstances wherein the boiling 

of the coolant, while not causing large power excursions, 

could still have serious detrimental effects on the reactor 

core. In particular, the loss-of-piping-integrity (LOPI) 

accident must be considered. In such an accident, a coolant 

inlet pipe breaks, similar to the loss-of-coolant accident 

in the LWR. In the case of the LMFBR, this pipe rupture 

causes a rapid decrease in flow rate. It is assumed in the 

analysis of this accident that the reactor has been shut 

down by control rods (scrammed). However, the residual heat 

remaining in the fuel due to decay of fission products and 

stored energy, may be sufficient to cause coolant boiling. 

There is significant uncertainty about the behavior of 

sodium during boiling. One school of thought asserts that, 

under conditions such as might occur during a LOPI, voiding 

process would propagate rapidly due to the high thermal con

ductivity of sodium, causing a rapid dryout of parts of the 

core, followed possibly by wide scale core melting and sub-
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sequent loss of coolable core geometry. 

It is also possible, though, that mitigating fac

tors might come into play to prevent such a rapid dryout. 

Under this scenario, the stored heat would be rapidly removed 

without deleterious effects, and subsequent natural circu

lation and/or forced flow would be sufficient to remove the 

continuing decay power. 

Figures 1.1 and 1.2 are taken from the Department 

of Energy's report on sodium boiling (1), and illustrate 

the complex sequences of events which have been developed 

for sodium boiling accidents. The heavy lines indicate the 

most likely sequences. 

1.2 Scope of the Work 

This project was conceived as an attempt both to 

model and simulate sodium boiling behavior, as part of the 

total D.O.E. effort in this area. Results from the Thermal-

Hydraulic Out-of-Reactor Safety Facility (THORS) tests at 

Oak Ridge National Laboratory have indicated that stable 

sodium boiling may be expected under low-power, low flow 

conditions, such as might occur during a LOPI (2); current 

models do not accurately predict this type of behavior. In 

addition, significant flow oscillations occurred during some 

of these experiments. Upon analysis of the THORS results, 

it appeared that these oscillations might aid in postponing 
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the dryout of the core. 

Since sodium experimentation is both costly and 

rather hazardous, due to sodium's tendency to ignite spon

taneously in oxygen, a simpler approach was developed, using 

water as a simulant. The objectives of this project were: 

1. Development of a simple, one-dimensional model for 

flow oscillations under low-power, low-flow con

ditions. This model should be easily understood 

and incorporate the necessary physical basis for 

the flow behavior to be modelled. 

2. Performance of a series of experiments - with water 

to ascertain whether the model would predict ob

served behavior, as well as to demonstrate the 

suitability of water as a simulant for liquid 

sodium. 

3. Establishment of a set of criteria through which 

water and sodium experiments might be compared. 

4. Comparison of data from the experiment to sodium 

data using the criteria developed under 3. 

The fourth objective was to be met through com

parison of the results obtained from the water experiments 

to those from the Sodium Boiling Test Facility (SBTF) at 

ORNL. 

The following chapters will cover development of 
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the model, choice of the simulant, criteria for the compari

son of water and sodium experimental results, the design of 

the M.I.T. Water Test Loop, and the results and analysis of 

experiments performed on the WTL. A brief description of 

the SBTF will also be included. Finally, the conclusions 

from this work are presented, along with recommendations 

for future work in this area. 
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CHAPTER 2 

THE ANALYTICAL MODEL 

2.1 Overall Concept 

The modelling of two-phase flow is an extremely 

complex task, due to the interactions of the phases with 

each other, as well as with their surroundings. Because 

of this fact, the model developed for this work was derived 

so as to keep the vapor phase essentially separated from 

the liquid. In addition, the flow oscillations to be 

modelled involve the expansion and contraction of a vapor 

space surrounded by two nearly incompressible liquid columns. 

The growth and collapse of such a bubble can be the result 

of either of two effects: a hydrodynamic effect, whereby 

the vapor space grows or collapses due to the differential 

pressure between the bubble and the liquid, or a thermal 

effect, through which the amount of vapor increases or de

creases through the evaporation or condensation of the vapor. 

This second mechanism requires the transfer of heat, either 

latent or sensible, whereas the first does not. The two 

effects do not occur independently, however; the collapse 

of a steam bubble due to hydrodynamic effects would tend 

to increase the bubble pressure. This would then raise the 

saturation temperature of the bubble and cause condensation 



-28-

to occur, possibly causing further collapse and starting the 

cycle again. 

Due to the two possible methods of bubble growth 

and collapse, the model has been developed so as to incor

porate both of these factors. This approach was proposed 

by Ford (3) in his F'reon experiments and modelling. While 

Ford's original reasoning was followed, the details of the 

models differ, as well as the methods of solution. 

In developing this model, the objective was to 

produce what would eventually be a module in a large system-

scale code. There was no attempt made, therefore, to model 

the single phase flow configuration prior to the inception 

of boiling and flow oscillations, nor were there any means 

provided to carry the calculation past the point at which 

the limitations of model occur. The model limitations are 

discussed in Section 2.5, and recommendations for further 

calculational tools are presented in Chapter 6. 

2.2 The Hydrodynamic Model 

The system under consideration for the develop

ment of this model is illustrated in Fig. 2.1. The vapor 

space is assumed to be at constant pressure throughout, and 

the top of the upper plenum is assumed to be at atmospheric 

pressure. The liquid is considered to be incompressible, 

and acts essentially as a piston. The vapor space is not 
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assumed to be incompressible; in fact, its compressibility 

is one of the driving forces in the oscillations. 

The system is assumed to be in a fixed configur

ation, with the vapor slug totally separated from the liquid. 

This "fixed-regime" type of model allows a simple mathemati

cal description of the system. 

The momentum equation for one-dimensional, incom

pressible, single phase flow in a pipe is 

dv ^ 1_ d £ _ 1 dt _ f 
dt p^ dx p ay X 

Integrating over the volume: 

p^ AL g = AAP -^3p,3^T - F^ (2.2) 

A 

This equation can be rearranged to show the contribution 

of each term: 

AP^ ^ = AP + AP. . + AP (2.3) 
tot ace fric grav 

The first term represents the acceleration of the fluid; 

the second is the pressure drop due to friction, and the 

third term represents the pressure drop due to body forces, 

in this case, gravity. 

dv 
If the area is assumed constant, the term p A L ^ 

can be expressed as pL^/ where Q is the volumetric flow 

rate, vA. 
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Dividing Eq. (2.3) by the area, and combing the 

gravitational and total pressure drops 

^l^ do 

A 
where AP' = AP^ . - AP 

tot grav 

The frictional term is now expressed, as is custom

arily done, using a friction factor, f: 
2 

L P«."̂  A AP^ . = 4f ̂  - ^ — = T -^shear (2.5) fric D 2 V A 

Casting the equation in terms of the volumetric flow rate, 

Q, 

^̂ fric = 2f I - V (2.6) 
A 

Equation (2.4) now becomes 

AP ( ^ ) i ^ ( - i ^ ) o 
The term —- is the inertance of the fluid column 

2 

indicated by I. The term 2fLpQ/DA is the effective resist

ance due to friction on the fluid, and is indicated by R. 

Thus 

AP' = I 1^ + RQ (2.8) 
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This form of the equation is commonly used in system dynamics, 

and allows the creation of an electrical analog, with pres

sure drop paralleling voltage and volumetric flow rate analog

ous to current. The coefficients I and R would correspond 

to circuit inductances and resistances, respectively. 

In Eq. (2.8), the pressure drop AP' represents the 

non-gravitational pressure difference between the vapor space 

and the constant upper plenum pressure, and is common to the 

two liquid legs. 

The equation for the vapor space is also derived 

from system dynamics. For a compressible volume, the con

servation of mass equation states 

dm _ d ,P V^) = P 0„ (2.9) 
dt - dt ^ ̂  5 g g 

thus 

V do d V 

y 

If the motion of the boundaries of the compressible volume 

is examined, it is seen that the motion of the liquid legs, 

hereafter referred to as Q, and Q-, sum to the volume change, 
dV 
-3^2. Therefore, 
at 

V dp 
Q = -3 —3. = Q (2.11) 
com p dt 3 

g 
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Using Eq. 2.8, the equations for the two liquid 

legs shown in Fig. 2.1 can be expressed as 

dQ, 
AP' = ^1 dt^ + RiQi (2.12) 

dQ-
^^' = ^2 dt^ -̂  ^2^2 ^2.13) 

since dV 
Q, + Q^ = _g (2.14) 
1 2 dt 

As stated above, Eqs. (2.14) and (2.11) can be combined to 

define a source volumetric flow rate, Q , such that 

Qĵ  + Q2 + Q3 = Q (2.15) 

The four equations, 2.8 (one for each liquid leg), 

2.11, and 2.12 comprise the hydrodynamic model. 

2.3 The Thermal Model 

The thenmal model for bubble growth is derived 

directly from the first law of thermodynamics for a closed 

system. That law states: 

Sq •- 6W = 5U (2.16) 

The definition of enthalpy 

H = U + PV (2.17) 
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is substituted into Eq. (2.16). Realizing that the term 

6W represents pressure-volume work done by the system, so 

that 

6W = P6V (2.18) 

and making this substitution, as well, Eq. (2.16) becomes 

6q - P6V = 6H - P6V - V6P (2.19) 

or 

6q + V6P = 5H (2.20) 

Equation (2.20) is now divided by 5t, and the 

limit is taken as 6t approaches zero. This gi-ves the diff

erential form of the equation 

n - ĝ = i <2-2i' 

The enthalpy term for a two-phase system can be separated 

into its components. Thus 

H = m^h^ -̂  m h (2.22) 

and 

dt "'£ dt • "'g dt ' '"edt " "g 
Aa dh. dh_ dm. dm 
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The system of bubble and surrounding liquid is chosen to be 

large enough so that the mass fluxes across the system bound

aries are zero. This choice of a closed system sets a model 

limitation. This assumption is valid ooly when the vapor 

through-flow in the bubble is very small, a condition which 

exists for small bubble lengths only, as in the €arly stages 

of a transient. From the definition of a closed system, 

therefore 

dm 
J ^ = 0 (2.24) 
dt 

and 

(2.25) 
dm dm 
• w =: _ ' 

dt dt 

Substituting into Eq. (2.20): 

The last two terms represent the change in sens

ible heat of the system. For small changes in temperature 

and pressure, these contributions are negligible when com

pared to the latent heat of vaporization, (h - h.) or h^ • 

Thus, 

dH =̂  h^ ^ (2.27) 
dt • ^5 dt 
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Sxibstituting back into Eq. (2.18) yields 

J TT J•r̂  dm 

da + V„ dP ^ . _ __2 dt -̂  ̂ H = f̂g dr' 2̂.28) 

Since mg = p^V^ 

dm^ 

dt 

V 
g dt 

+ 
^ dt (2.29) 

cuid 

dV V dp ,̂  „ ,_, 

It should be noted that the left hand side of 

Eq. (2.30) corresponds exactly to the source flow Q [Eq. 

(2.15)] derived in Section 2.2. Equation (2.30) comprises 

the thermal model for the system. 

2.4 Solution of the Equations 

The thermal and hydrodynamic equations for the 

system are solved simultaneously and iteratively to find 

the net source flow and the bubble behavior. The solution 

is accomplished by means of a digital computer, using a 

program developed as part of this project. 

To review, the equations that must be solved are 
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^Ql 2 
AP- = Ii 5t^ + ^'l^l (2.31) 

^^2 2 
^^' = ^2 d T - ^ ^'2^2 <2.32) 

V dp 

g 

Qs = (^net-^^f^/p h Pgh^g = Q^-HQ2+Q3 (2.30) 

In rewriting these equations, the subscripts 1 

and 2 refer to the two legs noted on Fig. 2.1; subscript 

3 refers to the biibble itself. The total net heat flow to 

the bubble is symbolized by -̂jet* Since the resistance 

term, R, depends on Q [Eq. (2.7], a new coefficient, R', 

has been introduced in Eqs., (2.31) and (2.32), such that 

R' = 2f ̂  -y (2.33) 
^ A^ 

There is still a dependence of R' on Q, since the 

friction factor, f, is a function of the Reynolds niamber 

and 

Re = ^ (2.34) 
Ay 

However, since this dependence is normally to a small frac

tion power in turbulent flow, the form in Eq. (2.33) has 
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been retained. 

The number of bypass legs that are part of Leg 1 

in Fig. 2.1 is immaterial since, by the analogy of parallel 

resistances and inductances, these can be combined into an 

effective single bypass leg. Additional resistances, such 

as elbows, tees, and other flow obstructions can be accomo

dated using an equivalent resistance concept, as well. 

The solution scheme employed in the computer pro

gram sets the equations up in finite-difference form and 

solves them iteratively. Equations (2.31) and (2.32) are 

approximated by first order, explicit finite difference 

equations, while Eqs. (2,11) and (2.30) are solved by im

plicit first order difference equations. Details of the 

solution scheme may be found in Appendix A. The iterative 

technique itself consists of the following steps: 

1. The pressure in the bubble is guessed, as well as 
the bubble lengths and vapor volumes, above and 
within the heater. The split must be made due to 
the fact that in the heated zone, evaporation 
occurs, while in |the unheated section above the 
heater, evaporation occurs. Thus, in order to de
rive the net heat input to the vapor space, which 
is the difference between evaporation and conden
sation, the bubble must be split into two parts. 
The common vapor space pressure ties the two parts 
together. 

2. The pressure guess allows the determination of the 
properties in the bubble, since the assiimption is 
made that all vapor (as well as the liquid film on 
the walls of the heater) is at saturation. The 
liquid density is assumed to be constant, and 
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equal to that at saturation. This allows direct 
solution of Eqs. (2.11) and (2.27), since net heat 
input is a function of temperature and power to the 
heater. Other iterative loops determine the amount 
of power that goes into heating up or cooling the 
heater wall as pressure changes and the temperature 
profile of the liquid in the unheated section, as 
heat is introduced' into this liquid by condensation. 

3. Equations (2.31) and (2.32) are solved as described 
above. 

4. The source flow (Q̂ -t-Qj+Q-,) calculated from the 
thermal model is compared to that calculated from 
the hydrodynamic model. If these two flows are 
different by more than a specified convergence 
error limit, a new pressure is guessed and the cal
culation starts again from step 1. 

5. If the two source flows are within the specified 
error, new bubble lengths and vapor volumes are 
calculated and compared to those that were guessed 
in step 1. If these are within a specified toler
ance, time is incremented and the transient calcu
lation proceeds. If they are not within the error 
limit, a new guess is made of bubble lengths and 
voliimes, and the calculation returns to step 1 for 
another iteration. 

A flow chart is shown in Fig. 2.2 illustrating 

this technique. 

As noted in step 2 above, a temperature-time his-

ory of the upper unheated zone is calculated. This is done 

in order to allow calculation of the condensation of vapor 

v^ich occurs in that part of the test section. The model 

used for this calculation is a nodal-averaged temperature 

scheme, whereby the upper section is split into a number 

of nodes, each with a single temperature, and new temper-
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atures are calculated based on the flow of liquid into and 

out of each node, as well as any condensation which might 

occur. The changing temperature in the unheated section 

determines the thermal contribution to bubble growth and 

collapse, and changes in the amplitude and period of oscil

lations may be related to this factor. Further discussion 

of this fact is found in Chapter 5. Details of the temper

ature calculational scheme can be found in Appendix A. 

The method of solution outlined in this section 

has proven to yield satisfactory and physically realistic 

results. These results, along with comparison to experi

mental results can also be found in Chapter 5. 

2.5 Limitations of the Model 

A "fixed-regime" model is valid only insofar as 

the regime that is fixed actually exists physically. Once 

conditions proceed to a point where the assumptions incorpo

rated into the model are no longer justifiable, the model 

is no longer useful in describing the system. 

In the case of the model presented here, the 

model is valid for small bubble lengths and vapor volumes. 

Due to the assumptions made in both the hydrodynamic and 

thermal portions of the model, any deviation from a slug-

flow regime would cause the model to fail. In addition, 

liquid and vapor through-flows are neglected in the formu-
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lation of the thermal model. When the bubble becomes large 

enough to encourage substahtial natural circulation flow, 

this assumption becomes invalid. For these reasons, once 

net evaporation exceeds ne,t condensation, causing the bubble 

to grow without collapse, the transient calculation is stopped, 

and the assumption is made that another calculational tool 

can be used to determine subsequent occurrences. 
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CHAPTER 3 

CRITERIA FOR THE COMPARISON OF BOILING 

LIQUID SODIUM TO WATER 

3.1 Background 

The application of data from water experimentation 

to the question of what occurs during the boiling of liquid 

sodium requires that a group of criteria be developed with 

which to compare water data to sodium data. Several such 

criteria will be proposed in this chapter. 

Clearly, the physical characteristics and proper

ties of the two fluids are quite different, especially those 

properties dealing with heat transport. Therefore, heat 

conduction is not included in the comparison criteria. It 

is assumed that different temperature profiles may exist 

under the same flow conditions in water and sodium, and 

differences arising from this fact must be considered. 

However, from inspection of the equations of the model pre

sented in Chapter 2, it can be seen that the properties 

that affect the equations are largely hydrodynamic in nature, 

and there is substantially less disparity between water and 

liquid sodium in this area. Table 3.1 lists both thermal 

and hydrodynamic properties of each fluid for comparison. 
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Table 3.1 

Comparison of Water and Sodium Properties 

Fluid Property Water at 14.7 psia Sodium at 25 psia 
(Reactor Conditions) 

T 
•^sat 

Pil 

Pg 

P£/Pg 

fg 

cPii 

^i 

^i 

\ 

212<'F 

59.8 Ibm/ft"^ 

0.0373 Ibm/ft-^ 

1603 

970.3 BTU/lbm 

1.0 BTU/lbm°F 

0.687 Ibm/hr-ft 

0.004 Ib^/ft 

0.394 BTU/hr-ft°F 

1670<'F 

46.4 Ibm/ft-^ 

0.025 Ibm/ft"^ 

1650 

1650 BTU/lbm 

0.31 BTU/lbm°F 

0.363 Ibm/hr-ft 

'̂ '0.012 Ibj/ft 

31.5 BTU/hr-ft°F 
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The criteria developed in this chapter, then, are 

mainly hydrodynamic in nature, and may be used under these 

special circumstances to compare boiling water to boiling 

liquid sodium. 

3.2 Momentum Equations 

The approach that is taken throughout this chapter 

involves the non-dimensionalization of the basic equations. 

The momentum equation, as presented in Chapter 2 

for unidimensional, single phase flow in a pipe is: 

dv ^ 1 dE . u .d^ 
dt p dx p , -̂  X 

ay 

The body force—f — is, in this case, due to gravity; 

thus 

2 
dv _ 1 dp y d V / -> T \ 
:54r = r :5t" - -r — o - g (3.1 
dt p dx p ,2 

Non-dimensionalization is accomplished by choos

ing new variables that are dimensionless. For the momentum 

equation, these variables are: 

ô ^\°^H 

V* = v/v (3.2) 



-46-

y* = y/D 

P* = P/Pjĵ  

P* = P/P o 

X* = x/D 

y* = vi/û  

The quantity P is a reference pressure, and D 

is the diameter, and serves as a reference length scale. 

Substituting these quantities into Eq. (3.1) 

yields 

2 
^o dv* _ fo_ 1 dP^ lli lo yĵ  d^v* 
D d.>t* p^D p* dx* " p^ ^2 p* ̂ y*2 ~ 5 

(3.3) 

Simplifying, and applying the definition of v 

[Eq. (3.2)] to the first term on the right hand side: 

dv* ̂  1_ d2^ 8̂; y^ d^v* Dg .^ .. 
dt* p* dx* - p^v^D p* 2 - ̂  2 -̂̂ -̂ ^ 

•̂  o 

The coefficient of the second term on the right 

hand side of the equation is the inverse of the Reynolds 

number. This is the first of the comparison criteria. The 

Froude number also appears, as the last term in Eq. (3.4). 

Although this sets another criterion, it reduces essentially 

to a density ratio for systems of similar geometry and 

pressure. Applying the definition of v to the expression 
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Dg yields the result 
2 

V 
o 

Da P£^5 
^ = -|— (3.5) 
V o 

o 

since the liquid densities of sodiiom and water 

are similar, this criterion is satisfied. The choice of 

another geometry, however, would necessitate consideration 

of this parameter. 

The appearance of the Reynolds number is not al

together unexpected. As stated above, the driving factors 

in the oscillatory flow behavior tend to be chiefly hydro-

dynamic in nature; thus, the prime basis for hydrodynamic 

scaling should appear. 
3.3 The Compressibility Equation 

The term expressing the compressibility effects 

IS 

V dp 
Q„ = r^ H?^ (2.11) 
g pg dt 

The volumetric flow rate is defined in Chapter 2 

as 

Thus 

Q = 
g 

Av = 

Av 

V 

^g 
d t (3.6) 
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or 

A V dp 

A ^ = -2. — 2 . (3.7) 
dt Pg dt 

Once again, dimensionless variables are chosen: 

X * 

A* 

V * 
g 
t* 

P* 

= 

= 

= 

= 

= 

x / D 

A/D^ 

Vg/D^ 

t / T 

^ g / P , 

Equation (3.7) now becomes 

D\* 
T 

dx* 
dt* 

°-VPil 
^ g ^ 

d p * 
d t * 

Simplifying: 

(3.8) 

(3.9) 

** aft = V?^a^ •^•"' 
g 
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The second dimensionless group, then is the liquid-

to-vapor density ratio, i/p . This term behaves as a kind 

of variable spring constant, since it changes with pressure, 

and along with the length of the bubble and heat transfer, 

helps to determine the oscillatory behavior of the system. 

From the table of properties, it is clear that the density 

ratios for sodium and water at pressures near atmospheric 

are similar. 

3.4 The Energy Equation 

The energy equation, as derived in Chapter 2, is 

dV V dp V dp 
-H# + -2 _-2 = ((5 + -2_)/p h. (2.27) 
dt p dt ^ dt ' ̂ g fg 

The left hand side of the equation is equivalent 

to a volumetric vapor generation rate, Q . The term VdP/dt 

is very small compared with the net heat flow, q, and is 

neglected. 

Thus 

Q^ = q 4./P h^ (3.11) 
s ^net g fg 

The source flow, Q , can be expressed, as in the 

previous section, in terms of an equivalent velocity and 

area: 
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Then 

Av = q ./p h- (3.12) 
s ^net g fg 

The velocity, v , is now non-dimensionalized; 
s 

v * = v/v (3.13) 
s s o 

Av V * = q Jp h. (3.14) 
o s ^net'^g fg 

and finally 

^s* = ^net/Pg^o ^ h.^ (3.15) 

The net heat input inclvides both power input to 

the lower part of the bubble, as well as condensation which 

occurs when vapor enters the unheated section above the 

heat source. The vapor generation occurs via evaporation 

at the liquid-vapor interface, at saturation, and the con

densation is due to the interaction of saturated vapor with 

subcooled liquid. If this heat input is expressed in terms 

of an equivalent heat transfer coefficient and temperature 

difference, Eq. (3.15) becomes 

h (T-T .) 

where 

^net = h ^ C^-^sat^ ^̂ '̂ ^̂  
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The quantity on the right hand side of Eq. (3.16) 

is the Jakob number, Ja, multiplied by the Stanton number, 

st, since 

p^p (T-T ) 
Ja = ——K 5 ^ ^ (3.18) 

P h^ 
g fg 

and 

More importantly, this combination serves as a 

kind of power-to-flow ratio, normalized by the latent heat 

of vaporization. It is this term which should be used as 

a comparison criterion. The factor of differing saturation 

temperatures is also taken into account. One factor which 

appears indirectly in Eq. (3.16) is the condensation in the 

unheated zone, since it is combined with the heat input 

term. The condensation potential in the unheated section 

appears to be the primary driving force in the flow oscill

ations under study, a fact that will be discussed more 

fully in Chapter 5. The heat input to the system is effec

tively a constant over the duration of the experiments, and 

it is this condensation term which provides the variation in 

q . and the ultimate potential for bubble growth and col

lapse. The characterization of the condensation heat trans

fer in order to determine this potential is therefore crucial. 
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3.5 Comparison of Sodium Data to Water Data 

The Sodiiom Boiling Test Facility (SBTF) at Oak 

Ridge National Laboratory is almost an exact analog of the 

original MIT Water Test Loop, as described in Chapter 4. 

The SBTF also has a pump to provide for forced-flow experi

mentation; however, it does not include a bypass loop at 

this time. 

The SBTF is a sodium loop, heated indirectly over 

its three-foot heated length by a quadelliptical radiant 

furnace. At the inception of this program, it was expected 

that some data would be available from SBTF in order to 

provide a direct comparison to water data. While several 

of the natural circulation tests performed on the original 

WTL have been reproduced, budgetary and experimental prob

lems have forced a delay in the performance of forced-flow 

and flow oscillation testing. It is anticipated that these 

types of experiments will be performed in the near future, 

providing a direct test of the comparison criteria herein 

proposed. 
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CHAPTER 4 

EXPERIMENT/J:. APPARATUS AND PROCEDUP.ES 

4.1 Background and Experimental Apparatus 

The expense and hazard involved in the use of 

liquid metals as an experimental medium led to the concept 

of the first M.I.T. Water Test Loop, constructed by Dr. W. 

D. HinRle in 19 76. The WTL was intended to be a simple, 

easy-to-operate alternative to complex sodium boiling facili

ties such as THORS. The first experiments performed and re

ported by Hinkle (4), involved natural circulation tests 

only, to determine critical heat fluxes under low-power 

conditions. These results, along with comparison criteria 

developed by Hinkle, were compared to sodium data obtained 

xander similar conditions from the SBTL loop at Oak Ridge (5) . 

Water was chosen as the simulant in the initial series of 

tests because of the similar liquid-to-vapor density ratios 

for the two liquids. Other similarity criteria were not 

considered. 

Flow oscillations such as those observed in the 

THORS tests could not be modelled using Hinkle's approach, 

and so a more involved and sophisticated test program was 

developed. The performance of these experiments required 

that the Water Test Loop be modified somewhat from its 

http://procedup.es
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original design. Figure 4.1 shows the loop in its current 

configuration; Table 4.1 lists the dimensions and properties 

of the loop. The modifications consisted of the addition of 

a pump and a bypass leg, which would allow operation in 

either forced or natural circulation. Four ball valves 

were installed at the bypass to provide the means to change 

flow configurations. In addition, an orifice flange was 

added upstream of the inlet plenum to provide the capacity 

to vary the inlet flow resistance. Whereas the entire 

"primary" section - that part between the two plena con

sisting of the heater and unheated inlet and outlet sections 

had been steel, the new loop was built with Pyrex glass 

tubing making up as much of the unheated sections as practi

cal. This allowed visual observation of bubble growth and 

collapse patterns during a transient. 

