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EPRI PERSPECTIVE

PROJECT DESCRIPTION

This final report under RP301 documents the findings of an experimental research 

effort to develop a data base on reactor coolant pump single- and two-phase 

performance behavior. Tests were performed on a geometrically scaled model of an 

actual reactor coolant pump. Both steady-state and transient blowdown tests were 

performed over sufficiently large ranges of thermal-hydraulic operating conditions 

and typical pump performance parameters to cover calculated hypothetical loss-of- 

coolant accident (LOCA) conditions.

PROJECT OBJECTIVES

Current analytic pump models used in LOCA analyses are based on a limited amount of 

experimental data. The goals of this project were (1) to establish a sufficiently 

large data base of steady-state and transient pump performance data to substantiate, 

and ultimately improve, analytic pump models currently used for reactor coolant pump 

LOCA analysis; and (2) to obtain data on pump characteristics under two-phase tran­

sient blowdown conditions to aid the evaluation of reactor coolant pump overspeed.

PROJECT RESULTS

The pump data base collected in this project is considered sufficiently large and 

diverse to cover a significant range of pump performance of primary importance to 

LOCA analysis. Initial evaluation of the test results indicates that pump rated 

head and torque degrade significantly under two-phase flow conditions. Pump free­

wheeling speed (pump motor power off) is closely coupled to the volumetric flow rate 

through the pump during a blowdown transient. The maximum free-wheeling speed 

observed was near twice the rated speed for a discharge break equal to the flow area 

of the pump. For smaller size discharge breaks, the peak speed observed was less 

than twice the rated speed. With electric power to the pump drive motor on 

throughout the blowdown, however, the pump speed was maintained at an almost 

constant value.

Additional reduction and analysis of this data base is required before it can be 

used to support the development of an improved analytic model for pump two-phase 

performance.
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This final report consists of eight volumes, as presented in the table of contents 

in the first volume. Volumes 1, 2, 3, 4, and 7 present the results and conclusions, 

as well as substantial discussion and description, of the entire project and the 

test data. Volumes 5 and 6 present the tabulated test data in computer printout and 

graphic format, which will be useful for further analyses. Volume 8 contains a 

description of the data processing methods. Volumes 2 through 8 are available from 

the Research Reports Center* upon request.

Kjell A. Nilsson, Project Manager 
Nuclear Power Division

♦Research Reports Center 
P.0. Box 50490 
Palo Alto, CA 94303 
(415) 965-4081
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ABSTRACT

The primary objective of the C-E/EPRI Pump Two-Phase Performance Program was to 

obtain sufficient steady-state and transient two-phase empirical data to substan­

tiate and ultimately improve the reactor coolant pump analytical model currently 

used for LOCA analysis. A one-fifth scale pump, which geometrically models a 

reactor coolant pump, was tested in steady-state runs with single- and two-phase 

mixtures of water and steam over ranges of operating conditions representative of 

postulated loss-of-coolant accidents. Transient tests were also run to evaluate the 

applicability of the steady-state-based calculational models to transient 

conditions.

This project has produced test data which can appropriately be utilized for reactor 

coolant pump modeling in LOCA analyses. The steady-state test data show general 

coherence of the test results and overall pump performance trends for a model pump 

that should be representative of a reactor coolant pump to the extent that scaling 

laws apply. Both head and torque data correlate well in the form of homologous 

curves. Two-phase head degradation curves are approximately comparable to head 

degradation curves obtained in other test programs. Two-phase torque degradation 

curves have also been developed. The collected data should be useful for analytical 

model development.
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Section 1

INTRODUCTION

The model pump test facility was constructed at the Kreisinger Development 

Laboratories at Combustion Engineering, Inc., Windsor, Connecticut during 1974 

and 1975. The scale model pump and the test system (Figure 1-1) are described 

in detail in Volume VII-Test Facility Description.

The scale model pump steady-state performance tests in single- and two-phase 

steam-water flow were carried out to gain knowledge on how a pump, designed for 

single-phase operation in water, would perform in a two-phase medium. The 

motivation for this investigation is the postulated occurrence of a hypothetical 

loss-of-coolant accident (LOCA) in a nuclear reactor, which would cause the 

normally subcooled water passing through the pump to become saturated and sub­

sequently two-phase.

Approximately 1000 steady-state tests were performed. Each test provided about 

200 measured and derived parameters. The different conditions for which the 

scale model pump was tested under steady-state conditions included variations in 

several parameters. Measurements were made after establishing steady-state 

operation at desired combinations of fluid pressure level, void fraction, volu­

metric flow rate, and impeller speed. These pump performance tests covered for­

ward, zero, and reverse flows and speeds in various combinations. Fluid conditions 

upstream of the pump were set to provide a variety of single-phase steam or 

water and two-phase mixtures of steam and water, ranging from all water to all 

steam. Also, fluid pressure was set at several different values.

Special-purpose steady-state tests included instrument zero checks and preblowdown 

cross-comparison calibration runs of certain instruments, such as turbine meters 

vs steam and water orifices. Additional pump performance data was derivable 

from some of these calibration runs. Supplementary tests were performed to 

determine the internal friction and windage torque characteristics of the model 

pump.
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The following sections in this volume describe the steady-state test parameters, 

tests performed, a summary of the results, and the associated data evaluation per­

formed under this project. The complete set of steady-state data are presented 

separately in Volume V - Steady-State Data.
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Section 2

TEST PROCEDURES

2.1 SYSTEMS CONFIGURATIONS AND OPERATING MODES

Single phase water and steam tests were performed to determine pump performance 

and to provide in situ calibration data for certain instruments. Two-phase flow 

tests were done to obtain pump flow characteristics under various conditions of 

void fraction, volumetric flow rate, pressure, pump speed, direction of pump 

rotation, and direction of flow.

Towards the end of preparing the test system for operation, the system was 

checked out and debugged in a series of shakedown tests. The system was operated 

first with a pipe section in place of the model pump and then with the pump 

installed. As the equipment and operating techniques were proven out, the pump 

performance tests were started.

In order to obtain the required characteristics called for during a specific 

test sequence, it was necessary to configure the system to provide those charact­

eristics. Changing the direction of fluid flow through the test pump involved 

the most significant system modifications. Either forward or reverse flow 

through the test pump could be selected by suitable piping changes. For the 

forward flow configuration, the booster pump discharge was piped to the suction 

of the test pump. To achieve reverse flow, the booster pump discharge was piped 

to the test pump discharge. Once a fluid flow direction was selected, a range 

of other operating conditions could be achieved by changing system valve align­

ments and test pump motor controls. Startup of the system was always done in 

the single phase water mode after which single phase steam or two-phase testing 

could be established.

In the single-phase water configuration, water was circulated through the loop 

by the booster and/or the test pumps. Steam was admitted to the high pressure 

drum to produce the temperatures and pressures required for the test point.
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Single-phase steam testing was achieved by directing the steam to the mixing 

tee. Water flow from the booster pumps was then diverted through a bypass back 

to the drum allowing only steam to flow from the mixing tee through the test 

pump.

Two-phase flow was obtained by directing the steam flow to the mixing tee.and 

allowing water flow from the booster pumps to mix with the steam at the mixing 

tee. The resulting saturated water and steam mixture then passed through the 

test pump. Volume ratios of steam to water were adjusted by the operator.

Steam flow was controlled by boiler firing rate and water flow was controlled by 

throttling the main or bypass water valves upstream of the mixing tee.

Test pump speed and direction of rotation for a specific test point were achiev­

ed by manipulation of the test pump motor controls by the operator. Figure 2-1 

displays the different combinations of pump mode and flow direction which were 

tested.

A detailed description of the steady-state operating configurations and testing 

modes can be found in Volume VII - Test Facility Description. Details of nominal 

and actual operating conditions, tests procedures, and measurements are given in 

the following sections and also in Volume VII.

2.2 INSTRUMENTATION AND DATA RECORDING SYSTEMS

Two categories of instrumentation were utilized during the test phases. They 

are defined as loop instrumentation and test instrumentation. Loop instruments 

were those instruments required by the operator to run the test loop to attain 

the specified test point conditions safely and efficiently. Test instruments 

were those instruments necessary to measure and record the parameters required 

for analysis of the test pump performance at the specified test point conditions. 

In some instances both these functions were performed by the same device, however, 

in general, separate instruments were utilized. A pictorial display of the test 

instrumentation provided in the test loop is shown in Figure 2-2. A comprehen­

sive list and detailed description of loop and test instrumentation can be found 

in Section 4 of Volume VII - Test Facility Description.

The data acquisition system used for steady-state testing consisted of transdu­

cers, signal conditioners and a recording device. During steady-state testing,
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the specific parameters sought were held reasonably constant during the record­

ing of the data and, therefore, a relatively slow data scanner was utilized. 

Signals from the test instrumentation transducers were received, after condition­

ing, by the scanner and recorded on magnetic tape. Five consecutive scans of 

all test instruments were taken at each test point condition. The data recorded

was then transferred to a punched paper tape. The punched tape was read into

the main computer on site where it was reduced and permanently stored. A de­

tailed description of the steady-state data acquisition system is given in 

Section 4 of Volume VII - Test Facility Description.

2.3 TEST PROCEDURES DESCRIPTIONS

2.3.1 Pump Performance Point Procedures

Three basic types of steady-state tests were performed. These were single phase 

points (steam or water), two-phase points (steam and water) and special purpose 

points (e.g., friction and windage).

Loop operating procedures necessary to obtain these test points varied to some 

degree. The following brief description of the various operational procedures 

is provided here so that the reader may understand the basic concepts involved. 

Detailed descriptions of the test loop configurations and operating modes, as 

well as system schematics can be found in Volume VII - Test Facility Description.

