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INTRODUCTION 

An important aspect of the study of Liquid Metal Fast Breeder 

Reactor (LMFBR) safety is the consequence of sodium boiling. The occur­

rence of sodium boiling under certain flow and power conditions in an 

LMFBR can potentially initiate a major accident for several reasons: 

1. The change in state of the sodium (liquid to vapor) may 

sharply reduce the heat transfer effectiveness causing a mercurial 

temperature rise of cladding and fuel, and lead to cladding failure and 

fuel meltdown. 

2. Rapid reactivity changes (both positive and negative) may 

occur owing to voiding, oscillation, or reentry of liquid sodium. 

3. Pressure surges from boiling, subsequent condensation of the 

sodium-vapor bubbles, or surges resulting from physical interaction 

between liquid sodium and molten fuel may damage the core structure or 

produce reactivity changes by creating rapid motion of the fuel (38). 

Thus the study of the process of boiling sodium, and the develop­

ment of an instrument to detect boiling become of paramount interest. 

The analysis of boiling and two-phase flow of liquid sodium, how­

ever, depends upon data in which large apparent discrepancies exist 

(17-20) in values reported for boiling initiation superheat, void frac­

tion, and for measured and predicted values of two-phase flow pressure 

drop (21,24). Additionally, the bulk of the incipient boiling superheat 

data has been obtained under conditions which do not even remotely 

resemble those existing in an LMFBR (25,39). Given such conflicting and 

unsuitable data, formulation of liquid sodium boiling inception theories 
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for LMFBR's becomes extremely difficult. Moreover, extension of these 

data for development and evaluation of a boiling detection device is 

almost impossible. 

It is apparent, therefore, that a need exists for further liquid 

sodium boiling experiments, and that these experiments should be carried 

out in an LMFBR. In this thesis the design of a system to boil sodium 

in an LMFBR is examined. This design should be regarded as a first step 

in a series of boiling experiments. 

The reactor chosen for the design of the boiling apparatus is the 

Experimental Breeder Reactor-II (EBR-II), located at the National Reactor 

Testing Station in Idaho. This reactor is at present the only LMFBR 

operating in the United States. A general layout of EBR-II is shown in 

Figure 1. 

Design of a sodium boiling assembly centers around two sets of 

criteria which can be broadly classified as design objectives and design 

requirements. 

Design Requirements 

Design requirements originate from two sources. The paucity of 

sodium boiling data and the critical need for prediction of incipient 

sodium boiling conditions in an LMFBR militates for an instrumented boil­

ing assembly. An instrumented boiling assembly would also be necessary 

for testing of a boiling detection device. This requirement dictates 

that the boiling experiment be carried out in one of the two instrumented 

subassembly positions (5F3 or 5D2, see Fig. 2) in EBR-II. Instrumented 

subassembly (INSAT) characteristics are given in Table 1. The position 

of INSAT in EBR-II is shown in Figure 5. 
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TABLE 1 

INSAT CHARACTERISTICS 

SUBASSEMBLY 

NUMBER 2 

LOCATION 5F3,5D2 

CONFIGURATION HEX. TUBE 

MATERIAL 304 SS. 
DIMENSIONS (IN) 

ACROSS FLATS 1.907 ± 0.005 
INSIDE FLATS 1.827 ± 0.003 
OVERALL LENGTH (LES LEAD LENGTH) 93-37/64 

POWER OUTPUT (KW) 270 

NEUTRON FLUX Tt-
(n/cm2-sec) 2x1o'^ 

COOLANT TEMPERATURE AT INLET 
(°F) 700 

FLOWRATE THROUGH SUBASSEMBLY 

(gpm) 59 

OVERALL LENGTH (FT) 36 

ESTIMATED TOTAL WEIGHT (lb) 300 

NUMBER OF LEADS 23 

*This table has been reproduced from Reference 41. 
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The second source of design requirements derives from the general 

requirements for the conduct of any experiment in EBR-II (41). These 

requirements are in part a result of the innate design features of EBR-II 

and also a consequence of the need to minimize hazards to the reactor. 

The most important restrictions for a sodium boiling assembly are: 

1. The surfaces of experimental components that contact the 

reactor primary coolant sodium must be made of Austenitic Stainless Steel 

or of other materials that are known to be compatible with sodium at the 

maximum coolant temperatures and flow rates to which the experimental 

components are expected to be exposed in the reactor. 

2. The exit coolant temperature from an experimental subassembly 

must not ordinarily differ by more than 100°F from the average exit cool­

ant temperature for driver fuel or blanket subassemblies assumed to be in 

the core position surrounding the experimental subassembly. For the INSAT 

positions, the allowable outlet temperature is 848°F to 1048°F. 

Design Objectives 

A sodium boiling experiment has not been conducted in a reactor 

in the United States to date. Thus, one of the design objectives for the 

boiling apparatus becomes safety. Another is reliability. The third 

objective is prototypicality. This last objective is necessary in order 

for the experimental data to be the most indicative of actual behavior in 

an LMFBR. These requirements are the very cynosure of the design for they 

constrain the type of structural material used in the apparatus and the 

method of heating. 

There are many methods that could be used for heating in the 

boiling assembly. Among these are electrical, fission, gamma, exothermal 
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chemical, etc. Electrical and exothermal chemical may be excluded from 

the standpoint of reliability. Electrical would also require power 

leads. These extra leads possibly would mean a reduction in the total 

number of sensor leads. Fission, which is a reliable method, and the 

most prototypical in representing the actual situation in an LMFBR, 

suffers from the safety aspect. Because of the lack of data for sodium 

boiling in a reactor, reactor response to boiling and the conditions for 

preventing cladding dryout are not as well known as one would like. 

Consequently, a gamma heated device becomes a conservative first step and 

appears to be the most desirable in light of the design objectives stated 

above. 

It is apparent, however, that a heating method for all circum­

stances cannot be quickly chosen. In general, it appears that gamma 

heating is the optimum to satisfy all of the design objectives, except 

prototypicality, provided a suitable gamma-ray absorber exists. In actual 

fact, only after,a careful consideration of all heating methods con­

comitant with the desired experimental results, could a selection of 

heating source be made. Such a task is beyond the scope of this thesis. 

The remainder of this work will concern itself with the gamma 

heated boiling assembly. This entails a description of the system, an 

explanation of the design of the major components, and a demonstration of 

system operation. In addition, an evaluation, of the system to meet EBR-II 

experimental requirements and safety restrictions is also undertaken. 

The main result of the thesis will be to show the feasibility of using a 

ganma heated boiling assembly in EBR-II. 



SYSTEM DESCRIPTION 

Gamma heating has several advantages over other methods of heat­

ing previously given. The method is reliable, and does not depend upon 

any outside power leads or controls. Heat flux resulting from gamma 

heating is low obviating the need to develop any new structural material. 

There need be no allowance in the design for fission product gases, etc. 

Although gamma heating has some advantages, it also possesses 

certain drawbacks. The neutron and gamma flux in the assembly and hence 

the heat flux are not precisely known. Gamma heating is not substantial 

and the resulting heat flux in the assembly will be small. A small heat 

flux means flow through the assembly must be reduced. Additionally, 

whatever heat is available from the heated section must be concentrated 

exclusively in the liquid sodium passing through the heated section. The 

need to avoid heat loss implies insulation of the boiling section from 

surrounding subassemblies. 

A drawing of a lateral view of the subassembly is shown as 

Figure 3. The following components may be distinguished: 

1. Seven pins comprising the actual heater section 

2. Outer insulating can 

3. Upper and lower flow meters 

4. Upper and lower retainers 

5. Mixer section 

6. Thermocouples and void sensors 

In this section the basic features of the subassembly will be described. 

The subassembly characteristics are summarized in Table 2. 
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TABLE 2 

BOILING SUBASSEMBLY CHARACTERISTICS 

LOCATION (IN EBR-II) 

CONFIGURATION 

MATERIAL OF HEX CAN 

DIMENSIONS (IN) 

INSIDE FLATS 
INSIDE CAN 

GAMMA HEATED PINS 

NUMBER IN SUBASSEMBLY 
MATERIAL 
DIMENSIONS (IN) 

DIAMETER 
LENGTH 

CLADDING 
MATERIAL 
DIMENSIONS (IN) 
WALL THICKNESS 
LENGTH 

SPACER WIRE 
MATERIAL 
DIAMETER (IN) 

INSULATING CAN 
MATERIAL 
INSULATING MATERIAL • 
GAS ANNULUS (IN) 

POWER OUTPUT AT 75% REACTOR POWER (KW) 

COOLANT TEMPERATURE AT INLET (°F) 

FLOWRATE THROUGH SUBASSEMBLY (gpm) 

COOLANT TEMPERATURE RISE (°F) 
INNER SECTION 
OUTER SECTION 
OUTLET TEMPERATURE 

5F3,5D2 

STANDARD INSAT OUTER 
DIMENSIONS AND HEX CAN 

304 SS 

1.827 ± 0.003 
1.420 

TANTALUM 

0.40 ± 0.001 
20 

INCONEL X-750 

0.010 ± 0.0005 
30 

INCONEL X-750 
0.040 ± 0.0005 

INCONEL X-750 
ARGON GAS 

0.070 

21.57 

700 

1.44 

1029 
37 

1042 

NUMBER OF LEADS 20 
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A typical pin is shown in Figure 4. This pin consists of twenty 

inches of tantalum, clad with Inconel X-750. The upper portion of the 

pin is hollow and is filled with argon gas. The choice of tantalum as 

the gamma absorber is based upon several factors. Tantalum possesses 

the highest gamma energy absorption coefficient of any material, with the 

exception of uranium and lead (6). In addition, tantalum has a relatively 

high cross section for fast neutrons, and tantalum is compatible with 

liquid sodium (8). Tantalum also has a high melting point, 5400°F. Both 

of these latter properties make tantalum desirable from a safety stand­

point. The high gamma and neutron heating properties make tantalum the 

most advantageous material for use as a gamma heater. 

The cladding chosen for the tantalum is Inconel X-750. Although 

tantalum is compatible with liquid sodium, it has exhibited a compara­

tively high corrosion rate in experiments conducted in EBR-II (8,9). 

Assuming only a forty-three day residence time for the boiling apparatus 

(the normal operating cycle for EBR-II), the actual amount of tantalum 

released into the liquid sodium would be small. The corrosion products 

of tantalum, however, would create a nuisance activity in the coolant 

which is not necessary. Furthermore, from results of previous experi­

ments (9), tantalum is not recommended for use unclad in EBR-II. Hence 

a thin cladding is provided. 

The usual cladding material of EBR-II is 304 Stainless Steel. 

This cladding material, however, may appreciably lose mechanical strength 

at the temperatures the subassembly must operate at to boil liquid sodium 

(approximately 1729°F). Consequently, Inconel X-750 was chosen. This 

material has evinced excellent corrosion resistance in experiments in 
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EBR-II (8,9), and has good mechanical strength in the subassembly tempera­

ture operating range. 

Each of the Inconel clad tantalum pins is wrapped with a spacer 

wire and the seven pin assembly is placed within an insulating can. This 

can contains an annular space of 0.070 in., which is filled with argon 

gas. The can serves a twofold purpose. One is to provide thermal insula­

tion for liquid sodium flowing past the tantalum pins from neighboring 

assemblies in EBR-II. The second intention of the can is for pressure 

pulse protection. Under certain conditions of extremely low flow, violent 

boiling can occur in which the subassembly could be voided and be refilled 

with liquid sodium (53). The can offers protection to the surrounding 

subassembly hexagonal wall, preventing deformation. 

The upper and lower retainers are designed to prevent escape of 

pieces of the heater section of the assembly, if the heater section 

should break apart. This event, although very unlikely, could result in 

tantalum being scattered throughout the reactor core. As has been noted 

above, this event would create an unnecessary activity in the liquid 

sodium coolant and on core and heat transfer surfaces. 

Various instrumentation is also provided at several locations in 

the subassembly. The types of sensors will merely be described. A com­

plete account of their employment and interaction in boiling experiments 

is beyond the intention of this thesis. 

These six general components comprise the essential features of 

the sodium boiling apparatus. In the next section, the specific design 

of each component and the operation of the assembly will be considered. 



COMPONENT DESIGN 

In this section the design of each component in the boiling 

assembly is delineated and overall assembly operation is evaluated. The 

following areas of component design may be distinguished: 

- Gamma and neutron heating in tantalum 

- Hydraulic design 

- Sodium superheat 

- Temperature distributions and stress considerations 

- Decay heating 

In addition, an economic analysis is given. 

Once the preliminary design of the boiling assembly was estab­

lished, computer simulation was used to model assembly operation. The 

code selected for this purpose was COBRA-IIIC (45). A summary of the 

principal features of this code and its input is presented in this section. 

All boiling assembly design was performed at a specified reactor 

power and flow. Since some error will be present in any system design, 

the design must be flexib-le enough to account for these variations, or 

the operating conditions for the system must be capable of alteration to 

offset design error. Because of the small size of INSAT, individual sub­

assembly controls, such as flow valves, could not be used. Thus the 

EBR-II reactor itself had to be used for adjusting to deviations in 

design values. The subassembly is designed to boil at 75% reactor power 

and 100% reactor flow. By using these conditions as the reference case, 

lower than predicted gamma and neutron heating rates may be corrected by 

an increase in power or a decrease in flow in the boiling assembly. The 
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initiation and termination of each boiling experiment may also be con­

trolled by increasing and decreasing reactor power. The reactor may then 

be operated for a normal cycle (43 days for EBR-II) and boiling experi­

ments may be accomplished at set frequencies. 

Gamma and Neutron Heating 

The most crucial aspect of the feasibility of the design is the 

amount of gamma and neutron heating in the tantalum rods. The neutron 

and gamma fluxes used for this calculation were determined for the core 

configuration shown in Figure 6. This core configuration is given in 

reference 41. 

In order to calculate the gamma heating rate, the following 

assumptions were made: 

1. The energy range of 0.1 to 10 Mev is adequate to describe 

gamma radiation in a fast critical assembly (48). 

2. The absorption and scattering of photons may be accounted 

for by three processes: Compton effect, photoelectric effect, and pair 

production (49). 

3. Gamma radiation is attenuated in a "straight ahead" process. 

A buildup factor is used to account for secondary radiation.^ 

4. A flat axial gamma heating rate.^ 

The energy absorption coefficient accounts for all three of the above 

mentioned photon interaction processes. The variation of gamma radiation 

^This buildup factor method gives results which are generally in 
good agreement with experimental results (4). 

^The actual gamma heating profile that exists in EBR-II was taken 
into account when using the COBRA code to evaluate boiling assembly 
operation. 
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is then given by: 

*g ^go^ 

and the energy deposited is; 

where. 

Q = B u E 4 ^ a ^g 

B is the buildup factor 

u is the energy absorption coefficient, cm" , at energy E 

l̂go 

2 
(|>„ is the gamma flux at any point, p/cm -sec, at energy E 

2 
(|) is the gamma flux incident on the rod, p/cm -sec, at 

energy E 

R is the outer radius of the rod, cm 

The gamma flux was divided into twenty energy groups. The energy 

deposited from each group was then calculated. The total energy added to 

the pin was found by integrating the heat added by each group over the 

radius and length of each pin. As may be seen from Figure 7, the gamma 

heating rate quickly decreases above and below the core. Thus pin length 

was limited to 20 inches, and the tantalum section of the pin is centered 

in the reactor core for maximum heating. 

The neutron heating was calculated in a similar manner using the 

following assumptions: 

1. Only the (n, gamma) reaction was considered of any signifi­

cance for heating (4). 

2. A neutron spectrum of 0.29 to 3680 Kev was used (48). 

3. All the gamma radiation produced by neutron capture was 

assumed to be absorbed in the immediate vicinity of its point of emission. 
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4. Straight ahead attenuation was assumed for the neutron flux. 

A twenty-two group neutron spectrum was used. The procedure 

employed for calculating neutron heating was similar to that used for 

gamma heating. The total heat produced in the tantalum pins is 23.57 KW 

at 75% reactor power. The procedure used for heating calculations for 

gamma and neutron fluxes may be found in reference 4. 

Hydraulic Design 

The hydraulic design for the boiling assembly will be explained 

in this section. The program COBRA-IIIC was used to evaluate the 

hydraulic performance of the boiling assembly. This code will be sum­

marized and the hydraulic design will then be presented. 

COBRA-IIIC is a computer code designed to perform both steady 

state and transient subchannel analysis of nuclear fuel rod bundles while 

concurrently solving for fuel rod temperatures. It computes the flow and 

enthalpy in the subchannels (or channels if they are the model basis) 

during both boiling and non-boiling conditions by including the effects 

of both turbulent and diversion crossflow mixing. The mathematical model 

neglects sonic velocity propagation. Thus the model is limited to tran­

sients in which the transient times are greater than the time for a sonic 

wave to pass through the channel (45). 

The equations of the model are solved by using a finite difference 

scheme which gives a boundary value flow solution for both steady state 

and transients. The transient boundary conditions are inlet enthalpy, 

inlet mass velocity, rod surface heat flux, and exit pressure. The fluid 

model noding is one radial and numerous axial nodes for each fuel 

assembly. The fuel temperature model combines both axial and radial 
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nodes. The main features of the code are paraphrased from reference 45 

as follows: 

" COBRA-IIIC can consider transients of the intermediate to fast 

speed—no sonic velocity propagation effects are considered. 

- The numerical scheme involves a boundary solution where the 

transient boundary conditions are the inlet flow, inlet enthalpy, rod 

surface heat flux, and exit pressure. 

- Temporal and spatial acceleration of diversion cross flow is 

included in the transverse momentum equation. 

" Forced diversion cross flow from mixing vanes is included. 

•» Methods are available for analysis of partially blocked 

channels. 

In order to perform calculations with COBRA-IIIC for boiling 

liquid sodium, several correlations and various input data are required 

to obtain meaningful solutions. The correlations used in the subassembly 

design will be outlined below. English engineering units are used 

throughout the code. The input used for evaluation of subassembly per­

formance is shown in Appendix A. 

The first set of data input required by the code consists of 

fluid properties. These are temperature, liquid specific volume, vapor 

liquid thermal conductivity, and surface tension of the liquid. These 

are all entered as a function of saturation pressure. Reference 45 was 

used as the source of the required data for sodium. 