The instrumentation was also altered considerably 

for the new tests. Thermocouples had previously been fast

ened to the outside of the entire metal primary section, 

and strain-gauge type pressure transducers were installed 

in the inlet plenum, heater inlet and heater outlet. There 

was no flow measuring instrument included. Data acquisition 

was by means of a chart recorder. The modified version of 

the loop retained the thermocouples on the outside of the 

heater rod; however, the Pyrex sections were split into 
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Note: Numbers refer to Table 4.1 on following page 

FIGURE 4.1 SCHEMATIC OF THE M.I.T. WATER TEST LOOP 
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Table 4.1. List of Loop Components 

Component Number Function 

1 Heater Tube - 0.25" OD 

2 Pyrex Tubing - 6mm OD 

3 Swagelok Tee for Thermocouple 

Insertion 

4 Orifice for AP Transducer 

5 Cooling/Heating Coil for Plenum 

6 Upper Plenum - 8"I.D. x 8" ht. 

7 Stainless Steel Bypass Pipe -

1" I.D. 

8 Ball Valve for Flow Control 

9 Pump 

10 Orifice Flange 

11 Lower Plenum 8" I.D. x 8" ht. 

12 Heat Exchange Loop Pump 

13 Heat Exchanger 

14 Connection to 7kw DC Generator 

15 Insulator and Tyco Pressure 

Transducer 

16 Validyne AP Cell across Orifice 

17 Thermocouple on Outside of 
Heater Tube 

18 Thermocouple Inserted into 
Swagelok Tee 

19 Data Acquisition System 
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smaller zones, with each end inserted into a Swagelok tee. 

The third port of the tee was used for insertion of a thermo

couple directly into the fluid stream. The thermocouples 

were sealed into the ports using RTV Silicone Rxobber Sealant. 

All thermocouples were copper-constantan. 

Pressure transducers of the same type that Hinkle 

used were retained for the heater inlet and outlet. The 

inlet plenum transducer was not used. These gauges were 

Tyco type AB, with a range of 0-6 psig. When excited by a 

6-volt dry cell battery, the response was linear, at a rate 

of 20 mv/psi. 

For the new set of experiments, it was desired to 

have measurement of inlet and outlet flow rates. To accomp

lish this, flow orifices were installed just downstream of 

the inlet plenum and upstream of the outlet plenum. The 

orifices were about 80% of the test section diameter. They 

were made this way so as to cause as little interference 

with the flow as possible, while still generating enough 

of a pressure drop to measure flow rate. Pressure drop 

measurements were made using Validyne DP15 differential 

pressure transducers. These instruments can be adjusted 

as to the range of their output, from about ± 0-:l to ± 0-

10 volts full scale. The transducers themselves are vari

able reluctance devices with interchangeable diaphragms, 
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permitting operation from ± 0-0.1 psid upward. In order to 

provide response as accurate as possible and to avoid pinning 

the data acquisition system at its maximum output, a range 

of ± 0-1 volt was chosen, with the lower transducer set for 

± 0-1.0 psid, and the upper transducer for ± 0-0.5 psid. 

The Validyne transducers were supplied with their own carrier 

demodulators, which served as both a power source and voltage 

output device. Calibration of these transducers was done 

in place, using both upflow and downflow. 

The loop was run in visual observation tests 

immediately after construction. On the basis of these ob

servations and sodium test results, the decision was made 

to purchase a fast-scan data acquisition system, in order 

to collect data at a rapid enough rate to be able to trace 

the oscillatory motion. The system chosen was a Perkin-

Elmer Low-Level Real Time Analog System (RTAS). The RTAS 

has the capability of scanning individual data points at 

rates up to 8000 points per second. The low level system 

permits inputs of ± 0-1.0 volts. To collect and store the 

data, a Perkin-Elmer Model 1610 minicomputer was acquired. 

This machine is a 16-bit computer with 64000 bytes of 

memory, with dual floppy disk drives to provide input-out

put capability. A Perkin-Elmer 550 CRT terminal was used 

as the system console, and a Perkin-Elmer 650 Thermal Printer 
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was connected to the rear of the CRT to provide hard copy 

output, if desired. Operating system software, including 

FORTRAN support, was supplied by Perkin-Elmer. Using the 

1610 computer and driver programs developed by Perkin-Elmer 

for the RTAS, data acquisition was done at the rate of 600 

points per second. The RTAS input supports twenty-four 

individual instruments, and scans were performed twenty-five 

times per second. The instrumentation consisted of: The 

two Validyne differential pressure transducers, the two Tyco 

gauge pressure transducers, and nineteen thermocouples, one 

each in the inlet and outlet plena, eight tied onto the out

side of the heater at approximately 4.5 inch intervals, and 

nine in the unheated zones. The twenty-fourth point was 

connected to an RTD temperature reference on the RTAS term

ination panel to provide an equivalent ice-point for the 

thermocouples. The computer, through its line-frequency 

clock, is able to generate interupts at up to 120 times 

per second. Each interupt allows the RTAS to scan all 24 

points at the maximum scan rate. The interupt interval 

chosen for these experiments was 4 0 milliseconds. More 

detail on the data acquisition system can be found in 

Appendix B. 

Power was supplied to the test section by a 

7 kilowatt DC generator. The test section was directly 
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heated (resistance heating) by the generator. Power was 

measured using a Hewlett Packard Model 34 65 B Digital Multi- . 

meter. The voltage drop across the test section heater tube 

was measured, and multiplied by the generator current output. 

Generator current was ascertained by means of a calibrated 

shunt providing 50 uv output at 1000 amperes. 

The remainder of the test section, aside from the 

bypass legs, consisted of a heat transfer loop to cool the 

plena. The lower plenvim was cooled by direct fluid exchange, 

whereby fluid was removed, pumped through a small heat ex

changer, and returned to the plenum. The upper plenum, which 

was open to the atmosphere to provide a constant reference 

pressure, was cooled by a copper coil loop inside the plenum. 

Water was run from the city water pipes through this copper 

coil, and the temperature of this water could be varied, so 

as to hold the plenum at the desired temperature. 

Both the main test section pump and the heat ex

changer loop pump were Jabsco "Sturdi-Puppy" self-priming 

vane piomps, rated at 5 gpm at 8.5 psi. Figure 4.2 repre

sents the pump curve. 

The bypass legs were stainless steel piping. The 

large size of these pipes in relation to the primary tubing 

was to negate any significant bypass effect on flow dynamics. 
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4.2 Experimental Set-up and Procedure 

4.2.1 Pretest Set-up and Calibration 

Prior to each set of experiments, several steps 

were followed to insure readings from instruments were as 

accurate as possible. With the loop filled, the battery 

for the Tyco pressure transducers was checked to make cer

tain it still was charged at 6 volts. The transducers 

themselves were then checked for offset from zero. This 

was accomplished by checking the output from each trans

ducer with a digital multimeter to ascertain the output, 

and then subtracting from that reading 20 mv for each psi 

of water head above the transducer. 

The second step involved the calibration-in-place 

of the Validyne differential pressure transducers. Each 

transducer was calibrated in both upflow and downflow. 

Calibration in upflow was accomplished via a two step 

method. The loop was run at the beginning of the experi

mental program with the bypass line opened and the power 

at a low level. Using the thermocouples directly upstream 

and downstream of the heater, a heat balance was performed. 

Knowing the amount of power input and the temperature size 

of the water across the heater, it was then possible to 

determine the flow rate. This single point was used to 

calibrate the transducers in upflow, with the assvimption 
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of linear transducer response. For downflow calibration, 

the primary side of the loop was isolated to prevent re

circulation effect on the transducer. Water was then with

drawn from the lower plenum through the hole where the plenum 

pressure transducer had been mounted in Hinkle's experiment. 

Initially, since the water could be withdrawn at variable 

rates, several different measurements were made. The flow 

was collected for a timed interval, then measured to find 

the flow rate. The rate of withdrawal was sufficiently 

small, so that the driving pressure on the primary side did 

not change appreciably. This insured constant flow over 

time. The calibration with several points verified the 

linearity assumption made in upflow, and in later calibra

tions, only one point was taken for downflow calibrations. 

The transducers themselves were first bled, and then zeroed 

using the carrier demodulator adjusting dial. Output was 

again read using a digital multimeter. 

Before beginning experimentation, the loop was 

operated for several minutes to remove all trapped air 

bubbles from the system. 

The final step before beginning the experiment 

was to load the data acquisition system controller programs 

into memory. Once this was accomplished, the data collection 

procedure could be started by simply pressing on key 
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the system console. 

4.2.2 Experimental Procedure 

The experimental procedure for each run was basi

cally the same, with the exception of the final test. The 

last experiment will therefore be dealt with separately. 

The conditions for all tests analyzed are presented in Table 

4.2. 

4.2.2.1 Stagnant Flow Testing 

Three preliminary tests were run under stagnant 

flow conditions to test all of the equipment and to practice 

data-taking procedures. Six additional experiments were 

then run in which data was acquired and converted. 

Preliminary analytical v/ork using the computer 

model indicated that the temperature profile in the un

heated zone was perhaps the single most important parameter 

in determining flow oscillatory behavior. It was therfore 

decided to run the experiment in the same way each time, 

varying only- that temperature profile. 

The temperature profile was established by running 

the loop with bypass flow. This made the velocity in the 

primary section sufficiently low that any temperature rang

ing from the lower plenum temperature to saturation could 

be established in the unheated zone by varying heater power. 

The temperature would then be uniform from the top of the 
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Table 4.2. Experimental Conditions 

Unheated 
Test Number Stagnant/ Zone Temperature(°F) Heater 

Forced Convection Prior to Boiling Power 
Inception (kw) 

4 

5 

6 

7 

8 

9 

10 

S 

S 

s 

s 

s 

s 

FC 

75 

102 

80 

100 

117 

140 

'̂ 1̂75 decreasing 

0.544 

0.544 

0.209 

0.326 

0.417 

0,390 

1.09 
to '̂-95 at top 
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heater to the upper plenum, where the temperature was con

trolled using the heat transfer loop. Losses to the sur

roundings were assumed to be negligible. The temperature 

of the upper unheated zone was measured by connecting an 

Omega Model 403A digital thermometer connected to the first 

thermocouple downstream of the heater and in the water. 

Once the temperature profile was established, the 

pump was stopped and the generator was disconnected from 

the heater. The bypass valve was then closed. The flow 

path, therefore, consisted of the primary loop with no by

pass and a stalled pump in the downcomer. The pump was 

stalled to permit as little natural circulation as possible 

to raise the temperature of the unheated zone. Some leak

age flow through the stalled pump was present, however. 

The power was then set at the desired level and applied in 

a step-change fashion to the test section. Shortly before 

the inception of boiling, the data acquisition system was 

started. Boiling and flow oscillations then were observed 

and data acquired. Upon termination of the data acquisition 

program in approximately fifteen seconds, the pump was re

started to bring the loop down below saturation at all points. 

Power was then measured using the procedure outlined in a 

previous section, and the generator was then shut off. Prep

arations were then made for the next run. 
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After the termination of experimentation, data 

reduction was accomplished using the data acquisition com

puter. A conversion program was written for the instru-• 

mentation present using calibration information to convert 

the Tyco transducer readings to psig and the Validyne trans

ducer readings to flow rate. The thermocouples were con

verted by a four step method. Using calibration information 

supplied with the RTD temperature reference, the temperature 

of the thermocouple termination panel was determined. This 

temperature was then converted to millivolts for copper-

constantan thermocouples using a standard curve fit with a 

32"'F reference power. This number was then added to each 

thermocouple reading. Finally, the adjusted thermocouple 

output was converted to temperature using a standard curve 

fit for a 32"F reference temperature. As a last step, 

bubble lengths in the heated and unheated zones were calcu

lated by a stepwise integration of the flow rates with time. 

Results of these calculations, and the accuracy of the 

derived data, will be discussed in Chapter 5. 

4.2.2.2 Forced Convection Testing 

One experiment was performed using forced, in

stead of stagnant, flow. This was done both to examine the 

effect of a nonuniform temperature profile in the unheated 

zone, and to determine the effect that forced flow would 
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the oscillatory behavior. Procedures for pretest calibra

tion and set-up were the same as described in Section 4.2.1. 

In this experiment, though, the run was started with the 

bypass closed and the pump running. This generated a flow 

rate so large as to make the temperature rise across the 

heater very small. The bypass was then opened and data 

acquisition began simultaneously. The opening of the bypass 

reduced flow drastically to the primary section, allowing 

boiling to begin. Termination of the experiment and data 

reduction were then performed as outlined in Section 4.2.2.1. 

4.3 Safety Precautions 

During all tests, the behavior of the bubble was 

observed visually in the Pyrex section. This was done to 

provide verification of the results derived through data 

reduction, and also to insure that the heater was not about 

to reach critical heat flux (CHF). Since the heater was 

clamped at both ends, the rapid heatup of the tube associ

ated with CHF would have caused severe distortion (bowing) 

of the tube, possibly resulting in permanent heater deform

ation. The Pyrex was also,checked to make certain that it 

did not crack. 

A small amount of leakage was observed, due to 

the many fittings as well as the manner in which the thermo

couples were sealed into the unheated zone. Leaks that were 
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small enough to have no appreciable effect on the experiment 

were ignored. Large leaks, however, were resealed. 
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CHAPTER 5 

EXPERIIISNTAL AND ANALYTICAL RESULTS 

5.1 Experimental Results 

5.1.1 Stagnant Flow Tests 

5.1.1.1 Data Analysis 

Data reduction for each experiment was carried out 

as described in Chapter 4. Upon examination of the data, 

several facts were immediately evident. 

The differential pressure transducer upstream of 

the upper plenum was nearly useless in trying to determine 

the bubble length in the unheated section. This was true 

because of the presence of air in the water. Since the 

loop was operated open to the atmosphere, it was not de

gassed, and the water used to fill the loop had a substan

tial amount of dissolved air in it. At boiling inception, 

this air was stripped out from the steam, and upon conden

sation, did not dissolve once again into the water, but in

stead travelled up the test section to the upper plenum. 

When these bubbles came near the Validyne transducer, they 

so distorted the differential pressure reading that any 

attempt to deduce the flow rate or to integrate the flow 

rate to find the bubble length yielded unrealistic results, 

based on what was observed visually during the experiment. 
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In addition, the Validyne transducer just down

stream of the lower plenum registered extremely large pres

sure drops at times during each run. This pheonomenon was 

attributed to a "water hammer" effect due to vapor conden

sation. This conclusion was reached due to the fact that 

these large pressure drops always occured iimtiediately after 

the bubble lengths, as calculated from the flow rate, reach

ed zero. After peaking rapidly these shock waves would die 

away rapidly as well, until the next bubble growth-collapse 

cycle. The passage of these pressure waves across the ori

fice taps at the bottom of the test section caused large 

differential pressures to be recorded by the Validyne trans

ducers, although the flow itself was not significantly af

fected, due to the high rate of speed of the wave. However, 

since flow rates are inferred from the readings of the Vali-

dynes, the response of the transducers to these pressure 

waves tended to distort flow rate measurements. No other 

distortion, such as that mentioned for the upper transducer 

due to air bubbles, was noted for the lower Validyne. 

Several examples of experimental results are 

shown in Appendix C. The flow rate readings shown in seve

ral of the tables illustrates clearly the effect of the 

"water hairaner" shock waves. 
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The thermocouples performed rather well, although 

there were cases of bead breakage and subsequent failure 

to function. In general, though, those couples connected 

to the outside of the heater tube tended to respond very 

slowly to changes in temperature inside the tube. This is 

understandable due to the time lag resulting from the tube 

wall thickness. The thermocouples in the fluid, though, 

responded rapidly to temperature changes and were quite 

valuable in determining bubble movement. 

All of the stagnant flow tests exhibited the same 

basis characteristics. Upon boiling inception, the vapor 

bubble would begin to grow outward in both directions from 

the top of the heater. This tended to push warm fluid into 

the upper unheated zone, causing the temperature of that 

fluid to rise. In addition, condensation would deposit 

heat in this fluid. When the bubble grew far enough so that 

net condensation exceeded net evaporation, it would then be

gin to collapse. This, in turn, would pull the colder fluid 

above the bubble down into the heated zone, dropping the 

temperature at that point below saturation. This cycle was 

followed by the aforementioned "water hammer" shock effect, 

and then a short waiting period would occur while the water 

at the top of the heater was reheated to saturation. This 

cycle would repeat itself several times. The amplitude 



-73-

and frequency of the bubble growth-collapse cycle tended to 

change over the course of the transient, due to the changing 

temperature profile in the unheated zone. 

In the subsequent sections, each test will be ex

amined individually in order to discuss its characteristics. 

5.1.1.2 Test 4 

After the first three preliminary tests, the first 

run to be analyzed was number 4. 

A plot of calculated bubble lengths in the heater 

versus time is presented in Fig. 5.1. Due to the anomalies 

in flow rate readings, from which the bubble length is cal

culated, mentioned in the previous section, these measure

ments can be treated only as approximate. However, several 

pieces of valuable information are discernable from these 

data. 

The first thing to notice is, in general, the ex

tremely rapid collapse of the bubbles after they have reach

ed their peak lengths. This is likely due to the variation 

in condensation heat transfer during the oscillation cycle. 

This point will be discussed at length in a later section, 

due to its importance in determining bubble growth and 

collapse. 

Although the growth-collapse pattern appears to be 

somewhat random at first, after about two seconds, a pattern 
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of increasing and then decreasing bubble length becomes 

apparent. This looks very much like a "beat pattern" that 

is experienced in sound waves. It results from the super

position of two somewhat different frequencies. In this 

case, it appears that the short frequency is indeed the 

bubble oscillation frequency. The longer wave pattern is 

probably due to a sort of "enthalpy wave" flow instability. 

This instability results, at low flow rates, when a large 

amoxint of fluid is heated to saturation. Upon boiling in

ception, its density decreases, and the fluid accelerates 

out of the heated zone. It is replaced by colder fluid from 

below, which increases the density of the fluid once again, 

and decelerates the column back to its original condition. 

This beat pattern behavior is consistent with results of 

liquid metal experiments, another point which will be ex

amined in more detail in a subsequent section. 

The temperature at the first thermocouple in the 

fluid downstream of the heater is shown in Fig. 5.2 as a 

function of time. This plot clearly illustrates the temp

erature oscillations which occur as the bubble grows and 

collapses. 

Another point to note is the waiting period evi

dent after each bubble collapse. Part of this time is 

artifically induced by the pressure waves from the water 
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hammer effect. However, some of this period is caused by 

the necessity to heat the water back to saturation after a 

bubble collapses. 

A final point to note is the amplitude of the 

oscillation. Since the flow rates are inferred from the 

pressure transducers, and bubble length is inferred by 

integrating the flow rate curve, several sources of uncer

tainty are available to distort the calculation. In addi

tion, since the readings from the upper Validyne were highly 

unreliable, the bubble length above the heater can be in

ferred only by applying information gained from the analyti

cal study. This point will be elaborated upon in the sec

tion on the comparison of analytical and experimental re

sults, and when the condensation heat transfer coefficient 

is discussed. 

5.1.1.3 Test 5 

The power to the heater in Test 5 was the same as 

that in Test 4; however the temperature in the upper unheated 

zone was approximately 25°F higher. The purpose of this run, 

then, was to compare it with the previous run to determine 

the effect of that temperature on the oscillatory flow be

havior. A plot of bubble length within the heater versus 

time is presented in Fig. 5.3, and temperature of the fluid 

just downstream of the heater versus time is shown in Fig. 
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5.4. There are some significant differences between Tests 

4 and 5 which should be noted, as well as a few similarities. 

The similarities basically relate to the character 

of the flow oscillations in general. The same pattern as 

that described in the previous section is evident. Some 

slight evidence of the "beating" that appeared in Test 4 

shows again between about 1.5 and 3.5 seconds. However, 

the difference in amplitude is not as significant in Test 

5 as in Test 4, a fact that can be attributed to the differ

ence in unheated zone temperature. A second similarity is 

the waiting period between oscillations that was noted in 

Test 4. However, this waiting period tends to be shorter 

in this test. The higher upper zone temperature means that 

less time is needed to return the fluid to saturation. 

The main differences between the two runs is the 

difference in oscillation frequency and amplitude over the 

transient. The average frequency - number of oscillations 

divided by transient time - is less in this test than in 

Test 4. This difference is especially clear after t=4 

seconds. Related to this fact is the slightly larger ampli

tude of the oscillations. However, the amplitude of the 

oscillation is more an inertial effect than a thermal one. 

Therefore, while the difference in amplitude is not particu

larly large, for bubbles of similar lengths in the two tests. 
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the collapse time in Run #5 is significantly longer, due to 

the lower temperature difference in condensation. This shows 

that bubble collapse, in the initial stage at least, is 

largely thermal in nature. 

The remaining four stagnant flow tests were run at 

lower powers than the first two tests. However, no attempt 

was made to keep the power exactly the same in the four 

tests. The temperature of the unheated zone was increased 

from test to test, though, to further explore the influence 

of this temperature on flow behavior. 

5.1.1.4 Test 6 

Conditions during Test 6 featured a very low power 

as well as a low temperature in the unheated zone. The re

sults of this test are presented in Fig. 5.5 and 5.6. The 

same general pattern of flow behavior prevails in this test 

as in the previous two. The beat pattern is especially 

clear between about 2.5 and 6.5 seconds. However, the 

amplitudes of the oscillations in this case are smaller 

than in the previous tests, a fact attributable mainly to 

the extremely low power level. The average frequency of the 

oscillations is also much more rapid. This is due partly 

to the power level and partly to the low upper zone temper

ature. 

An interesting point to note is that there appears 
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to be less of a waiting period in this test than in pre

vious tests. With a low power and low temperature, this is 

perhaps the reverse of what would be expected. However, 

the low amplitudes of the oscillations in this case mean 

that less cold fluid is pulled down during bubble collapse 

to mix with the hot fluid at the top of the heater. Even 

though the power is low, this decreased mixing effect con

tributes to a short waiting period. The effect of the low 

upper zone temperature is seen primarily in the extremely 

fast bubble collapse times. In virtually every cycle, the 

collapse rate is quite rapid, creating the asymmetrical 

growth-collapse curve. One additional feature to note is 

the long temperature coastdown between about 5 and 7 seconds. 

This temperature decrease was very likely due to two effects. 

First, there was some loss of heat to the environment, and 

although those losses were generally quite small, this con

tributed to the cooling. Second, and more important is the 

fact that there was a dense, low temperature column of water 

sitting on top of a warmer, lower density region. During 

the waiting period, then, colder water diffused into the 

warmer zone, causing some cooling to occur. The effect of 

this was to increase the waiting period, as seen between 

about 6 and 7 seconds in Fig. 5.5. 
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5.1.1.5 Test 7 

The power and unheated zone temperature for this 

test were both higher than their respective values in Test 

6. It is perhaps in this run that the features of the flow 

behavior that have been discussed previously are most clearly 

seen. Figures 5.7 and 5.8 illustrate the bubble growth and 

temperature oscillations. In particular, the superposition 

of oscillatory patterns to create the "beating" seen in 

Tests 4, 5, and 6 is quite evident throughout the run. Not 

only does the beat pattern recur, but the beat frequency and 

average amplitude of the envelope each increase. This be

havior is consistent with the higher power and temperature 

condition. The average frequency of the oscillation is 

slightly less than in Test 6, as is the waiting period be

tween bubble growth cycle. In addition, the amplitudes of 

the oscillations, reflected by the maximum bubble lengths, 

are clearly larger. 

5.1.1.6 Tests 8 and 9 

The last two stagnant flow tests are presented 

in Figs. 5.9 through 5.12. In each case, the features dis

cussed in the previous sections pertaining to bubble growth 

patterns, beating^ and amplitudes and frequencies can be 

seen. The fact that each test essentially reproduces the 

same behavior, with changes attributable to slightly differ-
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ing test conditions indicate that the same basic mechanisms 

are at work in creating the'oscillatory flow behavior. 

5.1.2 Forced Convection Testing 

Only one experiment was performed with non-stagnant 

flow. The results of this experiment are presented in Fig. 

5.13. Only the temperature downstream of the heater is shown 

for this run, due to the highly ambiguous bubble length re

sults for this run. The reason for the ambiguous results 

will be discussed shortly. 

The features discussed in relation to stagnant 

flow oscillatory behavior are largely absent in this test, 

and the reason for this is quite evident. 

The test was carried out by opening the bypass 

valve and allowing the flow to coast down from approximately 

10-15 feet per second to approximately 0.7 feet per second. 

However, during this time, the power was constant at a 

level of about 1.09 kilowatts. Under these conditions, the 

water in the unheated zone was able to heat up to a sub

stantially higher temperature than was present in the stag

nant flow tests. The result of this high temperature at 

bubble inception was to allow the growth of the vapor volume 

to such an extent that net condensation never exceeded net 

evaporation by enough to collapse the bubbles , and steady 

state forced convection two-phase flow eventually was 
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established. This is the reason for the ambiguous bubble 

length readings after data reduction. Since no real flow 

oscillations occurred, except for the normal variations • 

associated with "steady" two-phase flow, integration of the 

flow rate did not give dependable void readings. In any 

case, the vapor present was mainly in the form of small 

bubbles, not a single vapor slug. This fact in itself would 

indicate a different flow behavior than that present in the 

stagnant flow tests. It was believed that setting the power 

high enough to allow boiling inception before the establish

ment of high unheated zone temperatures might possibly lead 

to critical heat flux and subsequent damage to the test 

section. This was not desirable, and further forced con

vection tests were not conducted. There were also instru

mentation problems associated with the forced convection 

tests, as well as the same sources of uncertainty as in the 

other tests. These will be discussed in the following sec

tion. 

5.1.3 Sources of Error and Uncertainties in Experi
mental Tests 

Several factors were present in the experiments 

that created, or had the potential to create, errors in the 

measurement of key parameters. These factors were differ

ent in the two different types of experiments, and will be 
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examined separately. 