2.3.1.1 Single-Phase Points - Water or Steam. A single phase test point is one 

in which the fluid passing through the test pump is either all water or all 

steam. The single phase water point was achieved by the following steps; (1) 

configuring the loop for forward or reverse flow, (2) filling the test loop with 

deaerated water, (3) raising the pressure and temperature of the loop water to 

the specified test point conditions, (4) obtaining specified flow and test pump 

speed and (5) recording data. The loop water was heated in the high pressure 

drum with steam supplied by the test boiler. Saturated water conditions from 0 

to 1200 psig were maintained by throttling the high pressure drum vent valve. 

Water was circulated around the loop by the booster pumps. The booster pumps 

also supplied additional head required to achieve test matrix conditions. Loop 

flow rates were controlled by throttling a valve in the test pump discharge line 

to ensure that the fluid in the pump was maintained slightly subcooled. Pump 

speed and direction of rotation were determined by setting the motor controls. 

When the conditions specified had been reached and stability achieved, data was 

recorded on the data scanner and on FM tape.
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To obtain single phase steam points, the same procedure with some additional 

steps was utilized. The pressure and temperature of the specified test point 

were obtained in a single phase water mode. At this time the steam flowing to 

the high pressure drum was diverted to the mixing tee upstream of the test pump. 

Boiler firing rate was then adjusted to produce sufficient steam to obtain the 

desired steam flow through the test pump. Meanwhile, the water flowing from the 

booster pumps was diverted from the test loop back to the high pressure drum 

through a bypass line. Therefore, loop water circulated from the drum to the 

booster pumps and back to the drum. Steam entered the mixing tee, passed through 

the test pump and flowed back to the drum where it was used to maintain loop 

water at saturated conditions. Once all the desired conditions for a test 

point was reached and stabilized, data were recorded.

When single phase steam testing was complete the system was returned to a single 

phase water mode by reversing the steps above.

2.3.1.2 Two-Phase Points. A two-phase test point is one in which a mixture of 

steam and water passes through the test pump. To obtain this condition, the 

loop water had to be saturated at the specified test point pressure. The loop 

water was first brought to saturated conditions with the loop in a single-phase 

water mode. Once there, steam was diverted from the high pressure drum to the 

mixing tee upstream of the test pump. The volume of steam supplied to the 

mixing tee was predominantly controlled by adjusting the boiler firing rate.

The saturated loop water was also supplied to the mixing tee via the booster 

pumps. Water flow was controlled with the main or bypass water flow control 

valves. The operator regulated the steam/water volume ratio or void fraction 

until the specified test conditions were reached. Test pump speed, direction of 

rotation, and flow direction were all set prior to attaining the void fraction 

desired. The steam and water mixture, after passing through the test pump, 

returned to the drum where excess steam was vented and loop water was reheated 

to maintain saturated conditions.

With the test point conditions satisfied and all parameters stable, data were 

recorded. After the data were checked, the operator could proceed to adjust the 

system in order to attain the conditions specified for the following test point 

in the test point sequence.
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Adjustment of steam and water flow to obtain specific void fractions was an 

iterative process which was difficult and time consuming. To aid the operator 

in this task, a computer program called SETACT was developed. This program 

allowed the operator to home in on the proper steam and water flows and achieve 

the void fractions desired in a timely manner. A more detailed description of 

the SETACT program and its use during two-phase flow testing is given in Section 5 

of Volume VII - Test Facility Description.

2.3.2 Calibration Files

Calibration Files contain instrument zeros and calibration constants for each 

instrument used during the testing program. Calibration constants were generated 

for each instrument by the calibration procedures outlined in Volume VIII - Data 

Processing Methods. Most of these procedures were performed during scheduled 

loop outages provided specifically for this purpose. However some instruments 

did require in situ calibrations. These instruments were drag discs, turbine 

meters, and gamma densitometers. In addition, it was necessary to perform zero 

checks of the pressure and differential pressure cells on a regular basis. Each 

in situ calibration and each zero check required a special loop operation proce­

dure and generated a unique test point. These special operating procedures are 

briefly discussed in the following paragraphs and in more detail in Volume VII - 

Test Facility Description.

2.3.2.1 Pressure and Differential Pressure Cell Zeros. Pressure and differen­

tial cell zeros were taken as often as practicable during steady-state test 

phases. They were taken during startup with the loop cold (170°F) and again 

with the loop at 850 psia, saturated condition. Pressure cells were zeroed by 

isolating them from the loop and venting the cells to atmosphere. Differential 

pressure cells were zeroed by isolating them from the loop and cross connecting 

both sides of the cell to eliminate any differential pressure across the membrane. 

Once the cells were in the zero condition, five data scans were recorded. The 

zero data was then reduced with the Instrument Calibration Constant Update 

Program (ICCUP).

2.3.2.2 Gamma-Densitometer Calibration. Air, steam, and water points were 

utilized to determine the calibration constants for the gamma densitometers.

These points were obtained during the test phases whenever the particular system 

configuration permitted.
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For transient tests air, cold water, hot water (850 psia, saturated), and steam 

points were generally obtained during the steady-state preparatory stages to a 

blowdown. Prior to each blowdown, a gamma densitometer air point was taken 

before filling the loop while the test piping was still dry. Once the loop was 

filled with cold water (170°F) a cold water point was taken. During the pre­

blowdown sequence with the system at 850 psig, a hot water point was taken.

Steam points were obtained at the very end of the transient after all water had 

been discharged through the blowdown nozzle and only steam was left in the 

piping. Each of these gamma densitometer points consisted of five data scans 

with the gamma densitometers in their normal operating mode, and five data scans 

with low calibration shims in. Data points obtained in this manner were then 

reduced with I COUP to obtain the latest calibration constants (see Volume (VIII). 

Initial experience with the gamma-densitometers revealed a definite drift in 

output with time. To minimize the effects of this drift on the transient test 

results, these air, water, and steam calibrations were conducted as close in 

time to the actual blowdown as possible.

To minimize the effects of this drift on the steady-state data, hot water water 

(850 psia) calibration points were also taken on a daily basis to obtain updated 

gamma densitometer calibration constants.

2.3.2.3 Drag Disc Calibration For drag disc calibrations, the loop was set up 

for single phase water operation at 850 psia saturated condition. Flow was 

varied by manipulating the loop flow control valve located downstream of the 

drag discs. When a specified flow rate was obtained five data scans were 

recorded with the data scanner. This process was repeated for different flow 

rates until sufficient data were obtained to accurately determine the relation 

between momentum flux and drag disc output. Because the drag discs showed 

significant temperature sensitivity they were also calibrated for this parameter. 

This calibration was performed in water by conducting a loop heat-up in steps.

At each specified temperature the flow was completely stopped and five data 

scans recorded. From the data obtained, a temperature sensitivity coefficient 

was deduced for each drag disc.

2.3.2.4 Turbine Meter Calibration. Turbine meters were calibrated with the 

loop in a single-phase steam mode. This mode allowed higher fluid velocities to 

be obtained than possible with single-phase water operation. Flow was varied in
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steps by means of the flow control valve downstream of the turbine meters with 

five data scans recorded at each step. Calibration constants for the velocity 

versus turbine meter output relation were then determined from the recorded data.
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Section 3

STEADY-STATE TESTS CONDUCTED

3.1 TEST PHASES

The pump two-phase performance project was divided into two testing periods. 

Phases I and II, separated by an intermission which provided time for data 

evaluation, recalibration and servicing of test equipment, and review and modi­

fication of plans and procedures for the remaining tests. Phase I tests ran 

from January through May, 1977, and Phase II from September into December, 1977.

In general, Phase I provided initial exploration of test operations, data analy­

sis, and pump behavior, and went on to cover most of the steady-state operating 

conditions of prime interest. Phase II then provided data to fill in gaps or 

extend pump performance curves where required, and also to check out questions 

regarding some deviations and special effects noted in the Phase I results.

Related roles of Phases I and II in the transient blowdown testing are discussed 

in Volume III - Transient Tests.

3.2 PURPOSES FOR GROUPS OF TESTS

In describing and listing the tests that were planned and/or run, it is helpful 

to group the tests according to purpose. Such purposes for the steady-state 

tests were to determine:

a. Single-phase water performance

b. Single-phase steam performance

c. Effects of two-phase void fraction for several combinations of con­
stant pressure, volumetric flow rate and speed.

d. Full mapping of performance at an intermediate pressure and void 
fraction.

e. Extensive mapping at a low void fraction.
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f. Extensive mapping at a high void fraction.

g. Steady-state performance at operating conditions selected to match 
some conditions observed during blowdown tests.

h. Characteristics of special effects (from seal leakage, onset of cavi­
tation, etc.)

These purposes sometimes overlap, and a single test may relate to more than one 

purpose. The primary purpose of each group is indicated in the listings pro­

vided in the following sections, and some of the tests are entered more than 

once where dual purpose was a feature of the planning.

3.3 TEST MATRIX

The steady-state test matrix comprises an array of operating conditions at which 

pump performance measurements were performed. Selection of the operating condi­

tions was aimed at (1) spanning the ranges of interest for calculating pump 

performance during postulated NSSS LOCA's, (2) spacing the test points to favor 

good interpolation and development of quantitative relationships which can be 

used in the analytical pump performance model, and (3) accommodating the pract­

ical limitations of test facility capabilities and an affordable number of 

tests. In the laboratory it was endeavored to achieve the desired settings of 

pump upstream pressure level, void fraction, and volumetric flow rate, plus pump 

speed. To produce these conditions, the controls were manipulated in ways 

described in the previous section on test procedures. In cases when the desired 

absolute levels of flow or speed could not be achieved, the settings were ad­

justed to preserve the desired values of the homologous flow-to-speed ratio 

v/a^ that relates to scaling.