The single-phase friction factor of Koo (43) was used: 

f/4 = 0.0014 + 0.125(Re)'^-'^^ 

where Re is the Reynolds number. The friction factor was corrected to 
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account for the effects of a lower liquid viscosity near a heated wall. 

Both void fraction and two-phase friction multiplier were speci­

fied as polynomial functions. These functions were obtained by a least 

squares fit to data given by Baroczy (44) for two-phase sodium flow. 

These polynomials are functions of the sodium quality, and the coeffi­

cients of the polynomials are supplied as inputs. 

The axial heat flux profile for EBR-II was inputed as a function 

of relative rod length. This profile is constant with time and is common 

to all rods. 

Dimensions of flow channels, areas of flow channels, and rod gap 

spacings are all supplied as inputs. 

Fuel rod dimensions, fuel rod layout and radial power peaking 

factors are shown for the case of gamma heating in Figure 8. 

Turbulent mixing models must be established. For liquid sodium, 

the correlation most widely used is: 

3 = 0.0124(D/S)Re"°-^ 

where, 

D is the hydraulic diameter, in. 

S is the rod spacing, in. 

B may be considered as a ratio of diversion cross flow to 

axial mass flow 

This model was established empirically by Millhollen (13). Beta is not 

varied as a function of axial length, hence the turbulent mixing model 

ignores spacer and blockage induced turbulent subcooled mixing. 

In addition to the above variables there are several input param­

eters which are unique to the COBRA code. The diversion cross flow 
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resistance factor has little physical significance. For liquid sodium 

and wire wrap a value of 0.5 was used (13). A turbulent momentum factor 

is assigned which represents the relative importance of convective and 

conductive thermal transport. A value of 0.0 was used for liquid sodium 

(for water the value would be 1.0). The allowable fractional error in 

flow convergence was chosen as 1.0 x 10 , because of the low flows 

involved in the boiling assembly. 

There are several reasons why the COBRA-IIIC code was chosen for 

assembly evaluation. First of all, the code was available and was easily 

adaptable to the CDC-6400. COBRA-IIIC is also a recognized standard code 

for thermal-hydraulic calculations. Perhaps the most important reason of 

all, however, is that the accuracy of COBRA calculations has been experi­

mentally determined in EBR-II (13). This experiment was conducted for 

the sole purpose of comparing COBRA calculated temperatures to tempera­

tures measured in INSAT. The difference between COBRA temperature calcu­

lations for each channel in INSAT and the measured temperatures were 

negligible, and in general. 

This good correlation indicates that the COBRA code, as it 
is now used, is adequate in predicting fuel test assembly 
coolant channel temperatures in EBR-II. (13) 

COBRA-IIIC was employed in the assembly flow and temperature 

analysis using the inputs mentioned above. Two different rod layouts 

were used with the COBRA code. One rod layout, given in Figure 8, is the 

complete inner assembly comprised of the seven tantalum pins, Inconel 

cladding, wire wrap and circular wall of the insulating can, and void 

sensors. The other layout used is shown in Figure 9. It is a one-sixth 

geometry layout, but in addition to the inner pins this layout also con­

tains the outer bypass channel and the insulating can. The one-sixth 
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geometry case gives representative results for the entire boiling 

assembly, including nominal sodium outlet temperature from the subassembly. 

Heat loss through the insulating can was modeled by varying the radial 

power factors until the proper amount of heat was added to both the inner 

portion of the assembly and to the bypass channels. Heat loss from the 

boiling assembly was accounted for in the seven pin geometry by reducing 

the total heat added from the tantalum pins by the amount of heat loss 

through the insulating can. Peaking factors for the seven pin geometry 

are shown in Figure 10. 

Two different layouts were used owing to the difficulty of simu­

lating the entire assembly on COBRA. The one-sixth geometry also allowed 

many different cases to be evaluated at reduced cost. 

Once the reference reactor power was established (75%), sub­

assembly flow variations were studied using COBRA-IIIC with the objective 

of producing boiling in the subassembly at 75% power. Moreover, flow and 

flux sensitivities to boiling were established. 

The mass flux required in the subassembly for boiling is 0.062 

Lb /hr-ft X 10 . By use of two orifice plates the above flow v/ill exist 

in the subassembly when the reactor pumps are at 100% flow. Total flow 

rate through the assembly is 1.44 gpm, or approximately 2.4% of normal 

INSAT full flow. 

In order to establish the susceptibility of assembly performance 

to flux and flow variations, a sensitivity study of the assembly was car­

ried out. The sodium flow rate and the gamma and neutron flux variation 

effects on assembly were investigated around the reference flow and 

reactor power established above. COBRA-IIIC results indicate that at the 

reference flow, boiling will still occur with up to 10% deviation in the 
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heat flux. Boiling in the assembly was more sensitive to changes in flow 

rate. A 10% decrease in flow rate gives boiling with a higher quality, 

but does not seem to yield violent boiling which could void the entire 

assembly. Although calculation provides nominal design values, it is 

recommended that an assembly built for EBR-II operation undergo out of 

core flow tests to verify and possibly adjust flow conditions. 

Sodium Superheat 

Any design of a device which proposes to boil liquid sodium must 

consider sodium superheat. It is well known that the liquid adjacent to 

the heating surface must become superheated in order to initiate a bubble 

(50). In the case of liquid sodium, determining the degree of superheat 

necessary to boil is difficult. Because of the low Prandtl numbers asso­

ciated with liquid metals (in this case, Pr = .0038), the temperature 

profiles are much less abrupt at the heating surface than in the case of 

nonmetallic liquids. Also, liquid sodium has very good wetting character­

istics. This in turn makes cavities more likely to be flooded, so that 

there is an absence of nucleation centers (50). 

A review of recent literature, addressing' itself to the amount of 

superheat present during sodium boiling, suggests that the degree of 

superheat may be correlated to the rate of temperature increase (tempera­

ture ramp), velocity of the fluid, previous flow-temperature history of 

the boiling apparatus, and heat flux (33,51). It may also be related to 

the amount of entrained inert gas in the liquid sodium (35). There is by 

no means universal agreement on the parameters that govern the amount of 

superheat or the mechanisms that explain observed effects in recent 

sodium boiling experiments (see, for example, the discussion at the end 

of reference 51). 
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In order to estimate the degree of superheat that would be 

present in the boiling assembly, the correlation of Pezzilli, as reported 

by Dwyer (33), was used. This correlation is given by: 

V S.1 ''c a -I-' 

* 

" ^̂ '̂ (Re*/Re)0-2S + (Re/Re*)^-^^ 

where, 

(t - t .) is the degree of superheat, °F 
it 

(t - t .) is the maximum amount of superheat for the 

particular case, °F 

Re is the Reynolds number 
* 

Re is the Reynolds number at which incipient 

boiling superheat will be the same as that 

for pool boiling 

The study of Dwyer used 316 SS, with a polished surface finish (14-18 

microin.). When this correlation is assumed for the EBR-II boiling sub­

assembly as designed, a superheat value of approximately 110°F is 

obtained. This superheat should only be regarded as approximate, how­

ever. This value of superheat is close to the value for pool boiling and 

thus it should probably be considered as an upper limit for superheat in 

the assembly. It should be noted that there are many variables in the 

Dwyer experiment which will not necessarily be similar to the EBR-II 

assembly, such as surface roughness, etc. 

Experimental evidence (33) shows that a value of approximately 

40°F may be the lower limit for the boiling assembly. Experiments in 

boiling sodium out-of-core under similar conditions of heat flux and flow 

in the assembly indicate a superheat of 20°F to 100°F (53). 



30 

The boiling device was designed to boil at a superheat of approx­

imately 80°F. This is considered to be a reasonable value in light of 

known experimental evidence and correlations. 

The COBRA-IIIC code has no provision for superheated boiling. 

Consequently, in order to insure the sodium boiling apparatus would 

actually boil liquid sodium in EBR-II with superheat, COBRA input was 

modified for superheat. This modification consisted of changing the out­

let plenum pressure so that an 80°F superheat was reflected in the satura­

tion temperature. 

Temperature Distribution 

The final exit temperatures of each channel of the boiling sub­

assembly are given in Figure 11, just prior to the onset of boiling. An 

axial temperature profile for channel 1 is given in Figure 12 for the 

boiling case. These are the temperature profiles calculated by COBRA-

IIIC. Complete axial and radial temperatures for each channel are given 

in Appendix A. 

The low heat flux present in the tantalum pins combined with the 

high thermal conductivity of both tantalum and Inconel result in a very 

low temperature decrease from the center of the pin to the pin wall. 

During normal operation this temperature difference is only a few degrees 

Fahrenheit. 

Although the temperature differences within a pin are small, the 

subassembly will operate at a high temperature (considerably higher than 

other subassemblies in EBR-II). Thus differential expansion must be 

taken into account. To allow for differential expansion, the tantalum 

pins are held only at the bottom of the subassembly by a grid spacer. 
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Figure 11. Temperature Distribution of the Assembly (Exit) Prior to Boiling Initiation 
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There is sufficient clearance between the top of the pins and the mixer 

section for expansion. 

Each pin contains a hollow space above the tantalum. This space 

can also accommodate some differential expansion within the pin. It 

could also conceivably be used for instrument location. The space is 

filled with argon gas.^ The pressure at the top of the pin during 

assembly operation is approximately 624 psi. The insulated space at the 

top of the pin helps insure that the majority of heat is added from the 

tantalum pin. By localizing the position of heat addition, the approx­

imate place of initiation of boiling is more closely defined. This aids 

instrument location within the assembly. 

The relatively low heat generation in the tantalum implies that 

as much heat as possible must be imparted to the sodium in the inner 

section of the boiling assembly. Due to the high conductivity of liquid 

sodium, a means must be provided to insulate part of the liquid sodium 

from the surrounding reactor subassemblies. For this purpose, an insul­

ating can is installed between the tantalum pins and the outer subassembly 

wall. This can is fabricated out of Inconel-X750 and contains an annulus 

which is filled with argon gas. This allows an 8% loss of the total heat 

added from the center section by the tantalum pins. 

One of the design requirements cited earlier was the restriction 

on the outlet temperature of the INSAT. The sodium in the heated section 

will be at a temperature of approximately 1729°F. In order to reduce 

this temperature, some of the liquid sodium is bypassed around the insul­

ating can. This sodium is then recombined with the boiling sodium in 

Â ceramic insulator may be used instead, depending upon the 
method of pin fabrication. 
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the mixer section. The maximum outlet temperature of 1048°F was achieved 

by varying the flow through the outer channels in the subassembly. This 

flow study was accomplished with the one-sixth geometry model for COBRA-

IIIC. The bypass flow also cools the insulating can. The flow in the 

bypass channels is approximately 2.8 times the flow through the inner 

assembly. An example of one-sixth geometry for the conditions of 75% 

power and full flow is given in Appendix A. 

Stress Analysis 

In this section the various stresses pertaining to the components 

will be considered. It should be emphasized that detailed stress calcula­

tions were not accomplished. Maximum stresses (in accordance with refer­

ence 41) were calculated for all components in order to ascertain if any 

component should be altered or redesigned. 

Stress may originate from either a temperature gradient or mech­

anical loading (5). In considering the thermal stresses, maximum 

temperature differences were used. The maximum stress components for the 

tantalum pin are the axial and tangential components (5). These stresses 

reach their maximum point away from the end faces, of the pin and are 0.5% 

of yield stress. At the end faces, the tangential stress is approximately 

1% of yield strength. 

The Inconel cladding was considered as a tube conducting heat 

from inner to outer surface. Internal heat generation in the cladding 

was slight and therefore neglected. In this case, the maximum stresses 

are the circumferential and axial stresses (5). These are equal and 

occur at the inner surface of the cylinder. This stress represents 

approximately 6% of yield stress. Temperature stresses in the other 
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components of the boiling subassembly are low and do not present a prob­

lem, with the exception of the mixer section. 

The design of the mixer section is affected by two conditions 

which result from solutions to other subassembly design problems. These 

conditions are high temperature gradient between boiling section and by­

pass channels, and pressure pulses from collapsing bubbles. The mixer 

section was thickened to allow for the high temperature gradient (approx­

imately 900°F) across the inner portion of this section. 

Mechanical stresses from pressure pulses must also be examined. 

Pulses from collapsing bubbles in the mixer section can be as high as 400 

atmospheres (46). This section of the boiling assembly has been made as 

massive as possible and in its present design can withstand the antici­

pated pressure pulses and temperature gradients. 

Tantalum has also shown some swelling under irradiation (42), 

which could possibly produce some mechanical stress. Using the correla­

tion developed by Pitner and Bates (42), the swelling should be on the 

order of 0.3% AV/V. This swelling is the total that will occur over a 

43-day period at 1700°F. 

Decay Heat 

Decay heating of the tantalum must be considered, since it is 

relatively high (42). Decay heating was computed for the tantalum using 

twenty-two neutron energy groups. Total decay heating immediately after 

shutdown, assuming a 43-day irradiation time at 75% power, is 71.21 W. 

This is approximately 0.3% of the total power generated in the pins dur­

ing reactor operation. Table 3 gives the decay heating rate as a function 

of time. Assembly operation immediately after shutdown is shown in 
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Figure 13 for both auxiliary pump flow and natural circulation. Natural 

circulation is sufficient to cool the subassembly immediately after shut­

down with no boiling. 

TIME 

6 hr 

12 hr 

18 hr 

1 day 

2 days 

5 days 

TABLE 3 

DECAY HEAT GENERATION 

HEAT GENERATION 

243.04 Btu/hr 

234.76 Btu/hr 

226.77 Btu/hr 

211.58 Btu/hr 

184.2 Btu/hr 

121.54 Btu/hr 

If natural circulation flow continues to decrease after shutdown 

as shown in the Experimenters Guide (41), boiling may possibly reinitiate. 

If superheat and other factors affecting superheat are ignored, then the 

power to flow ratio is sufficient for the assembly to boil about 1 minute 

after shutdown (with natural circulation). This boiling is mild and 

would continue for approximately 8 to 10 minutes after shutdown. It must 

be emphasized, however, that because of the extremely low flow from 

natural circulation, the conditions in the assembly are similar to those 

for pool boiling in this case. Pool boiling of liquid sodium takes place 

with superheats in excess of 100°F (24). Thus, although the power to 

flow ratio is sufficient for boiling with natural convection, the requis­

ite conditions for boiling may not actually exist in the assembly after 

shutdown. 
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Sensor Location 

The objectives of sensor location are twofold. One purpose is 

to furnish a means of collection of sodium boiling data. The other is 

to provide a method for monitoring subassembly operation. Abnormal ' 

operation may then be quickly detected and corrected. The theory of the 

placement of these sensors is not a part of this thesis. Hence, only the 

location of the sensors will be described. There are three types of 

sensors: flow meters, thermocouples, and void detectors. 

The flow meters are the standard permanent magnet type for the 

t:BR-II INSAT, Operation of these flow meters is similar to that of a 

D. C. generator (32). As the conducting liquid sodium moves through the 

flow meter tube placed in a stable magnetic field, a potential is devel­

oped across the tube at right angles to the field. Obviously, this poten­

tial is proportional to the volumetric flow rate of the liquid sodium. 

Thermocouples are the second type of sensor provided. These will 

be placed on the surface of the outer six tantalum pins. The thermo­

couples will replace the wire wrap of these tubes at staggered height 

intervals of one inch. For example, one tube could have a thermocouple 

located at 15 inches, another at 16 inches, etc. A second wire wrap 

thermocouple will be provided on each of the outer six tantalum pins. 

Each of these second thermocouples will be placed seven inches above the 

other thermocouple already on the tube. Thus, if the first tube had a 

thermocouple located at 15 inches, the second thermocouple would be 

located above the first thermocouple at 22 inches. The leads from the 

thermocouples will be brought up the assembly and around the upper flow 

meter. The upper portion of each of the six outer tantalum pins will be 

double wire wrapped. 
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Void sensors will also be located in the subassembly. These will 

be placed just on the inside of the inner insulating can wall. They may 

be staggered in height so as to sense a larger region. These detectors 

sense sodium vapor by measuring changes in conductivity of the liquid 

sodium. 

The total number of leads for all these detectors is 20, which is 

within the capability of INSAT. 

Economic Analysis 

A broad economic assessment was undertaken for the boiling 

assembly. The principal source of the assessment was Argonne National 

Laboratory, although Battelle Northwest Laboratory, Hanford Engineering 

Laboratory, and two private firms were also consulted. The approximate 

cost of fabrication of the entire subassembly, including instrumentation, 

is $25,000 to $40,000 (52). When the cost of quality assurance, paper­

work necessary for EBR-II, and required testing of the boiling assembly 

is included, the total price is $250,000 to $500,000 (52). These costs, 

however, should be regarded as approximate. Any unforeseen problem, such 

as fabrication of the Inconel-clad tantalum pins, could raise the cost 

considerably. 



SAFETY ANALYSIS 

Any experimental device which is to be used in EBR-II must be 

analyzed for loss of flow condition and for a 125% reactor overpower 

condition. These accidents are considered in this section. In addition, 

a critical heat flux for the assembly is determined. 

Results given previously for decay heating have shown that 

auxiliary pump flow and natural convection flow were found sufficient 

to cool the subassembly immediately after reactor shutdown. Thus the 

boiling assembly will not offer a hazard to the reactor during a loss of 

flow accident followed by a reactor scram if auxiliary pump flow is 

available. The two most hazardous cases are then loss of flow without 

reactor shutdown, and reactor shutdown with only natural circulation. 

The case of loss of flow without reactor shutdown is the most 

dangerous of the two cases. As a worse case, entire voiding of the sub­

assembly was assumed. The outer cladding was taken as an adiabatic wall, 

and the reactor was assumed to continue operation at 75% power. Since 

the thermal conductivities of tantalum and Inconel are high, they may be 

assumed to be thin walled thermally (31). Thus the heat balance is: 

where, 

q" 

q' 

V 

S 

P 

q"S + q"'V = pC p dt 

is the heat flux, Btu/hr-ft 
3 

s the volumetric heat generation rate, Btu/hr-ft 
3 

s the volume, ft 
2 

is the surface area, ft 
3 

is the density, Ibm/ft 
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C is the specific heat, Btu/lbm-°F 

t is the time, hr 

T is the temperature, °F 

Solution of this equation for an adiabatic wall gives a heating rate of 

approximately 33°F/min. Assuming that the initial cladding temperature 

was 1729°F, this would give 22 minutes before cladding meltdown. Thus, 

even in the extremely unlikely event of subassembly voiding or loss of 

coolant flow without reactor scram, there should be adequate time for the 

operator to take action before cladding failure. 