5.1.3.1 Stagnant Flow Tests 

The sources of uncertainty and error in the stag

nant flow tests are connected mainly with two factors: the 

dissolved air in the water being used, and the water hammer 

effects mentioned in Section 5.1.1. 

The presence of air on the water has been previous

ly discussed. After becoming liberated from the water in 

boiling, some of the air formed bubbles which travelled up

ward through the remainder, of the test section. As already 

noted, these bubbles rendered the flow rate readings from 

the upper differential pressure transducer virtually mean

ingless. However, not all of the air travelled up out of 

the test section. Some of, it very likely remained mixed 

with the steam in the bubble. Upon bubble collapse due to 

condensation, the air would remain to cushion the oscill

ation. Some of the very low amplitude oscillations seen in 

the experimental results may indeed be the result of these 

air bubbles. 

The effect of the water hammer pressure waves on 

the flow rate measurements has also been mentioned previous

ly in Section 5.1.1.2. The extremely high artificial flow 

rates inferred from differential pressure measurements dur

ing these pressure waves certainly distorted the bubble 
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length calculations. This effect also made it more diffi

cult to calculate condensation heat transfer coefficients. 

It is also probable that the waiting period between bubble 

growth-collapse cycles is partially due to the decay of 

these pressure waves, although part of that period is un

doubtedly genuine. One further possible effect of these 

waves involves the measurement of flow rates late in the 

course of the transients. In this case, though the waves 

generated by the water hammer do tend to decay rapidly, 

they also propagate throughout the test section, and would 

tend to reflect back and forth from the two plena. It is 

possible that, given enough growth-collapse cycles, as 

sufficient intensity could still remain to distort flow 

rate readings throughout the cycle, and not just at the 

beginning and end of the cycles. This may possible account 

for the behavior between about 7.5 and 9 seconds in Run 8 

(Fig. 5.9), for example. 

5.1.3.2 Forced Convection Testing 

The uncertainties present in this test are largely 

due to an effect related to the water hammer pressure waves 

noted in the previous section. When the bypass valve was 

opened to permit the flow to coast down, severe pressure 

waves resulted from this flow disturbance. As a result, 

the flow rate readings inferred from the pressure trans-
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ducers are quite unreliable during the first part of the 

transient. 

5.1.3.3 Other Sources of Error 

In both types of tests, there are sources of error 

related to the nature of the instruments themselves. The 

Validyne transducers proved to be extremely difficult to 

calibrate and to maintain in a zero-output condition at 

zero flow. This zero drift was compensated in both the 

calibration procedure and in the conversion program, but 

some uncertainties were still possible. The Tyco gauge 

pressure transducers functioned quite well, in general, and 

few uncertainties exist in the readings from these instru

ments. The thermocouples also functioned well, in general. 

However, thermocouples do have characteristic response times, 

and cannot record temperature changes instantaneously. The 

thermocouples in the fluid responded quite rapidly, and the 

readings were considered reliable. The thermocouples fast

ened onto the outside of the metal tube tended to respond 

much more slowly, due to the time constant of the tube 

itself, the time constant of the thermocouple, and the con

tact resistance of the thermcouple bead with the metal tube. 

The resultant response time of these thermocouples was some

what less rapid, and the readings less reliable. Temper

ature changes related to the flow oscillations were not re-
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corded by these thermocouples. 

One final source of error was the data acquisition 

system itself. When the RTAS was tested, small offsets -

were found in the output of. each channel. These offsets 

were subtracted from the instrument readings during data 

reduction, but there is no way of knowing if these offsets 

were truly constant during a run. In addition, the data 

acquisiton system error band as per manufacturer's specifi

cations was on the order of 0.5%, full scale. This inher

ent error also contributed somewhat to experimental error. 

5.1.4 Calculation of Condensation Heat Transfer 
Coefficient 

Examination of the bubble growth-collapse patterns 

reveals an extremely asymmetrical behavior. Instead of a 

bubble collapse which parallels the growth curve, what is 

seen is a relatively long growth period, followed by a 

rapid collapse. This indicates a non-uniform heat transfer 

coefficient over the bubble growth-collapse cycle. In 

order to ascertain the nature of this non-uniformity, sever

al calculations were performed to determine the condensation 

heat transfer coefficient. 

Results of the calculations for various experi

ments are shown in Table 5.1. Details of the calculational 

method can be found in Appendix D. 
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Table 5.1 Example of Condensation Heat 
Transfer Coefficients 

Test Number Biobble Condition Heat Transfer hA 
Coefficient (BTU/hr 
(BTU/hr-ft °F) 

Growth 

Collapse 

Growth 

Collapse 

Growth 

Collapse 

Growth 

Collapse 

Growth 

Collapse 

Growth 

Collapse 

168.5 

3167.1 

325.7 

4456.3 

25.0 

192.0 

102.4 

871.2 

102.2 

3587.2 

109.9 

3457.5 

6.71 

62.71 

10.91 

180.03 

0.19 

2.88 

0.36 

25.53 

1.62 

100.80 

2.86 

67.08 
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The most interesting aspect of the results is the 

extremely large magnitude of the heat transfer coefficient 

during bubble collapse. The reason for this behavior in-; 

volves another type of flow instability. When a vapor 

accelerates into a liquid medium, small waves may form at 

the liquid-vapor interface. This is due to Taylor insta

bilities. The waves may then break up into small droplets 

of liquid, creating a mist-flow regime at the very end of 

the bubble. This type of behavior was documented by Ford 

(3) in his Freon experiments. Since the heat transfer co

efficient shown is based on an area which does not account 

for any such mechanisms, the result is a coefficient which 

is quite large. The important parameter is the product of 

the heat transfer coefficient and the heat transfer area, 

and this is also shown in Table 5.1. This product repre

sents the heat removal rate (q/AT). The calculational 

method employed^ to determine the heat removal contains 

some assumptions, as presented in Appendix D, which might 

tend to distort the actual numbers; however, the way in 

which the condensation changes over the period of the 

bubble growth-collapse cycle is indisputable. 

The fact that the heat transfer coefficient effects 

the oscillatory behavior of the system implies that a cir

cular situation exists; that is, that the system behavior 
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in turn affects the heat transfer coefficient. The more 

violent the oscillation, the greater the acceleration of 

vapor into fluid, and the more extensive the fluid misting 

effect becomes. This is one reason for the behavior noted 

in Test 6 - the oscillation amplitude was so small and vapor 

generation reasonably slow, that the heat transfer coeffi

cient did not have a chance to increase to the same magni

tude as in the higher-power experiments. 

Although it is qualitatively clear what is happen

ing to the heat transfer coefficient in this type of flow, 

quantifying the behavior mechanistically is more difficult, 

and was not conceived as part of this work. Further dis

cussion of this point can be found in Chapter 6, 

5.1.5 Comparison of Water Data to Sodium Data 

Although the Sodium Boiling Test Facility was not 

able to operate in a mode precisely comparable to the WTL, 

is is interesting to compare the results of the water ex

periments to LOPI experiments carried out in the THORS 

facility at ORNL. It should be noted that the THORS faci

lity is a multipin bundle, in which two-dimensional effects 

may be important. However', examination of the results of 

one of the LOPI tests reveals some interesting parallels. 

Figure 5.14 shows the results from THORS test 

71H-101. Note that the parameter plotted is flow rate 
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versus time; however, since the flow oscillates about the 

zero-flow point, it is clear that the integration of the 

curve to show the bubble length would show the same charac

teristics. The most outstanding point is the beat pattern 

that appears during the course of the oscillation cycle. 

This characteristic is quite similar to the pattern seen in 

several of the water tests. In addition, there is a change 

in flow oscillation frequency over the transient, which 

again parallels the water results. 

One other area in which a comparison between water 

and sodium tests can be drawn is the subject of nonconden-

sable gases. Mention has already been made about some of 

the effects on dissolved air in the water. It must be 

noted that in a sodium system, inert gas blankets are used 

to preclude the potentially dangerous contact of sodium and 

oxygen. As a result, these gases become dissolved in the 

sodium, and can behave in much the same manner as air in 

water. Sodium systems cannot be examined visually during 

experimentation, of course, to determine the presence of 

inert gas in the sodium vapor; however, the presence of non-

condensables in water experiments should not be considered 

as a non-prototypic parameter. 

5.2 Analytical Results 

The results of computer simulations of the stag-
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nant flow tests are presented in Fig. 5.15 through 5.33. 

The features of the simulations themselves will be discussed 

in the next section. Comparison of analytical results to 

those obtained experimentally will be discussed in the 

Section 5.2.2. 

5.2.1 Features of Analytical Simulations 

The information obtained from a computer run in

cludes data on flow rates, bubble pressures, areas, and 

bubble lengths and volumes. An example of the actual out

put from the computer is presented in Appendix E. There 

exists, as part of the program, a subroutine which picks 

specific pieces of information and plots them, using a 

library plotting routine. Examples of these plots are pre

sented in Figs. 5.15 through 5.18. The conditions for this 

run correspond to those shown in the output in Appendix E. 

Some of the features to be noted in the plots in

clude the rapid oscillation of all variables plotted as the 

bubble flows and collapses. Note also, the slight delay 

between oscillatory cycles and the asymmetric pattern of 

the growth-CO11apse cycle. 

Figures 5.19 through 5.21 present a slightly 

different perspective. In these plots, the bubble length 

within the heater is shown. The conditions for these runs 

correspond to some of the stagnant-flow test conditions. 
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However, the condensation heat transfer coefficient has been 

varied so as to provide a comparison between the results for 

different heat removal rates. 

It is not surprising that, when a high heat trans

fer coefficient is used, the cycle period is slightly smaller, 

and the aimplitude of the cycle is considerably smaller. This 

is due largely to the manner in which the code is currently 

set up. 

When the temperature nodal pattern is input to the 

code, the first node is normally made quite small - on the 

order of an inch - and the temperature therein is set at sat

uration. This permits no condensation to occur in that node. 

This is done for two reasons. First, from a physical stand

point, some hot fluid must flow into the unheated zone be

fore the inception of boiling, due to natural circulation. 

The resistance of the stalled pump during the stagnant flow 

tests, however, made the natural circulation flow rate quite 

small. Therefore, this relatively small volume of fluid 

was used as a saturated length. This "zone of no condensation 

permits growth of the bubble at the start of the cycle. In 

addition, the heat transfer coefficient, when input as a 

constant, as was done in these runs, must be set very high, 

to correspond to the large heat removal rate attained dur

ing bubble collapse. The small initial saturated node pro-
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vides a de facto variation in condensation heat transfer co

efficient. More preferable, of course, would be a mechan

istic model of the variation of the heat transfer coefficient 

during the cycle. However, such a model does not presently 

exist. 

The choice of the length of the saturated node 

and the condensation heat transfer coefficient together 

provides a "dial" which the user may adjust. The combin

ation of these two parameters, along with the temperature 

profile chosen for the unheated zone, legislates, for all 

intents and purposes, the length of the bubble during the 

transient. Changes in the temperature profile by virtue 

of the heat input to or output from the unheated zone dur

ing the transient also provide some change in the cycle 

period and amplitude, and this, too, is demonstrated in all 

of the figures. 

The variation of the heat transfer coefficient 

during the cycle in the simulations is correct in a broad 

sense - low at the beginning and high at the peak, and it 

was felt that trying to vary either the temperature profile 

or the heat transfer coefficient without some mechanistic 

base would cause more difficulties than it would solve. 

The results of this decision are discussed in the next sec

tion. 
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5.2.2 Comparison of Analytical and Experimental 
Test Results 

The parameter which is best suited for comparison 

between the experimental tests and analytical simulations 

is the bubble length with the heater. This is true for a 

combination of reasons. First and foremost, this bxibble 

length is the most reliable nonthermal datum that can be 

derived from the experimental results. The experimentally 

determined flow rates were subject to effects that do not 

show up analytically (non-condensables, "water hammer", etc.). 

Second, this parameter illustrates quite clearly the fre

quency, amplitude, and asymmetrical behavior of the oscill

ations. 

The bubble length within the heater is plotted, 

therefore, in Figs- 5.22 through 5.27, for each stagnant 

flow test and its corresponding computer simulation. The 

simulations plotted here correspond to the high heat trans

fer coefficient runs, examples of which were shown and ex

plained in Section 5.2.1. One small change has been made, 

however: the waiting period between oscillations has been 

adjusted in the analytical results to agree with that de

termined experimentally. Therefore, what is shown is 

actually a cycle-by-cycle comparison of the results. 

The reason for the adjustment involves the method 
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by which the waiting period is determined in the code. The 

program uses the First Law of thermodynamics to increment 

the temperature of the initial node back to saturation. 

However, the temperature after bubble collapse is determined 

by mixing an arbitrary amount of fluid at saturation with 

the colder fluid from above the heater. While this arbit

rary amount of fluid is chosen from the standpoint of how 

much physical mixing can occur, it is essentially another 

user-adjustable "dial". In addition, the large positive 

flow rate readings produced by the "water hammer" effect 

probably had a tendency to bias the calculations of bubble 

length to some extent. This would have shown up most in 

the waiting period between cycles, due to the decay of 

these pressure waves. In light of these facts, it was felt 

that to try to adjust the code to correspond to the actual 

experimental output would not be a productive exercise. 

To demonstrate how the actual computer output corresponds 

to the experimental results. Fig. 5.28 has been included on 

the following page. This is a combination of Fig. 5.11 and 

Fig. 5.18, and plots length versus time, calculated without 

adjusting the delay time against the experimental data. 

The difference in calculated versus experimental period can 

also be deduced by examining the temperature versus time 

plots in Fig. 5.29 through 5.34. 
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In every case, the first and most obvious fact 

that is apparent is that the experimental results' give much 

larger bubble lengths than the analytical results. The • 

reasons for this are twofold. First, the previously men

tioned bias in the experimental flow rate readings, due to 

pressure waves, tends to distort the bubble lengths deter

mined from those readings. Second, the way in which the 

condensation heat transfer coefficient varies, both experi

mentally and analytically, has been discussed in previous 

sections. Although the variations in heat transfer coeffi

cient throughout the entire cycle have not been accounted 

for analytically, it is interesting to note that, in almost 

every case, the initial rise of the bubble growth pattern 

is very close analytically to what is seen experimentally. 

This confirms the lack of condensation during this period 

of the cycle. In a few cases, in Test 6 especially, the 

entire cycle is very closely simulated, as well. This 

would tend to confirm the large jump in condensation heat 

transfer when the bubble begins to collapse. Other tests 

are more correct qualitatively, though. The fact that 

there is a mismatch in the experimental and analytical heat 

transfer coefficients during various times of the cycle ex

plains much of the quantitative disagreement between the 

two types of results. 
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Figures 5.29 through 5.34 show the temperature 

of the first fluid thermocouple in the experiment compared 

to that of the first non-saturated analytical node, for each 

stagnant flow test. Note that while the values of the tem

peratures are not correct quantitatively, in every case, and 

that the flow oscillatory patterns are somewhat variant, the 

trends between experimental temperature results and computer 

simulations agree quite well. 

From a qualitative standpoint, then, the analy

tical results and the experimental results agree quite well. 

In general, the period of the oscillatory cycles, as well as 

the asymmetric shape of the cycle curve are in close agree

ment. In addition, the variation of the amplitude and period 

during the transient agree fairly well. Due to the large 

uncertainties in the experimental results, this qualitative 

agreement in the areas mentioned are much more important than 

the quantitative disagreement in the actual magnitude of the 

parameters measured. 
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CHAPTER 6 

CONCLUSIONS AND RECOM'^ENDATIONS 

FUTURE STUDY 

6.1 Conclusions 

The results of the experimental and analytical 

work performed for this project have led to the following 

conclusions. 

1. A model has been developed which will qualitatively 
describe the processes occurring during flow oscil
lations of the type studied. 

2. Experiments with water indicate that sodium behav
ior can be successfully simulated using water, des
pite the large disparity in the physical makeup 
and properties of the two liquids. 

3. A set of criteria has been proposed whereby water 
and sodium data can be compared. Only a very 
limited amount of mostly qualitative testing of 
these criteria has been done as part of this work, 
however. 

4. The temperature profile in the unheated region 
downstream of the source of heat for the fluid 
(i.e. core, heater pin, heater tube) has a signi
ficant effect in determining the behavior of the 
system during oscillations. 

5. The heat transfer coefficient for condensation 
also has a significant effect on the flow oscill
ations. In addition, the coefficient changes over 
perhaps two orders of magnitude during the oscill
ations, due to the microscale processes at the 
liquid-vapor interface, and this change may b& one 
of the driving forces during oscillatory behavior. 

6. The existence of flow oscillations helps to dreiw 
cool fluid down from the unheated zone into the 
top of the heated zone. This behavior may well 
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delay dryout of the heater walls and any subsequent 
temperature excursions, which might otherwise prove 
detrimental to providing adequate core cooling dur
ing transients. 

7. More study is needed in many of the areas delineated 
in points 1-6. 

6.2 Recommendations for Future Work 

The scope of this project was such that it did not 

allow detailed study of the condensation heat transfer co

efficient. The type of behavior seen was not completely 

anticipated, and the experiment was not constructed in a 

way which would easily lead to the development of a mechan

istic model of the condensation process during flow oscill

ations. Clearly, further work is needed in this area. 

The criteria proposed for the comparison of sodium 

and water data have been tested only superficially. It 

would be useful if the SBTF experiment at ORNL were to be 

operated in such a way that low-power, low-flow oscillations 

could be generated for comparison to WTL results. Data from 

THORS and the multipin experiments is useful from a qualita

tive standpoint, but the existence of two-dimensional effects 

due to the radically different experimental geometry may 

distort efforts to quantitatively compare the data. 

The model which has been developed for this pro

ject makes a good start toward describing, from a physical 

basis, the parameters which affect flow oscillatory behavior. 
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However, it is far from complete, especially with respect 

to the heat transfer calculational scheme. Further work is 

required on the model in this area, as well as in the area 

of expanding the model to a multidimensional tool. A con

siderable amount of work is underway presently to determine 

whether multidimensional effects exist in large LMFBR fuel 

pin bundles. The existence of a multidimensional model to 

aid in this work would be helpful, and consistent with the 

original objective of this work to provide a model which 

might become a module in a large systems code. 

Experimentally, there appears to be a wide range 

of options regarding the simulation of sodium behavior using 

water. It is clear that certain types of flow behavior can 

be modelled using water instead of liquid sodium, namely, 

those types which depend mainly on hydrodynamic processes, 

rather than thermal ones. Consideration must be given to 

using small scale water experiments for preliminary investi

gations of sodium behavior, so that otherwise unexpected 

effects which might have an adverse effect on sodium experi

ments may be avoided. 

Further work on the effect of loop dynamics on 

flow behavior should be performed. The means to do this 

on the Water Test Loop currently exists to some extent, 

using variable flow orifices in the orifice flange upstream 
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of the inlet plenum. A parametric study using the FLOSS 

model might also be valuable. 

Finally, more work is needed in quantifying the 

effect of unheated zone temperature profiles on flow oscill

ations. Judging from the experimental results obtained in 

this work, there may, for a certain power, be an optimtun 

temperature profile which would provide the best means of 

accident abatement. The design of LMFBR cores so that such 

effects could be used to maximum advantage would be the 

ultimate result of such future work. 
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APPENDIX A 

THE COMPUTER CODE FLOSS 

A.l. General Description of the Code 

The computer code FLOSS is a relatively small and 

simple program designed to solve the equations for the hydro-

dynamic and thermal models. It was developed as part of this 

project, and is envisioned as a module of a large system-scale 

code at some future time. Because of this ultimate aim, 

many complicating features, such as sophisticated heat trans

fer models, were omitted. In addition, since the model deals 

only with a fixed regime, single phase flow before the trans

ient and two-phase flow after the transient have not been 

modelled. Instead, the primary aim was to develop a code 

which could be easily understood and would take small amounts 

of computer time to run, yet would include as much of the 

essential physics of the problem as possible. This aim has 

been, for the most part, achieved. 

A.2. Solution of the Hydrodynamic and Thermal Models 

The solution scheme for the equations presented 

in Chapter 2 is an amalgam of different techniques for 

finite difference solutions of differential equations. The 

entire code is semi-implicit, with an iterative scheme des

cribed in Chapter 2. 
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A.2.1 The Hydrodynamic Model 

The equations for the hydrodynamic model are: 

^Ql 2 
AP' = Ii gt^ + ̂ I'Qi (2.28) 

^^2 2 
^^' = ^2 dT--' ̂ 2'Q2 (2.29) 

V dp 

The first two equations are solved using a first-

order, explicit finite difference scheme. The equations can 

be rearranged into the form 

^̂ 2̂ AP' ^i' 2 
dt^ = I ^ - I ^ ^2 (̂ -1̂  

where i can be either 1 or 2. 

This is then transformed into a finite difference 

equation: 

Qi^- Qi^~^ _ AP'^ _ R : ^ , ^ n-1,2 (A.2) 
(Q." ") 

i ~i 
At jH ^n ~i 

where n is a time index. 

The final form of the equation, upon rearrange

ment of terms, is 
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Q n ^ Q n-1 ^ At^ f,p'n_j^'n-l n-12 ^^^3^ 
1 1 ^ n 1 1 •• 

i 

Equation (2.11) is solved by an implicit, first 

order finite difference approximation 

., n n n-1 
Q ^ = ! £ - ( ' g " ' q ) (A.4) 
^3 n ^ At ' 

Because of the explicit nature of the equations 

solved by Eq. (A.3), special attention must be paid to the 

time step. The time step size is limited by the Courant 

condition 

If >v (A.5) 

That is, the time step must be small enough that the velo

city does not allow the calculation to cross more than one 

node. This becomes important during the temperature profile 

calculation in the unheated zone. During condensation, the 

rapidity of the bubble collapse creates extremely large velo

cities, relative to the bubble growth period. For this rea-

on, a variable time step is employed in the solution of Eq. 

(A.3). If the solution fails to converge at a large time 

step, the step is reduced by a factor of two, and the solu

tion procedure is repeated. If convergence is not achieved 
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after several successive reductions, it is assumed the bubble 

has collapsed entirely or undergone an expulsion. The method 

for dealing with this problem is discussed in Section A.3.1. 

A.2.2 The Thermal Model 

The equation for the thermal model is 

V dP 
Q„ = (<5 ^ + -Sjr-)/p h^ (2.27) 
s ^net dt '̂  *̂g fg 

This equation is also solved by an implicit, first-

order finite difference approximation 

Q = [q 4. + V ( r-r )]/(p h_ ) (A.5) 
^s ^net g At ' '̂g fg ' 

A. 3 The Structure of the Code 

To provide ease of handling and understanding, 

the code is split into a main section and several subroutines. 

Each routine is briefly explained in this section. 

A.3.1 FLOSS-MAIN Program 

The MAIN portion of the code provides the basic 

framework for the simulation of transients. In addition, 

schemes for variable time step size and non-convergence 

restarting are included. Initially, data are input and con-
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verted to an internally consistent set of units, a proper 

call sequence for the actual calculational subroutines is 

established, initial conditions are established, and output 

is arranged to be easily readable. 

One of the limitations that has been determined by 

use of the code is the necessity to generate a sufficient 

amount of vapor during the initial time step of the transient. 

By trial and error, the amount of power required for this 

to occur is such that 

(Input Power) • (time step) - 0.025 kw-sec (A.6) 

This is the only initial constraint. However, for 

very low powers, large initial time steps must be used. The 

code, through the variable time step calculation, will adjust 

the size of the time step as necessary to allow convergence. 

If convergence does not occur, as described in 

Chapter 2, that is, if the thermal and hydrodynamic models 

cannot be made to generate the same bubble size, a check is 

made of the temperature in the initial node downstream of 

the heater. If this temperature is below the saturation 

temperature at initial pressure, as is usually the case, it 

is an indication that the bubble has collapsed entirely, 

and the calculation is restarted. This is accomplished by 
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assuming that a small amount of fluid at the top of the heater, 

originally at saturation, is mixed with the lower temperature 

fluid in the first unheated node. The mean temperatures of 

this fluid is then determined, and a heat balance is per

formed on this fluid, using the heater power as a heat source. 

The temperature of the fluid in this node is thereby increas

ed, while temperatures in the upper nodes of the unheated 

zone are held constant. When the temperature in the first 

node reaches saturation, the calculation of the transient 

proceeds anew. In this way, the "waiting period" seen ex

perimentally is reproduced. 

If the temperature of the initial unheated node 

is greater than or equal to saturation at nonconvergence, it 

is assumed that an expulsion of fluid has occurred, and the 

transient is ended at that point. 

A.3.2 Subroutine HYDRO 

This subprogram solves the hydrodynamic model, as 

previously outlined in A.2.1. The differencing scheme is 

established, as well as the iterative scheme for calculation 

of the bubble lengths and volumes. Error convergence limits, 

read in as data, are applied in this routine. 

A.3.3. Subroutine HEAT 

This routine solves the thermal model, as previous

ly described. The bubble is split into two voliimes, one in 
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the heated zone and one in the unheated zone. The heat in

puts and outflows are calculated separately for each "half-

bubble", and the total size is then determined. Convergence 

criteria are set up such that not only must the total bubble 

size be consistent, but the two separate zones must also 

converge. There also exists the means to account for wall 

heat capacity effects. 

In addition, the unheated zone temperature profile 

is calculated. The method for this calculation is quite in

volved, and the code listing should be referred to in order 

to understand the details of the scheme. To summarize the 

scheme, a search is performed to locate the vapor-liquid 

interface at each time step. That having been accomplished, 

the temperature of each node is then calculated on a volume-

averaged basis: 

n-1 . . 

T.^ = (T."-^ v."" + T.^-^ dV.. + ? ^ ,)/V. 
1 1 1 1 11 n-1^ n-1 ' 1 

P Cp 

(A.7) 

In Eq. (A.7), i and j represent the volume being 

calculated and the adjacent volume respectively. This vol

ume is either above or below volume i, depending on whether 

the bubble is expanding or contracting. The term T. V. 

represents the temperature of the node at the previous time 

step multiplied by the volume of that fluid remaining in 
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the node at the current time step. The second term repre

sents the temperature of the adjacent node, multiplied by 

the amount of fluid pushed from node j into node i by bubble 

movement, and the final term represents any heat input to the 

node due to condensation at liquid vapor intervaces multi

plied by the volume over which the heat transfer occurs. 

This sum is then divided by the nodal liquid volume, the re

sult being the volume-averaged temperature of the node. This 

procedure is performed for each node at each time step, dur

ing each iteration. 