Set point tolerances were specified, within which it was desired that the actual 

operating conditions match the requested conditions in order to readily fulfill 

the purposes of the tests. These set point tolerances varied somewhat, depend­

ing on the purposes of the tests and particular ranges of the variables. If 

post-test reviews indicated the actual operating conditions to be within or 

close enough to the listed tolerances, then a test is considered to provide data 

appropriate for its original purpose. Even if beyond acceptance for the origin­

ally specified point, a test may constitute an acceptable alternate choice or 

contribute useful data for other purposes (interpolation between curves, sensi­

tivity to variations, etc.). These aspects are discussed further as a part of 

data evaluation below.
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As stated in Volume I, the ranges of interest for the operating parameters were 

derived from the calculated results for typical postulated NSSS LOCA's compiled 

in or similar to those in Section 4.2 of the Preliminary Test Plan (Ref. 1) and 

are summarized below. Limitations of the test facility capabilities are also 

indicated where pertinent.

Specifying the matrix combinations of upstream pressures and void fractions in 

Figure 3-1 is based on using these parameters as the indexes of fluid density 

and two-phase mixture. Both upstream and pump path average void fractions are 

possible correlating parameters for two-phase effects on performance. For 

practical operation of the test system, settings were specified in terms of 

upstream fluid conditions, and Figure 3-1 is constructed on this basis.

The variations of inlet pressure versus upstream void fraction calculated for 

the representative NSSS LOCA's are summarized by the envelope curves superim­

posed on the matrix in Figure 3-1. These envelope curves serve to indicate the 

range of interest and form a basis for entries in the matrix. The band within 

these envelope curves includes both discharge and suction leg breaks. As de­

tailed in Reference 1, the shapes and ranges of bands covered by LOCA curves for 

the various locations of a pump relative to the break would be roughly the same. 

Values for large and small breaks are sometimes similar, especially for the 

broken leg pump, although the timing for reaching the points during the blow­

downs varies considerably.

The limited experimental information previously available for two-phase effects 

on pump performance (e.g. for the Semiscale pump) indicated that two-phase 

effects varied most rapidly over a narrow range of void fractions at low values 

and again in the final approach to all steam. To check this, the initial matrix 

included extra points in the 0 to 20 and 80 to 100 percent void fraction ranges. 

Actually the test process included "feeling out" the presence and location of 

any performance gradients, and the void fraction selections were then adjusted 

accordingly before running the closest-spaced points. This procedure illu­

strates that the test matrix was part of a dynamic plan which mapped out an 

approach but adjusted the specific settings in response to test results ob­

tained.
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3-4

UPSTREAM VOID FRACTION, %
QK 1QI

UPSTREAM 
PRESSURE PSIA

LATER DESIGN

EARLIER DESIGN 
NSSS LOCA RANGE

0 EXTENSIVE MAPPING

EXTENSIVE MAPPING OVER EXTENDED PRESSURE RANGE

X PARTIAL MAPPING

Figure 3-1. Planned steady-state test matrix vs LOCA conditions.



Operating conditions for the actual tests which were run primarily to determine 

effects of void fraction at constant pressure, volumetric flow rate, and speed 

are shown in Sections E and F of Table 3-1. Each "X" in the matrix in Figure 3- 

1 represents only one combination of upstream pressure and void fraction, but 

any number of combinations of pump speed and volumetric flow ranging from a 

single speed and flow to full performance mapping. Single-phase water perfor­

mance was anticipated to be largely independent of pressure and temperature 

level as long as sufficient subcooling was maintained and fluid density taken 

into account. Therefore, tests at a variety of pressures were expected to 

contribute to a single performance map. This is indicated by the extended 

square on the zero void fraction line in Figure 3-1. Similarly, single-phase 

steam performance tests over a range of pressures were expected to contribute to 

the same map as long as sufficient superheat was maintained. How these items 

worked out in practice is discussed later in the analysis of results.

Full or extensive mapping for two-phase conditions was planned for the three 

pressure and void fraction combinations indicated in Figure 3-1 by El's. TheEl 

's were placed as shown on the basis of (1) spacing the maps across the pressure 

and void fraction ranges, (2) recognizing the trend to higher void fractions at 

lower pressures, (3) determining one map at an intermediate void fraction for 

which two-phase effects might be near maximum and not very sensitive to small 

deviations in void fraction, (4) obtaining a map at low void fraction to show 

two-phase performance with small amount of vapor with relatively small effects, 

and (5) obtaining a map for high void fraction but before the final approach to 

single-phase all steam.

The other partial mapping X 's were spaced to sample performance over the rest 

of the pressure and void fraction ranges of interest and generate data for 

cross-plots at constant pressure or constant void fraction in order to separate 

the effects of the variables. This provides information for interpolating 

between the full maps and for determining steady-state performance at more 

conditions similar to those in selected test system blowdowns.

Single-phase performance was first spot checked to see how the pump manufactur­

er's (Bryon-Jackson) cold water data compared with cold and hot water tests in 

the different configuration loop used at C-E. The water tests were subsequently 

extended to provide new performance curves. Many water tests were run speci­
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fically to provide pre-blowdown steady-flow calibrations of drag discs and 

turbine meters against water orifice readings. These calibration runs were also 

effective in providing much single-phase performance data. Operating conditions 

for the actual single-phase water tests performed are listed in Sections A and B 

of Table 3-1.

Single-phase steam performance was expected to be similar to water performance, 

after accounting for density differences, and interest was primarily in the 

lower pressure and higher flow-to-speed ratio v/a^ regions. Actual steam test 

operating conditions are listed in Sections C and D of Table 3-1.

For full performance mapping at any given combination of upstream pressure and 

void fraction, the speed and volumetric flow combinations were laid out in a 

fashion illustrated in Figure 3-2. The coordinates of percent rated speed vs 

percent rated volumetric flow provide the framework for a four-quadrant perfor­

mance map of constant percent head and torque lines (See Figure 3-3). Typical 

lines for zero head and torque are shown. The area in which tests were to be 

made is bounded, as shown in Figure 3-2, by (1) the highest positive and neg­

ative volumetric flows which could be achieved in the test loop at the model 

pump, when the combined heads of the two booster pumps and the model pump just 

balanced the pressure losses in the system with the throttle valve in the return 

line wide open, (2) the highest (twice the rated) positive or negative speed at 

which the speed controller would operate the test pump, and/or, (3) the highest 

torque or power output available from the test pump drive motor at each speed, 

and (4) the limit of interest to those combinations of speed and flow considered 

possible or likely in postulated LOCA's, which excludes positive flow with 

negative speed and negative torque with negative flow and speed.

Within the bounded test area of Figure 3-2, several lines of constant speed were 

selected, including 0.5, 1.0, and 1.5 times rated speed -- both positive and 

negative -- and zero (locked rotor) speed. Along these speed lines, various 

volume flows were selected based on the following factors:

1. Spacing several points along each full length positive or zero speed line,

2. Including maximum forward and reverse flow attainable,

3. Using some of the same flow settings on several speed lines to allow check­
ing speed and flow effects separately.
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SPEED LIMIT

SPEED f

MOTOR TORQUE 
LIMIT—^

—FLOW LIMIT

VOLUME FLOW, Q/Q,

FLOW
LIMIT LIMIT OF 

INTEREST
X!/ 1 --

Figure 3-2. Sample steady-state performance map boundaries and point loca­
tions.
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Figure 3-3. Typical single-phase four-quadrant performance map.
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4. Spacing points along the homologous head and torque curves,

5. Setting the same flow/speed ratio v/aN on different speed lines to check 
the effectiveness of flow similarity parameters and scaling,

6. Reserving some points for filling in where needed as indicated by the early 
results. For example, the fill-in process of additional test points in 
Phase II included some points along the homologous head and torque curves 
developed from the measurements in Phase I. This involved some additional 
measurements at low speeds in order to achieve the higher v/aN values as 
indicated in Figure 3-2 at the locations indicated by the@s.

Maximum volumetric flow rates available in the test section were estimated in 

advance, for several void fractions and two values of model pump head, 0 ft. 

(neutral) and -252 ft (loss) across the pump. Due to the changing thermal- 

hydraulic conditions in the test system, the test pump head was different for 

each test condition and thereby affected the shape of the flow limit boundaries 

in the manner illustrated in Figure 3-2.

Based on the above approach for laying out test points. Figure 3-4 shows the 

estimated boundaries and initially planned point locations for the full perfor­

mance map at 1000 psia and 40 percent void fraction. Since the amount of two- 

phase head degradation for the model pump was not known yet, estimated flow 

boundaries were drawn first for undegraded test pump performance. Degradation 

would then result in shifting of the flow limits in a manner indicated by the 

additional lines, with the amount of shift dependent on the amount of degrada­

tion. In the early stages of running the tests, the maximum flows achievable at 

each speed were determined. Then the test point selections near the boundaries 

of the map were adjusted to give an achievable and workable pattern.

Within the actual achievable boundaries, the test points run for the 40 percent 

void fraction map were distributed as shown in Figure 3-5 and Sections G and H 

of Table 3-1. Tests for mapping performance at 20 and 80 percent void fractions 

are listed in Sections I and J plus K and L of the Table.