Although the probability of voiding the entire assembly is low, 

there is also the possibility that the assembly will boil for some time 

after reactor shutdown from decay heating. Using the decay heating rate 

in tantalum and again assuming the assembly is completely voided and no 

heat is lost in the tantalum pins, the temperature rise is on the order 

of 0.1°F/min. The duration of decay heat boiling in the assembly is thus 

much shorter than the amount of time required for cladding failure. 

The other required accident is a 125% overpower condition. Since 

the subassembly is designed to boil at 75% reactor power, subassembly 

operation must then be evaluated at 94% reactor power. This evaluation 

was accomplished by use of COBRA at 100% subassembly flow. Average out­

let temperature was 1148°F, which is below the saturation temperature. 

If the assembly power is raised to 125%, a temperature of approximately 

1250°F was reached.^ 

^This temperature was calculated by extrapolation of COBRA 
results for lower power cases. COBRA would not give results for this 
high power combined with the low flow in the assembly. 
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The critical heat flux for the assembly was estimated from the 

correlation of Lowermilk (derived from data of Hoffman and Krakoviak) 

as reported by Dwyer (24). This correlation is: 

(Q/A)^ = 270(1/D)°-2(D/L)°-^^(G)°-^^ 

where, 

(Q/A)_ is the critical heat flux, Btu/hr-ft^ 

D is the hydraulic diameter, ft 

L is the length of the assembly, ft 
2 

G is the mass flux through the assembly, Lbm/hr-ft 

A graph showing boiling inception and critical heat flux is given 

in Figure 14, for the inner channels. Although the region of safety can­

not be precisely determined by this critical heat flux correlation, the 

equation is believed to give conservative values (50). The point of 

boiling inception for the assembly as computed by COBRA-IIIC is also 

given in Figure 13. 
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DESIGN EVALUATION 

At this point, it is perhaps appropriate to evaluate the overall 

design with reference to the stated design objectives and requirements. 

The following design requirements have been satisfied: 

1. The subassembly is instrumented for obtaining data. 

2. All of the experimental components are made of materials 

which are compatible with liquid sodium. 

3. The exit coolant temperature is within the maximum allowable 

outlet temperature for INSAT. 

The gamma heated assembly has been shown to be safe for a loss of 

flow accident and an overpower accident. There is sufficient operator 

reaction time during a complete voiding of the boiling assembly. Relia­

bility of the heater is assured since there are no moving parts in the 

assembly and no power leads that must be provided. An adequate margin 

for flow error calculations or heat flux calculations is provided by 

designing the assembly for boiling at 75% reactor power and 100% flow. 

Thus, the gamma heated assembly is feasible for EBR-II. 

Additionally, experiments conducted in EBR-II will advance the 

present state of knowledge in the area of sodium boiling. Sodium boiling 

in a reactor will be a considerable improvement toward discovery of mech­

anisms of sodium boiling inception under prototypical conditions. The 

success and durability of an instrument to detect onset of sodium boiling 

can also be tested using the gamma heated assembly. Finally, the gamma 

heated experiments will provide the groundwork for potential future 

experiments with a fission heated assembly. 
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It is recommended that the gamma heated assembly be constructed 

and used in EBR-II. The next step involves more detailed drawings, 

instrumentation of the assembly, and flow testing. Some variations on 

this basic design could also be considered. The most promising of these 

is an assembly with gamma heated outer pins and electrically heated 

central pin. Such an arrangement would provide better heat flux control 

and could operate over a wider range of conditions than the totally gamma 

heated assembly. 
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APPENDIX A 

Sample COBRA Input 

Seven Pin Bundle Temperature Results, COBRA-IIIC 

Bundle Outlet Temperature at Normal Operation 
(one-sixth geometry) 
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5 1 . 1 . 2 0 0 . 9 5 0 3 . 1 6 7 0 ( 3 ) . 1 6 7 0 ( «.) _ . _ . 3 3 3 C ( 9 ) . 3 3 3 3 ( 1 0 ) 
6 1 . ' . 2 . . 3 . 9 ' . > 3 : . 1 6 7 3 ( U ) . l t , 7 3 ( 5 ) . 3 3 3 0 ( 1 0 ) . 3 3 3 3 ( 1 1 ) 
7 1 . 1 . 2 : 0 l .C 'SCC . i e 7 0 ( 5> . 1 6 7 0 1 6 ) . 3 3 5 0 ( 1 1 ) . 3 3 3 0 ( 1 2 ) 

THERMAL P R O P E K I I C S F0r< FULL M A T E R I A L 5 R A U I A L FUEL 'JUOES 
F J t L P R O P E R T I E S C L A O P R 0 P E R T I « - S 

TYPE COWu. S P . H ; . A T D E N S I T Y O I A . C O N D . i . P . H t A T D E N S I T Y 
N O . ( d / H R - F T - F ) ( J / L r t - F » ( L ; 5 / F T 3 ) ( I N . ) ( 6 / ' H K - F T - F ) C J / L B - F ) ( L ' 3 / F T 3 ) 

1 3 v . i i C . 0 3 7 0 I C ^ C . O . ' .OOC 1 1 4 . 9 0 . 1 1 0 0 5 0 3 . 0 

- . O C C O t - 3 ) - . O O O O J -
_ _ . - , 0 0 l , C ( - C ) _ - . O C O C { -

- . C 0 C 3 ( - C ) - . O C O C ( -
- . r c c o ( - 0 ) - . o o o c ( -
- . C C C 3 ( - 0 ) - . 0 " C C t -
- . 3 0 C 0 { - 3 ) - . O 0 C 0 ( -

T H I C K . GAP C O H O . 
( I N . ) ( 3 / H R - F T 3 - F ) 
. C I C O 5 0 0 0 . 0 0 

• 0 ) 
• 0 ) 
• 0 ) 
- 0 ) 
• 0 ) 
- 0 ) 

C A L C U L A T I O N I ' A K A I I E T E R S 
CRCSbHLC.^ •< tLSi . :>TA' iCE.KIJ . 5 0 0 
. I O M L N T U M T U R ' . U L E N I FACTOR - . - 0 0 0 
P A R A f ^ L l E R . ( S / u ) . 5 o C 
CnAN.' .cL LE-JijTrt 3 L . 0 0 I^Ct^ES 
C t - i ' , f . E L G - ; i e r j T A T I C N .C OEGOEES 
NL'U .E i i CF A X I A L N O D L S 3 C 

NCot LEflOTri i . G O C I N C H E S 
f,Li«bc.r< OF T I M t STEPS - 0 
T C I A L Tr ' , 4 . ' i : iENT T I M - ' - . C J C SECCMOS 
T I M E STEP . C 0 3 C SECCNQS 
A L L C « A : 3 L E I I E f ^ A T I C N S 30 

CO 

FLCW LO.'. >/LROEi.Ct- FACTCR 1 . 0 C 0 E - C 2 

M l X l r . G C'JK-^LLATiONS 
^ U J C C O L E C i i I X l N O , tiETA = . C 1 2 ' . » { 0 / S ) » k c » » ( - . 1 0 0 0 ) 
U O i i - I N O rtlXi;.^, BETA I S ASSUMMED SAME AS S U 6 C 0 0 L E 0 
L O N L L O I I U M M l x I N l j , GtOMETPY FACTOR = l . u O O C 

OPE- fA l ING C o ' J J i T i C N S 
S t - T E M p.<E5oU.\E = 2 5 . : P S I A 
I N L E T E N T M A ^ P Y = ' 3 6 5 . 9 J T U / L O 
A v e . MASS V E L O C I T Y = . G o t M I L L I O N L 8 / ( H R - S Q F T ) 
Xf .LET T E . - i ^ i K A l U K E = 7 0 0 . ; DEGREES F 
A . ' G . HEAT FLUX = . 0 3 3 5 0 C M I L L I O N B T U / ( H R - S U F T ) 

U.'iIFC-<M I N L E T TEMPERATURE 
I N U I V I O U A L Sui iCr iANNEL F L C ^ S S P E C I F I F O 



SUBASSEMBLY CHANNEL DATA, AT NORMAL OPERATION 

CHANNEL EX_IT_SU_MMARY_R"SULTS . . . 
CASt 1 ' 7 - P i N HIRE WR«P GEOMETRY ' " - - - ^-^^^ 

MASS SALA'JCE - - ENERGY BALANCE - -
_ MAoS FLCW IN _ _ 5 . 9 9 o 2 0 ( . - C 2 L B / J E C __. FH>H ENERGY I N _ _ 2 . 1 9 3 8 9 E * 0 1 CTU/SEC 

MASS FLO.< OUT 6.C27'3«.c-C2 L3/S:-:C ENERoY AUUtD 2 . 0 5 7 7 . . t * 0 1 OTU/SEC 
MASS FLOW cKkOR 3 . 1 7 ' , : / E - C ' » Lb /SEC FLOW ENERGY _OUT i . . 2 7 2 6 1 E * 0 1 oTU/SEC_ 

ENERGY E'̂ ROR 2 . 1 1 7 1 7 E - 0 1 BTU/SEC 

CHAf.f.EL ENTHALPY Tĉ MPE-̂  A TURE DENSITY cCUlL VOID FLOW MASS Ft.UX 
( N O . ) ( 3 T 0 / L d ) _(L"^G-F) (LO/F T3)_QlJfiLI I Y ^FRACTION ( Li3/S£C) _ (MLB/FR-F T2) 

1 7 1 3 . 9 2 1 7 2 3 . 0 6 6 . 5 9 ' . 0 2 C ~ . 8 5 5 . 3 0 3 6 . 3 ' 1 2 5 
2 _ 7 3 ^ . 9 1 _ 1 7 4 : 9 . 0 6 _ L . 7 6 _ _ .OcC . 9 5 1 . 3 0 3 7 .Cft<.8 
3 /'j.Z.'it 1 7 2 9 . - 6 " C . 5 8 "" . 0 2 0 " . 8 5 5 . 3 0 3 2 "" . 0 / 3 2 
*. 7 1 1 . i; 3 17 29 . u 6 b . 5i» . 0 2 1 . S 5 o . 3 0 2 7 . Ci,2 7 _ 
5 7 1 . . . 5 5 1 7 ^ 9 . - 6 ' 6 . 3 3 . 0 2 1 ~ . S - J I . 3 0 2 9 .Of .67 
6 7 1 2 . 1 0 1 7 2 9 . C 6 _ _ b . ' .O . 0 21 . 6 5 9 . 3 0 3<. . " 7 8 3 

• 7 " 7 C - i . d l • 1 7 2 J . : 6 c . :»5 . 3 1 9 . 8 ' . 7 . 3 0 6 6 . o ( . 5 2 
_ « _ 7 i , 7 . ' . : 1 7 2 K ' ; 6 7 . 2 1 . C l t t . 8 1 . 1 . 3 C / C .Of .96 _ 

9 7 C 5 . 7 2 " ' 1 7 2 9 . 0 6 ' 7 .S i* ' . 0 1 7 .e3«." ' . 3 0 6 9 , 0 6 8 9 
10 7 3 3 . 5 9 1 7 2 9 . 3 6 7 . 5 6 . 0 1 7 ^ , 8 3 3 . 3 0 6 9 . : f . 9 C 

7 0 9 . 2 ' . 1 / 2 9 . C o t . 8 8 . 3 1 9 . 8 1 . 9 . 3 C o 9 .C60O 0 1 
12 7 " J . 6 w 1 7 c 9 . C 6 6 . 8 1 . 0 2 0 .65_C . 3 0 6 6 ^.0656 - > 



•:f,oo 
-*><^'l 
-f-^3 
•» A o ; 

-ec; 
-«^c;c 
•)'''C 
-o-^O 
-AC 3 

If "3 
-f.oo 
~ f, r. T 

..A C •< • 

•;f.9; 
., f, T5 ' 

t;f,or, 
^ t, o J 

16'" 3 
..coj. 
",(•''•' 

-fcof 
"o c?' 
if.oo ' 
..c>r ; • 
«(.p J 

•;h'-)C' 
-b^'T 
-« 'i'C" 
..A. QO ' 

-f,9C 
•>6"0' 
J-VH/ 
-«•) «;^ 

nr.?c 
i;ioo 

jogn 
• ;j 11 <3 r> 

> 1 •••) p 

TOQf. 
"jnqn 

:.cop 
L''"?C 

:aqn 
""93 
•> rr^ n 

', *T 

• T^O" 
" O'^r 
0 09''' 
•>:9' 

•"In*' 

OO''" 

*c?; 
JO^" 
3 0 3 f" 
;.nc3f 

.390' 
1 1Q • 

^09 0 
.;:9o 
'N '•O ** 

.jm-' 
3..9-
3"T' 

n-^w) (i^^/r-

•rW MQT.-J 

• r-q . 
.T.'S • 

•'-«• 

6<''3 • 

/f e • 
rtP* 
3?o. 

• " T?tC 
2T3' 
.T6 • 
2/^ • 
7r.i* 
of''* 
f-T* 
003* 

" DO"* "~ 
3:3* 

O'lO* 
3 "3* 
,,.3. 
JCO* 
333* 

••'OT 
-•• -- -^CS* "" 

J-T 
•-- - ..'j. 

3r3* 
"' 3"0* "• 

133* 

') " noinv^'j 
O-'OA 

r,TO* 
6T0* 
PT ? * 
o-^f 

O'O* 
2TT 
Zl".' 
9'0* 
ST3* 
TTO* 
TT"* 
«CC* 
5--. 

3"r" 

""" coo*'" 
•3 •:" • 
""0 * 
"?o • 
jf* ~ 
"r3 • 
1 r 1 • ""• 

3J?* 

-''G* 
..(.«• 

' TOO* " 
1 ""I • 

T "'^ • 

303* 
JC3* 

3"3 * 

Ainvro' 
iTprs 

.. <• 
r-
•^T 
b-' 
J»», 

6? 
rs 
r: 
ti 
pi" 

62 
c •; 
Cf 

6/ 
<3/ 

f.:-
cc 

c*? 

°C 
•"z 

..c 

6f 
29 
•7~ 

••e 

"' fr 
?f 

~ -̂c 
09' 
ir 

•i o"*f2/-t 
•z "^ "9?-eezT 
V o"*f?/T 
'Z 93'e2ZT 
•Z "-"^SZT 
•Z o3*F?ZT 
"Z 90'e?ZT 
tf 93-f7ZT 

•g 9i*«^?ZT 
•6 ' °"'6?ZT 
•3T 9""e2.?T 
' ' " ° 3 • f 2 Z T 
9T °"'£2ZT 

"rfr ' ?•• '•S?Z T 
C>^ 0G*fZ9T 
0 .; ~ "" CT • ri ^T 
'?•• Tr'£n5T 
Z*- ?r3"2ZtT 
P*r »'3'F6tT 
?•• '"6'''f2CT" 
6»: F:'Z»-?T 

^., ' "•? * rzTT 
•0 C 9< • *•( 0 T 

Tc - • o..':2-.: 

:? <;T'6«)6 

?"^ • 5T*Teo 
?'5 TT'CTP 

rs •'?*r9.? 
j< S^'TZ 
£<: •" 0Z*9TZ • 

e*.*cs 03*:c/ 
(iJ-r,'3/n) • • (j-'^^i) 

*ii' •M3n •'xpiri'-'dWJi 

ei'p^z 
Bfprz 
9Z*ZCZ 
l^'iri 
°^'9 OZ 
2 P * S 0 Z 

rz'Tz 
s-*£rz 
GO*T PZ 
Zf'f-f 9 
/J'r.f 0 

£2 ''6 9 
••'T "5 ?9 
SG •9Z° 
tfpoq 

~ n P * 0 •• 9 
b?'i?'^ 
PC 'SFS 
99*°ZS 
JfiTcs 
e»^TC<; 

fi6*zrs 
<;2'^iFi 

5S*T1*< 

" rj*T2'' 

f5 'Tr*-
- hp'cpr 

z^*=zr 
~6F -ozr 

PQ "t;©? 

~ (S'l/riG) 
AdlVHIN? 

n •. • 
T<- • 
fp . 

ir* 
<5:* 
z:* 
PC • 
tf • 
TT • 
'T* " ^" 
-T* 
<••! • 

T;. 

pr • 

or* 
r2* 
0?. 

6? • 
Tf * 
-I • 

zr * 
1.- • 

Q4- • 

f-*- • 
•7C • 

cr. » 

" PS* " ' 
TC« 

.,0 . 

CQ • 

(ISd) 
d-tn3P 

0*0f 
0*62 
c*e? 
0-Z2 
C '°? 
C '52 
C'*-2 
0'£:2 
C*72 
0'T2 
C*02 
C-"^: 
0 'PT 

- ' C*ZT • 
0 -gT 
C'iX 
r**iT 
0-£T 
C*?T 
0 'TT 
O'OT 
C*6 
0*9 
C'Z 
0*9 

'"" C*5 " 
0*T 

— c-E •" 
0*2 
0*T 
C* 

(••II) 

^3K'VIS IC 

_ SITISl?: 030VM?AV BIONHC 

-IVO Xirw3SSV O'l^-rH VkWVO dt'dM ?XIM Nlr*-/ T 3SrO 
.. _ _ ._ .^.. .. . . . ._ ^lins?^ 13N'*JVHD"~ 

• • • 



_CHANNEL RESULTS . _ _ 
CASE 7-PiN WiRc WHAP GAM1A H L A I C O ASJEMOLY dATE 

TIME = .0 

"~ i ) IS IANCr~" 
( I . . . ) 

. 0 
l . G 

2 . 0 
3.3 

5 . 0 
0 . 3 
7 . 0 
8 . 0 
9 . 0 

1 0 . J 
1 1 . 0 
1 2 . 0 
1 3 . 3 
1 - . . 0 
1 5 , 0 
1 6 . 0 
1 7 . 0 
1 8 . 0 
1 9 . 0 
2 3 . 0 
2 1 . 0 
2 2 . 0 * 
2 3 . 0 

2 5 . 0 
2 D . O 

2 7 . 0 
2 S . 0 
2 9 . U 
3 0 . 0 

a t C i j 

' C t L T A - p " ' ~ 
_ . ( P S I ) _ _ 

. -33 

• o l * 

.5a 
. 55 
. 5 2 
. - » 9 
. 1 . 6 

. - 3 

. J 7 

. J . . 