A. 3. 4 Siobroutine AREA 

This short subprogram calculates the cross-section

al area of the bubble, based on a weighted average of the 

film thickness. A constant void fraction is assumed at ini

tial bubble formation, equal to the inverse of the turbulent 

velocity drift flux constant, i.e. 1/C . Subsequent evapor

ation in the heated zone is accountable for areal changes. 

The void fraction in the unheated zone remains 1/C at all 

times. 

A.3.5 Subroutine HTCOEF 

This portion of the code calculates the condensa

tion heat transfer coefficient for the upper unheated zone. 

Three options exist for the determination of this parameter: 

a constant heat transfer coefficient which has been input 
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as data (KHT=1); the Dittus-Boelter correlation, based on 

vapor velocity and properties (KHT=2); or an option that 

allows the user to input his own correlation or model (KHT=3). 

If the first option is chosen, the heat transfer coefficient 

does not change at all over the period of the transient; how

ever heat transfer rates may be changed by changing the un

heated zone temperature profile. 

A.3.6 Subroutine PGUESS 

This subroutine contains the logic for guessing the 

pressure during the iterative process described in Chapter 2. 

For each pressure guess, an error is calculated based on the 

difference between the hydrodynamic and thermal flow rate: 

£ = (Q^-Q^)/l{\Q^\ + iQ^l )/2] (A.8) 

This error may be positive or negative. If positive, the 

pressure is reduced until a negative error is generated. 

If the error is negative, the pressure is subsequently 

increased. When two errors exist of opposite sign, a method 

of successive linear approximations is employed to continue 

guessing the pressure until the convergence limits are 

reached. This method is shown in Fig. A.l . The equation 

represented by this linear method is 
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FIGURE A.l METHOD FOR GUESSING PRESSURES IN FLOSS 
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P = ^ e + B (A.9) 

where B is the y-intercept. The method has proven to be re

liable, and, for the most part, rapidly convergent. 

A.3.7 Subroutine RESIN 

This routine calculates resistances and inertances 

for solution of the hydrodynamic equations. It also contains 

the logic for deriving equivalent values for parallel bypass 

loops, using an analog to electrical systems. The numbering 

scheme for this calculation is shown in Fig. A.2 . The 

scheme must be followed exactly as shown for the code to 

calculate the bypass equivalent vales properly. 

A.3.8 Subroutine FFACTR 

This subprogram calculates the friction factors 

for the previous subroutine RESIN, for determination of re

sistance terms. The calculation is based on the Reynolds 

niimber of the liquid flow in each part of the system. If 

the Reynolds number is less than 2000, the laminar value 

f = J^ (A.10) 

is used. 
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For 2000 <Re <50000 

f = 0.0791 Re~°"°2^ (A.11) 

If Re > 50000 

f = 0.046 Re"°-°2° (A.12) 

A.3.9 Subrountine PROP 

This routine calculates properties of either water 

or liquid sodium, depending on the option chosen. The water 

properties are based on polynomial expressions derived by 

Bowring (6), and are taken from Levin (7). The sodium 

properties were derived by Golden and Tokar (8). 

A. 3.10 Subroutine PLOTTER 

The Joint Computer Facility at M.I.T. maintains 

a FORTRZÛ  library subroutine called PICTR which enables 

computer developed plots to be made using a VARIAN electro

static plotter. This subroutine contains the logic which 

sets up the output from a simulated transient in a form to 

be used by the PICTR routines. Information on these rou

tines is available from the JCF. 

A.4 Restrictions on Code Use 

Several restrictions on the use of the code have 
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been noted already in this Appendix. These will be reviewed, 

and some other restrictions explained. 

1. The energy input to the model during the start of 
the transient must be about 0.02 5 kw-sec. 

Ax 
2. The Courant condition T-T- > v applies during rapid 

bubble movement. This restriction is automatically 
considered in the inclusion of a variable time step 
calculation. 

3. The nodalization scheme for the unheated zone is 
very flexible, as it allows an input not only of 
the nodal temperatures, but of hodal lengths as 
well. The initial node should be very short - on 
the order of two inches or less - and the tempera
ture should be at or near saturation, to allow 
biobble growth. It is believed that these are the 
conditions that physically prevail at bxibble initi
ation. The remainder of the nodal lengths should 
be chosen judiciously. Too long a length will cause 
the nodal averaged temperature to be far too low, 
compared to reality, while too short a length would 
cause temperatures to be too high, and unnecessarily 
restrict time step size. A sample problem is shown 
in Appendix D. For most transients, nodel lengths 
on the order of 0.4 - 1.0 foot have been found to 
be satisfactory. The scheme for calculation of 
nodal temperature also breaks down if the bubble 
interface crosses two nodal interfaces in the same 
time step. This presents an additional restriction 
for which the Courant condition must account. 
Choice of nodal lengths must therefore be chosen 
such that time step sizes do not become so small 
as to significantly increase code execution time. 

4. The error criterion for convergence of the thermal-
to-hydrodynamic comparison has been kept relatively 
high for most simulations, to cut down on computer 
time requirements. Reduction of the convergence 
limit appears to have little effect on the values 
generated by the code. The convergence criteria 
for bubble lengths and volumes are related to the 
error convergence limit, and must be set to approxi
mately the same value. The sample input in Appen
dix D illustrates this fact. 

\ 



-152-

APPENDIX B 

DESC?vIPTION 7VND USE OF THE COMPUTER 

DATA ACQUISITION SYSTEM 
\ 

B.l Background 

The general structure of the CCDAS apparatus has 

been previously described in Chapter 4. The purpose of 

this appendix is to describe the hardware, software, and 

operating procedures associated with the system in more de

tail. 

The system is now operating as a data acquisition 

and data conversion unit in the M.I.T. Heat Transfer Labora

tory. 

B.2 Hardware 

The CCDAS is built from several different components 

in order to provide a wide range of usage, both as a com

puter and as a data acquisition system. 

The heart of the system is a Perkin-Elmer Model 

1610 Minicomputer. This is a 16-bit machine, with a current

ly installed capacity of 64 kilobytes of semiconductor mem

ory. The memory may be expanded to as much as 128 kilobytes 

in 32 kb increments. The computer is equipped with a line 

frequency clock, which can provide processor interrupts at 

up to twice the line frequency (120 hz). Processor options 

on the HTL computer include a precision integral clock. 
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a battery backup system, and a hardware multiplication/ 

division unit. The PIC will provide interrupts at a rate 

faster than the line frequency clock, if necessary. The 

battery backup system provides a power system backup to 

preserve information in memory in the event of a power 

failure. The hardware multiply/divide option allows the 

computer to perform these operations directly, instead of 

through software programming. This allows the operations 

to be done much more quickly. 

These are several peripherals which are connected 

to the minicomputer. The system command console is a Per-

kin -Elmer Model 550 CRT. This is an essential piece of 

equipment, since the minicomputer itself has no built-in 

command-issuing unit. The CRT is a standard type of visual 

display unit, with a keyboard and viewing screen, provid

ing interactive use of the computer. In addition, the CRT 

has a printer port built into the back of the unit, which 

allows connection to a CRT page printer. The page printer 

used in this system is the Perkin -Elmer Model 650 "Pussy

cat" Thermal Printer. The printer will print 24 lines, a 

full screen display, automatically upon receipt of 24-line 

feed signals from the CRT. The printer is a single buffer 

machine, which does not allow data to be received and 

stored while printing is taking place. Therefore the dis

play must be advanced twenty-four lines and then halted. 
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printing permitted, and then display scrolling advanced in 

order to allow printing of all information. 

Data and program storage are provided by a dual 

floppy disk system. Each disk contains space for up to 256 

kilobytes of information, either in ASCII (source) or binary 

(object or image) form. 

The last peripheral is the data acquisition unit, 

itself. The RTAS (see Chapter 4) currently allows up to 24 

instrximents to be connected for input to the computer, and 

capacity may be expanded to 32 channels in 4-channel incre

ments, in the present configuration. The termination panel 

is supplied with a calibrated Resistance Temperature Device 

(RTD) to serve as an equivalent ice-point for thermocouples. 

If the RTD is used, it must be connected to one of the RTAS 

channels. Maximum scanning speed is 8000 points per second. 

Data is stored in the computer by means of software programm

ing. Each data point is stored as a number ranging from 

-2048 to +2047. To convert these data to meaningful infor

mation, the value must be multiplied by a gain factor, which 

is set by the user. Each channel has a variable gain, which 

is set through input to the controlling software, which 

ranges from ±20 to ±1000 millivolts, full scale; the gain 

factor is then the full scale output divided by 2048. This 
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configuration provides a very flexible system which is not 

difficult to operate. The system is shown schematically in 

Fig. B.l. 

B.3 Software 

The sofware supplied by Perkin-Elmer includes sup

port for all peripherals, and is currently configured for 

the FORTRAN computer language. Support for other languages 

is available from the vendor. 

The computer is controlled by an operating system, 

created by means of a system generation (SYSGEN). The SYSGEN 

procedure, which can be performed by the vendor or the user, 

sets the operating environment for the system, and tells 

the computer which peripherals are available and which pro

cessing options are necessary for the user's requirements. 

The SYSGEN is performed by using several assembly language 

programs supplied by Perkin-Elmer. These include a Configu

ration Utility Program (CUP), which sets the system environ

ment, and three packages which tell the computer how to per

form functions in the given environment. These are the 

Command Processor, The File Manager, and the System Execu

tive. Once a SYSGEN is performed using these programs, the 

resultant operating system must be loaded into the computer 

before any operations can be performed. 

The present system provides support for the RTAS, 
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CRT, and floppy disk drives. It also includes a partition 

system for the memory, which allows several programs to be 

held in memory simultaneously, although only one program may 

be active at a time. Currently, the system is configured for 

five foreground partitions and one background partition; the 

size of each partition may be set by the user. There is also 

a system partition, which must be allowed to exist for the 

computer to process information. 

The software for FORTRAN programming includes a 

FORTRAN compiler and a run-time library. The former pro

gram allows the FORTRAN source programming to be converted 

to binary code, and the latter provides support for library 

mathematical and real-time routines. Linkage between user 

programs and FORTRAN library functions is provided through 

use of the vendor-supplied Task Establishment Utility Pro

gram. This program also converts the output from the FOR

TRAN compiler (object code) to executable code (image code). 

The remaining software that has been supplied by 

Perkin-Elmer includes several driver programs to allow the 

RTAS to be operated. This software includes both assembly 

language and FORTRAN programming. The function of the pro-

grairaning is to provide for generation of interrupts, data 

sampling, data storage, disk allocation, and transfer of 

acquired data from computer memory to disk. Once the data 
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have been put onto the floppy disk, further data processing 

may be accomplished through user-written data conversion 

programming. 

B.4 Operation of the CCDAS 

The operation of the CCDAS involves several steps 

and will be explained briefly in this section. A detailed 

instruction manual is under preparation at this time, and 

Perkin-Elmer's own handbooks are also valuable references. 

Initially, the system is started up using the oper

ating system described in Section B.3. The foreground par

titions are then set to accomodate two programs: a test 

supervisory program (TSTSUP) and a data acquisition system 

driver, program (DATACQ) . Logical input and output units 

are then assigned by the user. The input to DATACQ is pro

vided by the RTAS. The input to TSTSUP is provided by the 

user and includes: 

1) The name of the file in which acquired data is to 
be stored. 

2) The time interval at which interrupts are to be 
generated. 

3) The number of channels to be sampled. 

4) The list of channels and their respective gains, 
in the order in which sampling is to be done. 

5) The number of scans to be made. 

The number of scans to be performed (item 5) is 
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determined by dividing the total transient time, which is not 

an input, by the sampling interval (item 2). 

The TSTSUP program is activated upon the user's . 

START command on the console. This command is issued about 

5 seconds before the sampling period is to begin, to allow 

the programs to start properly. The initial program reads 

the input data, opens a file on one of the floppy disks for 

RTAS output, then initiates the DATACQ program and pauses. 

The DATACQ program generates interrupts at the desired inter

vals. Each interrupt allows the scanning to proceed. This 

is done at the maximum rate, and the data is stored in com

plete memory. After several scans, DATACQ sends a signal 

to TSTSUP, and TSTSUP activates a small data-logging sub

routine, which transfers data from computer memory to the 

file opened initially by TSTSUP. This procedure continues 

until the number of samples input as item 3 have been 

acquired. The program then ceases execution. The user may 

then load a conversion program into the computer which reads 

the data from the floppy disk, and converts it, using the 

gain factors described in the previous section, plus any 

conversion tables (e.g., calibration curves, thermocouple 

tables), to engineering units or millivolts , depending on 

the user's desire. 

A flowchart of the data acquisition procedure is 

shown in Fig. B.2. 
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APPENDIX C 

EXATIPLE OF EXPERIIIENTAL RESULTS 

C.l. Data Conversion and Presentation 

After the acquisition of data as described in 

Appendix B, this information was converted to temperatures, 

pressures, and flow rates by use of calibration information 

and thermocouple tables, as described in Chapter 4. In addi

tion, a stepwise integration of the flow rates was performed 

to estimate the length of the vapor bubbles above and below 

the top of the heater. As explained in Chapter 5, the read

ings of fl-ow rate from the upper AP transducers proved to be 

quite unreliable. Also, since 375 points were required for 

each instrument for each transient, it would be impractical 

to present every piece of data acquired. Therefore, an ex

ample of the output from each stagnant flow experiment will 

be shown in the first six tables. The data shown include: 

1. The flow rate, as determined by the lower AP cell. 

2. The temperature of the first thermocouple in the 
fluid downstream of the top of the heater. 

3. The length of the bubble below the top of the 
heater. 

There are two important points to be made with 

respect to items 1 and 3. First, a negative flow rate 

indicates bubble growth downward. A positive flow rate 
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indicates bubble collapse. The second point, then, in

volves the large positive flow rates generated after bubble 

collapse. These readings were attributed in Chapter 5 to. 

"water hammer" effects due to bubble collapse. This effect 

is clearly shown, for example, in Table C.4, at 1.8 and 2.4 

seconds. Since a positive flow rate corresponds to bubble 

collapse, it is clear that continuing to integrate these 

flow rates after the bubble length has reached zero would 

provide non-physical results. Thus, upon bubble collapse 

to zero length, no further integration is performed until a 

negative flow rate is generated. This explains the form in 

which the results appear. The data are presented at 0.2-

second intervals, v/hich represents five data-taking cycles. 

Apparent mismatches in flow rate, bubtle length, and temper

ature are attributable in every case to the fact that the 

duration of bubble growth-collapse cycle is not exactly a 

multiple of 0.2 seconds; therefore, in Table C.l, for in

stance, at 0.4 seconds, a positive flow rate (bubble col

lapsing) is shown, whereas the bubble length is greater than 

at 0.2 seconds. This indicates that the bubble grew con

siderably after 0.2 seconds, and had just begun to collapse 

at 0.4 seconds. 

Results from the forced convection test are diffi

cult to decipher because of the effects on the fluid of the 

valve movement when the flow rate was reduced. Qualitatively, 
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the results indicate that, after boiling inception, the flow 

oscillates slightly due to normal fluctuations that occur 

during "steady" two-phase flow. However, there are no 

real oscillations similar to those in the stagnant flow 

tests. The temperature downstream of the heater is shown, 

however, to indicate the high temperature at boiling in

ception, which caused the transition immediately to bubbly, 

steady two-phase flow. 



Table C.l - Example of Results from Test 4 

Time After Boiling Flow Rate Calculated Bubble Temperature 
Inception (10-4ft3/sec) Length (In) At First TC 

Downstream of 
Heater (°F) 

0.0 
0.2 
0.4 
0.6 
0.8 
1.0 
1.2 
1-4 
1.6 
1.8 
2.0 
2.2 
2.4 
2.6 
2.8 
3.0 
3.2 
3.4 
3.6 
3.8 
4.0 
4.2 
4.4 
4.6 
4.8 
5.0 

-0.02 
-3.34 
1.14 

-0.26 
0.17 
5.41 
1.60 

-0.28 
-0.81 
14.49 
4.05 

-0.22 
-1.61 
9.20 
5.00 
0.05 

-1.57 
10.51 
-4.23 
0.68 

6.63 
28.66 

-10.35 
8.32 
4.97 
1.72 

0.00 
2.89 

12.19 
5.86 
4.86 
1.88 
0.00 
0.24 
1.69 
0.00 
0.00 
0.10 
6.60 
2.57 
0.00 
0.00 
2.81 
0.00 
4.33 
3.60 
0.00 
0.00 
7.60 

22.39 
0.00 
0.00 

74.64 
94.63 

163.32 
144.52 
157.78 
171.12 
173.54 
184.05 
182.11 
193.30 
173.93 
174.72 
172.29 
188.30 
176.59 
173.54 
169.62 
167.27 
171.98 
174.72 
206.66 
181.72 
162.93 
197.82 
210.82 
194.45 



Table C.2 - Example of Results from Test 5 

Time After Boiling Flow Rate 
Inception . - 4 3 , . 

'^ (10 ft /sec) 

0.0 
0.2 
0.4 
0.6 
0.8 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 
2.2 
2.4 
2.6 
2.8 
3.0 
3.2 
3.4 
3.6 
3.8 
4.0 
4.2 
4.4 
4.6 
4.8 
5.0 

-0.01 
0.41 
0.22 

-4.01 
4.61 

-0.46 
5.51 

-0.47 
-3.50 
24.92 
-3.11 
2.94 

13.30 
-0.31 
-6.69 
26.09 
2.74 

-0.34 
-2.49 
6.33 
11.72 
15.07 
8.47 

-13.62 
6.24 
1.92 

Temperature 
Calculated Bubble At First TC 

Length (In) Downstream of 
Heater (°F) 

0.00 
0.36 
0.11 
2.38 
4.70 
0.22 
0.00 
0.22 
8.83 
0.00 
2.03 

12.00 
0.00 
0.14 

11.83 
0.00 
0.00 
0.16 

10.02 
0.14 
0.00 
0.00 
0.00 

11.54 
26.40 
10.81 

102.21 
106.40 
115.46 
148.93 
172.21 
159.68 
166.40 
161.27 
182.03 
178.92 
169.94 
189.38 
190.92 
178.92 
189.76 
206.96 
195.83 
188.22 
204.68 
212.25 
211.12 
208.47 
200.49 
181.26 
198.20 
193.99 



Table C.3 - Example of Results from Test 6 

Time After Boiling 
Inception 

Flow Rate 

(10~'*ft^/sec) 

Calculated Bubble 
Length (In) 

0.00 
0.92 
3.14 
0.00 
0.49 
2.80 
0.00 
1.09 
1.78 
0.00 
1.93 
0.00 
0.00 
1.16 
0.00 
0.14 
2.38 
0.14 
1.26 
0.00 
0.12 
1.03 
3.84 
0.00 
0.00 
0.17 

At First TC 
DOV,Tl-

stream^of Heater 

78.12 
81.55 

152.63 
156.22 
148.24 
155.42 
154.23 
152.63 
163.04 
162.56 
160.58 
175.13 
163.75 
170.83 
166.90 
160.98 
178.95 
166.11 
163.35 
158.60 
155.03 
151.04 
168.47 
161.38 
159.40 
154.63 

0.0 
0.2 
0.4 
0.6 
0.8 
1.0 
1.2 
,4 
,6 
,8 
,0 
2 
,4 
6 
8 
0 
2 
4 
6 
8 
0 
2 
4 
6 
8 
0 

-0.03 
-0.84 
-0.27 
21.99 
-0.52 
0.02 
10.99 
-1.18 
1.99 
4.51 

-1.81 
11.92 
1.33 

-0.84 
10.56 
-0.26 
-0.30 
-0.30 
-0.18 
5.73 
0.18 

-0.46 
-0.45 
2.21 
1.97 

-0.26 

I 



Table C.4 - Example of Results from Test 7 
Temperature 

Time After Boiling Flow Rate Calculated Bubble At First TC 
Inception (10~'̂ ft"̂ /sec) Length (In) Downstream 

of Heater (°F) 

0.0 
0.2 
0.4 
0.6 
0.8 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 
2.2 
2.4 
2.6 
2.8 
3.0 
3.2 
3.4 
3.6 
3.8 
4.0 
4.2 
4.4 
4.6 
4.8 
5.0 

0.02 
-0.03 
-0.52 
-0.10 
-1.02 
-0.15 
-0.14 
16.88 
-3.69 
31.88 
-0.86 
-2.90 
27.07 
-2.07 
8.53 
1.47 

-2.82 
8.60 

-0.15 
-1.46 
8.53 

-0.33 
-0.14 
25.50 
-2.88 
11.78 

0.00 
0.53 
0.42 
0.05 
1.13 
0.07 
0.18 
0.00 
3.52 
0.00 
0.62 
7.32 
0.00 
1.55 
3.71 
0.00 
4.48 
0.00 
0.07 
2.74 
0.00 
0.31 
1.57 
0.00 
2.41 
2.51 

99.56 
105.85 
110.43 
115.91 
131.02 
141.56 
164.30 
160.35 
155.59 
173.73 
149.68 
161.14 
163.91 
149.20 
182.30 
163.51 
165.09 
179.27 
170.20 
169.42 
172.95 
167.85 
177.24 
176.07 
166.67 
183.85 



Table C.5 - Example of Results from Test 8 
Temperature 

Time After Boiling Flow Rate Calculated Bubble At First TC 
Inception (10~̂ ft"̂ /sec) Length (In) Downstream of 

0.0 
0.2 
0.4 
0.6 
0.6 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 
2.2 
2.4 
2.6 
2.8 
3.0 
3.2 
3.4 
3.6 
3.8 
4.0 
4.2 
4.4 
4.6 
4.8 
5.0 

-0.03 
-0.03 
1.36 
-1.73 
13.36 
-1.40 
15.64 
-2.65 
24.70 
-0.40 
-2.10 
15.96 
-2.18 
12.92 
-0.12 
-0.11 
3.84 

-4.77 
19.92 
4.23 
-0.24 
-6.59 
19.34 
7.04 

-2.88 
-0.26 

0.00 
0.66 
0.00 
1.38 
0.00 
1.55 
0.00 
2.12 
0.00 
0.18 
8.81 
0.00 
1.73 
0.00 
0.13 
0.64 
o.no 
6.14 
0.00 
0.00 
0.11 
8.83 
0.00 
0.00 
1.86 

10.50 

116.64 
124.14 
128.56 
158.75 
174.50 
185.07 
176.91 
171.05 
178.86 
167.83 
187.77 
183.52 
179.56 
182.28 
178.78 
199.21 
182.28 
186.54 
193.47 
209.09 
193.09 
197.00 
207.66 
211.44 
195.77 
205.76 



Table C.6 - Example of 

Time After Boiling Flow Rate 
Inception ,,„-4^ 3, 

^ (10 ft /sec) 

1.0 
0.2 
0.4 
0.6 
0.8 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 
2.2 
2.4 
2.6 
2.8 
3.0 
3.2 
3.4 
3.6 
3.8 
4.0 
4.2 
4.4 
4.6 
4.8 
5.0 

-0.03 
-3.62 
-1.39 
28.40 
-1.46 
8.00 
7.31 

-3.34 
10.00 
25.07 
-5.90 
-0.42 
24.54 
-0.37 
-6.63 
11.66 
2.23 

-0.66 
-0.75 
7.18 

-1.81 
4.35 
13.43 
-0.89 
-7.25 
46.76 

Results from Test 9 

Temperature 
Calculated Bubble At First TC 

Length (In) Downstream of 
Heater (°F) 

0.00 
2.82 
14.18 
0.00 
1.34 
1.04 
0.00 
2.74 
0.11 
0.00 
4.19 
16.84 
0.00 
0.22 
11.26 
0.00 
0.00 
0.55 
4.42 
0.00 
1.68 
1.24 
0.00 
0.44 
13.33 
0.00 

139.20 
146.53 
199.29 
188.62 
187.38 
174.96 
171.91 
169.16 
192.39 
195.08 
172.61 
193.16 
205.38 
190.85 
188.93 
188.54 
188.16 
186.30 
206.14 
194.77 
188.54 
210.00 
211.43 
186.61 
185.45 
209.17 
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APPENDIX D 

CALCULATION OF CONDENSATION HEAT 

TPJUISFER COEFFICIENTS 

D.l Calculational Method 

Results from the reduction of the experimental 

data were used to estimate the magnitude of the condensa

tion heat transfer coefficient during different stages of 

the bubble growth-collapse cycle. These calculated heat 

transfer coefficients were then used as a guide to the sel

ection of input parameters to the model. 

The only assumption that was made for these calcu

lations was that the upper and lower halves of the bubble 

were approximately equal in length. An assumption of this 

sort was necessary due to the unreliable flow rate readings 

from the upper AP cell. The assumption of equal lengths 

was chosen because of the approximately equal inertances 

of the two halves of the loop (see Chapter 2). Although 

the lower loop contains all of the bypass and downcomer 

piping, the fact that most of this piping was approximately 

six times the diameter of the primary side (and therefore 

36 times the area) means that the relative contribution of 

this piping to the loop inertance was quite small. 

Using this assumption, calculations were performed 
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for each of the stagnant flow e; 

and collapse. Examples of thes-

the remainder of this Appendix, 

change in magnitude of the heat 

been fully explored in Chapter 

periments during bubble growth 

calculations are shown in 

The reasons for the large 

transfer coefficient have 
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For Test 4 

Data Taking Conditions 

At = 0.04 

Test Conditions P = 0.544 kw = 1857.2 BTU/hr 

At t = 12.32 sec. Bubble is grov/ing 

p = 18.63 psia -> T^^^ - 223°F, p - 0.045 Ibm/f t^, 

h^ - 963 BTU/lbm 

T^ . = 192°F -> At = 31°F liq 

L^ = 13.08", Q^ = 15.23 x 10~^ ft^/sec 

Assume 

L^ = L2 L = 26.16" 

Q, = Q- Thus V = 2.29 x lO"'̂  ft^ 
'1 ^2 

'1 = ^2 

a = 1/C 

A, = A^ A = 3.98 x 10~^ ft^ 

o 

Since - ̂  = Z ̂ E 19. ,- Ap =-0.21 psi, ̂ 0.002 Ibm/ft̂ /psi p at p at dp dp '̂  

°s = V O 2 - . 0 . = 2(15.23X10-, . i ^ , •(-°-^i'.^r°"')-

2.99 X 10""^ft^/sec 

qg = P h^ Q^ = (2.99x10'^) (0.045) (963) (3600) = 466.9 ^ ^ 

q = (L, ,̂  ) P = i^—-) 1857.2 = 674.8 ^ 
^evap 1/^HTR 36 ' hr 
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q = q - q = 207.9 ^ ^con ^evap ^s hr 

, _ . -_ 207.9 TCQ c BTU 
h q / 9 = 168.5 K 

con con/^^ (3.9 8x10""̂ ) (31) hrft °F 

At t = 14.76 sec. Bubble is collapsing 

p = 16.52 psia -»- T - 220°F, p - 0.041 Ibm/ft"̂ , 

fa Ibm 

TT. = 214.5 °F ^ AT = 5.5 °F liq 

L, = 6.48" , Q^ =-0.34 ft^/sec, Ap =-0.04 psi, 

dg= 0.0023 ̂ ^";{p^ 
dp psi 

Same a s s u m p t i o n s a r e made. 