Additional runs were made at steady-state conditions selected to match various 

transient pump operating conditions which were either predicted or actually 

measured to occur during forward and reverse test system blowdowns. This is 

illustrated in Figure 3-6, which is a reproduction of Figure 3-1 but with the 

addition of a predicted typical medium size break forward blowdown trace and 

heavy dots marking similar hydraulic conditions and some representative samples 

of additional steady state tests to more directly match the blowdown conditions.
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SPEED LIMIT

FLOW
LIMIT

MOTOR 
TORQUE/ 
LIMIT /

l-STEAM FLOW 
I LIMIT
I

— = h=0
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CONSTANT 
v/a*,\ LINE-FLOW LIMIT FOR 

DEGRADED HEAD

®JJyFLOW LIMITS

VOLUME FLOW, Q/QR s vFLOW LIMIT 
FOR
UNDEGRADED 
HEAD ------------ LIMIT OF INTEREST

X-1 --

-2 X

SPEED LIMIT

Figure 3-4. Estimated steady-state performance map boundaries and planned 
point locations for 1000 PSIA and 40% void fraction.
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ap ~ 0.40 (0.35 TO 0.50) 

pijps ^ 1000 PSIA (900 TO 1050)

MOTOR
TORQUE
LIMIT

SPEED

1 - - X- -XT# mtKX XX>/

FLOW
LIMIT

FLOW
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VOLUME FLOW, Q/Qj 

LIMIT OF INTEREST

Figure 3-5. Locations of actual steady-state performance testpoints for 1000 
PSIA and 40% void fraction.
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UPSTREAM VOID FRACTION, %
9B 101

UPSTREAM 
PRESSURE PSIA

LATER DESIGN

EARLIER DESIGN 
NSSS LOCA RANGE

TYPICAL SAMPLE 
TEST SYS. BLOWDOWN

0 EXTENSIVE MAPPING

EXTENSIVE MAPPING OVER EXTENDED PRESSURE RANGE

X PARTIAL MAPPING 

X MATRIX POINTS NEAR TEST TRANSIENT 

• ADDITIONAL POINTS TO MATCH TRANSIENT

TYPICAL
SAMPLES

Figure 3-6. Planned steady-state test matrix vs LOCA and predicted test blowdown conditions.



The speeds and volumetric flows for these matching steady-state runs were set at 

values close to those for the blowdown, or if a blowdown speed or flow could not 

be duplicated directly in the steady-state test, then the normalized transient 

flow/speed ratio v/c^ was matched as a basis for scaling to the blowdown condi­

tion. More details about how representative transient operating conditions were 

extracted from blowdown test data will be given in Volume III - Transient Tests. 

The maching steady-state test conditions actually run are listed in Sections M 

and N of Table 3-1.

Notes on Table 3-1:

1. Within the groups of Table 3-1, the test points are not necessarily ordered 
in any systematic way.

In groups containing two-phase test points, single-phase test points which 
would otherwise fit in the group are referenced by footnotes.
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TABLE 3-1

STEADY-STATE TEST MATRIX

TYPE OF 
TEST

TEST
NO.

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

aF

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

FLOW -
SPEED
RATIO

V

aN

A.
Single-
Phase
Water
Tests,
Forward
Flow

Phase I 209 1017 0.000 .442 .999 .442

210 991 0.000 .830 .997 .832

211 993 0.000 .994 .997 .977

212 1012 0.000 1.141 .998 1/.875

213 1010 0.000 1.354 1.001 1/.739

214 1007 0.000 .470 1.000 .470

251 922 0.000 .669 1.002 .667

255a 56 0.000 .792 .989 .801

256a 102 0.000 .431 .990 .435

257a 107 0.000 .913 .579 1/.634

258a 106 0.000 .919 .409 1/.446

259a 106 0.000 .919 .402 1/ .437

260a 105 0.000 .926 .446 1/.482

310 1194 0.000 1.132 .500 1/.442

311 1205 0.000 .968 .498 1/.515

321 115 0.000 1.168 .996 1/.853

322 100 0.000 1.238 .997 1/.805

323 147 0.000 .852 .995 .857

324 166 0.000 .627 .997 .629

aMixing plate installed.
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TABLE 3-1

STEADY-STATE TEST MATRIX (Cont'd.)

TYPE OF
TEST

A.
Cont'd.

TEST
NO.

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

aF

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

325 170 0.000 .309 .998

326 187 0.000 .045 .998

335a 1197 0.000 1.429 1.193

336a 1202 0.000 .014 1.291

342a 1211 0.000 1.061 .503

343a 1188 0.000 1.325 1.000

365a 14 0.000 .043 .498

366a 31 0.000 .297 .498

367a 71 0.000 .588 .498

368a 107 0.000 .859 .499

369a 94 0.000 .998 .504

370a 91 0.000 .042 .000

371a 99 0.000 .303 .000

578 869 0.000 .315 .500

579 869 0.000 .573 .499

580 867 0.000 .290 .499

581 862 0.000 .763 .499

582 960 0.000 .960 .501

583 425 0.000 .930 .498

584 178 0.000 .891 .497

585 172 0.000 .941 . 5D1

586 166 0.000 .986 .501

587 84 0.000 .948 .503

aMixing plate installed.

FLOW -
SPEED
RATIO

v

“N

.309 

.045 

1/.835 

.011 
1/.474 

1/.755 

.086 

.598 

1/.846 

1/.581 

1/.505 

1/.002 

1/.000 
.630 

1/.870 

.582 

1/.654 

1/.522 

1/.535 

1/.558 

1/.532 

1/.508 

1/.531
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TABLE 3-1

TYPE OF
TEST

A.
Cont'd.

STEADY-STATE TEST MATRIX (Cont'd.)

TEST
NO.

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

aF

588 96 0.000
602 1213 0.000
603 1211 0.000
604 1220 0.000

605 1214 0.000

606 1213 0.000

616 90 0.000

617 141 0.000

618 403 0.000

619 400 0.000

623 868 0.000
624 875 0.000

625 871 0.000

627 1137 0.000

628 1146 0.000

636 25 0.000

637 25 0.000

638 20 0.000

639 166 0.000

642 821 0.000

643 718 0.000

648 865 0.000

649 866 0.000

650 865 0.000

661 98 0.000

663 387 0.000

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

FLOW -
SPEED
RATIO

V

aN

.990 .500 1/.505

.153 -.000 -1/.001

.122 -.000 -1/.002

.103 -.000 -1/.002

.074 -.000 -1/.003

.053 -.000 -1/.004

.970 .499 1/.514

.965 .498 1/.516

.915 .497 1/.543

.929 .497 1/ .535

.771 .499 1/.647

.578 .498 1/.861

.289 .499 .580

.770 .499 1/.648

1.005 -.000 -1/.000

.052 .497 .105

.098 .955 .099

.231 .994 .232

.17 .060 1/.345

.078 .002 1/.024

.440 .177 1/.403

.289 .503 .575

.281 .501 .561

.578 .501 1/.867

.161 .057 1/.351

.215 .075 1/.347
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TABLE 3-1

TYPE OF
TEST

A.
Cont'd.

STEADY-STATE TEST MATRIX (Cont'd.)

TEST
NO.

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

otF

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

FLOW -
SPEED
RATIO

V

aN

668a 869 0.000 .287 .498 .577

669 863 0.000 .579 .498 1/.860

670 853 0.000 .789 .498 1/.631

671a 858 0.000 .587 .498 1/.849
672a 851 0.000 .780 .500 1/.640

673a 846 0.000 .980 .502 1/.512

674a 852 0.000 .889 .501 1/.564

675a 1109 0.000 1.001 .501 1/.501

676 963 0.000 .667 1.018 .655

688 145 0.000 .226 .089 1/.393

689 371 0.000 .292 .498 .585

695 867 0.000 .292 .498 .585

696 857 0.000 .577 .498 1/.863

697 868 0.000 .775 .498 1/.643

698 860 0.000 .866 .499 1/.576

699 871 0.000 .976 .501 1/.513

700 1130 0.000 1.002 .500 1/.499
701 982 0.000 .715 .996 .718

717 1015 0.000 .098 .860 .114

736 948 0.000 .483 .500 .967

777 948 0.000 .635 .566 1/.891

778 935 0.000 .751 .566 1/.754

779 909 0.000 .984 .567 1/.577

780 868 0.000 .291 .566 .514

795 873 0.000 .296 .107 1/.362

aMixing plate installed.
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TEST
NO.

796

797

798

799

830

832

838

839

840

841

842

843

844

845

846

856

857

858

859

860

861

862

TABLE 3-1

STEADY-STATE TEST MATRIX (Cont'd.)

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

aF

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

FLOW -
SPEED
RATIO

V

aN

871 0.000 .587 .249 1/.424

871 0.000 .780 .343 1/.439

873 0.000 .970 .437 1/ .451

869 0.000 .880 .388 1/.441

160 0.000 .258 .098 1/.381

440 0.000 .280 -.001 -1/.004

873 0.000 .288 .105 1/.364

867 0.000 .552 .233 1/.421

863 0.000 .786 .346 1/.440

877 0.000 .874 .389 1/.445

868 0.000 1.004 .453 1/ .452

873 0.000 1.010 .499 1/.494

858 0.000 .988 .500 1/.506

1061 0.000 1.009 .998 1/.990

969 0.000 .693 1.002 .692

79 0.000 1.257 .983 1/.782

90 0.000 1.207 .833 1/.691

236 0.000 1.095 .594 1/.542

126 0.000 .950 .494 1/.528

137 0.000 .846 .492 1/.581

73 0.000 .688 .491 1/.714

92 0.000 .457 .491 .932

3-18



TABLE 3-1

TYPE OF
TEST

A.
Cont'd.

STEADY-STATE TEST MATRIX (Cont'd.)

TEST
NO.