. 3 1 

.2^^ 

. 2 D 

. 2 3 

. c3 

. 1 0 

. 1 6 

. 1 3 

. 1 - , 

. I c 

. 1 1 

. J 3 

. L 7 

. 0 5 

. 0 3 

. • • 1 

. 3C 

NLS O H T A 

ENTHALPY 
. ( y T U / L O ) 

3t>5. aS 
3 7 1 . 7.. 
3 7 a . 1 < ; 

_ 31 J . 5 2 
4 . 3 ^ . 07 

_ • . 3 0 . 1 6 
. .5 s . p7 
1 . 7 1 . 2 3 
' • J 3 . S 9 
5 1 5 . C 3 
5 - . 3 . 2 . . 
5 o 3 . o 9 
50 0 . 0 3 
60 5 . i-, 
D 2 7 . 7 » 

o 5 C . t 9 
6 7 3 . L b 

. _ 6 o 5 . 59 
c 9 2 . ^ 9 

. 6 9 5 . 5 3 
o 9 9 . J l 
7 0 . : . - J C 
7 3 3 . 2 1 
7 ; 6 . £7 
7 J 7 . c5 
7 3 8 . 9 7 
7 0 9 . 9 1 
7 1 ^ . 5 3 _ 
7 1 1 . 2 ' . 
7 1 1 . 5 1 
7 1 1 . ^ 5 

FoR. C H A N J C L 1 

< L E S - F ; . . _ ( L J / c u - F i i . 
7 , 3 . C O 5 3 . 8 8 
7 1 9 . 1 ' . 5 3 . 7 2 
7 3 9 . 9 7 5 3 . 5 D 

. 7 7 7 . J 2 SZ.c-* 
0 . . H . 27 5 £ , o 8 
9 1 1 . 0 7 5 2 . 1 3 
9 7 9 . I C 3 1 . J O 

i L ' . / ' . o S . 5 . . 9 9 
1 1 2 i . C o 5 0 . J 7 

1 1 9 7 , 2 3 1 . 9 . 7 5 
I t 7 7 . ' j 7 ' . 9 . ' ; & 
l 3 i - 3 . C2 . ' . " . ^ o 
* i . 2 2 . : 9 1 . 7 . ^ 5 

_ 1 ' . 9 5 . ' . 1 „ ' . 7 . 2 ^ 
1 5 o 7 . . , 3 " . b . c S 
i t 1 . 1 . CO _ . . H 6 . . , 1 . 

1 7 1 U . 7 3 1 . 5 . j J 

1 * 2 9 . 0 6 _ _ _ _ ! ' • . 37 
l 7 2 i . i i o 1 1 . i H 

. I 7 t : ) . 0 o : c . j 7 
1 7 2 > . C 6 9 . w l 
1 7 2 3 . C6 b . l . . 
1 / 2 9 . - 6 7 .C. ' . 
1 7 2 9 . ^ 6 7 . 7 7 
1 / 2 ^ . C o 7 . 1 3 
irzf.io _ _ e.J2 
1 7 2 3 . 0 & D . 7 D 

. 1 7 2 J . LO . _ . f . b a 
1 7 2 ^ . 0 6 cit j t 
1 7 2 9 . C 6 o . ' . ' j 
1 7 2 9 . w o fc.5o 

E u U i L 

. Q U - L I T Y 
. 0 3 w 
. C O L 

.COL 

. u 3 C 

. 0 0 0 

. , K O C _ 
.uUC 

, ,3r 
. 0 3 a 
.a:: 

„ . 0 V 0 

. 0 3 3 
_ . . ; 3 g 

. 0 3 0 
„ . u 3 C 

.OJC 
» ^? '•> ._ 
. - 0 9 

. . « 1 1 
. 3 . . 3 

_ . 0 1 5 _ 
. 0 1 7 

_ . C . 6 „ 
. 0 1 8 
. O l V i 

_ • 5- ^». „ 
. 1.21 
, w 2 1 
. u 2 1 

V u I C 

F K H C T I C N 

.C'J« 

. I J C 

.LCC 
• CvC . 
. L - £ 

_ - . C C L 
. C J L 

. L 3 C 

-_ . C J C _ 
. C J t 

. . O J L . . _ 
. t o t 
. 0 W w 

_ . 0 3 0 _ _ 

- '77 6 . o : t. 

_ . ( 3 4 . 1 _ 

. e o t 
- . 0 3 8 . _ 

. 8 - 3 

. 0 . . P 

. 8 J 1 

. tJ>». 

. Bvo 
. . 6 , . 7 

. 8 5 7 

FLOW 

. ( L J / S t C ) 
. 0 L j t 

. C L 3 7 

. 0 0 3 3 
_ _ . J L 3 1 . 

.OC j i . 

. J I/O "J 

.OC ?? _ 

. I. «K r 

. C w- c 

. 3 3 - . C 
_ . L L - V _ . 

. . . >. J 9 

. C L W C 

. C t J 6 

_ - . 0 C 3 J 
. U C J 7 

_ . O C f . . 
. J C i . 
. 3 . - -
. L L ..10 

. C ( . 3 o _ 
. t C J •.* 

. . U ( , 3 5 
. u C 3 5 
. u C 0 5 
. w % 3 'k 

. 0 V «. 7 
"^ .31.29 

_ . 5 t 3 - - . 
. C C 3 5 

M A J J FLUX 

( . i w t ; / n ^ - ^ T ^ ) 
. C J L 8 

. J J 5 9 

.077 J 

. w / l i . 

. 0 7 7 M 

. : - 1 V 

. 1 8 3 5 

.C i . , ( ' 

. 0 ^ 4 : 1 

. 0 9 c 7 

• L '.) 1 ^ 

.i.i:7 
. 3 3 . . 0 

. C / D 5 

. u bb . . 

. l i l t 

. 13 2 L 

. 0 3 7 1 

. 0 J 3 ';) 

. - 5 1 7 

. c a l l 

. W J I. ti 

. 0 - 1 * 1 

. 1 , 7 0 5 

. w5 1 0 

. O o / ? 

. 0 7 7 7 

. 0 8 . . . 



CHANNEL 
C A S t 

T I M E = 

p£SJLrs 
1 7 

.C 

01 STANCE"' 
. dr . . ) . 

. 3 
1 . 0 

2 . 0 
„ 3.0 . 

H . C 

5 . 0 
a . 0 
7 . 0 
8 . 0 
9 . 0 

1 0 . 0 
1 1 . 3 
1 2 . 3 
1 3 . 0 

1 1 , . 3 
1 5 . 0 
1 6 . 0 
1 7 . 0 
1 8 . 0 
1 9 . 0 
2 0 . 0 
2 1 . 3 
2 2 . 0 
2 3 . 0 
2 . 4 . 0 
2 5 . 0 
2 0 . 3 
2 7 . 0 
2 8 . 0 
2 9 . 0 
o 3 . 0 

S£ 

'OELTA-P 
. ( P S I ) . 

, 6 3 
. 6 1 . 

. o l 
_ , 56 

. 5 5 

_ . 5 2 . 
. ..-J 
0 . . - > 

i 

. - . C 

,i7 

. :>•* 
. 51 

. 2 o 

. 2 3 
. 2 0 
. l o 
. l o 

. l" . 

. I t 

. 1 1 

. 3-j 

. 33 
. . 7 
. 3 5 
• J •• 

. : J 
• \m ^ 

. 3o 

- P I N WIi<E WRAP 

CCNOS D A T A 

EN T FA LP Y 

. ( J T U / L J ) 
3 o 5 . 8 8 
3 7 1 . 6 ( 4 

3 7 o . ' . 8 
. . . 38 J . 2 2 

H O 5 . -ji* 

1.2 7 . C 9 
• . . . 7 . 5 1 
H O 9 . ' .6 
S 9 2 . 5 7 
5 1 9 . . : 9 
5 3 8 . 7 9 
5 o 2 . t o 
5 8 M . 1 1 

b35.<5C 
6 2 O . D V 

6 5 C . 2 2 
6 5 7 . 4 : 6 
D 8 1 . 5 5 
o ' J j . 7 1 
b 8 9 . 6 9 
6 -J - . . oW 
73 : . 3 6 

7 3 3 . 2 1 . 
7 3 5 . 3 9 
7J 7 . w . 
7^ 8 . J 3 

70 J . - 5 
7 3 9 . - a 1. 
7 1 3 . 1 5 
7 1 ' - . 3 3 
7 l O . <.iJ 

G4.11.14 HEi iT l i i ) A a S t H o L Y 

FOR CHANNEL 2 

r £ M P L < A T J i v £ U C N J I T Y 

. ( D C G - F ) < L o / v , U - F T J _ 
7 j u . - j 5 3 . 3 } 

_ . 7 1 8 . h2 '-JZ.7Z 

7 ^ 1 . 1 5 3 5 . 5 5 
. . 7 7 5 . ; 6 . _ 5 3 , 2 5 

^i^.l-, 5 2 . 7 9 

9 J l . < . i _ - > i i . < : l . . 
9 b d . j - . 5 l « b 3 

i u i . ! . 93 5 1 . J M 

1 1 I d . 5 9 5 C . J 9 
l i i O o . 1 2 _ _ - 9 . D 5 
1 2 7 3 . 1 3 1 . 9 . 1 -
l o 5 3 . Jd . . 8 . ' • 2 
l ' . 2 3 . 7 1 v 7 . 3 3 
l « . 9 3 . 3 o H 7 . C 3 

i o ^ : . 7 7 _ _ u t . : * 
1 6 9 0 . C 1 1 . 5 . 5 5 
1 72 ;«. - 5 X 7 . -Jl. 

" I 7 2 3 . L 6 " ' ~ ' I ' . . 1 6 " ' 

1 7 2 : 1 . 0 6 . . 2 , 1 6 
1 7 2 9 , L O » L 4 J 5 

1 7 2 3 . 0 6 0 . 8 2 
I 7 2 : i . Co e . t o 
1 7 2 J . - 0 7 . o l 
1 7 2 : > . - 6 ~ 7 , 2 8 
1 7 2 ^ . 0 6 7 . - 1 . 
1 7 2 J . - 6 6 . J 1 

1 7 2 9 . - b _ _ 6 . 7 5 
A 7 2 - ^ . U 6 o . 7 t 

1 7 2 d , i : o _ . o . o j 
1 7 ^ j , - u 0 . 6 7 

E C J U I L 

C.UMLITY 
, u 3 r 

_ . i , 3 t 
. u 3 C 
. C w . 
. 0 3 C 
• oTC 
• U u C 

_ - o 3 ' ' . . . 
. COb 
, UU L 

, o 3 G 
, 0 3 0 
, u O 0 
, - J C 

, c c c 
,Lf^C 
, C 3 ; 
. O o 2 
. 0 3 3 
. :ii7 
. L l O 

_ , w . . •» _ _ 

, O l c 
, C 1 7 

. 0 1 9 

. 0 1 9 

.o.c 

.il\. 
• w <^ w 

VOID 
F R A C r i O N _ 

.C3C 

. C O L 

. C o C 
_ . C J 0 

. C u L 

. Vl j L 

.CJw 
. . . o 3 C 

. 0 3 0 
. C3o 
. O J L 

. C-i) 

. L Ll L 

, 0 . 1 . 

, O C L 

,C3C 
, o - C 
, 6 0 1 . 
. o S b ' 
, 7 J 2 

, 7 7 2 

, 8 - 6 
, S22 
. O J 3 

, 8.. 3 
, fci.6 
, 8 5 1 
, (55 2 
. 0 5 J 
. 8 J 3 

FcJW 

_ ( L o / S F S ) 
. - C 3d 
. 0 0 3 . . 

. L C 3 3 

. LC JO 
._ . C C 3 7 

. J C 5 7 

. - V 3 8 _ 
, 0 0 3 5 
. O C 0 3 _ 
. L' L 3 rt 
. C L i . r 
. W O . . C 

. o C 3 7 

. C L . i t . 
. 0 0 J 9 

. c C l . : 

. 0 1.5 A __ _ 

. M -•» 7 

. 0 L « 1 

. O L 3 O 

. u o3 C 

. C 0 3 J 

"" . C C J 3 ' 
. C C 3 -
. L C , 3 C 

. 0 C 3 1 . 

. ? L T • • 

.C - 3 5 
. 0 L . / 0 

3ATE 

I1AJS F^UX 

( . i . . o / H < - F T 2 < 
. O d L C 

. 0 7 oC 

. 0 7 G 9 

. 0 1 2 7 

. 3 3^2 
• 3 3 ^ 2 _ _ 
. C 3 t, t 
. "=« / 5 

. o i l C 

. - 3 3 5 

. 3 e rj 5 
. - 3 l 6 
.^•iCt 

. " 3 1 , - . 

. 0.3 o 5 

. e v e r 
• C '? W V 

. i l 7 j 

. i - Cc 

. 3 J.,1. 
. J / c». 
. 3 3 1 '• 
. : 7 7 s 
. : , 97 
. L : L / 
. 0 7 r fi 

. Cu -3/ 
. 3 7 7 0 
. - 3 i : 
. C c 2 2 
. C i J . . 

O l 
^4 
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CHANNEL R£ 
CASE 1 

T I M E = . 0 

0 I S T A , 4 C E 
( I N . ) 

. 3 
1 . 0 
2 . 0 
3 . 0 
<».o 
5 . 3 
6 . 0 
7 . 0 
8 . 3 
9 . 0 

1 0 . 0 
1 1 . 3 
1 2 . 0 
1 3 . 3 

i K . 0 
1 5 . C 
1 6 . 0 

_ 1 7 . 3 
1 8 . 0 
1 9 . 0 
2 3 . 0 
2 1 . 0 
2 2 . 3 
2 3 . 3 . . 
2 > . . a 
2 5 . 0 
2 o . 3 
2 7 . 0 
2 8 . 0 
2 9 . 0 
3 0 . 0 

S U L T 5 . . 
7 - P I N ' W ' I R ' E WRAP 

I D E U O N U S O H T A 

w E L T A - P ENTHALPY 

( P S I ) ( e i u / L a ) 
, o 8 3 o 5 . 8 8 
. 6 1 . 3 7 1 . 3 5 
. o l 
. 5 8 
. 5 5 
. 5 2 _ 
. - . 9 

. • • 3 
• "* -J 

.jf 

. 3". 

. 3 1 

'Z'i 
. 2 6 
.Zi 
. 2o 
. 10 . _ 
. l o 
• 13 
. 1 . . 
. 1 2 
. 1 . . 
. 3 9 
. 3d 
. 17 
. 0 3 

. 3 - . 

. 3 3 

. 3 1 

. 30 

3 7 7 . c u 
_ 3 d 7 . 1 2 _ _ 

H - 3 . 9 C 
__ - 2 ' . . 1 1 

' . - . 3 . 3 5 
1.0 6. :)9 
1 .96 .1 .8 
5 1 0 . - . 6 
5 3 8 . o 9 
i 5 9 . 5 . , 
5 3 1 . 8 1 . 
o J j . 06 
UcM. ZS 
6 1 . ' . . 29 
66 J . D 3 

. 6 / 1 . 3 0 
6 o 2 . 3 5 
63 7 . 7 6 
D 9 5 . 3 9 
73 - . ' • 6 
7 3 J . 6 5 
7 t , ' j . 2 C 
7 0 6 . 5 5 
7 3 7 . 7 7 
7 3 8 . 7 2 
70 9 . 3 3 
7u -i, r)D 
7 1 w . 3 C 
7 1 0 . 7 8 

GAM1A~H:.A~r 

FOR C H A N N E 

TEi-iPE^.AT He 
_ ( C t j - F » . . _ 

7 3 3 . C O 
_ 7 1 7 . 80 

7 3 7 . 1 . . . 
._ i 6 0 . U-i 

e 2 ' . . t J 

••J 0 1 . 7 3 
iL ' l 'J . l i _ . 
1 1 1 2 . r.2 
1 1 8 3 . b i 
1 ^ 7 . . o 3 
1.1 •• 2 . 1 :> 
1 - 1 . J . 1 7 
l « f t 7 . d6 
i - 5 j . 9 2 

l t 2 . . t i 
1 L 8 S . 2 5 
1 / 2 3 . - -j 
1 7 2 ^ . O o 
1 / 2 J . 3 6 
1 «• 2 9 . - 6 
1 7 2 9 . t 6 
1 T t i . C 0 

I 7 2 y . 0 6 
1 7 2 - j . 0 6 
1 7 2 9 . O o 
1 7 2 9 . 0 6 
1 7 2 9 . k'i . . . . 
1 7 2 ^ . o a 

_ i 7 2 3 . C 6 
1 7 4 : 9 , uo 

£ J A J S E M I J L V 

L 3 

" O t N S K Y 
{ L 6 / 0 U - F _ L J _ _ 

5 5 . S 8 
^Z.7l 
3 0 , 3 6 

_ 5 3 , o l . „ 
5 2 , i i f 
5 2 , < : 9 
3 1 . / . . 
5 1 . ? 5 
5 ' " . 2 8 
•, 9 . i; <; 
1 . 9 . - 0 
1 . 8 . 5 2 
1 .7 , JO 
. . 7 . 3 w 
H 6 . 7 2 
• t o . l o _ 
1 . 5 , 0 5 

_ 3 0 . V o 
1 6 . 92 
1 3 . - - . 
I C . c l 

8 , 7 2 
7 , 9 7 
7 . 3 - . 
7 ,:^7 

6 . 9 7 
. t . 8 o . . . 

6 . 7 7 
6 . 6 9 
b . D l 

E Q J I w 
Q U A L I T Y 

. OC 0 
. . . 0 0 C 

.COo 

. U L . 