Thus V = 1.1 X lO"'^ ft"^ 

A = 1.98 X 10~^ f t ^ 

-4 -5 f t i 
sec 

Q3 = -0.68x10-* . ( i ^ i g ^ ) ( 4 5 2 | | i ) = -7.42.10 

q^ = ( - 7 . 4 2 x 1 0 " ^ ) (0 .041) (965) (3600) = 10 .6 ^ 

. _ / 6 . 4 8 \ , o c - 7 o 0-3/1 -3 BTU 
<3evap - ( ^ 6 - ) ^ ^ ^ ^ ' ^ = ^ 3 4 . 3 - ^ 

<3con = ^ e v a p - ^ s = ^ ^ ^ ' ^ ^ ^ " ^ ^ ^ " ^con = 3 4 4 . 9 / [ 1 . gSx lO '^ ) ( 5 . 5 ) ] 

= 3 1 6 7 . 1 - ^ ^ " 
h r f t ^ ° F 
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APPENDIX E 

COMPUTER INPUT AND OUTPUT 

E.l Contents of the Appendix 

This appendix contains a copy of the FLOSS com

puter code, a sample input to the code, and a sample of 

output from the code, as printed out by the computer. 
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E . 2 The FLOSS Code 
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•0=i(A)iH l*0'iil'lMr,).U Cf.t.l 

' (Il )<;'lii + (l.)l lel»-( .\)U OB 04WOI 
> ^ '- = <,.)Cl,i iL Cf?fl 

^ :ii 0- oO (uir,l 
Y («)EVj<iY/t,N)idVAA = (Jl)ilii Cifl 

.̂ ' OX. ci CU (•C'o:iM;.)t«.-.<.v)ji ii, 14451 
'<.-(.>. )l!i. 9 r...4ol 

••,3 11 '•. '.'^n 
(k)lYj'JY/(l.)lill/Ai (,\ Jill. •tltl 

04 OX ot Ci •Cj*{i.)n.!i.)ii '""'lei 
vjaV r,'.D CI Id 

((s)j.O.(N'c)f.) + (l-l.)c.iVAA=(:.)«; i..'.A r.>lol 
((k)-,li.(ii'l)l.)»(l-Mld«A/. = (l. )lt./A 01 tf I 

•O={I.)XVA;. (•o'ii'(t<)dVAA)ji o4irfi 
' ((I.)XO.(^)^;l^,)•(l-! )diAA=(..)';iA/. 41 CC^fl 

H9..3J aiddilU OiY aJBlOA BodyA Jul Jo IJ-ililVA IIJH JlYKI-'l;./ 3 'Slol 
OOol 01 JO rolol 

dOho 'I Iv3 f j*fil 
S4 OX Oil (/.i'ldl'Ci'JTJJi ^"."t̂l 

(t-..)J»(;.)a (»ndl*Cj*,il)li i/H-tl 
aa=(.,)l rittifll 

S.>JliUd I'liJ ucPbl 
3 (iLddi. 

, j i.t'iSl 
•jNO d'lO SI— JO 0 C'.Lci 

aOd>3 Jill nO (iJSYO JXnS^llio I'.:,!. Y £ijnc 'Jtti'il o(.X SI <'Oa!!j J 04961 
JHX Jl *a.saS3(i:« atlllSSdltlJ JHX I.U QJ^IU ,.0IXM(I.,1I3 3tlX i<lXh 3 4C9Ht 

SflMJliO.. 'XXHII JJi<i:jaJAt<U3 aodd.3 Jill NihX 4:1.: 1 .il d'.lldf j''l .U .'> 04481 
:i rt5oi 

01 01 Ot) (lJj'j'JMcOcdr')!iliUJX 1.4181 
lLXd/((k)J&0-(.'Ux.Xo)«0'Z<<10!l:ljI CCnst 

ot-ao*i«xsxa (oc--:'rjTXiix:i).ii csrai 



('jd<.H.JtiaXN.b*£«6>>l<ll*i.03XIIH.>/!lallod4'(N)X«SX<'()<) 1 
01 OJ OL (i**;-* 

OCtll Cx oa (l*Cj'Xul!.3 

I 

(» 

(Oiill)jhj.ii' 
iinx^'xiu'j.xi4'(j 

UhjXai'(i»jl<ii'i4oij'i.i)olU'(0C»l 

'Hll'ldX.i'01iii.4*4l.JO'lidw'(f.i.ii)llY.^J-'(0' ii 
k'aO jo.i't 

'XiiMol'olaXot'Ulo.LJR'li.l'OlXa'lM' 
'..w'u.,,ilj'l H.l^J'l .'nJ ..l'(0 IIK,-b.iA 
«.J» i I'j 11 » .'I )I.I|1JS0„X* (O II)L-J..I'( 

'( JC II )-tu'(u4 IIKJIO'(VJI) <. .^o.'{ 1,1)1.-,x'( 
' (,.0111 iii-'io J'.;od^' CJOn/l.i^Ai' I i iH Y i. 
(0..,»>ti.-'(.)<l«A'(2n)iA'(t)i.Ay'(i;)lX.^'(o 

' (Uoli'Cl i*(ii4i7) lo'd'/li J'lu' V J 111 lb'( 
'(u.,H)l..JA,.'(j(tl) lOl.c' ( ,l.t|)„ul I'd,. I.) 

(i-0 'li-l> ,..,X4I.._ 

IjOl, 
(ii:)i.i 
^ll)«.l/ 
s!!'/xl 
IX'i./ 

J11Y1.1, 
)"'i )t J 
'.)1I'( 
'(OLUI 
, .•>)• J 

11 I _ . 

.' i I H 

•l'< )aj 
Vlt, ).. 1 

..f/A* I 
tl 1 1 1 

J.k J 

XA 1.0A 

k-j" 1/ 
..jldJ/ 
t'UAi, 
'tlUu 
J..'al 

lYCX OOtll 
MJI 
•.)'X 
. JX 
rix.'i, 

1 I II 1 I: 

1 'Il . 
.-.iC 
. 'IJ 

U. 3 

11' :)i 

j.i ,XA 
'C/'l 

...'( 
K XL 
I.) • • (», 

'/A'(o 
1) 

I 11 11 

I 111 

..AAl 
> Alt,l 

_r cc 
I'Ml 
> I. lu 

. i„i c 
l„' ^l 

I • J 
'. )( I. 
)<:iot 

1 ..X 
I ;> 

i<nl J...1. 3 4 
ooon li t" 

•i:/(XcdlAA + (.t)IJtA*)-lt'iiAA 
•Z/(Xld«AA*(N)ldYAA)-Iln.AA 

•t:/(Iu«Aii*('.) iYAA)=I...AA 
V/dcl •(' )2lu)=ivll. 
•c/(Il li,*(..)lJ4l = Xl'li. 

*<./(X°lti'»{A>iuli!illd III 
54 01 oy (X !iAA"o.,MI.)dW.A)iX til 

III Iw ti, 
44 0», OLl 

(m3*''l*(HYAA/(H><»YAA)*UliVnj*3'.>MI.'<A//C )i«AA<). i 
Ell O. o„ (• j*Oj*Xd.AA).'X '11 

III Oi -JJ 
211 OX 01. (ir<.YAA'( j'tMZd.AAtn •>! I 

tU OX u. 
CU l^ I 01 

(Hi.,*Ji*(ltd«AA/(li)<:d\lAA)*i.».Y"l1J*jO"<l.~diAA/(«J2dVAA)),A 
bvl ox ^. (V •vii'Xcu.AA) X t'Cl 

U I 0 J C'J 
411 OX OL <lljiAA*oi*(*)lnVA<').ii I 01 

lU t; „•„ 
t)4i ,1 oni 

(liiw*Jl*(XldV*A/(:i;ldVAA)->ll.Y*1Ij'jO*(lldiAA/(h)latAA))iA 
LOl OX o_ {• I'OJ*11.IJAA)JX 001 

III C Oil 
901 Ox o- (XI(|'V.J*(..;T iJx j'I 

III I... '1-
»0l OJ. i,,! {hU*Ji*(nii/()ini.)"uMk*lU"JLMn(./(.)'lb)/jl 

£ci -1 OJ ("o'o.-*n I)J: tidi 
III OJ O: 

tiOl 01 0:J (Ici.i*03*(.,)cii,)U tOl 

••Ctui? 
04l.1i.' 
rrriic 
(4<:'-e 
'•• trtf. 
'•411Z 
Tl ii<: 

"•"•tiZ 
4fl' 

T. (•-

(laat.. 
pnDf ; 

(1 ntie 

"49f' 

CC9C.. 

r'4r: 
,f r 

• • If / 
'^if t 
t-tfi. 

CI ^t<; 

Ctlfi. 
- '̂(< 
:i r t V 

"4(1.: 
"•Cti'i 

-III 
043ze 

'lrx'•^ 
0' 'lie 

'•44t:<: 
'•'4-<: 
' 4i;z 
ir ii7i 
i^if ;' 
rct2(l 
04?JI 
C^ZZZ 

'-. Vl! 

f c'e 
.H6XZ 
'J olJ 

"C»l? 

oca.i 
f a/lZ 
f rxic 
' 4ii<: 
';'-JI' 
r'-iit 
-rrie 

I'iilZ 
rtirlt 

http://04l.1i.'


ID 
00 

(l-f)Xl/*(t-l )wAlA«=(r)iJ.lX 09t>iZ 
iJt^'C-C 0 0 C>l rcii/? 

Si .I^^JUJXNI JlMkllU jllX duUN duniibJoluX iljluil hi XOU ai>IJ 3 ISC/r 
i»„..-iil. OLCic 

0b.UJ/JilUXd.3t>il4.<l>btillil*e'(l.)clJJt (T'uj'LilhlJI OSZLZ 
•0«l.iOb (•(.•.IIM'.)JCIAA)JI "'ti? 

tti>.liil*t/(l>)<;Vi'V>Xct.s^l,0>. 'SlIZ 
(M)C«Jh\.<(l-N)c;lo-(l. )('"l..); u«=l. Av, 'ClLZ 

ii,)rv Q1-. uii»\=.-.-.n. o'l-tc 

dbiuM'-oiuctii'-i 'i^j-iax o'.o; 
% = (l):.'iA rrt<-Z 

lll.wlJi-lS'l+lN)Cni T<!JI 
(iijo:i)i=<i-i.)(...ih (;*fj't.)..i i/.P'<: 

J f-il It'.l - .L->Z 
.L »'ldiii<)« 0 r CL'tZ 

((ii)jJn.(..JCvjli»)/(»)llk.1ii=(knst'(, Cfi jMl )lriAA>Jl (>j''>i: 
U»)j«ll.U;-OrtB)/Utl<)Xu/Ju.ti.)ld«AA)*(li>Utjli) = (s)l^;.) nr','.^ 

J..U j.uMlili '-JI hi Ji«d BCl.' CldJ,.i»Iilf./ •'I'i L-iVTri.'l.J V (J" <•!. 

jdi.ia=i,vti (i:iii,it.'..i*Lito)ji r.<.ti»J 
<tsini*t/ii.)i .JiVjioCietifJH rrih'.z 

a^<ii-..l.•..l( ct i.iEi' 

'? !iw t).'. ':<: 
Wdlfcl cJ*Oc(<ui)=<i.'i.i i'j COc'-lT 

II?. (u. . 1/ f'JI'J: 

1*1/ A»:.J-»>lhd.L' .r U Oft "^ll' 
0? (,^ rr ' <i> c 

*iUO-<Hfc)Sw»/ A^idsuRoX (li'^.i'j.'-Mj, Lj)..l<)jl •<• '3 

Oft ex fj (6b'0UTiVa'Ul.>'0*Cl'XLiV»'i)il rctiZ 
'l«iV.I i'V'iA'Xtr:).il •.U'"? 

4» CA ijw (C'o'jWia«.''u..** •'•^i.*cAv.i)_i sE ''••>': 

SI y^ 0-, 'C^'-iT 
ijH l..-ll»^ 'U.I, l;l'-'.i 

«.ko=i wi:<i "̂h re ij 
Li I.: i,L -'.-'li 

s. ti <,3 (io'i*i'-'.n .)ji cfiis: 
bK UX UU (0tir,b6*0*Xl*i<a>.U 05.C5? 

Ati;d/.)j< *=Jifl cci^i; 

U)iU/(<(t-N)Ti«HX.(i-k)nv«dD)-((w)nkrti.(i.)ii\i.-'ii^))cj.iro tcocR -esc 

vtcoii 0- C:J rrit' 
t<ii)HL.jdnx(i»i'e.b'ji»ii't»o.i-,iir)/d(dj + (.,)x*s..'.=(i.)i i5"i "i'^.t 

OOC/Otf OJ, U^ (•o'tj*<i.)l'l">li '•t'jt 
ooi/(.c ox 01) lui'Hi/'iiKJii.J.n ":'-i)2 

l'»rt..?j,i=.«.II JZ '"Ct.fii 
df-dX^A < u C- "IZ 

t<l(lj»ii-(i.)llu).S.MLb.l.Sliil*£.f>*?>*SV^f'.U.: fc.tjlnl'Cn O0rt^c 
• ( Udll<.-(h)Xt.X)>(l-li>u.Xti)-dciit><l<'l.( aX ( lcj,.i"_j'{i. )n ,)JI i ^.ili' 

'laXi/tr. m<i«aHfl,u = <.faX CCioZ 
^..^^'lVhd-=u-^)»•.v».^: ci'<i>j 

bd^«s .dutaidaij'idxu^bbim *t>u'i.'«(..)ri4 =(i.)vuido QT'IK; 
IliA adlVJIi jilX bxM !>.t^ w<nl XkJIt dC Xnjii.»J .-iu ^xvinjic r> fl<.<^*; 

•btt/<(l-l.>a-(K)u>=uQ 01 fO'>« 
cs CI ('J nsMJt 



77S0ii 

2l'--jj 

2 ' ' 7 J j 
• '77i 'J 
2780k, 

2 7 a j j 
:7'?"v:' 

2ti(iD0 

2 3 1 5 . 

r - . i j j 
/ •^2iO 
2 t 3 , i 
2P1SL.. 
2 ' f J C 
?>:'.-'c 
2bS"iO 
2t ' .C' j 
2"''.',', 
2 ' - 7 j ^ 
'/'•T-.yj 
i - t j ; 
2if '5^. 
? • c ' ( 

?T.^C• 

? ° 1 D J 

? 9 1 i i . 
J J 2 J . 

r : .2 ' .1 
2 '< i • 1/ 
2:-3^ . 

ti.1 r ,'JTi^'U'-": 
n r Of K=1 ,MT 

TF(' ' l . '« ' ' ) .C.r . . 'LTT<»:) .»ND.PI.2<' l ) . I ,T.XlTT<<*1)) G". TO "S 

Til" iipp^P ll>;"'-<TEn 7a»F TS»MSI"'VT T''''P'P«TnF«' PJinFJir j c •T^fOll 'Trn 
rv T-'I'- S''C7I'>". T'lK TE"fE''»Tll?F Tl B !̂̂ En -̂ v A y'iMl''F AVF'HSrn 
•; " j « L r " " ? " ' " ' 
rw- ".'.('"••.I r !•-, 

I f f , H-D T^ CAT.C'IT«TCr> D T f f E F F N T l T D ? r ' ' " n " ' C . O'l JHf.THES 

.CI'OSS « " I D A ' . I ' T F P ' ' * : : ^ P " H T " ' ~ Olf r''''" C I T F O . 

1 2 1 

!'•( 
PO 
I F f 
T~{ 
1"( 
Ti ( 
T i l 

I T V 
ro 

12- ; L I 
1 ' <t 
2 1 ) ) 
1 / C 
• » - • ' ! 

- j ) ) » 

,;c 
123 T I T 

1 * 3 . 
? • ! ' 
3(»r 

KO 
l i u i l l 

T i . 

' < ' : ) = i " ' ) i . 

: ;T' '<CI) . 
• • T " i < C ) . 
w l » 1 , 
I . " . T . ' M - ^ 

1 . ' " i . v ' r -
I . " . . ! i T ' 

'>H)/<'". 

• r r T ( ' ' ) * ( 

T M , ) ) ) * 

) / ( v n n . 
n i ; s 
? ( I . , N ) = : ( 
1 1 1 1 ' . ' ; • ' • ' 

r T ( ! . * i ) -
r ( L » i ) -

TT 12S 
. • ' (L ,^ )=-!• 
m 1 ••, f, , I, r: 

'•It 
'••T. 
• 0 . 

<f(y 

' < ' • 

•<v 
• » • 

( T l 
- f 1. 

" T " r ( " - i ) ) 1̂ 0 TO n i 
. . x » i t ( . - . i ) . v i ! ) . ? i 2 ( ' i ) . ' ; T . i > i 2 i i - i ) ) no TO 110 
• T ' K C - D . M T . P T y d D . L F . a U C V - D ) CO TO 105 

- 1 ) ) m TD 121 
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"CVb 
C99'.b 

.. 9bob 
O.b'b 
CSEbll 
0 r<b 
't'.b 
ttZiib 
C9l<5b 
rriCb 
<'9'»oii 

C ao^b 
c;()3b 
PS<Hti 



I 

Ukd 
'••inX. d 09 

lSlA..'0l»(l.Jj;3IA 
((Sd«l)0i30la«9Zbtt*0)-(SiiVX/il*/lC)tluZ0*t'=lblA 

((k»X«SI»'<-0'3tfd)*lZi'tO*u»(i. )1'3'.,1A 
bi"C=(k).,J3 

oii>'0«(:i): .ox 
((*Z**i>il(x)*il-uCXl(ft*()«(i>liXX«b-U6i>90l'l)-Z9E'>bi*C«(.'. )Id3 

IIVa</((lldHa«llA)4^(LanU>ZA)t(lj!ia.l.«)).b'l = (.. )jah 
•.ribH.-(l.,f.l.*b)'bJ.iC 
•b3Elll-<lallu.T) = ;j<iJ 

({•£..;;»!»: ».(.-oi 
VZSII*l)-((*C..i8i*)»»-UbXZ9i.*i)*<iM«X.ZltlZ'i:)-ff i-b'.i^lj; .C 

Xt JA/'1 = (I, )..01.a 
i«dd.dVfl>>/Coov:.( Zcui/ •'^)-:.,A 
l(bX»'b)*(ZA.*Z)»lA).ifi*''c=u5.» 

.;x-ix-*i=fx 
t •c«.lX).ii = CX OZl 

411'ozi'ozi (»-u'i-(ix/{.aA-iA)«,s» ))ji 
(•l«(lA.I..'Z)l 

• t(*£..lX).l».'«>)/('l-lA*(Cc..lA).il)+(b.,l v),..,)-l Xrl.1 

t/-.ilX 9U 
a" rlX 

briud.CE.. II. i)=n 
uri.v I- -p 

(<S.'J«X/X*6»JX£)* •l(o9'',c-)aA-S'.i,',a 
l-(.'.a«X/£*8b99l J*';«i,S<.'t-)(lAj=. -.x 

i*bs»*(l.)JV!,X»:i \l 
{(•t..(k»xiibX).t-a.£ii.'• )«d 

(•Z..li.)i<EX»»9-UZll(Z*0»-{(.N)l<bX.£-Ubd'jj*i)->»9*t.9 = (k)lC.id )ll • 
i'cSb-Cd 

E8e<k')l-(tdJ)OlSu'2(i)/(l9fal*la<;b-(kdd)(/(:7v.1(i.-J('Cd))c{..)XiwX SCI 
on ox 01 

X'C9M-(<1 
lbtts'»-(»da)OUU10)/dl9bb'sl96-<t<ld;Ol'Jv,ia.9<'bt))*<' J.«bX 

S'ji 01 00 (i*o*x'j'>dd).n 
bZt',llZ/((,)o=,a,l 

ktlXOOS SlloJ:>Vli Ofli IKlbll aO L.ilit..,Ujrc l.'OXXH'T.Xkb' 3 
jliMxku3 Out 

l')l.'<tllOb99S'f|*Z 
»»(E'3U9i((9ollZl'f/+«.{Zr>aeai/9<M'J*i.(C'il.lllcil'i'j+t 

V.(OIJ'Ji98t9&'3'0-y.OO-UsZZlit03l*''-))))'»(k)X.SX 5ft 
09 0* O'J 

i.UZ(.ftZblCil*iy'»^ii«(;:L09XX9ii'r££'ci'i|i.(l JUbblb(.vcZ*..'+Z 
i..(uO<iUCl'>tci*'3*li.(ZO-J»ljblft*'i+(..(l-U/.C6fZ + l 

n»(s-M'j9z'£-n.i«o-u9Cfti'o*n.sc-u!i 1.1'0-))) J )))=(..)Xiii 
9» oX Ob Ct'.b'Xb'ldJl 

bAJ/- ! = (.v)..i;.i'J 3h 
f oObSbiot-t b'.j+Z 

<»(t'xgii.>fti9i>*o-».(Cwazwz/. (.019*u-v.(zj'j»si.'i96/<;••)-» 
«»(ZOttSu90£liZZ'0-V»llOUftC9tlbS9*0-V.lOOZ9t«9bib*0)))))sOA<t 9e 

ub LX 00 
tUvj'»9Ci,!^t £lV •(!•«£vUlObXsZbi'0*i,.(lC.,5U'.£:U "'•»!..? 
(I ..-Utt>lCJi)b.*C*i.»lci.-il9cHty*u-.i»(.; -(.6llXP£*< -i..l 

d.d-mZZX»*'',+li.<tO-udOOZl'fc-li»90-U9bl*o-)))))))-'„Ad 
SC 01 OS <"'9'l'XS*dd)JI 

iA/on = (s) r..)! VI 
lj-UjHZ£bolZ'J+Z 

C'6'-9 
C9fn9 
Ci.l!b9 
'j'/b9 
f-ih-
f?3b9 
C-.^ns 
C99n9-
C'';b9 
•.Sbb9 
C:»>r9 
'.'. £be 

C.tiiO 
l,9Zb9 
0' ZbS 
'si""; 
'•'.Int 
CS"19 
<•• ;b? 

f bl9 

CE.v-ES 

.-, Hr, 
r.ZU'j 
out 9 
f.9'-.t9 
Cbsrs 
J' -E9 
0lbt9 
C'M'C 
-.ffc 
C .ff S 
CEZE9 
OLZE<; 
•••j|.C9 
"' IE5 
'.9:(9 
C-.ikS 
0ti-.c9 
'•' nC'i 
CtoZS 

'''.iz: 
0.iZ9 
3«-H? 

Ot'SZS 
:'9Z9 
e=bc» 
'•bo? 