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

aF

863 106 0.000

864 87 0.000
865 93 0.000

866 108 0.000

867 121 0.000

868 55 0.000

869 68 0.000

870 93 0.000

871 104 0.000

872 111 0.000

907 861 0.000

928 78 0.000

929 79 0.000

930 78 0.000

931 94 0.000

932 95 0.000

933 94 0.000

934 114 0.000

935 114 0.000

936 114 0.000

937 93 0.000

938 92 0.000

939 92 0.000

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aH

FLOW -
SPEED
RATIO

V

aN

.188 .491 .384

1.321 .998 1/.756

1.228 .874 1/.712

1.120 .643 1/.574

.996 .348 1/.360

.846 .541 1/.640

.723 .276 1/.381

.425 .183 1/.431

.183 .069 1/.379

.691 .003 .004

.988 .249 .252

.842 .472 1/.560

.841 .472 1/.561

.840 .472 1/.562

.694 .471 1/.679

.695 .471 1/.678

.694 .471 1/.679

.462 .470 .983

.462 .470 .981

.462 .470 .983

1.315 1.000 1/.761

1.320 1.000 1/.757

1.311 1.000 1/.763
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TABLE 3-1

TYPE OF
TEST

A.
Cont'd.

STEADY-STATE TEST MATRIX (Cont'd.)

TEST
NO.

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

aF

940 119 0.000

941 no 0.000
942 102 0.000

943 113 0.000

944 161 0.000
945 163 0.000

946 148 0.000

947 148 0.000

948 148 0.000

949 133 0.000

950 133 0.000

951 133 0.000
952 119 0.000

953 118 0.000

954 119 0.000
965 481 0.000

971 712 0.000

972 841 0.000

973 837 0.000

974 845 0.000

975 850 0.000

976 837 0.000

977 855 0.000

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

FLOW -
SPEED
RATIO

V

aN

.932 .431 1/.462

.896 .431 1/.480

.875 .430 1/.492

1.056 .516 1/.489

1.038 .492 1/.474

1.031 .491 V All

1.156 .596 1/.516

1.159 .596 1/.515

1.160 .596 1/.514

1.261 .786 1/.623

1.249 .787 1/.630

1.257 .786 1/.625

1.341 .979 1/.730

1.356 .978 1/.721

1.355 .977 1/.721

.819 .427 1/.522

1.118 .498 1/.445

1.116 .498 1/.446

1.066 .497 1/.466

1.014 .497 1/.491

.959 .496 1/.518

.888 .498 1/.561

.811 .498 1/.613



TABLE 3-1

STEADY-STATE TEST MATRIX (Cont'd.)

TYPE OF
TEST

PT.---------
Cont'd.

TEST
NO.

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

aF

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

FLOW -
SPEED
RATIO

V

aN

978 843 0.000 .739 .499 1/.675

979 836 0.000 .639 .498 1/.779

980 847 0.000 .501 .500 1/.999

981 833 0.000 .315 .500 .629
982 841 0.000 .147 .501 .294

983 848 0.000 .337 .501 .673

984 849 0.000 1.400 .943 1/.674

1003 55 0.000 1.387 1.288 1/.929

1004 186 0.000 1.509 1.106 1/.733

1005 199 0.000 1.421 1.097 1/.772

1006 228 0.000 1.318 .939 1/.713
1007 252 0.000 1.216 .939 1/.772

1008 262 0.000 1.091 .937 1/.859

1009 227 0.000 .939 .953 .986

1010 232 0.000 .825 .953 .866

1011 231 0.000 .690 .945 .730

1012 282 0.000 .517 .507 1/.980

1013 286 0.000 .233 .508 .459

1015 276 0.000 .235 .508 .463

1016 343 0.000 .512 .508 1/.992

1017 312 0.000 .682 .948 .719

1018 316 0.000 .824 .947 .871

1019 313 0.000 .941 .947 .994
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TABLE 3-1

STEADY-STATE TEST MATRIX (Cont'd.)

TYPE OF
TEST

A.
Cont'd.

TEST
NO.

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

aF

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

FLOW -
SPEED
RATIO

V

aN

1020 359 0.000 1.089 .919 1/.844

1021 354 0.000 1.217 .923 1/.758

1022 358 0.000 1.338 .922 1/.690

1023 347 0.000 1.457 1.042 1/.715

1024 339 0.000 1.554 - 1.130 1/.727

1026 334 0.000 .235 .185 1/.788

1027 333 0.000 .500 .339 1/.678

1028 311 0.000 .674 .804 .839

1029 305 0.000 .809 .803 1/.993

1030 275 0.000 .931 .803 1/.863

1031 269 0.000 1.073 .824 1/.768

1032 256 0.000 1.199 .922 1/ .769

1033 239 0.000 1.316 1.062 1/.807

1034 292 0.000 1.418 .933 1/.658

1035 277 0.000 1.515 1.081 1/.713

1036 288 0.000 1.424 1.014 1/.712

1037 291 0.000 1.323 1.047 1/.791

1038 301 0.000 1.221 .997 1/.817

1039 297 0.000 1.095 1.030 1/.941

1040 259 0.000 .947 1.029 .920

1041 267 0.000 .825 .975 .847

1042 264 0.000 .690 1.009 .684

1043 262 0.000 .513 1.032 .497
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TABLE 3-1

STEADY-STATE TEST MATRIX (Cont'd.)

TYPE OF
TEST

TEST
NO.

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

aF

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

1044 245 0.000 .233 1.152

1046 269 0.000 .234 .366

1047 260 0.000 .518 .570

1048 245 0.000 .692 .765

1049 256 0.000 .826 .808

1050 305 0.000 .939 .837

1051 296 0.000 1.095 .872

1052 293 0.000 1.219 .928

1053 284 0.000 1.330 .972

1054 276 0.000 1.440 1.019

1055 242 0.000 1.525 1.124

1056 256 0.000 1.440 .998

1057 259 0.000 1.341 .997

1058 268 0.000 1.245 .997

1059 282 0.000 1.121 .996

1060 242 0.000 .964 .992

1061 246 0.000 .841 .993

1062 245 0.000 .705 .993

1063 252 0.000 .532 .992

1064 250 0.000 .253 .995

1066 286 0.000 .252 .772

1067 287 0.000 .528 .771

1068 269 0.000 .700 .994

FLOW -
SPEED
RATIO

v

aN

.202 

.641 

.908 

.904 

1/.978 

1/.892 

1/.796 

1/.762 

1/.731 

1/.708 

1/.737 

1/.693 

1/.743 

1/.801 

1/.888 

.972 

.848 

.709 

.536 

.254 

.327 

.685 

.704
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TABLE 3-1

TYPE OF
TEST

A.
Cont'd.

STEADY-STATE TEST MATRIX (Cont'd.)

TEST
NO.

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

aF

1069 269 0.000

1070 254 0.000

1071 288 0.000

1072 285 0.000

1073 282 0.000

1074 352 0.000

1075 364 0.000

1133 251 0.000

1134 308 0.000

1135 225 0.000

1137 171 0.000

1139 425 0.000

1140 914 0.000

1141 917 0.000

1145 889 0.000

1146 863 0.000

1147 866 0.000

1148 878 0.000

1149 883 0.000

1151 914 0.000

1152 876 0.000

1153 841 0.000

1155 1121 0.000

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

FLOW -
SPEED
RATIO

V

aN

.841 .993 .847

.972 .992 .980

1.125 .993 1/ .883

1.237 .995 1/.805

1.366 .996 1/.729

1.483 1.065 1/.718

1.564 1.156 1/.739

.428 .186 1/.435

.863 .192 1/.222

1.495 1.084 1/.725

.899 .409 1/.455

.949 .410 1/.432

.013 .406 .031

.984 .409 1/ .416

.979 .409 1/.417

1.501 1.164 1/.775

1.272 .794 1/.624

.492 .221 1/.449

.430 .186 1/.434

.941 .471 1/.501

1.209 .903 1/.747

1.441 1.070 1/.743

.996 .999 .996
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TABLE 3-1

STEADY-STATE TEST MATRIX (Cont'd.)

TYPE OF
TEST

TEST
NO.

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

aF

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

1156 948 0.000 .624 1.009
1159 125 0.000 .252 .094
1160 126 0.000 .252 .094
1164 162 0.000 .889 .405
1165 340 0.000 .431 .186

1166 318 0.000 .867 .453

1167 268 0.000 1.518 1.086
1169 450 0.000 .935 .199

1170 894 0.000 .506 .499

1171 925 0.000 .993 .502

1172 855 0.000 1.531 1.196
1178 1025 0.000 1.005 .998

1179 984 0.000 .677 1.009

1186 291 0.000 .431 .186

1187 272 0.000 .855 .416

1188 264 0.000 1.476 1.015

1189 283 0.000 .443 .186

1190 253 0.000 .976 .613

1191 305 0.000 1.105 .416

1192 285 0.000 1.269 .683

1193 264 0.000 1.436 .957

1194 268 0.000 .806 .332

1197 172 0.000 .897 .409

FLOW -
SPEED
RATIO

v

aN

.619 

1/.374 

1/.373 

1/.455 

1/.433 

1/.523 

1/.715 

1/.213 

1/.986 

1/.505 

1/.781 

1/.993 

.671 

1/.432 

1/.486 

1/.688 

1/.419 

1/.628 

1/.376 

1/.539 

1/.666 
1/.412 

1/.456
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TABLE 3-1

TYPE OF
TEST

A.
Cont'd.

STEADY-STATE TEST MATRIX (Cont'd.)

TEST
NO.