. 0 3 0 

. nco 
, L C o 
, C 3 -

_ . 0 - C 
. Co L 
. u C -
. ; o o 

. . . 0 0 0 
• 03C 

- . L O t _ 
. C C o 
. 3 i w _ 
. 0 3 3 
, o3o 
. V . 1 1 
. ; 11» 
. L l o 

- . w i / _ 
. 3 1 0 

_ . . * 3 

. u l : ) 
. O . L 9 

. 0 2 0 
. . 0 2 C 

. - 2 C 

V O I D 
F ^ A L T I O N 

r 
. . 0 3 C 

. O J C 

_. . CCk 
• ii ij y 

. C : r , . 

. LJL 

. C - C 

. 0 - -
, C 3 C 
, C u C 
, O : L 

. c - r 

.oOC 

. L - C 
.. .OwC 

r 
• w w w 

. . 30L, . 
. 6 c 7 

_ . 7 » c 
. 7 7 5 

_ . a c ? 

. 8 3 2 

. 6 d 6 
. 8 - 3 
. 8 . . 7 
. 0 - . 9 _ _ 
. 6 3 1 

.._ . e . j 3 
. e j i . 

FLOW 

( L J / ^ - . C ) . 

. o C o - ' 

. 3 L - / 

. 0 0 o7 _ 

. 0 0 3 7 

. 3 1 3 7 . 

.14 . 3 -

. 0 . 3 1 

. L C 3 , 
. . 0 3 3 7 . _ . 

. C 3 J -

. o u t 

. 0 o 0 9 
. . . J C 3 9 

• ii %0 "* \. 

. O o - O 

. - L 5o 

- . O L J " _ 

. - C 2 9 

. - I d - . 

. 0 J d 5 

. 3 C 3 5 
. . O t d o 

. 3 3d u 

. 3 L 3 u . 

. u - 3 o 

. 3 C 3 6 . _ 
• U W 4.) A 

O A T t 

M A i S F L J A " 

( M L t 3 / H ^ - H 2 J _ 
. Odob 
. 0 3 6 -
. 3 8 u : 
. 3 3 5 L 
. O d 3 0 

_ . C i 6 ' . 
, C / J 2 
. - 7 l ' » 
. L 7 7 3 
. 0 3 •. S 
. O i / u 
. L = o7 
, L i » l 
, L ) : t 
, o J 1 5 
. C > C 9 
, 3 J 21 . 
. 1 3 - ^ 
. o ^o 1 
. C 7 0 s 
. LO 6 1 
. C 7 o d 
. C 7 o 2 
. l l o -
. - b . l 
. 0 1 2 5 
. Co Jd 

. . . . 0 3 d .. 
. O d d b 
. O d o J 
. C 7 t 5 

cn 



_ CHANNEL 
CASE 

r i M c = 

' " o l S l A N C t 

( 1 . 4 . ) 
. 0 

1 .0 

2 . 0 
3 .C 
H.O 

5 . 3 
o . 0 
7 . 0 

8.C 
9 . 3 

1 0 . 0 
1 1 . 0 
1 2 . 0 
1 3 . 0 
I ' . , u 
1 5 . 0 
l o . 3 
1 7 . 0 
1 0 . 3 
1 9 , 0 
2 0 . 0 
2 1 . 0 
2 2 . 0 
Zi. 0 
2 1 . . u 
2 5 . 0 
2 o . 3 
27 .^ 
2 8 . 0 
2 9 . 0 
3 0 . 0 

R t i U L T S 
1 

. 0 s 

OELTA-P 

< P 5 I ) 
. 6 d 
. 6 1 . 
. o l 
. 3 8 
. 5 5 
. 3£ 
. - .9 
. t o 

.1 .3 

. 37 

. 0^. 
, 3 1 
.Z-t 
. 2 o 
.ZS 

. 2 3 
. j.b 
. l o 
. . 5 
. 1 1 . 
. 1 . . 
. 1 1 
.C9 
. 3 {> 
. J 7 

. o 5 

. 0 3 

. 3 1 

. 3 0 

7 - P l N WIRE WRAP 

ECONuS O A T A 

ENTHALPY 
_ ( t J T U / L d ) . 

3 5 5 . o & 
3 7 1 . 1 5 
3 7 / . L - . 
3 8 6 . 3 6 
1.03. ca 

1.23.50 
W.40. 3 7 
1 . 7 2 . 0 7 

1 . 8 ^ . 7 2 
S l ^ . S l 
5 3 3 . 3 2 
35 / . o l . 
5 7 9 . 5 8 
o u 1 . 6 3 
o 2 2 . . . g 
0 1 . 2 . o2 
doc. 01. 
o 7 7 . 5 6 
hi 5 . b 5 
6 i 1 . 9 5 
o J 8 . 1 2 

70 2 . 3 1 
7 0 H . ' : » 2 

70 = . 2 L 

7 0 7 . 3 d 
70 ^ . o t 
/ 0 i » . 3 7 
7 3 ^ . 0 3 
7 1 - . t . : 

7 1 1 . 1 0 
7 1 0 . o 3 

G».M'1J 

F L . K I 

\ H-AT 

, h A ' J I . -

r t N P E - ^ A l U - v E 
( D E J - F » 

7 0 3 . 0 C 

- ' I ? ' 
/ do 
? c 7 
c 2.. 
d8:> 
965 

..C53 

1109 

1193 
i c 6 l 
l d 3 5 
I H L ' 3 

1 1 - 6 . 
1 3 J 3 
I t l D 
l L 7 : i 
. . 7 2 3 
1 7 2 9 . 
I 7 c 9 
1 /2 :4 
172:1 
1729 
1 7 2 ^ . 

1 /23 
1 7 2 J 
1 7 2 9 . 
1 7 2 5 . 
1 / 2 9 . 
\/c^. 
1 7 2 9 . 

.zz 

. H J 

. 6 7 

. 0 i 
32 
- 5 

. 2 9 

. . .a 

. 5 1 
3d 

. Oo 

.70 
57 

22 
L 2 

11 
JO 
- o 
C6 
Lo 
v.'3 
06 
C3 
t o 
L O 
oo 
0 O 
Co 
Co 
36 

Ei3 A i j t M E L Y 

L 1. 

OENSl lY 

< L d / u U - r I 3 
5 d . c 8 

_ 3 3 . / ' . 
5 7 . 5 8 

_ 5 3 . 3 2 
3 2 . 8 7 
S i . o l 
3 i . 3 d 

5 C . . . 7 
1 . 9 . 7 8 
1 . 9 . - 9 
1 . 5 . 3 7 
HT. -io 
1 . 7 . ^ 5 
H O . 7 / 

* . 6 . c < : 
. . 3 . 0 9 
1 . 0 . 8 1 . 
. . . - . J C 
l . . . i 7 

9 . 3 2 
6 . cO 
7.7^ 
7 . " . ^ 
7 . t i 
6 . i~i 
o . o 5 
0 . 7 7 
6 . 6 7 

6 . 5 o 
O.OH 

E U J I L 
CiUALlTY 

. 0 3 0 
. ' J O C _ . 

. - - L 

. o L -

. L C L 

. 0 3 0 

. Ouu 

.OoC 

. L l o 

. o O ' j 
» - C1. 
. L . 3 
.COC 
« 0 - - _ _ ^ 
. Lo -
. L 0 L 
. L - : 
. O O L 

. L . 5 
_ . 009 

. 0 * 3 

. 3 1 5 

. L 1 7 

. C l 7 

. r i d 

. 0 1 i 
" . J 1 9 

. . C 2 C _ 
. Oc -
. - 2 0 
. 0 2 r 

VOICi 

Fr<HCTIGN _ . 
. L : L 

. o - c 

. O J : 

• t i " - _ -
. U J C 

.LCC . 

.03C 
, U- u 
, C L L 

, 0 3 ' ' 
, 0 - 1 . 

, c : c 
, 0 3 -
. C . L 

p *" 
• J W ta 
, 0 3 -
, CuO 
. ifiZ 
, o d 7 
, 7 5 2 
, / 9 5 
, 0 - 9 

, e - c 
. e j p 
. b - l 
. H u o 

. 8 5 . . . 

. 8 5 3 

. t<5o 
• b j i . 

j A T t 

F..Ort " ~ M A 

( ^ J / S t t , ) (Mwo 
. - llo 
. 0 C d 7 
^ 1, 

• - L do 
. 0 C 0 6 
. C Cdd 
. L L d l 
. 0 c 3 3 
. 0 C 3 7 
. - Ldo 
. o C T o 
. O O d d 
. 3 - - o < 
. - C 5c 
.•i,.2t 
, C L d 8 
.oL3t< 
. J Cd8 

, . 
, - o d ' 
.\1\^ i i 
. 3 L d . . 
. C C 3 1 . 
. 3 L 1 3 

. U - .' 5 
. 0 C 3 J 

. - - 3 u . 

. O C d c 

. L L 3 6 

. - - 3 1 a 

. - C 2 7 

3d F c J X 

' H ' ^ - F T t J 
> 33C 0 
. 0 ^ 5 1 
. 3 3 , 1 

3 3 d 5 
. 3 -. d 7 

3 7 c 9 
. . 7 1 U 
. 3 7 t 9 
. 0 3 3 L 

3-<72 
- 3 7 e 
C e s i 
V 3 C -
0 3 / 9 
L 3 / 7 
Co 73 
0 3 J -

. C ' J / d 
- 7 ^ -
u') 9 i. 
: / t 2 
C 7 c 2 
C/̂  -̂ o 
1, J ' . e 
Ld . .c 
- 3 1 7 
J 3.. 0 
L 3 c 0 
Co i . 9 
- 7 1 7 

OoCb 

cn 
VO 



CHANNEL 
CASE 

r i M t = 

a i S T A N C t 

. ( I N . ) 
. 0 

1 . 0 
2 . 3 
3 . 3 
. . . 0 
5 . 0 
6 . 3 
7 . 0 
8 . 0 

9 . 0 _ 
I C . u 
1 1 . 0 _ 
1 2 . 0 
1 3 . 3 
I H . O 

1 5 . U 
1 6 . 0 

_ 1 7 , 3 _.. 
1 3 . 0 
1 9 . 0 
2 0 . 0 
2 1 . 0 
2 2 . 0 

_ 2 3 . 0 __ 
2 H . O 

2 5 . 0 
2 6 . 0 
2 7 . 0 
2 3 . 0 
2 9 . 0 
3 0 , 0 

R E S U L T S . ___ _. .^ ^ . . . 
1 7 - P I N W I R E WPCMP C A M H A M C A T C O A S S i H u L Y 

»fl i E C O N O S O M T A F O R O H A N N E L 5 

O E L T A - P ENTHALPY I t M P i L 
< P J I ) .. O T U / L 3 ) (L'Ec;-

. 6 3 3 o 3 . d 8 7 i: 

. o - 3 7 1 . 3 5 7 1 / 

. o l ? 7 7 . 3 t 3 7 3 / 
, 3 d 3 3 7 . 1 1 . 7o3 
. 5 5 1 . 0 - . o 2 tic-i 
. 3 2 . 4 2 6 . - 2 e^i 
. - a - 5 2 . 1 5 -iti: 
,•-.6 i 6 9 . 5 i . 1 1 - 2 
.1 .0 - 9 3 . 1 . 0 1 1 2 : . 
.1 .0 5 1 3 . 8 7 1 1 9 . . 
. i 7 5 J b . 2 8 l c 6 - 4 
, 3 - 5 5 0 . 1 9 1 3 3 7 
, 0 1 5 o : . 7 6 11 .1 . . 
, 2 9 o 3 2 . 1 6 1 - 8 3 
, 2 D o 2 d . ' , 2 1 5 3 0 
.ZZ 6Ui.ii i o 2 : : 

. 2 C 6 6 3 . 6 6 1 6 8 ' . 

. 1 8 6 8 ' - . 2 6 1 7 2 ( 

. l o o t t 3 . 9 d 17Z) 

. 1 5 o 3 1 . 2 9 1 7 2 > 

. 1 - 6 9 7 . - 7 1 7 2 ) 
> . I c 7 3 . i . 5 i . 1 7 2 ) 

. 1 1 7 0 5 . - 3 1 7 2 ) . 
. T i .. - . . . 7 J 7 . - I . . . 1 7 2 3 

. O d 7 3 8 . 7 2 - 7 2 3 

. 3 7 7 0 3 . 7 ' : 1 7 2 ) 

. 0 5 7 1 3 . - 1 . 1 7 2') 
. C - 7 1 1 . C b 1 7 2 ; ) 
. 3 J 7 1 1 . 7 0 1 7 2 ) 
. 0 1 7 1 1 . ^ 7 1 7 2 9 
.•3d 7 1 1 . 7 0 17<:-J. 

( M T U R i O E N ; 
• F ) . . . . { - b / v 

CO 5 3 
> o6 ,. . 5 3 
. t. 6 3 3 

5 2 5 3 
L 3 5 2 
9 i 5 6 

. 3 ' . 5 1 
>ZZ 5 1 

7o 5 -
0 5 - 9 

, 7 6 1.9 
. 7 1 Hi 

v/1 1.7 
3 1 . . . . ( t7 
2i ••6 

. » / ' •6 
o 7 - 5 
L 6 , . c J 
C6 i n 
v o _ _ _ ^ _ l * 

. oo 9 
3 6 8 
Cb 7 . 
t o 7 
Co o 
v O _ 0 

C o • 6 

C6 6 
- 6 o 
0 6 . . . 6 
Cb 6 . 

i l T Y E Q U l L V O I O 
. U - H ) . . U U A u i r . Y - F P . A v , T I J N _ . 

3 8 .OOC .CCC-
7s . - " c . c o : 

1 "^ 0 • Z) %i • C w C 

J l s J j u •L J Z 

8 1 . . 0 3 0 . 0 - 0 

. 2 3 . o i l . . . .OJw 
-:/Z . « u C . 0 3 3 
3 3 .oOC .CCC 

>37 aCC'C • O J t 
d i . w O " . L - C ._ 

. 5 5 .COC _ ,CCC 

. 9 3 . 0 3 3 , 0 C ; 
53 , 3 3 0 .OCL 

. /'3 , L L ' O , - O C 

. 1 9 . . L o L . C J : . . . . . . 
o5 , 1 3 C . C J i . 
3 J . o 3 2 . 5 5 1 

. ; o . 0 J 3 . f c i i 

. 3 1 ,„ , 0 3 8 . / • . 6 
30 , 0 1 2 , 7 9 1 
2 2 . . 0 1 5 . . . . 0 - 9 
oO . 0 1 7 . 6 3 3 
- 6 . . . . - I s . . t f i - o . . . . 
v 7 . 0 - 9 . 8 - 7 
7 9 . 3 2 L . 8 5 C 
6 / . - 2 - . 8 5 3 
5 7 . 0 2 0 . C 5 D 

i,b . o 2 1 . 0 5 A 
.5 3 . . . « 2 1 . „ . . 6 3 0 . . .. 
- 6 . o 2 1 . 6 3 6 

3A 

FcOW MA' 

( L J / S L C ) I M L u i 

. 0 o3n 

. 3 - d 7 

. 3 < : J 7 

, 3 0 3 7 
, 0 . 3 - • 

, u - d * . _ . _ 

, 0 0 3 1 . 

. 3 L i e 

. C C d 9 
. . : . o 9 

, 3 0 3 ^ 
, J Ld < 
, C Co J . 
. i i i - i 
. c o d ' s 
• J w <.> b 

, ' 3 - - i ; 
, 0 - 1 * 1 . 

. . . O L ? * . _ . 
« M w J ^ 

. . . O L 3 5 . . . . 

. 0 C 3 5 

. J Ld5 . . . . . 

. P L 3 C 

. C C d 5 . 
, - L d J > 

. . 3 1. 0 3 

. 0 L 3 1 

. , 0 04:7 _ . . .. 
, 0 0 2 9 

f i 

;s FLUX 

' i H - F T t ) 
JaoS 

. 0 0 36 
O d - o 

. : i 1. e 
L / 7 9 

J 7 2 2 . 
. J 7 d d 

3 o 5 9 
. 3 J:i5 

V J 3 -

- J L O 

- : ( 3 d 

- 9 : L 

0 8-J 7 

. C 5 2 5 
1 - y -

v^2C 
33 3 t 
C 8 d i . 
- ;< iC . 
Ct)C -
w J C 9 . 
- 8 - 7 
L - i l ^ 
- 3 1 7 
C n 2 1 
- 7 l £ 

. 0 0 . ^ 7 

i j o o * . 

CJl 
o 



% • • 

_ CHANNEL, R£SJLTS . . . . . 
CASE 1 7-PXN WirvE WrJAP uAMiA HcATEO AoSEMdLY JAI £ 

T I M t ~ = 7c StCONdS DAfA~FOH CHANN'.L 6 

D I S T A N C E 
( I N . ) 

. 0 
1 . 0 
2 . 0 

_ 3 . 0 
•• . w 
5 . 0 
6 . 0 
7 . 3 
8 . 3 
9 . 0 

1 0 . 0 
1 1 . 3 
1 2 . 0 

„ 1 3 . 0 
1 1 , , « 
1 5 . 0 
1 6 . 0 
1 7 . 0 

1 8 . 0 
1 9 , 3 
2 3 . 0 
2 1 . 0 
2 2 . 0 
2 3 . 0 
2 1 . . 0 
2 5 , 0 
2 6 . 0 
2 7 . 0 
2 8 . 0 
2 9 . 3 
3 0 . C 

O t L T A - P 

_ ( P S I ) _ 
. 0 8 
. 0 -
. o l 

. . , 5 6 , _ 
, 5 5 

_ . 5 2 _ 
.U'i 

. - 0 

. - 3 
e '*y 
. 57 
. i -
. 3 ^ 
. 2 : * 
. 2 b 
. 2 3 
. ZJ 
. 1 3 
. l o 
. 1 5 
. l l . 
. 1 2 
. 1 1 

. 3 9 

.Zti 

. - 7 

. 3 5 

, » -
. 0 3 

1 • 
• ol A 

. J O 

ENTHALPY 

( t 3 T U / L 3 ) 
3 6 3 . 0 0 

_ . 37 1 . 61. _ . 

3 7 7 . . ^ 2 
. 3 8 8 . C 9 . 