OtZZc 
'•atZ9 
0CIZ9 
09'.Z9 

(!:izs 
0.019 
C'olS 



XUla 3nX JO blXV-X inl dOJ ^IXIX S.iX '3.-.M11 VXVU UnCJ 
X^Vl am 3lii 3SJIIJ 'hlula 3ltl .30 Sa'IXlX 3iiX Xflu.sX 

oCOt Cx Ob (b'0d'X'.3.i.()JI 
OCOZ v- Ob (t'Oa'XkCr..,).;! 
CCOl Ox Ob (Z'OJ-ikid,)Jl 

jllllIX..cJ '01 
(k)l«i'»(l-l.'I),.At,il..°(k'l).iAti.l3 3« 

roi ox 03 
•v=d.'i)i/,i.ij 

:s 01 03 d*,,.;,*';).?! ot 
'>JI OX 1,3 

•zj.{k)<;ia«=(k'i):iA-.ii3 
ox ox OS (S'Uc'DU 09 

PI I .,x ..3 
*Zl.(k)l »u-<=<fc'x)L/.<,i.3 

y» 01 t"j (t'i; 'Ddl 09 
oai .'•x 1.5 

•j«(f.'n;./.<.iij 
09 Cl Ob I9'w;b*l)il Ob 

0'~l Li Ob 
•zi.tb)ii.=(k';)jA.((:b 

(,b cx V.0 (S'Sb'xjji at 
Ol I Uo. Cb 

•».bl/(i ).I=(fc'i; 'Abfli 
b£ OX Ob (ft'j: 'DJI I'Z 

P'. I Oi tt 
•0o0ul.(A'X)i.«d.'I)iAri|3 

oZ cX Oj (k'jb*l7al 31 
001 OJ cs 

I •ccoru(«'i)C-={x'J)a/.K,i 
l! Li 01 01. (Z'ab'l)jl 

t,ob'ia;. "bl :a 
bU'l 001 Ob 

kuiivin3Ti(j Xk4lsii«dX koui sxinsau b-iibd bJAaiu .-iix jiK-d. 
•0=.I.,1XJ 

k I'iX'|i=I.ta Jk 
(ObJoXl/ Z.hJ'J.-Xsl 

(J&n'o)'TAt.fi3 b.'MJd 

•bXciu jiix r3*xa.'3 ^^y 
nasi) 3iiX It! uli Xdb ;>AVaat b;:bll XViil XN3.jXyx. 1'1I3 t hOJ.O.hX 

Ujb'bJjDX bl 3X31d itIIXnod i.ll *S'?AH1..') Q?J3:j.'... .lb bii.. ibb 
JXiddk.lS oX d.XllukUC XVA AXlilOVa tIJlild.OS X.iIOl 

XIU .IHX kO dijld aklXiiJddllS XbVHbil .-M SabP. jIlXflOH TiHl 

, .iii\''iia';-.«ixx'(jOft)xtj/bi.iHX/.\v.A.'"3 
X(.3dX':ii.Xi'Xl'i>/-XLld/.'.Ll.».',3 

N'))(.;• ||3'(00ft ICaJkl'dl'HanudZ 
'ia)('(0l'Z)a0u4'(Z/d«O-»'l)l'ZJ«lo'(0l'Z)l:'(0l'e)lCI iTdl 

'3y'u3Xn3'0d3»j'lfc'.lXVd'(&..h).,3bAA'(irb>.13blA kt;«03 
I X3«Jd'adi.Xd'(0'Jft)y;.03J'(COIi)i,JlH'( JOb)Sal.'(OCb)Zli~i!Z 
•' '(0O»)aiU'<ODn)4b3C'tO0ft)ZXjd«M3'j»»i(bx'lJCb)lJk').i'(c0«)i:J3Cl 

'(o0»)lab'(O0b)bdj'(00ft)ldj„X'(eub)l»a3i'(l'„b),..(iJ0 k0«.li3 
tO.»>£b'<CJ«;(A'(c)£X*'(o)Z..A'(Z)l...'(v-b'Z/K,.,.l»'(C:b't.)C.-

'(bO«.'Z)«.'(l.'Jft)lb'(tOb)Zln'( J'.ft)l'ib'('JCbJi.Q»AA'(0:b)ZlCl 
•(j:ft)ldiAA'<&CM)10Ha'('.ub)bUiid'(bbb)rfUA't"o.b><l t.iy.'^J 

(X-U 'i-H kOA.^I3.-v'a -•I..I...J lIDlld.! 
HaXXL'liI jNlXliubbllb' 

(Ti 

3 
J 
3 
3 

^ 

3 
3 
3 
3 
3 
3 
J 
3 

C9bt5 
'•:'6i9 
193X9 
:'ai9 
.s/Xa 
c:ii9 
CEixb 

rc/s :=^f. 
C.S/S 
C^biS 
C-ii9 
C'.ft9 
C^Ci? 

c.'x-. C':'i9 
•"biii 
C(.l(9 
C-f, 9 
0. .('j 
. '.rbbi 
C"699 
•-sHI, 
t',';£ 
b'Ci-S 
C.J'.E 
Cfv-j', 
:c».'9 
t ,9i9 
CC9'ti 
•;:i9-
Cl f^a 
i.sf;s 
f-.E'»S 
r<,ZOj 
C.'<vc 
' 91); 
"I'ij 
",'.99 
CC-iiG 
Csbs9 
d-:-9 
-E-9. 
.' '.s',i 
o9t';s 
0..t95 
.-S<99 
ct>';9 
(.-939 
C.S99 
Osb,5 
C-b9S 
(.Cf95 
l'£j' 
'.9Z99 
C.,Z9'. 
.".i'.£ 
c:ir'. 
"•"•^i 
CC'SS 
0Snb9 



03 

ak3 cc'ta 
k«r.':i8 009 "'.Mi 

<l'3»UJ'l''»'0'»'bXdk'«ll-"131fX'hVIX'S'3A>ill3)dX3I<« 1113 CC169 
(On'l-l'(I)lii'lA) (0OZ*9)ukaH C00£ 09..t.9 

1)09 lix OS Cl'<.9 
(l'3»llx>4'l'»'0'«'Sidlt'»-"liSA'dyiA'e'j.AhUj)liX3I.» no P9ba5 

<on'i«i'(i)BH\) (ooz'sxixjt oocz c'.b'.: 
0J9 «X 03 t93<i 

(l'4llllj't'ft'0'9'SX<I«'b-*l-jA'o.-lX'M'jA'inj)!U31d lilb ::9b9 
(0»'l»l'(I)uylA) ("aZ'ilali. b OCOl '.tt(,5 

OOS oX 02 0(i19 
<l'3kH3'l'ft'C'0'Si<lk'bl-'10!,X'JklX'B'3Ahnj)«X31d TlVD C9vb9 

: rt>».9 
•J~,I-X1» W.-'-.i 3 *.t9«9 

aitttiiui bx !:ii.2«.sxui; nv:) ::iix kt sxii3i.i,b;,« iti.<.]JvC. j o.9bj 
3UX Uu tiulKkuUdkX U31XV>dU 'akIXIlOb blilXxUld 3riX 1'lVj 3 09bd9 

3 BrbH9 
(ZyCb)XV»AOJ OOZ -)9£d9 

(Oft'l«l'(I»ayiA) (00Z'9)P¥iH Ci-EoS 
3 'J9Z99 
3 C'-Z89 

•AltZi^OSd SiCld Z CCMS 
aiiX kU .k.'llX lib >.! 5k<llilu3 Kla\,i dllX kl a3baX.\J3 3d C1IK..S .. C''l-9 

Slull ill! •aii.fntJ XXa-J Ufc0339 Jlx M SJav-l TitM'i blAi-J. 3 (9'"..9 
alii Uh( 3.111 .ilIX JO S.<kil103 Alduj Xblild jIlX kl buUS J OO^sS 
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E.3 Sample Input to FLOSS 



IOC SI IULAIION (F TEST 9 CONPITIONSi lAROE HT COCF. 
2U0 0 . a ! > 0 1 1 . 0 0 0 3 7 . 7 0 0 1 4 . 7 0 0 0 0 1 7 . 2 3 9 0 0 1 . 7 P P 0 O .OTCOO 1 3 0 0 
30C l7S.00000600U.Oa9CD .370 0.04900 488.00000 0 . U 0 0 0 2 0 0 0 . 0 0 0 0 0 1 4 
4G0 a 2 3 .0 
sue .013 0.0 4 .00 0.0 
600 .(( .^T i'.O .f(>»7 F.O 
700 . c a j i..a 1.0 o . i / 
(ica .lh^ iRC.c 10.0 25o.o 
9)0 .383 : . 9 1.0 0 . 

IDOD . b l 3 0.0 4 .0 n.o 
U J u ,fh(,J C.9 .Af67 P.C 
irOO .39% .00004 .005 . 0 0 ' 
!300 .05 .9S 1.05 75 75 
)400 9 
I'iOO . I C O tZf>.t 
U'Oa . 4 8 I'iS.O 
170C . 4 8 l * . ? . ) 
1?00 . 4 8 1 4 0 , 0 
1900 . 4 8 1 4 0 . 9 
?:'Oo .t9 i 4 t . c 
210C .48 1»" .0 
<2:,i . 4 8 1 4 : . 0 
73C0 . f 4 143.0 
2490 (.CD 7^.0 
?bCB 4 
ZbuC 0 I '. 
?7n0 H K l ( i C r * VOL. FlOU RAlf (FT»«3/SEC X i a««4 l M 
?8fli T I T (Src) PRfSSURC (PSUJ KO 
29C0 TIME (src) nunaiE iCkSTH (iNCHrsi oo 
spor. Ill"- crc) PUBBIE lEkciH (INCHESI I 



- 1 9 9 -

E . 4 FLOSS O u t p u t 



S I M U L A l l O N OF I f S I " C P f ' n n i O N S J LARCr HT COEF. 
O T ^ O . ' . ' J O K H T = 1 C>.TCO = ( , l ' 00 .0 POUfRs 0 . J 1 KU P S T A R T s | 7 . ? 0 
r C l = 0 .D5f l C L l = P . 9 l > 0 C L H s l . 0 5 0 

I N I T I A L t lHPERATURF PROFILE 225.OCO 1 4 0 . 0 0 0 1 4 0 . 0 0 0 1 4 0 . 0 0 0 1 4 0 . 0 0 0 1 4 0 . 0 0 0 140 .OCO 
1 4 0 . C O 1 4 0 . 0 0 0 ! 

NGOAl kRRANCrKFNT. F I / N O D E 0 . 1 0 0 0 . 4 8 0 0 . 4 8 8 0 . 4 8 0 0 . 4 8 0 r . 4 8 r 0 . 4 8 8 
0 . 4 6 3 0 . 6 4 0 

TIME 0 1 l»? 01? 03 OTOT P A l 
B l l BL7 PL yVAPl VVAP2 W A P A? 

C O C O o . o o c E « ( o o . p c n r . p o o . p o o t t o o a . t o o E « O P O . P O O F * O ( I I T . Z O O o . a c o r * i i o 
I , . C r i ' C * 0 0 r . 3 0 C ( « 0 0 0 . 8 0 C F « 0 0 i . p 0 O E * C 0 O . O O O E * 0 0 p .00OE*CO o . c o o E * o a 

O.ObO 0 . 1 5 ) £ - c ' t D . U > 3 r - 0 6 0 . 3 1 4 t - 0 % - 0 . t 0 3 E - 0 6 0 . 3 P 4 C - 0 5 l i . . 6 i « 6 O . I ( . S r - ! < 3 
l i . 7 ? i r - 3 3 C 7 7 4 L - n 3 0 . I 5 0 1 - 0 2 0 . 7 5 7 E - 0 7 0 . 8 1 3 E - 0 7 C . ) ' 7 L - 0 6 0 . I 0 S C - C 3 

O. IDO 0 , f 9 9 r - f 5 0 . f , 4 3 C - 0 5 0 . 1 2 4 F - C 4 0 , l 9 9 E - 0 7 0 . 1 2 4 C - C J U . f i 6 9 0 . 1 0 5 C - C 3 
3 . 3 5 / t - D 7 0 . J 8 4 r - i , 2 0 . 7 4 1 f - P ? 0 . S 7 t ) E - B 6 0 . 4 0 3 l - 0 ( . p . 7 7 8 r - 0 6 0 . 1 0 5 1 - 0 . 3 

0 . 1 5 0 0 . 1 7 9 E - 0 4 0 . 1 9 7 E - 0 4 C . 3 7 0 r - 0 4 0 . 1 6 6 E - 0 6 0 . ? 7 7 1 - C « 1 6 . 7 2 8 O . I P S I - C J 
a . l ? l ( - U ] 9 . 1 5 ( ( - C 1 n . 2 5 0 1 - 0 1 0 . 1 2 7 E - ( 5 0 . 1 3 6 ^ - 3 ^ C . 2 > 3 ( - 0 S 0 . 1 0 5 E - 0 3 

. . ' . 2 , ( 0 . 3 8 4 1 - 1 4 0 . 4 1 ? C - a 4 0 . 7 9 6 F - C 4 0 . 4 f 9 E - C ( . O . P 0 C t - ( i « 1 ( . . 7 9 4 O . l C i F - P S 
0 . 3 0 3 f - 0 1 0 . 3 2 6 1 - 0 1 0 . t r 9 F - 0 1 0 . 3 1 ' < E - 0 5 0 . 3 4 2 E - 0 5 O . t t l t - 0 5 0 . 1 0 5 C - 0 3 

: . 2 5 0 0 . 7 0 5 1 - 1 , 4 0 . 7 5 6 r - C 4 0 . 1 4 6 L - 0 3 0 . I 2 6 E - 0 5 0 . 1 4 7 E - P } 1 6 . 8 7 9 0 . 1 C 5 C - . 3 
C . 6 i J £ - f t l O . S P f . r - o i 0 , 1 3 ? r « 0 0 0 . 6 7 I F - I I 5 0 . 7 2 0 E - 0 5 0 . U 9 E - 0 4 0 . 1 0 5 E - 0 3 

C . 2 7 b - 0 . 2 0 8 E - r 3 - 0 . 7 ? 4 £ - n 3 - 0 . 4 S S f - P 3 - 0 . 4 b t C - 0 4 - O . ^ T ^ t - U J I 2 . C 9 4 0 . 1 0 5 F - P 3 
S . I 4 J E - 0 I r . i ; i i - ( i e . 2 9 ^ r - o ) o . i 5 i r - o « i o . i 5 9 £ - o ' > o . J i o r - o s o » i o 5 i - o . 3 

b . ? « l - 0 . 1 B 9 F - P 3 - 0 . 2 0 4 1 - 0 3 - 0 . 3 ? 3 r - 0 3 0 . 3 1 1 C - 0 4 - O . S t 2 E - O J 1 7 . 7 0 7 0 . 1 C 5 E - C 3 
0 . 3 0 H F - 0 7 0 . 3 C r r - f 2 0 . f ^ C 8 t - 0 7 0 . 3 2 4 1 - 0 6 O . S l i F - O t 0 . 6 3 9 E - C 6 0 . 1 0 5 r - 0 3 

MO COkVtRGCNCE AT T H I S T I N E STEP T3 C . 2 S 1 

RFSIARI 

C 2 r , l 0 . 2 3 9 E - C 6 - 0 . 7 3 9 F - 0 6 n . i ; 6 C - 1 9 D . 4 2 4 C - 3 5 0 . 1 3 6 C - 1 9 1 T . 7 0 T O.OCO£«00 
i ) . l A 3 L - 3 4 ? . 1 9 i r - 3 4 0 . 3 8 0 r - 3 4 O.OOOF^OO O.00OE«OC 0 . 3 ? 9 F - 3 R 0 . 1 0 5 C - 0 3 

0.331 o.oooE*PO o.cooE»oo c.ocoi'^oo o.oooc*to o.oooE*oo 17.200 o.coor*ro 
O.0Ci)E*O0 O.Oi>PE*00 O.COOf^OO O.»OQE*O0 | i . 0 0 O E * 0 O O . 0 r 8 F * P 8 O.O0DE«Oe 

S . 3 8 1 0 . 0 0 9 E « 0 0 O.O00C*O0 0 . 0 0 0 r * 0 0 ' 0 . 0 0 0 C * a 0 8 . 1 ' 0 0 E * 0 0 1 7 . 2 0 0 O.0COE*CO 



o .90 ) r *oa r . r c c t * c o o.ocor*o(i 8.oooc*oo o.oooc*oo O.OOOE^OO O.OOOE«OO 

0.431 C . ]5 ie -D5 0 . I63E-05 O.S14E-0S -0 ;103C-06 0 .3C4E-« ; 1 6 . ( 4 6 0 .1CSe-(3 
0.72JE-03 0 . 7 7 4 r - M O.ISOF-OJ 0.757C-CT 0.813E-07 i l . ]S7E-C6 0 . 1 0 5 t - 0 3 

0.41'1 0.599E-P5 0.643E-06 O.J24t -04 0.199C-OT 0 .124r -04 16.664 0.105C>C3 
0 . 3 ! ; H - 0 2 O.itir-tl 0 . 7 4 i r - 0 2 0.37SE-0e 0.403E-06 e . 7 7 8 r - 0 6 0.105C-33 

0.531 C,179E-D4 0.192C-04 0 .370r -04 0.166C-06 0.372E-04 16.728 O. IOSt - tS 
0 . 1 2 I E - 0 1 n . i ; C i - : i 0 . 7 5 0 r - 0 1 R.127r.-05 0 . 1 3 6 E - 0 5 0 . 2 ( 3 r - 0 S 0.105E-03 

0.541 0.384C-C4 0.412C-04 a.796E-04 P.469E-06 O.RCIE-04 16.794 0.1P5C-03 
a .JO'E-01 0.1?(, f - .M O . f r o r - O l 0 . 3 1 9 E - C 5 0 . 3 4 2 E - 0 5 0.6t. lF-OS l i . l 05E-03 

a . b i l 0.705E-(. ' . 0.75f.E-04 G.146r-03 0 . |26C-05 O . )47 f -0? 16.879 O . l D S t - r j 
3 . 6 3 ' E - D l C.f , ( . f r -Cl 0.132F.OO O. f .7 i r -05 0.72BE-05 0 .139 f -04 0.105E-03 

O.kbb - 0 . 1 B 9 E - f J - 0 . 2 0 4 F - n j . - n . J o ^ f . Q j -0 .56eC-04 -0 .449E-03 12.407 0.1C51-C3 
0 .19Cr-OI 0 . 2 0 1 C - : i O . J » l t - 0 1 0 . 1 9 9 E - 0 5 0.211E-05 3 .41or -05 O.lObC-03 

J.6^7 -0 .1 ' )hr - ! i3 - 0 . 2 1 2 r - 0 3 - 0 . 1 0 8 r - 0 3 O.OOCEtOC -0.4PBE-ai; 12.407 0 .105r -03 
0 .17br -Gi C 1 6 5 r - 3 1 O.JbOF-Ol 0 , 1 8 4 r - a 5 0 . t 9 5 r - 0 5 O.378r-05 lll.lOSC-03 

no C0h»EP6ENCE Al 1H1S I I P F STEP Ts 0.657 

l-(<»API 

0 , t ' 7 C.339f-fifc -U.339F-06 0.136E-19 0.640E-35 O . l S t t - l O 12.407 0.0001*00 
C .2 f? t -34 3.277E-34 0 . ' j 39r -34 0,00OE»ro O.OOOE*On 0.5e6r-.38 0.105C-03 

0.7C7 o.aooE*ao o.ooor.oo o.ococtoo o.oooE*oo o.ooor*co i7 .?oo o.oooE*ao 
o.oot£*oo s.ocoFtPO o.ooor«oo O.O00E4OO o.oooE«oo o .o tcr *co 'O.OOOE«00 

o.7b7 o.oooE«cr o .nooi 'oo o.ooo£*oo o.oonE'Oo o.oROE*oo ]7.?of) o . rcor*3o 
3.o3(Ex9a o.oocF'Oo o.oooc'oo o.oooc*oo o.ooac*oo 0.0001*00 o.ooor*oo 

b.(<C7 C 1 5 1 C - r ; 0.163F-0S 0.314F-35 -0 .103C-06 0.304E-05 16.64<: O.lOSC-03 
0.721C-93 C 7 r 4 C - n 3 0 . 1 5 0 r - 0 2 0 .757E-07 0 . 8 I 3 E - 8 7 0 . I 5 7 F - 0 6 a . l05C-03 

S.8'.,7 0.^99E-I'> 0.643C-i;5 0.124E-04 0.199E-07 0 .1?4r -04 16.669 O.KbE-CS 
0.35/E-C2 F.384r-F2 0 . 7 4 i r - 0 2 P.37bC-06 0.403E-06 0.778C-06 O.IOSF-OS 

U.'*"7 C 1 7 9 r - P 4 C l 9 2 f - C 4 0 .37Pt -34 0.166E-0(> 0.372C-04 16.728 . 0 . 1 0 5 t - 0 J 
3 . 1 2 i r - a i D.13nF-(ll 0 .2S0F-01 0 . 1 2 7 r - 0 5 0.136C-05 0.263E-0S O.lOSE-03 

0.'»b7' 0.384E-04 0 .412r -04 0 . 7 9 6 t - 0 * 0.470C-06 O.ftOir-04 16.194 0.105E-0J 



fl.301E-01 P .3761-C1 0 . f 2 9 E - 0 1 0 . 3 1 9 E - 0 5 0 . 3 4 7 E - 0 5 0 . 6 . i l E - 0 5 0 . 1 0 5 E - 0 3 

1 . 0 0 7 0 .705C-C4 0 . 7 S 6 r - 0 4 0 . 1 4 6 F - 0 3 0 . 1 2 7 E - 0 5 D . 1 4 7 f - C ) 1 6 . 8 7 9 0 . 1 C 5 r - 0 3 

0.b3'. 'E-0l 0.6R6E-P1 0 . 1 3 7 r « 0 0 0 . 6 7 I E - 0 6 O.T20E-05 C.i:^9E-34 0 . 1 0 5 E - 0 S ' 

/ 
1 . 0 3 2 - 0 . I 5 6 F - C 3 -O. l fcnE-03 - 0 . J 2 5 F - 0 3 - t . 6 J I t - C 4 - 0 . 3 8 8 I . - C J 1 2 , 9 3 ! 0 .1C5E-C3 

0 . 2 6 7 E - 0 1 0 .2P41-DI O.- iSlE-Ol 0 . 2 8 0 C - 0 5 0 . 2 9 8 E - 0 5 p . 5 7 9 t - 0 5 0 . 1 0 5 E - 0 3 

1 . 0 3 8 - 0 . 2 0 5 C - C 3 - 9 . 2 2 1 F - 0 3 - 0 . 4 Z 7 r - 0 3 0 . 1 t 7 C - 0 4 - O . 4 1 5 E - 0 3 I 3 . 2 T 5 D . l f S E - O s ' 
0 . 1 4 9 F - 0 1 0 . 1 5 2 F - I I 0 . 7 9 T F - 0 1 0 . 1 5 2 C - 0 5 D . I 6 0 F - 0 5 0 .312C-OS D.1C5C-03 

NO CONVERGENCE At |HIS TIHl STEP Ts 1 . 0 3 8 

RESTART 

1 . 0 3 8 a.236E-DA - 0 . ? S h E - 0 6 - 0 . 3 0 5 E - 1 9 P . 5 2 6 E - 3 5 - 0 . 3 0 5 E - 1 9 1 3 . 2 7 5 0 . 0 0 0 1 * 0 0 
0 .21f ,C-34 C.228r- .34 0 . 4 4 5 r - 3 4 O.OaaE*r)0 0 . 0 0 0 [ * 0 0 0 . 4 f 7 E - 3 8 0 . 1 0 5 E - 0 3 

1 . 8 8 8 0.liOaE*00 0 . 0 0 0 r * e 0 O.OOOFIOO O . O O O E « 0 0 0 . 0 0 0 1 * 0 0 1 7 . 7 0 0 0 . 0 9 0 1 * 0 0 
a . o g p c * a o O.O3OC*DO o . a o o F * o o o . o o o r * a o o .oooE*oo Q.aro£*co o . o o o r * 0 3 

1 . 1 3 8 o.DOor«ci> o . n o o c « o o o . p o o K o o o .aooE*oo o . o o o r * c o ] 7 . ? c o o .PoaE*oo 
O.OCrC*00 3 . 0 0 3 l . r o 3.ROOr*00 O.OOOF.OO O.OOCr*00 0.0'°OF<rO O.OOOE*OO 

l . l b 3 0 . 1 5 1 E - P ? 0 . 1 6 3 E - 0 5 0 . 3 1 4 E - 0 5 - 0 . 1 0 3 E - 0 6 0 . 3 0 4 r - 0 5 1 6 . 6 4 6 0 . 1 0 5 1 - 0 3 
a . 7 ? l L - 0 3 C . 7 7 4 f - 3 3 ( l . l 5 0 r - 0 2 0 . 7 5 7 E - 0 7 0 . 8 1 3 C - 0 7 O . H 7 r - ( 6 O. lOSE-03 

1 .73b 0 . 5 9 9 r - P r 0 . f . 43F- | i s O . I 2 4 r - 0 4 0 . 1 9 9 E - 0 7 0 . 1 2 4 r - 0 4 16 . ( . 69 0 . 1 0 5 E - 0 J 
0 . 3 5 J E - 0 2 0 . 3 b 4 r - c i 0 . 7 4 i r - C 7 0 .37ftE-n6 0 .4n3E-C6 0 . 7 7 8 E - 0 6 O . i a S f - 0 3 

1 . 7 0 8 a . l 7 9 E - C 4 0 . 1 9 2 C - 0 4 0 . 3 7 0 L - 0 4 V . I 6 6 E - 0 6 0 . 3 7 2 r - U 4 1 6 . 7 2 8 0 .1C5r -D3 
0 . 1 2 1 E - 0 1 0 . l 3 0 L - ( ' t 0 . 7 5 0 L - 0 1 0 . 1 2 7 E - P 5 0 . I 3 C E - 0 5 0 .2A3r-C5 0 . 1 0 5 C - 0 3 

1 . 3 5 8 0 .3B4C-04 n . 4 1 2 £ - C 4 0 . 7 9 6 1 - 0 4 0 . 4 7 0 C - 0 6 O.POIE-04 1 6 . 7 5 4 0 . 1 0 6 E - 0 3 
0 .3CJF-31 H.SZbt-il 0 . 6 7 9 C - 0 1 0 . 3 1 9 C - 0 5 0 . 3 4 2 E - 0 5 0 . 6 r i r - 0 5 8 . 1 0 5 E - 0 3 

l .3l<8 0 .705E-C4 a .7£6E-C4 0 . 1 4 6 1 - 0 3 C 1 2 7 t - 0 5 a . l 4 7 C - D 3 1 6 . 8 7 9 0 . i 0 5 L - 0 3 
0 . 6 3 3 C - a i 0 . 6 8 r . r - a i 0 . | 3 3 E * 0 0 0 .672E-0& 0 . 7 2 0 E - 0 5 0 . 1 3 9 r - 0 4 0 . I 0 5 E - 0 3 

1 . 4 3 8 O . S 4 6 £ - a 4 0 . 5 8 1 E - 0 4 0 . 1 1 3 r - 0 3 - 0 . 9 1 2 E - 0 S O.I04C-03 1 6 . 4 8 6 O. lOSE-03 
0.89OE-01 0 . 9 r 2 r - D l O.I86E*00 0 . 9 4 4 E - 0 5 O . l O t r - 0 4 e . | 9 6 E - C 4 0 . 1 t 5 r - 0 3 

1 . 4 6 3 - 0 . 3 & 8 C - n 3 - a . 3 3 2 C - 0 3 -0 .64PE-OS • ' 0 . 6 9 9 C - 0 4 - 0 . 7 1 0 F - 0 3 1 0 . 7 5 3 0 . 1 0 5 E - 0 3 
0 .167C-C1 e . l 7 i r - 3 1 0 . 3 3 8 E - O I O.ITSE-OS 8 . 1 8 0 C - 0 5 0»Zi-^L-li 0 . } 0 5 C - 0 3 

' KO CONVERCENCC AT THIS TIML STEP Ts 1 . 4 6 3 

http://-0.388I.-CJ
http://003l.ro


"ESfART 

J 0 . 7 8 9 C - r 6 - 0 . 7 e 9 E - 0 6 0 . ( 7 7 1 - 1 7 0 . 6 5 2 e - S 5 O . I 7 7 E - 1 7 1 0 . 7 5 3 0 . 0 
0 . 2 5 / C - i 4 C Z L - i f - M 0 , 5 ? 2 r - 3 4 0 . 0 0 0 E * 0 0 O.0OPE*O0 0 . 5 4 8 1 - 3 8 0 . l 0 5 r - C 3 

I'iis fl.oo9r*no a . o o o r * o o o . o o o r * o o a . o c c E * o o o .oaoE*i .8 i 7 . 2 p o o . 0 3 o r * o o 
a.D0i)C*0D 3 .ocPt '«ro 0 . 0 3 0 1 * 0 0 o . o o o r * o o 0 . 0 0 0 1 * 0 0 ( . o c o r * o o o . o o o £ * o ? 