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

aF

1199 417 0.000

1201 882 0.000

1203 885 0.000

1204 919 0.000

1205 886 0.000

1206 862 0.000

1207 836 0.000

1208 826 0.000

1210 1024 0.000

1211 1022 0.000

1213 240 0.000

1214 249 0.000

1215 259 0.000

1216 270 0.000

1217 280 0.000

1218 284 0.000

1219 234 0.000

1220 241 0.000

1221 250 0.000

1222 262 0.000

1231 278 0.000

1232 261 0.000

1233 250 0.000

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

FLOW -
SPEED
RATIO

V

aN

.948 .432 1/.456

.313 .112 1/.357

.518 .209 1/.403

.864 .242 1/.281

1.113 .488 1/.439

1.306 .816 1/.624

1.479 1.099 1/.735

1.549 1.203 1/.777

.984 .999 .985

.684 .994 .688

1.459 .964 1/.661

1.387 .856 1/.617

1.308 .726 1/.556

1.213 .565 1/.466

1.121 .526 1/.469

1.042 .549 1/.527

.912 .576 1/.632

.792 .575 1/.726

.663 .503 1/.758

.455 .504 .904

.558 .287 1/.514

.811 .555 1/.684

.969 .621 1/.641
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TABLE 3-1

TYPE OF
TEST

A.

Cont'd.

STEADY-STATE

TEST
NO.

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

aF

1234 298 0.000
1235 285 0.000

1236 270 0.000
1245 292 0.000

1246 278 0.000
1247 266 0.000
1248 313 0.000

1249 302 0.000

1250 287 0.000
1252 189 0.000

1254 437 0.000

1258 926 0.000

1259 941 0.000

1260 966 0.000

1263 869 0.000

1264 892 0.000

1265 857 0.000

1266 1140 0.000

1274 240 0.000

1275 227 0.000

1276 284 0.000

1277 265 0.000

1278 245 0.000

TEST MATRIX (Cont'd.)

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

FLOW -
SPEED
RATIO

V

aN

1.124 .599 1/.533

1.257 .653 1/.520

1.380 .858 1/.622

.559 .591 .945

.802 .592 1/.738

.972 .642 1/.660

1.124 .652 1/.580

1.258 .664 1/.528

1.373 .847 1/.617

.903 .349 1/.386

.916 .191 1/.209

1.099 .490 1/.446

.940 .411 1/.438

.619 .258 1/.417

1.284 .748 1/.583

1.430 .965 1/.675

1.566 1.194 1/.763

.835 -.001 -1/.001

.553 .185 1/.335

.796 .324 1/.407

.974 .211 1/.217

1.129 .440 1/.390

1.273 .687 1/.540
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TABLE 3-1

TYPE OF
TEST

A.
Cont'd.

STEADY-STATE TEST MATRIX (Cont'd.)

TEST
NO.

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

aF

1279 230 0.000

1280 200 0.000
1282 174 0.000

1284 441 0.000

1296 226 0.000

1297 218 0.000

1298 260 0.000

1299 255 0.000

1300 234 0.000

1301 215 0.000

1302 297 0.000

1303 318 0.000

1304 186 0.000

1307 414 0.000

1311 847 0.000

1313 857 0.000

1314 860 0.000

1315 852 0.000

1316 853 0.000

1317 839 0.000

1318 985 0.000

1319 985 0.000

1326 322 0.000

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

FLOW -
SPEED
RATIO

V

aN

1.377 .863 1/ .627

1.380 .881 1/.639

.905 .407 1/.450

.937 .414 1/.442

.559 .270 1/.482

.790 .328 1/.415

.975 .331 1/.340

1.118 .429 1/.383

1.256 .666 1/.530

1.379 .876 1/ .635

.534 .185 1/.347

1.124 .469 1/.417

.873 .204 1/.234

.933 .206 1/ .221

.629 .267 1/.425

.901 .189 1/.210

1.098 .541 1/.492

1.289 .781 1/.606

1.432 .988 1/ .690

1.559 1.181 1/.758

1.180 1.000 1/.847

.723 .995 .726

.552 .185 1/.336
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TABLE 3-1

TYPE OF
TEST

K.
Cont'd.

STEADY-STATE TEST MATRIX (Cont'd.)

TEST
NO.

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

aF

1327 308 0.000

1328 289 0.000

1329 295 0.000

1330 268 0.000

1331 287 0.000
1333 177 0.000

1335 420 0.000

1340 983 0.000

1341 868 0.000
1342 898 0.000

1343 906 0.000

1344 920 0.000

1345 941 0.000

1346 902 0.000

1349 1019 0.000

1350 1027 0.000

1351 1014 0.000

1358 242 0.000

1359 228 0.000

1360 256 0.000

1361 252 0.000

1362 255 0.000

1363 251 0.000

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

FLOW -
SPEED
RATIO

V

aN

.791 .325 1/.411

.970 .601 1/.619

1.130 .816 1/.722

1.259 .817 1/.649

1.382 .880 1/.637

.914 .415 1/.454

.942 .208 1/.221

.487 .530 .919

1.566 1.198 1/.765

1.444 .990 1/.686

1.297 .767 1/.592

1.117 .464 1/.416

.923 .190 1/.206

.661 .186 1/.282

1.006 .998 1/.992

.954 .750 1/.786

.496 .756 .656

.325 .186 1/.575

.468 .186 1/.398

.561 .187 1/.333

.643 .188 1/.292

.723 .215 1/.297

.795 .320 1/.402
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TABLE 3-1

STEADY-STATE TEST MATRIX (Cont'd.)

TYPE OF 
TEST

TEST
NO.

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

aF

A.
Cont'd.

1364 119 0.000

1366 352 0.000

1371 846 0.000

1372 868 0.000

1373 863 0.000

1375 884 0.000

1376 876 0.000

1377 845 0.000

1379 1094 0.000

1380 986 0.000

1384 580 0.000

1401 856 0.000

B.
Single-
Phase
Water
Tests,
Reverse
Flow

Phase I 393 41 0.000

394 58 0.000

395 91 0.000

396 110 0.000

397 70 0.000

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

FLOW -
SPEED
RATIO

V

0lN

.829 .520 1/.606

.847 .511 1/.603

.905 .575 1/.636

.742 .479 1/.645

.634 .642 .989

.397 .242 1/.609

.524 .550 .953

.823 .631 1/.766

.415 .996 .417

.287 1.003 .286

.325 .125 1/.384

.988 .499 1/.506

-.257 -.499 .516

-.505

ooLO1 1/.991

-.515 -1.000 .515

1 o -1.001 .770

-.051 .499 -.103
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TABLE 3-1

STEADY-STATE TEST MATRIX (Cont'd.)

TYPE OF
TEST

B.
Cont'd.

TEST
NO.

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

aF

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

398 27 0.000 -.052 -.000

399 40 0.000 -.283 -.000

401 1210 0.000 -.921 -.799
402 1255 0.000 -.920 -.799

421 997 0.000 -.685 -.499

422 1000 0.000 -.685 -.700

430 80 0.000 -.256 .498

431 120 0.000 -.521 .497

432 193 0.000 -.073 .992

433 67 0.000 -.520 -.000

434 119 0.000 -.769 -.000

436 989 0.000 -.249 .499

446 1197 0.000 -.147 -.000

447 1199 0.000 -.117 -.000

448 1197 0.000 -.099 -.000

449 1200 0.000 -.070 -.000

450 1199 0.000 -.049 -.000

462 137 0.000 -.846 -.000

463 207 0.000 -.577 -.000

464 492 0.000 -.575 -.000

465 912 0.000 -.576 -.000

468 842 0.000 -.851 -.000

469 835 0.000 -.668 -.000

m

FLOW -
SPEED
RATIO

v

aN

l/.OOl 
1/.000 
1/.868 
1/.868 
M .111 

.980 

-.514 

-1/.954 

-.074 

1/.000 
1/.000 
-.499 

1/.002 

1/.002 

1/.002 

1/.003 

1/.004 

1/.000 

1/.000 

1/.000 

1/.000 

1/.000 

1/.000
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TEST
NO.

470

471

474

475

486

487

488

489

492

493

494

495

496

502

511

512

513

514

515

516

1441

1442

TABLE 3-1

STEADY-STATE TEST MATRIX (Cont'd.)

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

aF

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

FLOW -
SPEED
RATIO

V

aN

847 0.000 -.261 -.000 l/.OOl

1161 0.000 -.598 -.000 1/.000

1164 0.000 -.590 -.000 1/.000

1171 0.000 -.043 -.000 i/.on
15 0.000 -.560 .172 -1/.307

143 0.000 -.558 .172 -1/.309

414 0.000 -.564 .173 -1/.306
948 0.000 -.569 .174 -1/.305

846 0.000 -.817 .164 -1/.201

841 0.000 -.650 .170 -1/.262

843 0.000 -.487 .175 -1/.359

842 0.000 -.251 .179 -1/.715

1152 0.000 -.557 .175 -1/.313

934 0.000 .098 .988 .099

1202 0.000 -.158 -.095 1/.604

1212 0.000 -.124 -.063 1/.506

1210 0.000 -.157 -.090 1/.576

1207 0.000 -.102 -.029 1/.283

1207 0.000 -.070 -.000 1/.005

1208 0.000 -.049 -.002 1/ .034

142 0.000 -.846 -.001 l/.OOl

150 0.000 -.782 -.001 l/.OOl

3-32



TABLE 3-1

STEADY-STATE TEST MATRIX (Cont'd.)

TYPE OF
TEST

TEST
NO.