1 . 3 7 . 1 3 
1 . 5 : . - 8 . . 
1.5 o . ' 3 5 
- 7 2 . 7 1 , 
- • 9 3 . . 2 8 
5 1 5 . 60 
5 3 7 . i l 

5 o C . 3 0 
5 8 2 , d o 
0 3 - . 1 . C 
6 2 3 . 0 3 
Qi. 0 . 6 2 
c o 7 . 8 8 
6 8 6 . 7 5 
b d ^ . 7 3 
6 9 5 . I C 
7 3 0 . 5 5 
7 o - . i l . 
7 0 7 . 5 2 
7 J O . 9 -

7a. 0 . 11. 
7 1 1 . 1 1 
7 1 1 . 7 6 
7 1 2 . 0 5 
7 l £ . 1 2 
7 1 2 . 1 . 7 
7 1 < : . l o 

T E K F i ^ A T U R i . O t i l j i T Y 
_ _ ( C E ^ , - F ) 

7 3 J . J C 

_ 7 1 3 . o 2 . 
7i^. 3.L 
7 7 2 . 6 5 
0 0 ^ . C H 
9 1 7 . 7 5 
9 6 - . O b 

_ i J S i . ^ 7 
1 1 2 1 . d -
1 1 9 3 . 0 -
14.6^ . 00 
131.1;. 72 
1 - 1 / . • ^ ( o 
1 - ^ 3 . 7 2 
1 5 0 1 . - 7 
l o 2 : i . L3 
Ib-ii. - 2 
- 7 2 9 . 0 6 
l 7 < i ^ . CO 

_ J. 7 2 3 . - 0 
1 7 4 ; 9 . L6 
1 7 2 9 . 0 6 
1 7 2 J . Lo 
l 7 2 i . - 0 
1 7 2 9 . - 0 
1 7 2 J . O o 
1 7 2 J . C o 
1 7 2 9 . 3 o 
1 7 2 9 . 3 6 
1 7 2 9 . - 0 
1 7 2 9 . 0 b 

. ( L o / i ^ i J - F T ) 
5 3 . 3 8 
3 3 . 7 3 
5 3 . 5 o 

. _ . 3 0 . 2 8 
3 2 . 7 5 

_ . 5 c . - 7 
3 1 . 3 5 
5 - . ^ -
5 ( . J 7 

- 9 . 7 o 
- 9 , 1 2 
- 0 . 1 . 8 
- 7 . 0 8 
1 . 7 . 2 / 
1 . 0 , 0 8 
« . 6 . 1 1 __ 
- 5 . 3 3 
l d . 5 D 
l i . l -

_ 1 L . - ' O 

8 . 1 3 9 
7 . 7 0 
7 . 1 9 
6 . J 3 

6 . 7 . : 
t . 5 0 
0 . 1 . 3 

, 0 . - J 
6 . 3 9 
0 . 0 -
6 . 3 a 

E U J I L 
U U A L I T Y 

. c o r 
- _ , o a c _ _ . 

. C o . 
_ . do -

. 3 3 . 

. 3 J C 

. Q ' 3 L 

_ . c ; c . . . 
. oCC 

. . 0 3 0 
. o3C 
. u 0 0 
, 0 : -

_ . . C O C 
. JOL 
. O J C 
. O o O 
. u 3 6 
.i':7 

_ . L 1 1 

. t l -

. 0 - 7 

. C l a 

. 3 1 9 
• Of. t-
. 0 2 0 
. - 2 1 
. 0 2 1 
. - 2 1 
. 0 2 1 
. C — 

VOIO 
F R U C T A I / N _ 

. C - L 

. . C H 
.COC 
. C 2 L . . . 
. i C 0 

. : - - _ . 
. L 3 0 

. oC C _ 
, C 3 C 

. c c r 
. C L L 

, c " : 
, c o c 
• C 3 L 
. 0 . 1 0 
. C o C 
. C C 3 
. 7 ? . . . 
. 7 d c 
. 7 7 5 
. 0 : 9 
. e o o 
. 8 - * : 
. 8 - 8 
. " 3 2 
. 8 JO 
. 8 3 0 
. 0 5 9 
. 0 5 9 

__ . 8 6 1 
• OoC 

FcOW 
( L J / i i C ) 

. 3 0 3 0 

. C - 3 7 

. 3 L 3 7 

. : v d -

. 0 - d l 

. J C 3 -
. 0 Odo 
. I C 3 9 . 

lOOi . ' -
. J - - L 
, 3 y-.' 
. J L U C 

.CC1.C 
, 0 3 - -
. C 0 3 6 
. C o 3 ' . 
.Zi^HZ 

. 0 - 0 9 

. a c 3 o 

. 0 - 3 5 

. J C o 5 

. o C o ' " 

. 3 0 3 5 

. 0 - 3 3 

. - - 3 5 

. J OOl 

. 0 0 2 7 

. L C c 9 . . 

. 0 0 3 1 . 

• l A j . , F t 
(M.-d/'M-^i-F 

. 0 d o O 

. : o 5 f c 

. 0 3 3 1 

.Zl 7a 

. C / . . d 

. C 7 ' i t ) 
, LC 6 c 
, - J . 6. 
. 3 J. .O 
. C : . c 9 
. yti-il 
, 0 9 J 1 

, 0 3 c t 
. 3 j c c 
, 0 ^ . : -
, 0 8 d e 
. 0 / 7 , 
. 0 : ( c l 
• 1 - c C 
, 3 J C •-
, C 8 - 1 
, - 3 l d 
, 3 d c i . 
. jiii i 
. - " C l . 
. - 0 - 7 
.Zi-.i 
. O / C e 
, . 0 * 9 
, Oo b o 
. 0 7 7 7 



# • • 

__CHANNcL..P,£i.ULTS . . . . . . . . . . . . _ 
CASE 1 7 - 'p iN wi'^t WRAP GAMMA h;..U£.d ASStMtiLY OATE. 

TIME = 7^ Sti-ONUS 0>,TA~FoK J H A N , 4 - : L 7 

D I S I A N C t 
( l r < . ) 

. 0 
1 . 3 
2 . 0 
3 . 0 
1. .0 
5 . C 
6 . 0 
7 . 0 
8 . 0 
9 . 0 

1 0 . 0 
1 1 . 0 
1 2 . 0 
1 3 . 0 
l^ - .O 
1 5 . 0 
1 6 . 0 

_ . 1 7 . 0 _ 
1 8 . 3 
1 9 . 0 
2 « . 0 
2 1 . 0 
2 2 . 0 
2 3 . 0 
2 - . 0 
2 5 . 3 
2 o . O 
2 7 . 0 
2 8 . 0 
2 9 . 0 
3 0 . 0 

U E L T A - P 

( ? i > I ) 
. 0 8 

. 6 -

. 1 ) 1 

. 3 8 

. 5 5 
• 52 
. - 9 
. - 0 

. U d 
, - 0 
.i7 
. 3 -
. 3 1 
. 2 9 
. 2o 
. 2 3 
. 2 0 

. . I d 
. 1 6 
. 15 

. 1 -
• 1<: 
. 1 1 
. 3 ^ 
. 3 8 
. 0 7 
. 0 3 

. 3 -

. 3 0 

. 3 1 

. 0 0 

t N T HA L P r 
. . ( 3 r u / L B ) _ 

3 o 5 . 8 3 
i7 1 .C3 
3 7 6 . 7 0 
38 ; . 5 6 
- 0 0 . 8 b 

_ l 4 l ' j . t 3 
1 . - 0 . 7 1 
i 4 6 l . t « 3 _ 
• 4 8 3 . 7 7 
5 J 6 . c l 
5 2 o . 5 0 

.. 5 5 2 . L 3 _ . 
5 7 3 . 3 2 
5 J 9 . 1 7 _ 
6 1 9 . 8 5 

_ 6 3 9 . S 6 . _ 
0 3 9 . 5 5 

.. b / i , . '37 . _ 
6 8 3 . 3Z 

_ 6 8 ^ . 3 6 
0 J 3 . C 1 . 

_ 0 9 9 . 3 C . _ 
7 o l . ' i 3 

_ 7 0 3 . o 7 _ 
7 3 5 . 2 6 
7 - 0 . 3 6 
7 3 7 . 5 5 
7 3 8 . 2 1 , 
7 3 8 . - : ) 3 
7 3 9 . 2 9 
7 3 ' 3 . 7 C 

TcMf>E-<Ar u<E 
_ ( L ) t . G - F ) . . . 

7 0 3 . 3 3 
7 . . b . 8 1 
7 S 3 . 3 5 
7 o - . d i . 
8 1 - . o l 

_ o 7 o . 5 3 __ 
9 ' t o . 3 5 

i L l o . 3-4 
1 C I) ;̂  . Ed 
l l o i * . - 7 
1 c J 6 . d 3 

_ . 1 0 1 7 . 3 3 _.. 
1 3 9 - . 3 a 
I ' ' 7 J . 13 
1 5 1 . 1 . 51. 

„ 1 6 3 7 . - 3 . . ._ 
I b / l . - 9 

_ _ i 7 ; : . . d a . . . 
1 7 2 9 . - 0 
1 7 2 9 . 0 6 . . _ _ 
1 7 2 9 , C 6 

. _ 1 7 2 3 , 0 6 
1 / 4' i , C 0 

_ 1 7 c 9 . C o . . _ . 
1 7 2 9 , 0 6 
1 7 2 ; ) . 06 
1 7 c - 9 , 06 
1 7 2 J . Co .._ 
172-:4. J 6 
1 7 2 9 . w 6 
1 7 2 J . 0 6 

J E N J K Y 

< L i 3 / o - i - F i 
5 d . 3d 
3 3 . 7 1 . _ 
5 3 . 5 9 
3 3 . d 5 
5 2 . 9 3 

.. 3 <;, • 1 _ 
5 1 , - i -

_ . . y i , 2 5 _ 
5 C , o i . 

_ . 5 C - . ' . 1 . 
i . ' a . d d 

. 1 . 9 . 7 3 .. 
(.i." 6 
It 7 , - 5 . _ 
1 . 6 , 8 1 . 
- £ , 3 0 _ 
- 5 , 7 6 
- 3 . 3 1 . _ 
1 5 . 9 - 4 
I . . , 2 1 
1 0 . 4 . 2 

9 , 0 - _ 
8 . i o 
7 . 9 7 . . 
7 . o 3 
7 . 3 7 
7..6 
7 , 3 b _ 
6 , 9 o 
C . 8 7 _ . 
6 , 7 3 

E - i J l L 
i . . 0 . j A L l T Y 

• U W C 

, O J : 
• OCC 
. ( .Cw 
. 0 - 0 

. . . .COC 
. J3o 

. . • J J C . . 

. 0 - 0 

.OOC _ 
, -CC 

. ... . C o - . „ 
. - w C 
* u 3 u 

.oco 
_ . . c c : ._ 

, - ' 3 C 
_ . J C C . . . 

, o 3 -
. - J 7 _ 
. C l l 
. 0 1 3 . _ 
• W A S 

. 0 1 6 

. 0 1 7 
• • : - » 

. - - 8 

. . C l ^ .. 
. 0 1 9 
. C l y . _ . 
. 0 2 0 

V C I O 
F R A C l i O N . 

. 0 3 0 

.OoC 

.CCC 

• G J c 
• M W C 

. - c o 

. c ; c 

. OL C 

.OCC . , 

. c ; c 
_ . o - t . . . . 

. C J O 

. c c : 

. C o C 

. . . t e c 
. O J C 

. . . 0 3 3 ._ .. 
. b - e 

. . 7 3 1 
.775 

„ . e c t 
. 8 1 6 

,__ . 6 2 5 
. 8 o 2 
. e ' e 
. 0 - 2 

_ , 6 - . 5 
, a - 7 

. . . . 0 - 9 -
. 8 5 0 

FLOW 

.c :i2 

. 0 t b - , 

. 0 L b 0 

. C 0 6 / 

. L '3 0 1 
. . - L O U 

. 0 - b o 
. . . « L 6 0 

. C 1.6b 

. 0 0 6 / 

. J - b -

. 3 L o 3 .... 

. 0 LO d 

. . C C o -
, 0 I c 5 
. C C b ? 
, o t C 6 
. 0 0 7 5 
. - - 7 1 
. C 3 C 0 
. - - 6 0 

. . 3 - 6 8 . . 
. 0 3 0 5 
. G C o i . . 
. - - 0 -

. 0 (. 0 -

. L Co7 
- , 3 C o 8 . . 

, 0 0 b 1 
. , C 0 o 5 . . 

. o C b 5 

« A ^ o F c J X 
( M L D / H-< - F T t ) 

.OOcC 

. 0 ' d -

. C J 3 1 

. C •- '3 ^ 
• - 0 / 1 

_ . . C L 5 O 

. C J 3 1 . 

. 3 J 5 1 

. P j 3 l 
.0-31-1, . . 
. C o d b 

. _ . 3 ' - 2 t 
. 3 - v -
• '3 0 0 3 
. C o - f c 
. O c o t 
. 0 o 5 c 
. - 7 - 1 
. - / - 7 
. G 'l c L. 

. C o 3 1 

.C-o7d 
. C o - 0 
. 0 o o 7 
. 3 o o -
. O o d t 
. C O ' J 2 

. . 3 o / 5 
. Cu / <. 
. O b - 9 
. C 0 I . 2 



C H A M N t L . RE 
CASE 1 

T I M E = . 0 

~ O I S T A N C £ 
( I N . ) 

, 0 
1 . 3 
2 . 0 
3 . 0 
i * . 3 
5 . 0 
6 . 0 
7 . 3 
8 . 0 
9 . 0 

l o . Q 
1 1 . 0 
1 2 . 0 
1 3 . 0 
1 1 . . 0 
1 5 . 0 
I b . C 
1 7 . 0 
1 3 , 0 
1 9 , 0 
2 0 . 0 
2 1 , 0 
2 2 , 0 
Z3.': 
2 - . 0 
2 5 . a 
2 o . O 
2 7 . 0 
2 8 . 0 
2 9 . 0 
3 0 . J 

S U L T S . . 

7 - P I N WIP.E WKAP 

S E C O N U S DATA 

J c L T A - P ' " E N T H M L P V ' " 

. . ( P I J I ) 

, 6 8 
, 6 o 
, 6 1 

__ , 3 0 
, 5 5 
, 5 2 
. - 1 
. - b 
. - d 

. - " 

. 37 
, i -
. i l 
. 2 9 
. 26 
. Cd 

.zr. 

. l o 

. 16 

. 1 5 

. 1 -
, ic 
. 1 1 
. 3 9 
. . 3 
. 3 7 
. o 5 

. - -

. 3o 

. 3 1 

. 3 0 

( 3 T J / L U ) . . . 
3 D 5 . C 6 

d / C . 9 1 
37 o . - -

. . . 3 8 5 . 2 C 
3 - , i . 9 9 
- I d . 1 . 5 
1.3*1.c7 
•'5 :) .2C . ,.. 
O o C . -Jd 
5 3 3 . 1 . 0 
5 2 7 . 9 9 
5 5 2 . 3 d 
5 7 7 . - 2 
5 9 9 . c -
0 2 o . 10 
6 3 9 . bo 
c 3 8 . 1 3 
6 7 3 . 3 2 
oo 5 . O u 
o 3 9 , 9 3 
o 9 - . - 0 
6 9 8 . 0 0 
7 o : . 3 4 : 
7 C 2 . C « . 
7ij j . o i . 
7 0 5 . c c 
/ 0 3 . ' : ) 7 
7 j o . e i 
7 0 7 . - 3 
7 0 7 . - , 1 
7 C 0 . 2 9 

I J A H I I A H i ; < U t 3 Ai>i)EMeLY 

Fo.r? CHA. iNcL 8 

TEf-PE- lMl 0 = 1 D E N : , i r Y " "" 
( t c j - F ) ( L o / c U - F D 

7 3 - . o O 5 3 . 0 0 
7 1 6 . - d 5 3 . 7 5 
• | ' 3 - . 3 0 5 d . ' 3 0 
7 6 3 . 1 5 . . _ 3 3 . 3 6 
c l - . 7 3 5 2 . i 5 
57 2 . o l . . 5 2 . 1 . , 
• ^ d ^ . - o 5 1 . d l 

i C 3 7 , f t 3 5 1 . i -
i : 8 - . l b 5 3 . 7 2 
1 1 5 3 . 5 3 5 d . - 8 
1 2 3 7 . 1 3 - 9 . - 4 -
l d 2 o . 0 5 - o . 7 y 
1 - C J . 2 ' . 1 . 0 . 3 3 
1 - 7 U , 9 ^ - 7 . - 1 
i S 0 2 . 5 J i . c . 3 -
I t C o . - - * - b . 3 - . . 
J.COO.—o — 3 . 8 C 
1 / 1 5 . 3 * 1.5. d9 
1 7 2 ) . Co 1 1 . . 3 3 
l 7 2 j . o b - 2 . : 6 
1 / 2 : ) . C o - . . - 3 
1 7 2 3 . 0 6 9 . o 6 
1 7 2 9 . - o <i.7i 
1 / 2 J , - 6 8 . 0 -
I 7 < : : i . 0 o 7.in 
l 7 2 i . - o 7 . e J 
1 7 2 9 . L O 7 . 0 ^ 
1 7 2 9 . - b 7 . 3 2 
1 7 2 3 . C o 7 . ^ 1 
l 7 2 J . C b 7 . 1 2 
1 7 2 3 . O o 7.CH 

E u J i o 
Q U - L I T Y 

. C L 3 

. 0 3 -

. 0 - ' ' 
. . C 3 o 

,C3C 
. C C 
. 0 3 0 

_ . c 0 r 
. - 0 c 
. 3 0 L 
.COC' 
. - J -
. o 3 C 
. - C C 
. C o o 
.CCC 
. '30 0 
.CuC 
. O u 5 
. 1 . 1 8 
. L . C 
. 0 1 2 
. w 1 — 
. 0 1 5 
. O l o 
. 0 1 7 
. - 1 7 
. o l d 
. C i 8 
. 0 1 9 
. 0 1 9 

V O i U 
F K A C T i ^ N . _ 

• b U C 

. 0 - 3 
. O J O 

. 00 C 

. C J O 
. . C o 3 . 

, OoC 
, 0 0 0 
, t - -
• t w w 

.COo 

. c o r 

. 0 JC 

. o 3 C 

. L ; C 

. o c -

.C . 'C 

. C O . 