i .5t>3 o . o o o r * c o 0 . 0 0 0 1 * 0 0 o.ooor*DO o . o o a t * o o o . o 3 c r * o o 1 7 . 2 0 0 o.o.'<oc*rio 
o .a i i i i£*oo o . o c o M u n o . c o o r * o o O.OOOE*OO O.OOOE*OC ( . O C O C O O O.OCOF*OO 

l ' * » 5 0 .151E-0'> C ) 6 3 F - P 5 0 . 3 1 4 F - 0 5 - 0 . 1 0 3 C - 0 6 0 .3C4C-05 16 .C46 O . 1 0 5 t - C 3 
0 . 7 2 1 E - P ' 3.77<.l-v,3 ( i . l '^cr-O? 0 . 7 5 7 E - 0 7 0 .813E-C7 p . l ' i 7 £ - ( 6 ' 0 . 1 0 5 E - 0 3 

I 'b' iJ 0 . 5 9 9 f - ( . ' i 0 . 6 4 j r - n b 0 . 1 2 4 1 - 0 4 0 . 1 9 1 E - 0 7 0 . 1 2 4 t - 0 » 16.fcfe9 0 . 1 0 5 L - 0 3 
B . 3 b ) E - 0 2 a . ' . t 4 r - C ? 0 . 7 4 1 1 - 0 7 0 . 3 7 5 E - n f 0 . 4 0 3 E - 0 6 j . 7 / 8 1 - 0 6 C .105E-03 

1 . 7 1 4 0 . 1 7 9 F - t 4 0 . 1 9 7 E - 0 4 0 . 3 7 0 C - 0 4 0 . 1 6 6 E - 0 6 0 . 3 7 2 f - P 4 1 6 . 7 2 8 0 . 1 0 5 r - f 3 
0 . 1 2 1 C - 0 1 O . l I P f - O l 0 . 2 5 0 r - 0 1 n . l27C-(15 0 . 1 3 6 E - 0 5 0 . 2 f 3 f - 0 5 ' 0 .105C-OJ 

1.7fci 0 . 3 8 4 £ - n 4 q . 4 1 2 1 - 0 4 8 . 7 9 6 r - 0 4 0 . 4 7 0 E - 0 6 O.POIE-04 1 6 . 7 9 4 C . lOSC-03 
- 0 . 3 0 ^ £ - C l O.S2r.t-Cl 0 .X .29r -0 l C . 3 1 9 r - 0 5 0 . 3 4 2 1 - 0 5 0 .661E-C5 0 . 1 0 5 E - 0 3 

1»«>J 0 .70bE-( .4 0 . 7 ' ' 7 f - 0 4 P . 1 4 6 E - 0 S 0 . I 2 7 C - 0 5 O . I 4 7 E - 0 3 1 6 . 8 7 9 D . 1 0 5 r - P 3 
a .63 ' ;E-01 0 . 6 8 6 F - 0 I O . I 3 3 M 0 0 0 .672E'-05 0 . 7 2 0 E - 0 5 0 . I 3 9 E - 8 4 0 . 1 0 5 1 - 0 3 

l . O ' B 0 . 9 0 6 E - l ' i 0 . 9 7 1 E - 0 4 0 . | B 8 f - 0 J 0 . 2 8 1 E - 0 5 0 . 1 9 0 1 - 0 3 1 6 . 9 5 1 0 . 1 0 5 1 - 0 3 
O.BbSE-Ol O . o i 7 l - a i 0 . 1 7 7 F * « 0 0 . 8 9 B E - ( 5 0 . 9 6 3 E - 0 5 3 . 1 P 6 C - r 4 0 , i a 5 E - 0 S 

l . B b 3 - 0 . 2 0 9 E - C 3 - 0 . 2 ? 6 r - 0 3 - 0 , 4 3 5 f - 0 3 - P . 1 2 0 E - 0 3 - 0 . 5 5 t E - C S 1 1 . 7 7 4 0 . 1 0 5 1 - 0 3 
0 . 3 t . / f - 9 1 C 3 7 9 £ - r i 0 . 7 3 6 1 - 0 1 0 . 3 7 5 E - 0 5 0 . 3 9 8 E - 0 5 • 0 .773C-C5 P . 1 0 5 E - 0 3 

1 . 8 7 0 - 0 . 2 7 3 E - H 3 - 0 . 2 9 5 E - 0 3 - 0 . 5 6 B r - 0 3 D .209E-04 - 0 . 5 4 7 r - 0 3 1 7 . 1 9 3 0 . 1 C 5 r - 0 J 
0 . 1 9 * l - 3 1 D . 2 n 3 r - 1 l 0 . 3 9 7 F - 0 I 0 . 2 0 4 r » 0 5 0 . 2 1 3 E - 0 5 0 . 4 1 8 f - C 5 0 .1C5E-03 

NO COkVCRCEkCE AT THIS IIHE STEP Ts 1 . 8 7 0 

f-ESlAPI 

l .dTC 3 .447C-C^ - 8 . 4 4 7 r - 0 6 0 . 2 8 5 E - i e 0.CODE*0O 0 . 2 8 5 1 - 1 8 1 2 . 1 9 3 O.OCOL*00 
0 . 1 4 J . t - 3 4 0 .1571- .14 0 . 2 9 7 r - 3 4 O .n00r*00 O.POPC*aO 0 . 3 1 3 E - 3 e 0 . 1 0 5 E - 0 3 

1 . 9 2 0 O.O00C<03 0 . 0 0 0 1 * 0 0 O.OOOF*00 ' tt.0O0E*S0 0.0CO£*OO 1 7 . 2 0 0 0.0C0C*C'0 
0 . 3 0 3 1 * 0 0 s . c c c r . c o o . c o o r * o o 3 . O O O E « C O o . o o o E * o o e . o o c E * o o o . o o o r * o o 

1 



1 . 9 7 0 Q.ogo£*oi! o . o o o c * o a o . o o c r * o o i i . o o o c * 8 0 o . o o o c * a o 1 7 . 2 0 0 O.OOOE«OO 
o . o a 3 c * p o c . 0 3 0 1 * 0 0 o .roaF*oD e . o o c E * o o o . o o o c * o o o . o 8 o r * o o . c . o o o r * o p 

^ . " 7 0 0 . 1 5 1 E - 0 5 O . I 6 3 r - a 5 0 . 3 1 4 1 - 0 9 - C . 1 0 3 E - 0 6 O.J04f -C5 1 6 . 6 4 6 0.1B5L-CS 
0 . 7 2 1 E - 0 3 0 . 7 7 4 r - ( ; 3 C . » 5 0 f - 0 2 0 . 7 5 7 r - P 7 0 . 8 I 3 E - 0 7 0 . 1 ' ; 7 r - a 6 P . 1 0 5 E - 0 3 

? . C / 0 0 . 5 9 9 E - ( . b 0 . 6 4 3 r - C 5 0 . l 2 4 E - 0 i r . l 9 9 E - 0 7 0 . 1 2 4 E - 0 J 1 6 . ( 6 9 0 . i r 5 C - C 3 
0 . 3 5 / E - 0 2 0 . 3 6 4 £ - l , 2 0 . 7 4 i r - 0 2 P .375E-C6 0 . 4 0 3 E - 0 6 ^ . 7 7 8 C - 3 6 0 . 1 0 5 C - 0 3 

^ - 1 2 0 0 . 1 7 9 E - 0 4 0 . 1 9 2 C - 0 4 0 . 3 7 0 r - 0 4 0 . 1 6 f C - 0 6 0 . 3 7 2 F - 0 4 1 6 . 7 2 8 0 . 1 0 5 1 - 0 3 
0 . 1 2 I E - 3 1 0 .1 .T3f-51 0 . 2 5 0 1 - 0 1 O . I 2 7 f - G 5 0 . 1 3 6 E - 0 5 0 . 2 f c 3 t - 0 5 0 . 1 0 5 E - 0 3 

7 « 3 ' 0 0 . 3 8 4 r - l ) 4 0 . 4 1 2 E - 0 4 0 . 7 9 6 f - 0 4 C.471C-0f 0 . 8 0 1 1 - 0 4 1 6 . 7 9 4 0 . 1 0 5 C - 0 3 
0 .3C«r - f l l 3 . J 2 6 f - l . l 0 . 6 2 9 1 - 0 1 0 .319E-C5 0 . 3 4 2 C - 0 5 0 . 6 ( 1 E - C 5 e . l 0 5 L - S 3 

7 . 2 2 6 0 . 7 0 6 f - [ ' 4 0 . 7 5 7 E - 0 4 0 . 1 4 6 C - 0 3 0 . 1 2 7 E - 0 5 0 . 1 4 P F - 0 3 1 6 . 8 7 9 C ) C 5 f - 0 J 
0 . 6 3 y E - C l 0 . 6 8 f t - r i 0 . 1 3 3 t * f l t t . 6 7 2 r - C 5 0 . 7 2 1 E - 0 5 0 . 1 3 9 E - 0 4 0 . 1 0 5 E - 0 3 

2 « 2 ' 0 0 . 5 b l E - P 4 0 . ' 'a6E-04 0 . ] | 4 r - 0 3 - C . o i O E - 0 5 0 . 1 6 5 f - 0 3 1 6 . 4 9 0 O . ) 0 5 r - C 3 
0 . 9 H C - 0 1 0 . 9 6 S F - 1 1 O.IR7C*Or 0 . 9 4 7 E - P 5 O . l O l E - 0 4 0 . 1 = 6 1 - 0 4 0 . 1 0 5 1 - 0 ; 

2 . 2 9 5 - 0 . 2 7 4 E - C 3 -0 .2" '6E-03 - 0 . 5 7 0 1 - 0 3 - 0 . 8 e i E - 0 4 - 0 . 6 5 8 1 - 0 5 U . 7 8 7 0 . 1 0 5 1 - 0 3 
0 . 2 ' | i [ - 0 1 a . 2 ( 0 l - . i l 0 . '>n9f -01 0 . 2 6 2 £ - 0 S 0 . 2 7 5 E - 0 ' ' 0 . 5 . ' 5 ( - P 5 0 . 1 0 5 ( - 0 . « 

2 .3C1 - 0 . 2 9 4 E - 9 3 - 0 . 3 1 7 C - 0 3 - 0 . 6 1 1 1 - 0 3 O.b9flE-04 - 0 . ' , f l £ - C 3 15 .C23 0 .1B5F-( i3 
0 . 7 4 r E - 0 2 C . 7 U l - ( 2 C . t 4 6 r - 0 | 0 .777£-(<6 0 . 7 5 ) 1 - 0 6 0 . 1 ' ' 3 I - C 5 0 . 1 0 5 1 - 0 5 

NO CONVCRGENfl AT IHIS IIHE STEP I s 2 . 3 0 1 

"fSTART 

2.3C1 0 . 4 9 0 E - C 6 - 0 . 4 9 0 E - 0 6 - 0 . 1 4 9 1 - 1 8 0 . 5 6 5 E - 3 S - O . J 4 9 1 - l f l 1 5 . D 2 3 0 . 0 3 0 £ * r 0 
3 . 2 3 f f : - 3 4 B . ? 5 1 f - 5 4 0 . 4 f 7 r - 3 4 O.PD0C*rO O.OOOE*OP 0 .491E-3B O . l C S l - 0 3 

2 . 3 5 1 O.D00E*ia 0 . 0 0 0 1 * 0 0 0 . 0 C 0 ( * 0 0 0 . 0 0 0 1 * 0 0 0 . 0 0 0 r * 0 0 1 7 . 2 0 0 0 . 0 0 0 1 * 0 0 
8 .00CE*00 O.DCPF'PO 0 . 9 0 0 1 * 0 0 0.O0OC*P0 0 . 0 0 0 1 * 0 0 0 . 0 0 0 1 * 0 0 O.OO0E*OC 

2.431 C.8C0E*PP O.OCDr*00 0.0001*00 O.00OC*00 0.0061*00 17.203 0 .0001*00 
o.ooor*oo . o.30or<(o 3.0001*00 c.nooc*co 0.0001*00 0.0001*00 O.OOOF*OC 

2.451 0.151F-(lf 0.163E-05 0.3141-05 -0 .I03E-06 0.3C4C-05 16.646 0 .U5C-03 
0.72IE-C3 C.7741-03 0.150E-0? 0.757E-O7 e.813C-07 0.1571-06 0.185E-03 

2.501 0 .599t -05 0.643F-C5 0.124E-04 0.I99C-07 0.I24C-P4 16.669 fl.l05E-C5 
C.357E-02 0.3841-32 8.7411-02 0.3TSC-36 D.9C3E-06 0.778C-06 8.10SE-83 

I 



7.051 0.179£-(4 9.J92L-04 0.3701-0^ 0.1661-06 0.372E-D4 16.778 0.105C-03 
0.121E-S1 0.1301-Ci 0.2501-01 0.127E-CS 0.136f-0S D.263C-05 0.t05F-03 

2.6«1 0.3fl4r-04 0 .4 t2 f -04 0.7961-04 0.4TtC-06 0.8r iE-C9 16.795 0.1051-03 
0.J04F-01 0.3261-01 0 . 6 3 0 f - 0 I a.3l9E-n5 0.542E-0S ^ .6ME-85 0.1051-03 / 

7.651 0.7061-."4 0.757E-04 0. t46F-03 0.127E-D5 0.I48E-C3 16 .8 /9 O.lCSf-OS 
0.64Dr-01 n.6R61-C} 3.133[*00 8.672E-D5 0.721E-05 0.1391-04 0.105E-03 

2.676 0.945E-04 0 .10U-P3 0. I96F-03 0.564C-0b 0.2eiE-(i3 17.C1G 0 . l u 5 t - r 5 
0.8641-01 0 .9?8r-ni 0.1791*00 0.O06E-P5 D.9741-C5 t . l b81 -04 0.1051-05 

2.701 -O. lSlF- i -S -0.164C-05 -0.3151-0.1 -P.154E-03 -0.449E-0S 12.657 0.105C-03 
0.51>''l-ril C.537t-31 0 . in4r*P' l O.SSPF-O'i 0.564C-C'. 0.1f9E-04 C105C-05 

2 . 7 ' 7 -0.214F-13 -q.232F-C3 -C446E-03 -C287E-04 -0.475E-33 17.358 0 . l ? 5 t - r 5 
r..51hC-01 u.3991-r i 0.7761-01 0 .396f-05 0.419E-05 0.815C-P5 0.105C-03 

2 .7)4 -B.2(.8E-C3 -B,7fl9C-03 -0 .5571-03 0.281E-04 -0.529C-03 12.893 0.1C51-03 
3.217C-31 0.2771-01 0.4451-01 0.228F-05 0.239e-05 0.4F7C-C5 0 . l 0 5 r - 0 3 

7.720 -0 .25aE-r3 - 0 . 2 6 9 t - 0 3 . -9 .51Rr-05 D.f69E-04 -0.462E-C3 17.571 8.1051-03 
0.6R:iC-n2 C.kJtC-Cf 0 .1361-01 0.770r-C6 O.TIOE-Ob 0.143C-05 0.105C-03 

I.C CONVERCrnCl A I H - I S TINE STEP Ts 2.720 

RtSIARI 

2.120 O.lfOC-ii. -0 .1201-06 0.6781-20 0.483C-35 0.678E-2a 17.571 O.0COt*CO 
3.2UfiC-34 P.2071-34 0.4151-34 0.0001*00 O.O0CE*0D 0.4561-58 p . l05E-0 ! 

2.770 O.QOOE*rD O.rr0E*OQ O.QCOE*PO a.0O0E*OO 0.0001*00 17.200 0.0001*00 
0.3C' i*C3 COSOt.Cb O.CCOl'OO O.OOOF*CO 8.aOaE*00 O.accr*00 0.O00C*D0 

2.823 O.BOOL*C(> O.POCE*00 0.0001*00 0.000E*00 0.0001*00 17.700 0.0001*00 
o.oaae*oo c.0P0E*Da c.ooor«oo o.rpcr*co o.aocf*oo O.OOOFIPO 0.0001*00 

2.b7a a . lS lE- l i5 0.1631-05 0.314F-C5 -0.103E-06 0.3(t4C-0S 16.f4b 0.1051-C3 
0 . 7 2 U - 0 3 0 . / 7 4 f - r 3 0 .150r -02 0.T57E-C7 0.B13E-0/ 0.1E7C-li6 0.105L-03 

2.920 0.599E-C5 0.643E-C5 0.1241-04 0. I99E-07 0.1741-04 I f . 6 6 9 0 . lC5r -03 
0.357t-02 C.5P4t-0? 0 . 7 4 i r . 0 2 0.3751-r,6 0.403C-C6 a.77eE-S6 D.lOSC-03 

2.970 C.179E-(14 0.192F-04 0.370E-34 • 0.166E-Db 0.J77C-04 16.728 0.1051-03 
C.121C-01 0.1301-01 0.2501-01 8.127E-05 O.I3fC-OS 0.2631-05 O.lOSC-03 

I 



3.820 0.384C-04 0.412F-04 0.7971-04 0 .472e-06 0.801E-04 16.795 0.105E-C3 
0.304E-01 n.3761-01 0 .6301 -0 ) 0 .3191-05 0.342E-05 0.6r . lF-b5 8.10SE-03 

3.v73 0.706C-C4 0.7S7F-04 0 . 1 4 6 f - 0 3 O.I27C-05 0 . |4eE-03 16.880 0 .105£ - r3 
! i . 6 4 i r - 0 1 0.6B71-C'l 0 .1331*00 0.672E-05 0.72IC-C5 0.139E-C4 .0.1051-03 

5.095 0 .911E-r4 0.976E-04 0 . I 8 9 F - 0 5 0 . 3 1 i r - 0 5 0 . l9?E-03 16.957 0 .1351-P3 
O.B5fcE-Ol P.9191-31 0 .178r *00 0.900E-P5 C.96SE-05 0.1P6r-C4 0 .105r -C3 

3.170 - 0 . l 2 6 f - t 3 -0 .136F-P3 -0 .262E-03 - 0 . 1 2 t E - 0 3 -0 .387E-03 13.121 C . n 5 E - r 3 
0.55f.C-01 C S - J b r - I I 0 .1151*08 - 0.586C-P5 0.625E-05 0.1711-04 O.105E-O3 

3.145 -a .200F-C5 -0 .216E-03 - 0 . 4 1 6 1 - 0 3 0.964E-05 -0 .4C7C-03 15.327 0 .105E-03 
0.8U'IE-C2 0.8121-02 0 .1621-01 0 .8501-06 0.852E-06 0.1701-05 P.105E-03 

NO coNVERGfwrr Al THIS i i n r STEP TS 3.14? 

'ESTART 

3 .145 0 .307E- t6 - 0 . 3 0 7 1 - 0 6 - 0 . ) 0 2 t - l 9 0.604E-35 -0 .1C71-19 15.127 O.OCOF*00 
0.2( - lF-34 (I .262F-34 0 .?23r -34 0.000E*90 0.0031*00 0.6491-38 0.105E-0.1 

3.1^-5 0.C0O^*aC 0.903C<00 - 0 .C00r*30 O.OOOr.OO 0.0001*00 17.200 O.OOOC*00 
O.aCE.OD 0.0ati£*G9 0 .000r *00 O.OOOE*PO ' 0 .0001*00 3.0FOE*no 0.0001*30 

3.245 O.G0OE*np 0.rOOE*00 0.0n0E*30 O.rO0C*0O O.OOCE.ao 17.200 C.0001*00 
3 .00 :1 *30 0.3CGC*ba O.bCOL'.OO 0.0001*00 0.0001*00 O.OPCr*00 0.0001*00 
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0 .2 * ' i - - 34 0 . 1 9 i r - » * 0 .4367-34 0 .0007*00 0.00«t*On 0.4587-38 O.lOSE-33 
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o.oub7*Qo 0.0007*00 0.0001*00 c.oooc*co o.oooc*oa o.oroi;*oo o.oao7*oo 

5 .9a6 0 .151E- t5 0.163E-fl9 0.314E-0S -P .103E-06 0.204E-05 16.646 0 .1357-03 
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7 . 1 5 5 - Q . l t l £ - C J - 0 . 1 2 0 E - 0 3 - 0 . 7 3 1 7 - 0 3 - 0 . 1 2 5 E - 0 3 - 0 . 3 5 6 7 - 0 3 1 3 . 6 1 9 0 . 1 0 5 7 - 0 3 
a . 7 7 7 E - 4 1 0 .777E-C1 0 . 1 5 1 7 * 0 0 0 . T 6 6 C - 0 5 0.816E-a% 8 . 1 5 8 E - 0 4 0 . 1 0 5 C - 0 3 
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1.0 CONVERGENCE AT 7HIS 7IME STEP T s | r . 8 3 0 

i - E S T A R T 

lu.830 0.142E-C6 -0.147E-06 D.3397-70 t.617E-25 0,3397-?0 19.7*6 0.105E-03 
a.37ie-44 0.273E-'.4 0."^94r-54 0.5STE-38 0.000E*0p 0.6741-38 0.1051-P3 

Ib.KHO b.0001*ca 0.0007*06 i).0007*00 P.OOOE*00 0.0007*00 17.200 0.0707*00 
o . a 3 c 7 * 9 a 0 . 0 0 0 7 * 0 0 o . o o o r « p o ~ o . a o o E * o o O.OOCE*OP P . O C ? 7 * P O O . O D O E * O P 

1U.'«33 O.D007*>'P O.OOOE*Ofl 0 . 0 0 0 7 * 6 0 O.COOE*aO O.DOOf*00 1 7 . 2 0 0 0 . 0 9 0 7 * 6 0 
o.b&:E*oo o , c c p i * c o 0 , 0 0 0 7 * 0 0 0 . 0 0 0 7 * 0 0 0 , 0 0 0 7 * 0 0 o . o i p c a o o . o o o £ * o n 

1C.9P0 0 . 1 5 1 E - C * 0 . 1 6 3 1 - 0 5 P . 3 1 4 E - 0 S - O . l O I E - 0 6 0 . 3 0 4 E - 0 5 1 6 . 6 4 6 0 . 1 P 5 E - 0 3 
0 .T21E-0J C . 7 7 4 7 - J 3 0 . 1 5 3 r - 0 2 C.757E-C7 C.813E-a7 0 . 1 5 7 1 - 7 6 0 . 1 0 5 7 - 0 3 

1 1 . 0 3 0 0 .599E-C5 0 . 6 4 3 7 - P 5 0 . 1 7 4 7 - C 4 C.199E-07 0 . 1 7 4 7 - 0 1 1 6 . , 6 9 0 . 1 C 5 7 - P 3 
0 . 3 5 7 7 - 0 2 r . J f 4 £ - l i ? 0 . 7 4 1 T - 0 ? a . 3 7 5 E - 0 6 0 . 4 0 3 E - 0 6 0 . 7 - • - 7 6 0 . 1 0 5 E - 0 3 

1 1 . 0 6 3 0 . 1 7 9 7 - : 4 0 . 1 9 7 7 - 0 4 0 . 3 7 1 7 - 0 4 0 . 1 6 6 E - 0 6 0 . 3 7 7 7 - C f 1 6 . 7 2 8 0 . 1 C 5 7 - 0 9 
0 . 1 2 1 E - 0 1 0 . 1 3 C r - 0 1 0 . 2 5 0 7 - 0 1 O.I27E-Ob 0 . 1 3 6 E - P 5 0 . 2 6 3 E - t 5 0 . 1 0 5 E - 0 3 

1 1 . 1 2 3 0 . 3 8 4 E - r 4 0 . 4 1 2 7 - 0 4 0 . 7 9 7 7 - 0 4 a . 4 7 2 E - 0 6 0 .8C2E-04 1 6 . 7 0 5 C.1P5E-U3 
0 .3C' i7- ( i l p . 3 7 6 7 - 0 1 0 . ( 3 0 7 - 0 1 C .319E-0S 0 . 3 4 2 E - 0 5 0 .671E-C5 0 . 1 0 5 7 - 0 3 

l l . l ' - l 0 . 6 9 9 £ - ; i 4 0 . 7 5 0 7 - 0 4 0 . 1 * 9 7 - 0 3 0 . 1 1 7 E - 0 5 0 . 1 4 6 7 - 0 3 1 6 . 8 7 4 0 . 1 0 5 7 - C 3 
0 . 6 3 - 7 - B 1 0 . 6 8 3 7 - 0 1 0 . 1 3 7 7 * 0 0 0.66<>E>-05 0 . 7 1 7 7 - 0 5 0 .129E-C4 0 . 1 0 5 E - 0 5 

I 1 . 2 U 5 0 . 9 3 4 E - 6 4 O.lOOE-03 0 . 1 9 3 7 - 0 3 0 . 5 5 0 7 - 0 5 0 . 1 9 9 7 - 0 3 17.0(13 0 . 1 0 5 E - C 3 
3 . 8 5 4 7 - 0 1 U.9217-C1 0 . 1 7 8 7 * 0 0 P.9P2E-DS 0 . 9 6 7 E - 0 5 0 . 1 8 7 1 - 0 4 G.105E-03 

i : . 2 ] C 0 .575E-C4 0 , 6 1 l E - 0 4 0 , ) 1 9 E - 0 S , - 0 . 5 0 2 E - 0 4 0 .6R5E-04 1 6 . 0 ) 5 0 . 1 0 5 7 - 7 3 
0 . 9 9 l , C - S l 0,lfi7C*C0 6 . 2 0 6 7 * 0 0 0 . 1 0 5 L - 0 4 0 . 1 1 2 E - 0 4 0 . 2 1 7 7 - 7 4 O. lOSE-03 

1 1 . 2 8 3 - 0 . 6 4 3 E - > 6 - 0 . 1 6 8 E - 0 5 - 0 . 2 3 2 1 - 0 5 0 . 2 1 8 E - 0 5 - 0 . 1 4 4 7 - 0 6 1 6 . ) 2 8 0 . 1 0 5 7 - 0 3 
0 . 9 9 : 7 - 9 1 P . l ( 6 £ * n o 0 . 2 0 5 7 * 0 0 0 . 1 0 4 E - 0 4 Q . l l l E - 0 4 0 . 2 1 5 7 - 7 4 0 .105C-C3 

1 1 . 3 0 5 - f l . l 5 9 E - C 3 - 0 . 1 7 3 E - 0 3 - P . 3 1 2 E - P 3 - 0 . 7 1 2 E - P 4 - 0 . 4 0 3 E - 0 3 1 4 . 0 3 3 0 . 1 P 5 £ - a 3 
a . .613E-3I C . 6 4 7 £ - ( . l 0 . 1 7 6 7 * 0 0 0 . 6 4 4 E - 0 5 0 . 6 8 S E - a 5 0 . 1 3 7 7 - 0 4 0 . 1 0 5 E - 0 3 