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

aF

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

1443 178 0.000 -.694 -.001
1444 188 0.000 -.605 -.001

1445 196 0.000 -.494 -.001

1446 205 0.000 -.360 -.001

1449 145 0.000 -.293 -.001

1450 182 0.000 -.833 -.001

1452 391 0.000 -.308 -.001
1453 427 0.000 -.831 -.001
1454 395 0.000 -.021 -.001

1458 911 0.000 -.392 -.001

1459 919 0.000 -.025 -.001

1460 904 0.000 -.554 -.001

1461 960 0.000 -.687 -.001
1462 952 0.000 -.785 -.001

1463 947 0.000 -.846 -.001

1464 1099 0.000 -.848 -.001

1468 980 0.000 -.516 .397

1469 1002 0.000 -.522 .401

1486 250 0.000 -.912 -.908

1487 256 0.000 -.846 -.764

1488 242 0.000 -.771 -.839

1489 239 0.000 -.676 -.609

1490 218 0.000 -.559 -.516

FLOW -
SPEED
RATIO

v

“N

l/.OOl 

1/.002 

1/.002 

1/.003 

1/.003 

l/.OOl 

1/.003 

l/.OOl 

1/.058 

1/.003 

1/.053 

1/.002 

1/.002 

l/.OOl 

l/.OOl 

1/.002 

-1/.770 

-1/.768 

1/.995 

1/.904 

.918 

1/.901 

1/.923
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TABLE 3-1

STEADY-STATE TEST MATRIX (Cont’d.)

TYPE OF
TEST

B.
Cont'd.

TEST
NO.

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

aF

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

FLOW -
SPEED
RATIO

V

aN

1491 313 0.000 -.444 -.402 1/.905

1494 207 0.000 -.590 -.529 1/.896

1496 434 0.000 -.432 -.386 1/.894

1498 502 0.000 -.906 -.977 .927

1503 889 0.000 -.922 -.903 1/.978

1504 896 0.000 -.836 -.900 .928

1505 863 0.000 -.372 -.893 .417

1506 855 0.000 -.521 -.895 .583

1507 912 0.000 -.643 -.896 .717

1508 902 0.000 -.749 -.898 .834

1509 1001 0.000 -.810 .169 -1/.209

C.
Single-
Phase
Steam
Tests,
Forward
Flow

Phase I 267a 477 1.000 1.012 .500 1/.494

268a 477 1.000 1.017 .999 1/.982

300 990 1.000 .897 .503 1/.561

301 993 1.000 .990 .504 1/.509

302 1185 1.000 .781 .504 1/.645

308 996 1.000 1.436 .504 1/.351

aMixing plate installed.
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TABLE 3-1

STEADY-STATE TEST MATRIX (Cont'd.)

TYPE OF 
TEST

TEST
NO.

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

aF

jnt'd.
309 990 1.000
315 447 1.000
316 440 1.000
318 437 1.000
319 448 1.000
320 458 1.000
357a 995 1.000
358a 996 1.000
591 45 1.000
592 48 1.000
593 50 1.000
594 48 1.000
595 34 1.000
596 26 1.000
597 32 1.000
598 30 1.000
822 301 1.000

Phase II 873 36 1.000
874 38 1.000
875 34 1.000
876 33 1.000
877 33 1.000
878 26 1.000

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

FLOW -
SPEED
RATIO

V

aN

1.421 .998 1/.703

2.173 1.005 1/.463

2.249 .499 1/.222

2.353 .998 1/.424

2.558 .998 1/.390

2.400 .497 1/.207

.960 .500 1/.521

.954 .998 .955

8.201 1.479 1/.180
5.587 .602 1/.108

7.815 -.000 -.000

7.925 -.000 -.000

7.555 -.000 -.000

6.543 -.000 -.000

3.554 -.000 -.000

4.970 -.000 -.000

1.577 .500 1/.317

4.658 .997 1/.214

3.819 .997 1/.261

3.661 .997 1/.272

2.941 .997 1/.339

2.368 .997 1/.421

2.144 .997 1/.465

aMixing plate installed.
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TABLE 3-1

STEADY-STATE TEST MATRIX (Cont'd.)

TYPE OF
TEST

C.
Cont'd.

TEST
NO.

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

aF

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

“n

FLOW -
SPEED
RATIO

V

aN

879 28 1.000 1.013 .218 1/.215

916 846 1.000 1.041 .499 1/.479

1076 68 1.000 4.682 .497 1/.106

1077 64 1.000 .985 -.001 -l/.OOl

1078 54 1.000 1.499 -.000 -1/.000

1079 54 1.000 2.137 -.087 1/.041

1080 55 1.000 2.709 .227 1/.084

1081 53 1.000 3.000 .228 1/.076

1082 60 1.000 3.750 .228 1/.061

1083 60 1.000 4.318 .267 1/.062

1084 73 1.000 4.648 .608 1/.131

1085 53 1.000 2.685 .431 1/.161

1086 54 1.000 1.327 .031 1/.024

1087 53 1.000 1.640 .030 1/.018

1088 56 1.000 2.401 .114 1/.047

1089 56 1.000 2.856 .221 1/.077

1090 56 1.000 3.188 .220 1/.069

1091 58 1.000 3.684 .220 1/.060

1092 57 1.000 3.858 .221 1/.057

1093 59 1.000 4.364 .552 1/.126

1095 54 1.000 1.503 .552 1/.367

1096 55 1.000 2.570 .551 1/.215

1097 56 1.000 3.029 .552 1/.182
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TABLE 3-1

STEADY-STATE TEST MATRIX (Cont'd.)

TYPE OF 
TEST

TEST
NO.

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

“F

C.
Cont'd. 1098 56 1.000

1099 60 1.000

1100 60 1.000

1101 88 1.000

1102 54 1.000

1118 54 1.000

1119 50 1.000

1120 51 1.000

1121 49 1.000

D.
Single-
Phase
Steam
Tests,
Reverse
Flow

Phase I 428 997 1.000

518 999 1.000

524 997 1.000

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

FLOW -
SPEED
RATIO

V

aN

3.409 .551 1/.162

3.768 .552 1/.146

4.826 .886 1/.184

4.843 .998 1/.206

2.993 .998 1/.333

4.706 1.625 1/.345

4.825 1.625 1/.337

4.798 1.155 1/.241

2.343 1.154 1/ .492

-.703 -.498 1/.708

-.699 -.700 .999

-.273 .500 -.546
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TABLE 3-1

STEADY-STATE TEST MATRIX (Cont'd.)

TYPE OF 
TEST

TEST
NO.

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

aF

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

FLOW -
SPEED
RATIO

V

aN

E.
Effects 
of Void 
Fraction 
and Pressure 
at Various 
Volumetric 
Flow Rate 
and Speed 
Combinations 
for Forward 
Flow

Phase I

9

278a 982 .234 1.007 .992 1/.985

279a 978 .230 .973 1.041 .935

216 999 .224 1.035 1.003 1/.970

234a 998 .416 .965 .997 .967

235a 994 .458 .904 .998 .906

313 984 .420 1.008 .997 1/.989

344a 989 .447 1.054 1.001 1/.950

346a 996 .633 .970 .999 .971

347a 1006 .801 .975 1.002 .973

u

215 991 .112 1.053 1.000 1/.950

D

223a 991 .137 .974 .994 .980

350 989 .176 1.057 .995 1/.941

232a 989 .317 1.057 .998 1/.945

224a 986 .366 1.135 .998 1/.880

233a 998 .387 1.017 1.003 1/.986

aMixing plate installed.

^See also water test 211.
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TABLE 3-1

TYPE OF
TEST

E.
Cont'd.

b

STEADY-STATE TEST MATRIX (Cont'd.)

TEST
NO.

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

aF

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

FLOW -
SPEED
RATIO

V

aN

355a 996 .908 .958 .998 .960

354a 994 .947 .956 .998 .958

802 972 .194 1.096 .504 1/.460

801 971 .223 1.005 .501 1/.498

800 971 .230 1.006 .500 1/.497

219a 1005 .074 1.006 .501 1/.499

220a 1008 .083 1.016 .500 1/.493

349a 999 .092 .978 .499 1/.510
222a 1006 .180 1.005 .501 1/.498

221a 1004 .165 .989 .501 1/.506

351a 994 .220 .974 .503 1/.507

294a 992 .276 1.014 .502 1/.495

230a 985 .428 .943 .498 1/.528

231a 992 .415 .984 .499 1/.507

293a 999 .407 .984 .502 1/.510

312 998 .424 1.006 .499 1/.496

345a 1001 .655 .989 .499 1/.504

348a 1003 .799 .996 .500 1/.502

356a 994 .906 .967 .500 1/.521

353a 998 .947 .949 .499 1/.526

279a 978 .230 .973 1.041 .935

352a 993 .214 .973 .450 1/.462

569 1210 .052 .934 .701 1/.750

aMixing plate installed.

^See also water test 582 and steam tests 301, 357, and 358.
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TABLE 3-1

TYPE OF
TEST

E.
Cont'd.

b

c

STEADY-STATE TEST MATRIX (Cont'd.)

TEST
NO.

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

“F

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

FLOW -
SPEED
RATIO

V

aN

738 936 .340 .700 .499 1/.712

739 940 .394 .692 .500 1/.722

740 904 .449 1.034 .765 1/.740

241 990 .408 .682 .498 1/.730

280 991 .429 .719 .503 1/.700

292 991 .422 .715 .500 1/.699

314 994 .424 1.482 .999 1/.674

330 963 .404 1.412 .998 1/.707

331 986 .396 1.402 .996 1/ .711

377a 1187 .102 .977 .997 .980

379a 1198 .196 1.055 .996 1/.945

3813 1190 .274 1.017 1.001 1/.984

572 1117 .041 .943 .998 .944

570 1218 .064 1.265 .702 1/.555

364a 1211 .102 .985 .499 1/.506

378 1193 .214 .982 .499 1/.509

380 1195 .253 .993 .502 1/.506

382 1190 .409 .989 .498 1/.504

383 1196 .786 .980 .498 1/.508

269a 846 .795 .962 .995 .967

387 841 .794 .975 .999 .976

aMixing plate installed.

bSee also water tests 213, 581, and steam tests 302, 343, and 309. 

cSee also water tests 311, 342, 675, 700 343, and 778.
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TABLE 3-1

STEADY-STATE TEST MATRIX (Cont'd.)

TYPE OF
TEST

E.
Cont'd.

TEST
NO.