. o / / 

. 7 J -

. 7 7 C 

. 7 9 -

. it 7 

. 8 1 6 
. 8 2 1 . 
. e o i 
. 1 0 3 
. OO'J 
. 8 - 1 
. 8 - 3 
. 0 - 5 

F L C W 

. _ ( L J / i i C ) 
. u 0 o 2 
. J CL -
. 0 C b b 

. . . 0 1 6 7 
. - o t 7 
. C Cc u 
. J C 6 u 
. - - c o 
. 0 . 6 5 
. o C 6 2 
. 0 ou 1 
. 3 c 6 1 
. - C^c 
. 3 Cf--
. C 0 b 7 
. - - 0 / 
. 0 . c t 
. - L 5 . 
. 0 - 0 3 
. C Cuo 
• OCtO 
. - Cob 
. 3 0 6 3 
. .J \0ti c 

. u Co2 

. C C L -
. 0 L t / 
. O - . f . ' l 
. - - 0 3 
. C C o 9 
. 0 C 6 9 

J A i E 

MAj . j (•LJ<' 
( P l . . ' d / n - > F T 2 ) 

. - 0 c • 

. C o J -

. C o j ' 3 

. 3 0 0 0 

. Oob d 

. - 0 0 0 
• 0 6. 3 9 
. 0 0 3 7 

. C o - 9 

. - o l d 

. J 6 U C 

. C o 3 8 

. 0 0 1 9 
• C o d / 
• 3 00 -
. L OC O 
. O j i 3 
. 0 - 1/ 
. 3 c - -
. : o / 6 
. C o d e 
. 0 o 3 7 
. 3 - 2 7 
. - o i l . 
. uo - 1 
. Cooo 
. 0 0 / i 
. 0 3 / 6 
. Co/>3 
. Co61 
. - o 0 5 

o> 
CO 



CHANNEL 
CASE 

r i M t ~ 

U I ST A . i l l 
( I N . ) 

. 0 
1 . 3 
2 . 0 
3 . 0 
1. .0 
5 . 0 
o . 0 
7 . 3 
6 . C 
9 . 0 

1 0 . 0 
1 1 . 0 . 
1 2 . 0 
1 3 . 0 
1 0 . 0 
1 5 . 0 
1 6 . J 
1 7 . 3 
1 3 . 0 

.... 1 9 . 0 
2 0 . C 
2 1 . 0 
2 2 . 0 
2 3 . 3 
2 - . 0 
2 5 . 0 
2 6 . 0 
Z7. 0 

2 9 . 0 
3 0 . 0 

.^ESULIS 
1 

,0 a 

OTLTA- 'P 

(PSI ) . . 
. oo 
, oo 
« o l 
, 5o 
, 5 5 
. 5 2 
. - - i 
, . 0 

. - 3 
9 -t b 

, 3 / 
, 5-
. 3 1 
. 2 9 
. 2 o 
.Zl 
. 2 0 
. 1 8 
. l o 
. 1 5 
. 1 -
. 1 2 
. 1 1 
. 39 
. 3 0 
. 3 7 
. 3 5 

. . 3 
, 3 1 . 
. C o 

r - P I N W l K c WKAP 

ECONOS OATA 

~ " ' E N T H M L P V '" ' 

( J T U / L 6 ) 
3 o 3 . 0 3 
37 J . 3 b 
3 7 5 . 7 2 
3 d - . l -
3 9 8 . o O 
- 1 6 . 8 7 
i 4 3 o . b 3 

0 5 5 . 7 5 
i « 7 8 . 1 & 
5 - 1 . - 5 
5 2 3 . 3 7 
5 1 . 8 . 9 3 
5 7 2 . 0 8 
5 9 - . . -39 
6 1 5 . ) ^ 
6 3 o . l 9 
6 5 5 . 2 9 
6 7 0 . 8 1 
6 8 1 . <: o' 
6 8 3 . 3 3 
b J O . 2 5 
6 - j • • . 31* 

6 4 D . o 9 
c9d.5a 
7 0 3.21 
73 1.59 
732.92 
733.ao 
7 3 - . 1 . 7 
70 5 . - 7 
7 3 5 . 8 2 

l,AMHA H L A f £ 0 ASSEMdLY 

FOR CHANNEL 9 

r t M ? : . < A T U i < E O E N J I T Y 

( O i i j - F ) . . ( L O / C U - F I J _ 
7 3 • ' . 3 3 5 d . B 8 
7 1 j . . ^ 8 3 - ' . / 6 
7 3 2 . 1 2 5 3 . b 2 
/ 3 J . o 8 _ _ 5 d . d 9 
8 " / . 1 6 5 2 . ^ 1 9 

. C ' j ' . o 9 3 2 . - 9 
• J 3 2 . O 2 5 1 . ^ 5 

. . 9 9 J . 6 d 5 i . o 9 . 
1 0 7 J . i 3 5 ' ' .=»J 
1 1 - 8 . 5 9 5 0 . 1 - 4 . 
1 2 2 3 . O C O - j . - / 

. l o 3 o . 8 2 ^. Od.*?. . . . . 
l o a j . o i . 0 6 . 1 7 
1 1 - 5 : 1 . 6 8 - 7 . 3 -
1 5 2 d . o 3 0 6 . - 1 5 

. 1 5 J:i . C 5 . _ - 6 . 0 3 . . _ 
1 6 5 / . 2 6 - 5 . 8 7 
1 7 0 / . - 5 0 5 . - 3 
1 7 « : ) . « 6 1 8 . 0 7 

. 1 7 2 i . do l - . - l 
1 / 2 I . L 6 1 1 . 9 5 

1 7 2 l . : o . _ 1 1 . 5 -
1 7 2 9 . C o 9 . 7 3 
1 7 2 J . - o "^...O 
1 7 2 J . L O d . 7 a 
1 7 2 : 1 . - 6 . 8 . 0 -
1 7 2 ) . L b 8 . 1 3 

. 1 7 2 ' ( . Co • . _ 7 , 9 -
l 7 2 - i . o b 7 . d 0 
1 7 2 ' . ) . C o . . 7 , 3 / . 
1 7 2 9 . C o 7 . 5 t 

E G U I -
U U A u i T Y . . 

. 0 3 C 

.Q3C 
, 3 3 i . 

_ . C 0 3 .. 
• OoC 
. 0 3 - . . 
.OCT 

- . 0 3 0 
. O J O 

_ , C 'J ', 
. CoL 

. . O o O . _ 
. 0 3 0 
. 3 - L 
. W - 0 

. • o C o 
. J JL 

_ . O d L 

. o o 2 

. 0 - 5 _ 

. 3 3 6 
. . 3 1 0 _ 

. 3 - c 
. . . ' 3 1 3 

. 0 1 0 

. 3 1 5 

. 3 1 5 
_ . 0 1 ^ 

. 0 1 6 

. . 1 7 

. 0 1 7 

_ 

VOIO 
FRAoTlOl,. 

.CCC 
,C 'n 
, 0 - C 

- .LCO _ 
. CCL 

_ . o 'J 0 

. C C 3 
._ . c: t 

. c •: 0 
.- • w J w 

. C 3 C 

. 0 J 0 . . 

. 3CC 

. C-L 
. C C o 

- - . C 3 C _ . . 
. C J L 
. C O L 
. 3 : ) 2 
4 O O 2 _ 

. 7 3 7 
. ,7 '3 8 _ . 

, 7 3 o 
_ , 7 ^ 7 _ 

. 8 - 7 
, d l o 
. 8 2 1 

_ . 8 2 5 . _ 
. 8 i 8 

— . 8 3 1 . _ 
. e3>* 

F L O W ' 

. . . . t L i J / S o C ) 
. 3 . o 2 
. C - b 5 
. C C o -
« 3 C 6 -
, 'o C t 3 
. : c 0 3 . . 
. - Co -
. - I .C J 

. 3 - f c l 

. 0 0 ^ ' ' ' ... 

. J Co" 
, - . 6 1 , 

. 'C L b -

. C ' - o 2 
. o f Ow 

. 0 - b » 

. 0 06": 
• 0 C 5 5 . _ 
. •3Cb3 
. C - 6 0 
. o : f - 9 

. _ . , 3 C ' J 8 

, - C b 7 
. C C b c _ _ 
. 0 Cb'^ 
. 0 : 6 9 
. O L b / 

. . - - . C ' . b 6 . . . 
. C o b b 

. . . . . C f o O 
. O u 6 9 

OA 

1A 
SM..U 

< 

. 

I t . 

JO l - o U X 

M N - F T ^ } 

. 3 D - 3 

. O o o f 
• j o j<l . _ 

0 o 2 6 

0 3 o 2 
0 ' J 2 C 

OC C o 

05 i d 
C j ' j -

C^'r'l . . _ _ 
3 3 ^ 6 
. 5 1 9 

. OO A 1 

. C o C 5 

. J o C -

3 3 0 3 

0 4 0 9 
C o / -
Codfc 
0 6 7 o _ 
C-JOb 

C o 5 t _ 
0 o 5 5 
O c : o 
Cuo 2 
C o 5 i 
0 o 5 5 
C66C 
o d 0 3 

2 



CHANNEL. R £ S U L T S .. 
CASt 1 

T I M E = , 

D I S T A N C E 
. ( I N . ) _ 

. 0 
1 . 0 
2 . 0 
3 . 3 
<t.O 

5 . C . . 
6 . 0 
7 . 0 
8 . 0 
9 . 0 

1 0 . 3 
1 1 . 0 
1 2 . 0 
1 3 . 0 
1 0 . C 
1 5 . 0 
1 6 . 0 
1 7 . 0 
1 8 . 0 
1 9 . 0 
2 C . a 
2 1 . 0 
2 2 . 0 
2 3 . 0 
2 1 . . 0 
cS. 0 
2 o . 3 
27.^ 
2 8 . 0 
2 9 . 0 
3 0 . 0 

r -PXN WIxE WkAP 

0 SECCNLS OATA 

U E L T A - P ENTHALPY 

. ( P S I ) 
. oo 
. 6 -
. o l 
. 5 0 
. 3 3 

. . . . . 5 2 
. - • < 

- . . l i o . 

. - 3 

. - C 

.i7 

. 3 0 

. 31 

.Z^ 

. 2 o 

. 2 3 

. 2 0 
• 18 
. 1 6 
. 1 5 
. 1 -

1 . 12 

. — — 

. --* 

. 3 3 

. 37 

. 3 3 
. 0 -

. 0 3 

. 3 1 

. 30 

( d r u / L i j ) . _ 
3 6 5 . c 8 
37 3 . 3 3 
3 7 5 . 1 . 5 

. 3 3 3 . 6 6 
3 : ) 7 . 7 6 
0 1 5 . 70 
o 3 - . OO 
- 5 0 . >j-. 

- 7 7 . 2 1 
3d C . c 7 
5 c 3 . 7 8 
5 ' . 7 . L C 

5 / C. IJ 5 
5 9 1 . 8 3 
b l 3 . 5 3 
6 3 - . 2 1 
fc5d.67 
o o ?. o 6 
6 7 0 . C C 
6 d : > . 8 7 
0 9 0 . 15 
6 9 7 . o O 
6 9 J . 32 
7 0 3 . 3 3 
7 3 i ; 3 2 
7 3 2 . 2 3 
7 3 2 . 9 5 
7 0 3 . 5 0 
7 M H* U 6 

7 1 0 . 90 
7 0 5 . 2 2 

UAMIrt HEATEU ASSEMULY 

FOR CHANNEL 1 0 

T c M P t R A T U ^ ; : J^Nc i lTY 
. ( L E v r - F ) . . . ( L d / C U - F T ) 

7 o 3 . J 3 5 3 . c d 
7 i - ' . 5 2 _ _ 3 7 . 7 b _ 
7 0 1 . 2 5 5 3 . 6 0 

. 7 5 : . 1 1 . . . . 5 3 . - 1 . . 
6 0 - . . - 0 5 3 . - 1 
t o 3 . 3 2 5 2 , 5 2 
9 2 5 . - 1 5 2 . : -

. . . ' :^9j , b l . . . . 5 1 . 0 1 , _ _ 
ALO? , 78 5 - - . 8 2 
l l i . C ' , C . i . 5 o . l o 
l < i 2 J . L 9 £ . 9 . 5 c 
l o C ; . 3 1 . .. . < , o , 6 / 
I d 7 7 , - 9 - 0 , c 2 
1 0 - ^ . 2 5 _ 1 . 7 . 6 3 
1 5 2 - . 77 0 7 . L 2 

1 5 8 o . 5 9 . . _ . . . 0 6 . - 5 
1 6 5 c . J - 1 . 3 . 9 2 
1 7 3 2 . 7 7 0 3 . 0 9 
1 7 2 : 1 . C o 2 7 . 0 2 
1 7 2'-... C o _ ^ Z . \ 6 
1 7 ^ :>. - 6 1 ' . . 3 1 
1 7 2 ; i . 3 6 9 . - 0 
1 7 2 9 . - 6 9 . 3 3 
1 / 2 J . C o 8 . 7 5 
1 7 2 9 . C 6 8 . 5 1 
1 7 2 9 . - 6 . e . 2 9 
l / 2 - j . r j 6 « . 1 3 
1 7 2 - 1 . Lb 8 . . ' o 
1 7 2 ^ 1 . 0 6 7 . tJd 
1 7 2 J . - & . . _ . . . 7 . 7 1 _ 
A 7 2 ) . L 6 7 . 0 -

,. ... 

E U U I L V O I D 
U U M L I T Y F K A L T I C N . . . ( 

. - C C . 0 3 C 

. 3 0 0 . C - L 

. L C L .CCC 
, O J C _. .CCC 
, C L O .COC 

. . 0 3 C .. .CCo 
. 0 0 0 .CCO 
. : c c .COC 
. 0 3 0 . t . C 

. . C L C I . i c r 

• w j c ©rirfta 
• l^'^ - . „ • t - C ^ 
9 L U I 9 «. C t 

. C J U . C J C 

9 W J w 9 W t j C 

. 0 0 3 . C - C 

.COC . C ' J -

.OCC .CCC 

. 0 - 1 . 3 9 5 

. C o B . 7 3 1 . 

. C J . 3 . / b f . • 
_ 9 w l u . ^ • ' ' ^ * * 

. 0 1 3 . 8 - c 

. 0 1 1 . . 8 - 7 
. o l - . 6 1 3 
. C l 5 . 8 1 7 
. 0 1 5 . 8 ( . l 
. - 1 6 . 8 2 0 
. 0 1 6 .826-
. u l 7 . d 3 C 
. 0 1 7 . O d e 

J A I c 

F*.OW " M A J S f . .U 'X 

. t J / S - : C ) ( M o J / n ' . - F T 2 ) 
, C - b 2 . 3 6 2 0 
. C C 6 2 
. 0 0 ^ 2 
. J Co2 . . . 
. 0 1 5 2 
i 0 Co d 
. C C c d 
. o C : . 
. o C 5 9 
. f - 3 0 

CC57 
. 0 - 5 7 

0 C5 J 
" 1 5 7 

. 0 C57 

. C L 5 7 
o C 5 8 
0 C 6 L 

3 - 3 b 
- o 5 2 
- L b l 
OLoO 
C 3 6 b , 
U CtiO 

i CoS) 
. 0 C 6 6 
3 0 b F 
0 L 6 6 

0 L 6 7 

0 C 6 9 
0 - 7 -

. - o l -

. . o l 9 
v o l / 

. - o l s 

. C-Jc" . . . _ 
- 5 2 1 
3 > 9 9 
: > c o 

.C57ft 
- 5 7 -

. 3 3 o 7 
C J ' ' 3 

. 0 3 o 7 

. 3 J 6 9 

C 3 o9 
, 0 > 7 0 

Os^d 
C o 3 7 

- * -
00 3 5 
- o - 0 
ob5 1 
3 o 5 i 
C J O O 

CooC 
O L 3 ' J 

C D 5 7 

3 o c 2 
35 c -
0 0 •ao 



. .CHANNEL. 
CASo 

TIME = 

OliTANCE 
( I N . ) 

. 0 
1 .0 
2 . 0 
3 . 0 
- . 0 
5 . 3 
6. 0 
7 .0 
6 . 0 
9 . 0 

1 0 . 0 
_ 1 1 . 0 _ 

1 2 . 0 
1 3 . 0 
l o . O 
1 5 . 0 
l o . O 

_ 1 7 . 3 . 
1 0 . 3 

. . . 1 9 . 3 
iiO.O 
2 1 . 0 
ZZ.i 
Z->. i ._ 
2 0 . 0 
2 5 . 0 
2o.O 
2 7 . 0 
2 3 . 0 
2-J.O 
3 0 . 0 

.RESULTS 
1 

. 0 i 

JcLTA- f 
( P b l ) 

. 0 8 

. 6 -

. 6 -
. 3 d 
. 5 5 
. 5c ; 
. -•:< 
. - 0 

. - 3 

.37 
- . I t 

. 0 1 

.2-1 
. 2 6 

. . - 3 
.cZ 
. 1 0 
, l o 
. 1 5 
, 1 0 

. 11 

. 3 9 
9 W 6 

. J7 
.0 *3 
. 3 -
. 3 3 
. 3 1 
. 3 3 

7-^PIN WIRE WRAP 

.cCOl.OS O4.TM 

' L.UHALPY 
O T U / I Q ) 

3 6 5 . c 8 
1 7 0 . 5 6 
3 7 3 . 3 L 
3 3 0 , 2 7 
39 '5 .61 
0 1 6 . 3 5 _ 
0 ? 3 . 9 c 
0 5 7 . J5 
- 7 9 . 9 1 
5 3 2 . 0 9 
5 2 5 . 0 3 
: j i . 8 . i . e 
3 / 3 , 6 6 
5 9 3 . 3 1 . 

b l 5 . C 7 
6 3 5 , 6 2 
6 5 J , 6 6 
6 7 : . tjQ 
6 i l . - C 
6 3 5 . 3 n 
6 J - . 7 C 
6 : * - . 92 
6 9 7 . 3: 
o 9 d . 9 6 
7 J 3 . 5 3 
7 0 1 . 72 
73 c.b5 
7 C 3 . - 3 
7 3 - , 52 
7 J - , I J 3 

735.6i» 

CAM-IA HcAlcU AojEMdLY 

FĈ R OHA 4..CL 1 1 

r-.MPE<AT Jp.E JcN, . iTY 
_ ( O E J - F ) . . ( L U / C o - H J . . 