11.330 -0 .199E-U3 -0 .214E-03 - 0 . 4 1 4 7 - 0 3 0.190E-04 - 0 . 4 C I £ - n 3 15.867 0 .1057-09 
O . l ioE-O l C.1377-01 0 .7767-01 0.146E-P5 0.144E-05 0.2907-75 0 . iaS£-32 

11.336 - 0 . 1 4 8 E - ( 3 - 0 . 1 5 9 7 - 0 3 -P .3077 -03 P.301C-P4 -0 .777E-O3 19 .871 0.109E-c4 
0 . b l 2 £ - 0 2 0 .4711-02 0 .0347-07 0.539E-06 0.443E-06 0.972E-06 0.105E-03 

11.337 -0 .139E-C4 - 0 . I 5 0 E - 0 3 - 0 . 7 7 9 7 - 0 3 0.48"E-04 -0 .2 *CE-09 2J.C57 P.1057-C3 
O.*0')£-02 0.31P7-P2 3 .7191-02 G.430E-06 0.925E-06 P.7757-06 O.lOSE-03 / 

NO CONVERGENCE A7 THIS Tirt7 STEP T s l l . 3 3 7 

PEST/RT 

11.327 P.136E-C( -0.15».7-06 0 .3397-20 0 .42rE-35 0 .3397-20 21.057 P.0DO£*bO 
0.2417-34 9 .18*7 -34 0.4257-34 O.COCE*30 P.00OE*0O 0.446E-38 G.105E-03 

11,367 0.P00£*10 O.O0aE«8D O.OOOE*Oa 0.0O0E*aO 0.CC07*fi0 17.203 o.pi;or*co 
o .39 .c*oo c.oopi*: '0 0 .0007*00 o.aoor*no o.oorE*Dn o.0iio[*D0 o.oop£*oo 

11.437 0.O00E*r3 0.0007*00 0.0007*00 O.C0OE*OO 0.0007*00 17.200 0.0001*00 
c .corL*au o.opP7*Po o.ooor*oc C . O O 9 E * O O o.oooE*eo o.oro£*po o.ogoE*or 

l l . * 6 7 0 .1517-05 0.163E-35 0.5147-05 -0 .1P3E-06 0 .3741-05 1 6 , ( 4 6 0 ,1651-03 
3,721£-C3 9,774': .n9 0 ,1507-02 C.7577-07 0,B13E-07 0.1'^77-P6 0 ,1657-03 

11.537 0.599E-b5 0.6437-05 0 .174 f -84 O.l^^E-O? 0.1247-C4 i r . . f 6 9 C.1P57-C3 
3 .3577-02 0.3847-02 0,741C-C2 ' 0.375E-P6 0.40^E-06 0 .77 i . ( -u6 0 . 1 0 5 E - 0 ' 

1 1 . 5 ( 7 0.179L-C4 0.1977-04 0.3711-04 C.166E-06 0 .372( -C4 16.728 0 .1357-03 
0.1217-31 C.13C7-31 0 .2501-01 0 .1277-05 0 . 1 3 ( 7 - 0 5 0 . ? f 3 7 - f 5 0.105E-C3 

11.627 0.384E-P4 0.417C-04 0.7977-04 C.472E-06 0.802E-04 16.795 0 .135E- r3 
0.3C«E-ai 0.376C-P1 0 .6337-01 0.31OE-0b 0.347E-05 0,6611-05 0.165E-03 

11 ,687 0 ,6997-C* 0,7507-04 0 .1451-03 O.I ITE-OS 0 .1 *67 -03 16.874 0 .1057-03 
a.63>.'7-ai 9 .683L-3 I O . t 3 2 ( * 0 0 0.66«7-| iS 0.717E-05 0.1397-94 0 .1057-03 

11.712 0.934E-C4 D.1P07-C3 0.1937-03 0.553E-09 0.1'>9E-03 17.003 0 .1057-03 
O.Ub'4(-01 0 . 9 2 n - C l 0 .1787*08 p.9P2r-P5 ~ 0 .967E-05 3.187L-04 0 .1057-09 

11.737 0 . ; 33E-C* C.78CE-04 0.151E-09 -0.94<>E-04 0.116E-D9 16.302 O.IP5E-09 
0.1031*00 0.1117*00 0 .2147*00 0.1097-P4 0 .1167-04 0.2257-04 P.105E-0.' 

11.762 C.722E-C4 0.229E-04 0 .4517-04 -P .2e9E-04 0.169E-G4 15.784 0 .1651-09 
0.1097*00 C.1167*00 O.?25£*00 0.114E-04 P.172E-P4 0.736C-04 9.1P5E-09 



1 1 . 8 1 2 - 0 . 2 7 2 E - P 4 - 0 . 3 0 4 E - 0 4 - 0 . 5 7 6 7 - 0 4 0 . 1 0 2 E - 0 4 - 0 . 4 7 4 E - C 4 1 6 . 1 9 4 0 . 1 0 5 E - 0 3 
0 . 9 5 « E - a i 0 . 1 0 7 L * C 0 0 . 1 9 T C * 0 b P . l O l E - 0 4 0 . 1 0 7 E - 0 4 B . 2 t 7 E - 0 4 0 . 1 0 5 E - 0 3 

1 1 . 8 3 7 - 0 . 1 9 Q E - C 3 - 0 . 7 3 5 7 - 3 3 - 0 . 5 9 5 7 - 0 3 - P . 6 2 2 E - 0 4 - 0 . 4 ' ' 7 7 - C S 1 5 . 9 6 8 0 . 1 F 5 E - C S 
0 . b . , ; C - C l 0 . 5 2 8 7 - 3 1 0 . 1 P 3 F * 0 0 0 . 5 3 1 E - U 5 0 . n 5 4 E - 0 5 0 . 1 0 8 t - P 4 0 . 1 0 5 E - 0 3 ' 

l l . 8 l ! 7 - 0 . 9 7 3 E - C * - 0 . 1 ' ' 3 E - 0 3 - 0 . 2 0 1 7 - 0 3 0 . 2 8 8 1 - 0 5 - 0 . 1 9 e E - e 3 1 7 . 2 4 9 0 . i r 5 E - 0 9 
0 . 4 2 i £ - 0 7 P . 3 5 7 1 - 0 7 0 . 7 7 9 ( - 0 7 0 . 4 4 9 E - 0 6 0 . 3 7 5 E - 0 6 0 . 8 1 8 7 - 0 6 0 . 1 0 5 E - 0 3 

HO CONVERGENCE AT 7 ' i IS T1P7 STEP 7 : 1 1 . 8 8 7 

K S T t R T 

l l . e n T - 0 . 5 4 6 7 - C 6 Q . 5 4 6 7 - C 6 7 . 5 0 8 7 - 2 0 9 . 4 5 8 E - 3 5 0 . 5 C 8 C - 2 0 1 7 . 2 4 9 0 . 0 0 0 7 * 0 0 
0 . 2 5 i E - 3 4 0 . 7 2 6 1 ' - ? * 0 . 4 7 1 7 - 3 4 O.CCPE*CO O.OOOE*OC 0 . 4 ' » 5 l . - « d 0 . 1 0 5 7 - 0 3 

li.'):i 0 . b U b ( * ( ' P 0 . 0 0 9 7 * 0 0 0 . 0 0 0 7 * 0 0 O.COCE*OP 0 . 0 9 0 7 * 3 0 1 7 . 7 0 P O.OCC(*CO 
9 . 0 0 r . c i i b . c o a r . i ' o n . o c o r . o o 0 . 3 9 3 7 * 0 0 o . o o ( . £ * o o 0 . 0 1 0 1 * 0 0 O . O O D C * O O 

1 1 . 9 t> b . 0 0 0 7 * ' i n 0 . 0 C 0 E * P 0 0 . 0 0 0 1 * 0 0 0 . 0 0 0 7 * 0 0 t . P O O E * 0 0 1 7 . 2 0 0 P . C O O ( * 0 0 
D . O o r . J U n . C 0 3 r * i n 0 . 0 0 0 7 * 0 a 0 . 0 9 C C * 0 0 0 . 0 0 0 7 * 0 0 O.OCOi* l iO 0 . 0 0 G 1 * 3 C 

1 7 . C ) 7 3 . 1 5 1 E - C 5 0 , 1 6 3 7 - 0 5 0 . 3 l 4 £ - a 5 - 0 , 1 0 3 £ - 0 6 0 , 3 0 4 7 - 0 5 1 6 , 6 * 6 P , | C 5 ( - 0 3 
3 . 7 7 U - 3 J C . 7 7 4 : - J 3 0 . 1 5 0 7 - 0 7 0 . 7 5 7 E - 0 7 0 , 8 1 3 E - a 7 0 . 1 t 7 l - P 6 0 . 1 0 5 1 - 0 3 

1 2 . 0 M 7 fl.5997-3'i 0 . 6 4 3 E - D 5 0 . 1 2 4 f - 0 4 0 . 1 9 9 E - 0 7 C . 1 7 4 E - 0 4 1 6 . ( 6 9 0 . i r 5 7 - 0 3 
; . 3 5 7 ^ - u 7 C . 3 6 4 E - 1 7 0 . M i l - o r 0 . 3 7 ; E - 0 6 B . 4 0 3 E - 0 6 0 . 7 7 8 E - C ( 0 . 1 0 5 E - 0 3 

1 7 . 1 3 7 0 . 1 7 9 1 ' - . ' * 0 . 1 ' ? 2 E - 0 4 0 . 3 7 1 7 - 0 4 0 . 1 ( 6 7 - 0 6 0 . 3 7 2 7 - 0 4 1 6 . 7 2 8 0 . 1 0 S E - D 3 
D . 1 7 1 E - 0 ! 0 . 1 3 0 E - r i 0 . 2 5 9 7 - 0 1 0 . 1 2 7 C - P 5 0 . 1 3 6 E - O h 0 . 2 6 3 E - P 5 0 . 1 0 5 E - 0 3 

1 7 . l " ? b . 3 6 4 £ - n 4 0 . 4 1 2 E - 0 4 0 . 7 9 7 E - 0 4 0 . 4 7 2 E - 0 6 0 . 8 0 7 7 - 0 4 1 6 . 7 9 5 0 . 1 0 5 7 - 0 3 
C .3C< i£ -U l r . 3 7 6 7 - r i 0 . 6 3 0 7 - 0 1 0 . 3 1 9 E - C 5 0 . 3 4 7 7 - 0 ' . 0 . 6 6 1 E - C 5 0 . 1 0 5 L - 0 3 

7PANSICNT TEHPERfTIIRE P P l l F U l ' : 

O.CUO ^ 7 f . C G C 1 4 0 , 9 0 0 1 4 C . 0 0 0 1 4 0 . 0 0 0 1 4 0 . 0 0 0 1 4 0 . 0 0 0 
t l O . t i J O 1 4 0 . U ! ( . 1 4 0 . o r 3 

a.C^O 7 1 H . 4 h B 1 4 0 . 1 2 9 1 4 0 . 0 0 0 1 4 0 . 0 0 0 140.COO 1 4 0 . 0 0 0 
1 4 0 . 0 0 0 1 4 0 . O L O 1 4 0 . 0 0 9 

I 

3 . 1 0 0 ; i R . 4 6 > i 1 4 0 . 5 1 4 1 4 0 . 0 0 1 1 4 0 . 0 0 0 1 4 0 . 0 0 0 1 4 0 . 0 0 0 
1 * 0 . 0 3 0 1 4 0 . 3 7 9 1 4 0 . 0 0 0 

0 . 1 5 0 7 r 8 . 4 7 3 1 4 1 . 6 7 8 1 4 0 . P 0 8 1 4 0 . 0 0 0 1 4 0 . 0 0 0 1 4 0 . 0 0 0 



140.603 140.oca 143.000 

0.700 716.J15 1*4.178 140.962 
140.039 140.oco 140.nor 

0.750 718.736 148.491 140.300 
140.000 140.0('9 140.000 

0.275 l»3.14'i 1*7.737 140.273 
140.330 140.OCO 134.477 

0.761 179.659 147.581 140.267 
140.JuO 139.885 133.310 

0.281 r05.9I7 1*7.581 140.267 
140.310 139.efl5 153.310 

0.331 ^29.161 147.581 140.267 
140.0.0 139.885 123.310 

3.381 718.468 1*7.683 140.777 
1*3.OJO 139.885 133.317 

0.431 218.«68 148.039 ' 140.315 
MO.O.iO 139.885 133.3*2 

149.800 140.090 140.000 

140.804 140.009 140.000 

140.004 140.000 140.000 

140.003 140.000 140.000 

140.003 140.000 140.or« 

140.003 140.000 140.000 

140.004 140.008 140.COO 

140.005 140.000 140.000 

0 . 4 8 1 7 1 8 . 4 7 3 1 4 9 . 0 9 1 
140.CCJ 1 3 9 . 8 8 7 1 ' 3 . 4 I 5 140.490 140.010 140.030 

0.'>31 7 1 8 . 5 1 3 1 5 1 . 3 0 5 1 4 0 . 7 0 6 
1*0 ,030 1 3 9 . 8 9 1 1 1 3 . 5 7 0 

, . n • J'^^^ ? l f t . 7 2 7 1 5 5 . 7 9 3 1 4 1 . i 2 9 
1 4 0 . u „ 0 1 3 9 . 8 " ? 1 3 3 . 8 4 8 1 4 1 . 3 2 9 

.39.9'.l'"'^„.,-'"^".70.7!r-"' •*••"* 

139.9.,''"",5,.3^r-'",?,.,jr"'" '*'•"' 

140.023 140.000 

140.000 

140.000 

140.063 140.002 140.009 

140.058 140.002 

140.058 140.002 

0.607 197,656 154,O'i? 
139.989 139.359 129.071 141.220 14B.09R 140.0P2 

140.000 

140.080 

140.000 

3.657 720.161 154.052 14|.;2« 140.058 
139.969 199.379 179.071 ' 140.002 140.000 



£00«0*I U0*0»l 177*041 
6Za'S»I 

I30^94l 440*94l I4S^041 £»9^»»l 

6S4'6£I 420*041 »Sl«041 •Es^t»l 

666^6E1 910*041 99d^o»l 2i6*eM 

6b6'6tt £I0*04I IJi^OM 8U*2»I 

666«6£l 2I0-04I 812*041 •£9*2*1 

666^G£f 210*0»I SI2«0»l 019*2*1 

in 
(N 
CM 

( 

666'6EI 2T0*0*t 3I2^0*I 0l9«2*I 

66S'6£l 2TO^O*I SI2^0*1 0t9^2*l 

O0a^0*t 2IO«0*l 022*0*1 899.zv, 

990.0*1 eio.O*. ,«.o*, 5g9,e»t 

OOO^O*! 990«0*I 62M0*I **6^Ul 

003^0*t £Oa^O*l *80*0*( 0US>t>l 

003*0*1 290.0*7 990«0*t fOE-I*, 

l>G«*0*I 293*9*1 . 890*9*1 Bt2*t», 

*39*92l £89*9«l *r6*'6£I 
S02»UI £76*712 «e2^T 

001*921 b09^B£t 0£6*6£l 
iE7*S9t lil'atZ 8£2't 

^JC^'S.,'! 72S^9rt 9<fi;̂<.CT 
St»-29« tts^9l2 ,,,•! 

«32*!.2r t.(4«B£l fo'b'fcCI 
9WS-09I r7**Blc; B£I-l 

i!i9*'^2l ftSk'Bfl Z26*6£t 
60i^6^t H3*.Bl-: fl99*I 

709*S2t 2..*««£t 2l'h'6Et 
2I*.6iiI J9**812 BCO^I 

266'»21 OsVBft 226«6£1 
92£^6';i 191*022 B86.C 

2S6^»2I )^*«9ft 226^6£l 
92£.uSl 7i2.9U2 8f6.9 

266*»il 0i*'aEI 2J6^6£I 
92£«bSI tlJ.6*l S£6.b 

t9f9.'l iti'BEt Ov.n'r,£l 
62i'oSt JCffbt 2k6-c 

'.16*621 i.'»'6tl C6b^6ri 
620.191 iVi.g,; i06^0 

»7»'62I 26£*6£t Ot6.6£l 
Z£**£<il EK'HtJ £5«'0 

Si2.62l 2i£*6£l C,6'6fl 
>.2*'!i»t £7*.912 70K'0 

021.b2l £>f6£l 6V6*6£I 
69***<.l *9»^9t2 iSi'e 

2B0*6.?I U )£»6Et l^ufcet 



1.313 172.76': 162.785 
139.762 137.078 119.776 146.132 140.67S 140.062 139 . 994 

1.313 187.776 167.785 
139.76? 137.078 119.766 145.137 140.675 140.062 139. 994 

1.363 770.1(1 162.78* 
139.(1̂ 2 137.078 119.766 145.132 140.67b 140,062 139.994 

1.413 718.468 162.866 
139.7h3 137.022 119.784 149.15b 140.bSl 140.963 139. 994 

1.463 718.*tP 163.145 
139.7)̂ 4 137.046 119.849 145.245 140.704 140.066 139. 994 

1.513 ^18,»73 163,971 
139.7'7 137,066 170,047 145,519 140.771 149.076 199.' 95 

1.563 7 1 8 . ; i 2 165.712 
139.775 137.177 120.450 

1.613 718.731! 168.673 
139. /C8 137.275 1C1.189 

146.107 140.923 140.098 1 3 9 . ' 

147.758 141.278 14P. I46 140.004 

J 
to 
N3 

1.638 71'».ECr 170.471 
139.7C!) 137 .4 (7 I V L s e s 

1*7.97n 1*1 . *27 140.182 140.008 

1.663 186.'>*6 168.307 
139.5«.5 135.JPt 117,144 147.340 141,307 140,165 1 39.988 

1.670 IP3.7i«7 167.647 
139.449 135.?'-.5 115.796 147.151 141.271 140.160 199. 975 

1.670 195.747 167.647 
13'».4*9 135.295 113.796 

147.151 141.771 140.160 139. 975 

1.720 7 7 0 . H I 167.6*7 
139. *49 135.295 115.796 1*7.151 1*1.271 140.169 199.^ 

1.770 718.4(8 167.771 
139.450 159.SCI 115.817 147.18G 141.280 140.161 139. 975 

1.820 218.468 167.976 
139.493 135.372 119.890 147.789 141.909 140.167 199. 976 



tI6*6Ct 919*9*1 

t*6*6EI *E9*0*t 

690^0*I 289*0*1 

t86*6£I 29ti^0*I 

2!6*6£t G£*'0*I 

9£6*6£t B££*0*t 

2£D*6£I IS£*0*I 

0£6*6Ct 2*E^0*l 

. 1 
7^ 
(M 
OJ 

•• I 

b2&'6£t 0*£*0*t 

62b*6C{ 0*£^0*t 

62b.6£t 0*£*0*l 

£S6*6EI 25£*0*I 

£19*0*1 00**0*t 

666'6EI *9E*0*I 

ftii'bil C22*0*l 

6£6*att »9l*9*t 

09t*£*t £9t*2Sl **£**£l *£6*0&t 794*2 

£*2^C*1 20**2Sl 
991*111 aJ9*2£t SI£*3£t 

£££•571 2*6*161 tO*^2 

S*»*£*l IbC*£ST 
£<iO**tl *U&*C£t 6IO'6tI 

S»0.£il ••M6H 3££*2 

&09^E*t B96^l<il 
2U£.fll *2£^££I 2ET6rT 

i6«.*iT <»££.gl2 lq£^2 

£2<i*2*l t0£*09t 
£Lt'Z\l ^u£*££I GJ6«9fl 

|9T*271 £I';^«12 IflCJ 

*£2*2*1 E*0«0S1 
avH'Ill n2'££I C»ii*9£l 

2£9^0it >£*^U12 MZ'Z 

191*2*1 2*£*6*t 
6l9«lll ;2f££l H.*6*9ri 

906*691 i»9*.9t2 1C2*2 

£2t*2*I l*9*6*< 
l£5*tll <ia0*£fl t26*B£t 

19M*b«l (»9**B12 TGI*2 

£H*2»l £l9^S*l 
ms^iU. £8o*f£t i;;6*8£t 

69<i^j91 t9M022 10I'2 

£IV2*1 £t9^64l 
SlS'lIt £tin*£Cl t26*0fl 

69S^B9I tSZ^OQJ l?P'Z 

Ell'e*! EI9*6*I 
919'tll £l9'££l 126*9fl 

6U<,*6.«1 l)16'9ll I50»2 

I£I.2*I 049*6*1 
itfi*21I niTft t',0.6£l 

9*2*071 2«»*9«I 9*9*2 

I2**2*l 216*391 
Ihl'BU 2io.9£t 9£9*6tl 

Oie'til 4(t.i'£I2 029*2 

066*1*1 895.6*1 
£9**£H fl»I*«El li9*6tl 

HME£t 9££'9t2 9£6'l 

96S*I*I £92^9*l 
G£S«9n *15.S£I £(*.6£t 

6t£.Cil tf;*tfl2 026»l 

66£*l*l 26«*£*l 
aoi'9n »«E'S£i n**6r7 

0E£^B9t £i**8IJ 0£«*l 
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APPEtTDIX F 

A COMPARISON OF FLOSS TO THE SAS COMPUTER CODE 

F.l THE SAS Code 

Argonne National Laboratory developed the first 

SAS computer code, SASIA, in 1970. The code has undergone 

virtually continuous revision and updating since then, and 

is currently in its fourth generation, with SAS4A. The 

code is a one dimensional, multichannel code, for the pur

pose of studying accidents involving sodium voiding in the 

LMFBR. It contains calculational modules for transient and 

steady state thermalhydraulics, both in single phase and 

two phase flow. In addition, it has the means to consider 

fuel and clad melting and motion, fission gas release, and 

other factors present during postulated LMFBR accidents. 

The code is structured so as to be able to follow an entire 

reactor accident from the initiation phase through until 

gross fuel motion and reactor disassembly begin. Other 

codes, such as VENUS, can then use the SAS results to pre

dict the events during the core disruptive phase of the 

accident. 

The current SAS model can handle multiple bubbles 

in a single channel, and multiple channels across the core. 

However, each bundle is considered as a unit which behaves 

one-dimensionally. Therefore, although corewide incoheren-
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cies in voiding behavior can be tracked, multi-dimensional 

bubble behavior across a single bundle cannot be considered. 

Due to its versatility, the SAS code is one of the most 

widely used tools in the Uhited States LMFBR accident analy

sis program. 

F.2 Comparing FLOSS to SAS 

Since the FLOSS code also uses a one-dimensional 

thermal-hydrodynamic model to calculate conditions during 

a transient, it is not surprising to find that the equations 

used in both codes are quite similar. The technique used 

to track the solution of the transient was derived from one 

of the reports used in the development of the original SAS 

code, as well. Though the intent of this project was not 

to reproduce SAS, the system of solution for both codes is 

basically similar. 

The major differences between SAS and FLOSfe are in 

scope and in the handling of the heat transfer during con

densation. The scope of SAS is far greater than that of 

FLOSS; in fact, the FLOSS code would comprise no more than 

two or three modules in the entire SAS code. This is due 

to the assumption made when the project was begun that 

FLOSS would eventually become a module in a larger, system-

scale code. The second difference is more fundamental. 

The SAS code contains only a single input for a constant 
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heat transfer coefficient. In the manual consulted (32) 
2 

this value was set at approximately 11000 BTU/hr-ft "F, 

v^ich falls in the range suggested by Barry and Balzhiser 

(33). However, there is no methodology presented for des

cribing the changes in condensation heat transfer which 

have been documented here. The FLOSS code accomplishes 

this change in heat transfer by slightly changing the ini

tial temperature profile, thereby causing a step change in 

heat transfer coefficient. The high value of the coeffi

cient causes the code to underpredict experimental results. 

However, the failure of SAS to consider this phenomenon may 

lead to overprediction of experimental results causing an 

unrealistically conservative solution. Table F.l, presented 

on the next page, spotlights some of the areas where further 

research is needed to improve the predictive abilities of 

SAS. 

The entire question of multidimensional effects in 

sodium boiling is another area with which neither FLOSS nor 

SAS are capable of dealing. As mentioned in Chapter 6, 

this, as well as several other questions, remain to be re

solved in further research. 



Table F.l Compari 
Issue Water (FLOSS) 

Initial Temp
erature Profile 
in Unheated Zone 

Experimentally de
termined, except 
for small satur
ated zone at start 
of unheated zone 

Initial Temp
erature Profile 
in Core (Heated 
Zone) 

Not considered 

Condensation 
Heat Transfer 

Step change from 
zero to values 
approx imat ing 
those present 
during bubble 
collapse 

of FLOSS to SAS 

SAS 

As calculated 
during initial 
stages of 
transient 

As calculated 

Constant 

Recommendations for Sodium 
work 

A physically realistic and 
accurate temperature pro
file is necessary to ade
quately characterize the 
flow behavior. This factor 
is one of the prime deter
minants of how the flow will 
behave. It is essential 
that any simulation which 
purports to chart the best 
estimate of the oscillation 
take account of the impor
tance of this factor, and 
calculate an accurate temp
erature profile history as 
well. 
The identical comment as 
above is applicable here, 
as well. This profile will 
also influence flow behavior, 
especially if it is steep. 
Investigation is needed to 
determine whether the sodium 
condensation coefficient be
haves like the water coeffi
cient. A mechanistic model 
for h versus time over 
the pS?Sod of an oscilla
tion, accounting for inter-
facial breakup and augment
ation of heat transfer, is 
needed. 

ro 
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Table F.l Comparison of FLOSS TO SAS (Cont.) 

Issue Water(FLOSS) SAS Recommendations for Sodium 
Work 

Loop Dynamics 

Comparison of 
Simulants to 
Sodium 

Non-condensable 
gas 

Present implicit 
in model 

Present in 
later versions 
of SAS 

Implicit in choice 
of heat transfer 
coefficient 

Implicit in 
choice of heat 
transfer co
efficient 

The characteristics of the 
external loop can have a 
significant effect on flow 
oscillatory behavior. 

Investigation into the rele
vance of simulant behavior 
to sodium behavior is clear
ly needed. 

While work has been done re-
grading condensation in liq
uid metals, the presence of 
non-condensibles in sodium 
systems provides both a 
mechanism for nucleation and 
a retarding factor in conden
sation. Work is needed to 
provide accurate models for 
the effect of these noncon-
densibles on heat transfer. 
This is especially relevant 
if fission gases are re
leased into the coolant. 

I 