7 3 3 , 0 - 5 3 , d6 
7 1 5 . 2 8 . 5 3 , 7 6 
7 J c . 0 u 5 3 . 6 2 
7 6 0 . v 3 5 3 . 3 9 . . 
t j 7 . 0 - 5 2 . J 8 

. 8 6 5 , 0 7 3 2 . 3 d 
9 J . . 0 7 5 1 . J 7 

. J . : J . , O I _ 3 1 . 3 o 

l o 7 o , 7 7 5 . . 7 3 
1 1 5 - . - 6 5 . . i i 
1<:2<<,28 o ^ . - a 
1 3 3 3 . '»0 , , i - o . o o 
1 3 7 J . 1 3 ' . h , 2 3 

. l i . p - . , 2 2 - . - . 7 . 3 8 
l ; 2 j , f c 3 - c ^ / 
1 5 9 3 . 83 _ _ . O D . - . k . 

1 f c 5 d . - 3 - 3 4 PO 
1 7 0 7 . - 5 _ . 0 5 . ' . a 
1 7 2 J . C O i 8 . 1 6 
^ 7 2 1. - 0 . . . . 1 - . 2 9 
1 7 2 9 . L O 1 1 . 7 -
1 7 2 3 . Co l C . : o 
1 / 2 J . C O 9 . J 5 

. 1 7 2 J . . 6 _ . 9 . 1 J 
1 7 2 J , G 6 8 . 7 0 

. * 7 2 : > . 0 6 8 . - 1 
1 / 2 ^ , - 0 0 , - 0 
1 / 2 5 . »o 8 . 3 2 
1 7 2 : * . 0 6 7.7^ 
1 7 2 ^ , 0 6 7 ,7o 
1 7 2 9 , 0 6 7 . 5 5 

w u U A L 

(JUALIIY. 
.OCC 

_ . C 3 C 
. L L -

. . c : : _ 
. C - -
. - - C 
. Ou -

_ . C 1 J L 
s 0 3 0 

..OOC 
. - C L 

_ , 00 -
. - 3 -
. COi 
. - 0 V « /* 

_ » « L « 

. OL -

.>.iZ 
. . . - 3 5 

. O J O 

. . o i l _ 
9 • i . C 

_ . C 1 3 . _ 
. - 1 -

_ . - 1 5 
. - 1 5 

. . 0 1 6 _ 
. - l b 

. . 0 1 7 
. 0 1 7 

" " VOIU 
. F R A L T K 

.OOC 
. . L - C . 
.OCC 

_ . C , L 
. C C -

. . C C -
.03C 

_ . c ; 0. 
. L - f 
.C3C 
9 U ^ C 

_ .CoC 
• U w v 

.C-C 

.C3C 

. L - w 

.CoC 

. o : c 

. 5 : 1 9 
, . 6 5 3 

. 7 - A 

_ . 7 / 0 
. 7 ^ 0 
. 8 . L 
. 8C8 

- . e i 3 . 
. 0 1 9 

. . 8 2 3 
. O w 9 

_ .83C 
. 8 3 -

— 

:H 
FoOw 

._1LJ /SE- . ) 
. - - b e 
, 0 Cod 
.OCCio 
, 0 L b -
, 0 C 6 3 
, oCbC 
, 0 - b 3 

_ _ , C C b i . . _ 

. n c f 1 
» ' . L C -

, L l 5 9 
_ . • 0 L b 1 . 

.CC59 
, , 3 C 5 8 

, C L 3 0 

9 b b 6 C 

. u I '. 5 

. C Co -

. w O o 5 . 

. 0 C O b 

.0Co7 _ 

.C CbC 

_ , .CLb9 .. 
, - c b f c 

, 3 C b L 
, t C ( - ' i 

• w 0 O b _ 

, 0 L08 
. «L 7 : _ 
. C - 7 -

uAIE 

MAoS K t - i X 
l . l L O / M - ^ - F T i ) 

, C o2 " 
• - O C 5 

, l ' 3 t C 

. Co 33 

. 3 0 - -
. , 3 0 - 3 

.Co2c 

. - 0 1 . . 

. J 3 - 3 

... _ . CJ ^t 
. C3 0-1 

- _ _ H - L C O . , t 

, 0 j 8 0 

.lz>7 1 j 

. - J ' 1 1 ^ 

. « J 9 C 

. w C - L 

. C . J . , b 

. - 0 - c 

. 0 : 2 - 6 

. C b 3 0 • . 
. C o c l 
. 3 o 3 9 

. C o o l 

. ' ^ 0 3 / 

. 0 j 5 d 

. 0 'J 5 0 

. O o 5 d 
. - b O L 

. C o 9 -



CHANNEL 
CASc 

T IME = 

D I S T A N C E 
_ ( I N . ) 

. 3 
1 . 0 
2 . 0 
3 . 0 

>*.o 
5 . 0 
6 . 0 
7 . 0 
3 . J 

9 . 3 
1 0 . 0 
1 1 . 0 
1 2 . 0 
1 3 . 3 
1 0 . a 
1 3 . 0 
l o . O 

1 7 . 0 
1 8 . 0 
1 ^ - 0 ... 
£i w • w 

2 1 . 3 
2 2 . 0 

2 3 . 0 
2 1 . . 0 
2 5 . 0 
2 o . 0 
2 7 . 0 
2 8 . 0 
2 9 . 0 
3 3 . 0 

RiSULTS _ _ _ _ 
1 7 

• 5 S t 

"JELTA-P 

, ( ps : ) 
. 68 
. o O 

. o l 

. 5 5 

. . . 5 2 _ 
. - 9 
. - o 
. - 3 
. - 3 
.37 
. 3 -
. 31 

. 2 o 

. 2 3 
. 2 ' -
. l o 
. l o 
. 1 3 

. 1 -

. 1 2 
. 1 1 
. L 9 

. L 8 
.:7 
. - 3 

.'",-

. 33 

. J -

.OC 

- P I N W l u t WRAP 

CCNOS DATA 

LNTHALPY 

_ (dTu/m) . . 
3 6 5 . 8 3 
37 J . i l 

3 / 0 . - 9 
. _ 38 5 . - 1 

- 0 0 . o 5 
' . l d . s 7 „ . 
1.38.eb 
- 6 1 . 0 1 

0 8 2 . 0 9 
5 0 3 .35 
5 2 8 . 1 6 
5 3 r . J 5 
5 7 3 . 5 3 
5 9 F . 1 2 
6 1 7 . :i2 
6 3 3 . 8 -
C 3 / . o O 

. 6 7 3 . 9 1 
b 9 5 . 3 3 
6 : < o . l 6 
7 0 3 . 35 
7i 3 . 5 -
7 J 5 . O 5 

7 0 6 . 5 5 
7 3 7 . 3 7 
7 3 7 . d 3 
7 0 d . 1 2 
/ O d . d o 
7 J d . 2 7 
7 3 b . 8 6 
7 0 O . 9 7 

0AM-1A HcATEO ASSEMoLY 

FOR CHANNEL 14; 

T£MP£-<AI UP.C U c N i l T Y 
( L I b - F ) . < L t J / C U - F T ) 

7 03.CC 5 3.R8 
7 i o . - 3 5 3 . / 3 

7 3 0 , 0 - 3 3 . 0 . 
7 5 3 , 8 3 _ 5 o . 3 o 
0 I - . 9 3 5 . : . 9 5 

O 7 - , L 1 5 2 . - 0 
9 - 3 . 2 3 3 1.8 •J 

. 1 0 1 3 . 6 3 5 1 . 2 7 
I C 8 0 . 7 1 5 0 . o 7 
1 1 6 1 . o l 3 - . 3 3 
1 2 3 7 . 7 d H i . i i 
l o l l . e,2 ^.. Hti.7 d . _ _ 
1 3 0 ^ ^ . 6 5 1 . 8 . 1 3 
1 0 6 3 . 3 9 _ 0 7 . 3 0 
1 5 3 5 . 2 0 - 6 . d J 

. 1 u 3 3 . 7 1 0 6 . 5 0 
I t 6 - . . e 6 - 3 . 0 I 
1 7 1 7 . 0 6 . . ' • 5 . 2 7 _ , _ 
1 7< i9 . LD 1 1 . l o 
1 7 2 9 . C 6 . 9 . 18 
1 7 2 J . 0 6 b . s 2 
1 7 2 ^ . 0 6 8 . r 0 
1 7 2 9 , L o 7.7 3 
1 7 c ^ . u b . _ 7.37 _ 
1 7 2 9 . 0 6 7 .4 :2 
l 7 2 ) . - o 7 . 1 3 
1 7 2 3 . C o 7 . 0 8 
i . 7 a . io _ 7 . L 0 
1 7 2 J . Co 7.L 5 
1 7 2 - J , C 6 6 , ^ -
1 7 2 9 , C b 6 , 9 2 

" E C U I -
Q U A L I T Y 

. Cob 
_ , 330 _ 

« - - 0 

. .o:c _ 
. J 3 -
. O O L 
. C O L 

,3 '3 i : . 
. - 3 0 

.OoC . 

. - 0 L 

. 3 3 C 
eL 'oC 

.C3C 

. 3 3 C 

. 0 3 - „ 

. 1 3 0 

. C C 

. - 1 1 
• o i l 
. O i u 
. - 1 6 
. o l 7 

. 0 1 0 
_ . - 1 8 

. 0 1 9 

. L 1 9 

. 0 - 9 

. 0 1 - * 

. 0 1 9 

V O I O 
F R A C T I O N . . < 

. 0 J w 

,CCC 
. L 3 C 

_ . . C - I 
a ,d •* %. 

. . . C L C 

. C r C 
. _ . C - L 

. P : C 

. L 3 C 

. c : r 

. C C L 

. C L C 

_ . C J t 
9 0 W C 

. L C C 

. C - C 

. CCL 

. 7 7 7 

. 7 a 2 

. 6 - 6 
. 8 2 -
. t d o 
. 0 5 8 

. 6 - 1 

. 8 - 3 
. 8 - 0 
. o O p 
. 8 0 3 

. 8 - 7 

. 8 - 8 

. . . . . 

FLOW 

u u / S L C ) 
. b - Of 1-

. V L ^ 3 

. u Co -

. O C 6 0 
. - C o 7 

. 0 L C 6 

. 0 Cb5 
, 3 o o 5 
, C 0 0 -

. - - 0 -

. 0 - 0 5 

. JC63 
. 0 L ( . 2 
. 1 - 0 c 

. - 06 t 
• o C e o 
. u ot 0 
. C C 2 o 

. c - 5 : 

. J O b -

. 0 L 6 3 

. C l o ­

.O C b 6 

. 0 ( . l 3 O 

. 3 - 6 -

. OCoO 

. J C o -

. O L 6 / 

. - ofc-9 

. C f. b rt 
• - L b b 

OA r£ 

MA:^S FL 'JX 
( M L U ' r 1 ^ - ( : T2 ) 

, - 6 2 f 

— 

-

. C o 2 ( ; 

. C o o 7 

. 0 o 5 7 

. 3 o o / 

. u&b'" _ _ 

. C o - D 

. - 5 - 2 

. C 0 0 8 

. 3 o - 2 
C o - t 

. 0 0 - 1 

o o l -
- O 1 0 

..oi.'i 
CcoC 

. 3 u 3 3 
Cco3 
C 5 L . 

uO 1 L 

3 o 2 9 
- 3 0 2 
C o 3 7 
Cooo 
3 o 3 c 
C o - 5 
c i - o c 
C o o t 
- 6 6 2 
: o 7 7 
0 o 5 -



ONE-SIXTH GEOMETRY SHOWING OPERATION AT BOILING 
(BUNDLE AVERAGE RESULTS SHOW ASSEMBLY OUTLET TEMPERATURE) 

_CHANNEL_ ;X IT SU_:i.i.;i_'\r ' - ' E : U L T 3 _ _ . _ 
C A S E " i " " " ' "" l/- j- i j t3. ' ! .T-<Y" '-loJiL . i f 7-J .'ErtOt.'j; p,. A j to i ^ 'p j V t i . , i r . , Po'ri'JLT.ff c ./w J A T I 

M A So J M L A N C I - - O N C M J Y t !AL . i f . - . i - -

M A i S FLoW I N d . 3 6 8 3 0 E - _ : 2 L3 / -3E I . . F L O . ^ - f . L - t J Y I N 1 . 3" ' I o o t • 0 1 _ o l J / o E C _ 
"H.iS^'f -LviW^ d U l ' o . 5 o o 5 0 i - r 2 ' Oo/3E"b L l i i i^bY A b J ' . C "d , 7" 7 3 -o • o"3 b I j / _ ; C 
MASS FLOW t.->.'\OR - - . , 1 2 c 5 c t . - 1 1 L 'o /SEC F c L . i : L ' . ' - - . G Y OUT l . b 7 3 d O t P ' ' - - j T o / S o C 

Ll". 0", v>Y c " ' , .or', - o « 3 . - 3 u i - v d J f L i / J n . 

CrtA|-.,N::L E f .THAo^Y T t lr-_ n,A I J i i . O i ' i o I T Y r . J U I - . /d l lJ l-LJW MAbo F,.'JX 
( N C ) ( o I U / L B ) ( J c b - h ) ( L u / F I 2 ) v t J , . u I T Y P P A „ T I J N ( C - 3 / 3 O C ) ( H L F : / F - ^ - F T 2» 

1 / C j , / . . . 1 / 2 - J , 1 6 7 , 3 - , - A ' ' . 0 0 - . - - 3 - , - 7 3 / 
2 7 C 1 . C 2 1 7 . . ' j . 3 6 8 , 3 0 , - 1 - _ _ _ ^ 8 1 - , . : <,7 . r - 3 j 5 

"3 ' ' d 7 / . i . - •" fii'.lH li.-i'f ,'':.')':~ " T - L , . " ^ 2 3 6 . " i 7 3 o 

00 



_CHA1^NEL P.iiSULJS 
CASc 1 l / 6 - & H 3 / E T \ Y .-tUUiL >\T 75 r ' E i o E N T rv.ALTOr^ F O W E r - . u : ( L P . C E I . T F L CW 

3 U N J L - - V - K M G - I . / - . t o U k 

4Cv. 3 E o T 
t P 3 

8 . 
9 . 

1 0 . 
1 1 . 
I t . 

_ 1 3 . 

1 5 . 
1 6 . 
1 7 . 

" i d . 
_ 1 9 . 

2 3 . 
2 - . 
2 2 . 
Z3. 
Z-. 
2 3 . 
. : o . 
2 / . 
2 o . 
2 9 . 

A-f-

i ) 
o l 
7n 

75 
72 

o 3 

•^o 

o2 
5 :J 
j O 

' - lO 

5 ' 
0 7 

- -
»., 
.; .3 

d5 
••c 

2 3 
i 7 
• ) ^ 

. ^ 
c>-

1 1 
1 ^ 
• I 

* — 11 
" i 
.7 

. . . 
1 

c 

EN 
('. '• 

d 

; 
J 

d 

0 
4 

. 
5 

— 
.. 
-
0 
0 

-
— 
— 
0 
0 

c 

0 

-
-
-
-
— 
-
-
— 
— 
1. 

T r l -

ru/ 
O J 

ol 
o 9 
7 1 
7 6 

) 3 

^^ 
- I 
. X 

3 8 
X J 

ZZ 
2 ^ 
»o 

- c 
-4 •) 

3 -

J i 

o 2 
o d 
o 5 
c •; 
o / 
o 7 
SV 

'3 .'_ 

O 3 

6 'J 
o i 
o 9 
o i 

L-^ 
L". 
t d ' 
0 3 
1 5 ' 

J 3 

•53. 
7^ 
73 

OC 

'>. 2 

3 0 

5'9_ 
5 1 
j j j _ 
"C 

o - " 
92 
3 3 ' 
o 7 
32" 

- 1 
2 7 " 
. 9 
- o 

TEi l 
(̂ C 

7 
7 
7 
7 
> 
7 
7 
7 

"3 

9 
1 ( 

. . vr' 

I . 

*J _ 

. i 9 . 

; 3 . 

3 - . 

/-. . 
_io ._ 
LO . 

O . , 

( j j . 

O ' J « 

' ' > • ) . 

J— . 

> } • 

/ o . 
3 3 . 

rf 9 • 

L J . 
. .3 . 

.AT 
pJ 

_L?. 
c c 
7 1 

J-',-- LicN 
(^ 3 / 

5 3 
5 . -

77 

1. . 

79 

i ; . i 3 . 
3 ; . 

O': 

g - _ 

. 9 _ 
dO 
O.'i 

i « 

o9 

J .C 36 . 
1 U 3 3 . 
1 0 5 9 . 

l L - 1 

1 0 
3 3 _ 

/ 9 _ 
o l 
7J 

1 c v ; j i c v b . c 
r T j O J i L i r t F K I L T I O N 

/ o 
b_l 

1 3 

2 *> 

:) i 

2 8 
^o 
bo 
/ O 

: / 
T i 
5 9 
Oo" 
• f. 
_ i 
- b _ 
. 6 
o 3 _ 
o'5 

- " i 

L . . 
V J ! 

. 1 . 

_ j | ' _ i 

I ' T i 

CC 

, C j _ , 

0 ' i t 

22? 

. 0 0 - , 

. cC 3 

. c J . 
. 2 9 7 

. d v O 

f W • 1 i j j t -cJX 
) ( " 1 . j / H - - r T2 ) 

; J I 

. 5 / 
• d 5 r . - 2 c 5 

•̂  - T • A l . J 

. • -5 7 . 1 2 2 5 
- . 5 ? . . . . C - . 
. d 5 ' . - - . ' • 
- 0 3 7 . - • • 2 -
: o 5 7 . - 2 2 5 
1. o5 7 . 1 - - : 
3 d ' • - 7 . . - C - . 

; d C / . - - - ' -
•• 2 '. 7 . - c 2 *; 
, 0 J 7 . - w iT '1 

'3 05 7 . - 2 : 5 
- d C / . - c c 3 
- o 5 7 . - . . c ' . 
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