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

aF

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

296a 840 .059 .966 .489

390 843 .122 1.003 .500

297a 834 .155 .862 .501

389 843 .253 .997 .501

388 845 .430 1.007 .500

386 845 .792 .963 .499
747 839 .558 1.006 .446

748 841 .557 1.001 .445

749 836 .550 1.001 .450

750 838 .554 .985 .450

751 841 .510 .973 .450

752 808 .619 1.035 .455

753 807 .618 1.030 .455

754 818 .609 1.017 .455

761 756 .674 1.098 .500

762 754 .718 1.125 .500

763 753 .703 1.128 .500

772 844 .539 1.015 .449

842 868 0.000 1.004 .453

843 873 0.000 1.010 .499

844 858 0.000 .988 .500

264a 478 .788 .935 1.000

aMixing plate installed.

^See also water tests 673, and 699.

FLOW -
SPEED
RATIO

v

aN

1/.516 

1/.498 

1/.581 

1/.502 

1/.496 

1/.518 

1/.443 

1/.444 

1/.449 

1/.457 

1/.462 

1/.439 

1/.442 

1/.447 

1/.455 

1/.445 

1/.443 

1/.443 

1/.452 

1/.494 

1/.506

.935
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TABLE 3-1

STEADY-STATE TEST MATRIX (Cont'd.)

TYPE OF
TEST

E.
Cont'd.

b

c

Phase II

d

TEST
NO.

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

“F

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

FLOW -
SPEED
RATIO

V

aN

263a 482 .770 .889 .500 1/.562
265a 521 .876 .790 .499 1/. 631

266a 481 .946 .962 .500 1/.519

960 1176 .496 1.140 .999 1/.877

961 1106 .423 1.043 .998 1/.957

1116 951 .187 1.036 1.001 1/.966

1115 955 .187 1.033 1.002 1/.970

1114 958 .203 1.045 1.007 1/.964

1113 936 .219 1.053 1.008 1/.957

1112 951 .266 1.077 1.007 1/.935

911 853 .640 .983 .998 .985

918 848 .951 1.012 .998 1/.986

987 482 .686 1.128 1.001 1/.887

988 487 .613 .901 1.000 .901

989 479 .650 .994 1.000 .994

993 475 .817 1.049 1.001 1/.954

995 479 .948 1.022 1.001 1/.980

990 476 .197 1.035 .994 1/.960

991 478 .208 1.042 .993 1/.953

992 479 .216 1.050 .996 1/.949

aMixing plate installed. 

bSee also steam test 268. 

cSee also steam tests 316, 

^See also water tests 1121

320, 618, and 619.

1159, 1178, 1210, and 1349.
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TABLE 3-1

STEADY-STATE TEST MATRIX (Cont'd.)

TYPE OF
TEST

E.
Cont'd.

a

b

c

TEST
NO.

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

aF

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

FLOW -
SPEED
RATIO

V

aN

881 465 .218 1.001 1.004 .997
967 482 .371 .965 .999 .967
994 481 .901 1.008 1.000 1/.993

1122 482 1.000 1.017 .997 1/.981

912 843 .659 .983 .498 1/.507
917 849 .900 1.029 .498 1/.485
916 846 1.000 1.041 .499 1/.479

962 505 .018 .937 .498 1/.532
965 481 0.000 .819 .427 1/.522
986 487 .655 1.029 .498 1/.484

996 485 .901 1.010 .501 1/.496
1123 482 1.000 .993 .498 1/.502

964 485 .043 .801 .427 1/.533
963 484 .218 .921 .463 1/.503

966 472 .348 .935 .500 1/.535

1433 484 .217 .878 .501 1/.570
1434 489 .439 1.090 .502 1/.461

1435 482 .207 .893 .501 1/.562

1391 497 .781 2.145 1.155 1/.538

900 1002 .167 1.063 .702 1/.661

1416 964 .225 1.102 .745 1/.676

aSee also water tests 1039, 1040, 1060, 1070 and steam test 1121. 

^See also water tests 973-976, 1151, 1171, 1314, and 1401. 

cSee also steam test 1120.
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TABLE 3-1

STEADY-STATE TEST MATRIX (Cont'd.)

TEST
TYPE OF NO.

TEST

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

“F

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

FLOW -
SPEED
RATIO

V

“n

E.
Cont'd.

901 996 .231 1.028 .702 1/.683

1415 959 .260 1.106 .746 1/.674
902 996 .359 1.041 .703 1/.676

904 1005 .667 1.052 .704 1/.669

958
a

998 .794 .985 .704 1/.715

907
h

861 0.000 .988 .249 1/.252

908 834 .517 1.199 .277 1/.231

909 846 .660 1.145 .269 1/.235

910 847 .664 1.151 .278 1/.241

913 849 .798 1.397 .350 1/.250

914 843 .904 1.454 .348 1/.239

915 954 .951 1.440 .348 1/.242

1124 483 .990 1.130 .349 1/.308

1125 483 .991 1.229 .348 1/.284

1126
c

484 .991 1.219 .330 1/.271

aSee also water tests 958, 978, 984, 1207, 1264, 1316 , 1342, 1024, and ste
tests 1152 and 1153.

DSee also water tests 1204, 1345, 1313, 1346, and 914 •

cSee also water tests 1169, and 1254.
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TABLE 3-1

STEADY-STATE TEST MATRIX (Cont'd.)

TYPE OF 
TEST

TEST
NO.

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

aF

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

FLOW -
SPEED
RATIO

V

aN

F.
Effects 
of Void 
Fraction 
and Pressure 
at Various 
Volumetric 
Flow Rate 
and Speed 
Combinations 
for Reverse 
FI ow

9

Phase I 403 1012 .041 -.703 -.499 1/.710
404 1002 .220 -.704 -.498 1/.708
405 990 .398 -.689 -.497 1/.722

406 996 .791 -.677 -.495 1/.731
421 997 0.000 -.685 -.499 1/.727
423 1000 .139 -.712 -.499 1/.701
426 1000 .586 -.685 -.499 1/.728
517 997 .950 -.693 -.496 1/.717

428 997 1.000 -.703 -.498 1/.708

413 1003 .101 -.686 -.698 .983
414 1003 .395 -.682 -.698 .977

415 998 .795 -.695 -.699 .994
422 1000 0.000 -.685 -.700 .980
518 999 1.000 -.699 -.700 .999

436 989 0.000 -.249 .499 -.499
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TABLE 3-1

STEADY-STATE TEST MATRIX (Cont'd.)

TYPE OF 
TEST

TEST
NO.

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

aF

F.
Cont'd.

437 995 .281

418 996 .792

522 1004 .035

523 1000 .372

524 997 1.000
443 998 .132

453 846 .738

452 844 .608

451 846 .413

Phase II 1466 999 .204

1467 1001 .203

1471 1011 .229

1472 1003 .225

G.
Forward
Flow
Portion 
of Full
Performance
Map for 40%
Void
Fraction 
at 1000 Psia

Phase I 333a 990 .432

332a 989 .427

aMixing plate installed.

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

«N

FLOW -
SPEED
RATIO

V

aN

-.297 .498 -.595

-.270 .499 -.540

-.261 .496 -.526

-.276 .497 -.555

-.273 .500 -.546

-.840 -.000 1/.000

-1.598 -.000 1/.000

-1.259 -.000 1/.000

-1.008 -.000 1/.000

-.885 -.002 1/.002

-.864 -.001 1/.002

-.568 .401 -1/.706

-.765 .225 -1/.294

1,.797 1.721 1/..957

1,.642 1.495 1/,.911
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TABLE 3-1

STEADY-STATE TEST MATRIX (Cont'd.)

UPSTREAM UPSTREAM 
TEST PRESSURE VOID 

TYPE OF NO. PSIA FRACTION

aF

313 984 .420

314 994 .424

330a 963 .404

331a 986 .396

299 994 .414

566 1015 .361

291a 1007 .430

290a 1002 .397

334a 986 .432

359a 991 .415

360a 985 .411

224 986 .366

338a 990 .436

344 989 .447

361a 999 .404

230a 985 .428

231a 992 .415

293a 999 .407

312 998 .424

281a 979 .501

225a 992 .429

339a 987 .426

280a 991 .429

aMixing plate installed.

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

FLOW -
SPEED
RATIO

V

aN

1.008 .997 1/.989

1.482 .999 1/.674

1.412 .998 1/.707

1.402 .996 1/.711

1.217 .508 1/.417

.947 .000 1/.000

.684 .000 1/.000

.350 .000 1/.000

1.328 1.628 .815

1.319 1.482 .890

1.303 .999 1/.767

1.135 .998 1/.880

1.049 1.219 .861

1.054 1.001 1/.950

.997 1.148 .868

.943 .498 1/.528

.984 .499 1/.507

.984 .502 1/.510

1.006 .499 1/.496

.796 1.239 .643

.722 .987 .732

.716 1.007 .710

.719 .503 1/.700
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TABLE 3-1

STEADY-STATE TEST MATRIX (Cont'd.)

UPSTREAM UPSTREAM 
TEST PRESSURE VOID 

TYPE OF NO. PSIA FRACTION

aF

292a 991 .422

362a 1003 .399

284a 993 .369

229a 986 .488

228a 992 .485

283a 992 .456

363 998 .389

289a 972 .565

287a 997 .421

233a 998 .387

234 998 .416

235 994 .458

237a 985 .514

238a 992 .497

239a 981 .471

240a 985 .442

241a 990 .408

242a 985 .427

217 902 .380

226a 976 .481

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

FLOW -
SPEED
RATIO

V

aN

.715 .500 1/.699

.342 .833 .410

.358 .699 .512

.409 .993 .412

.396 .700 .566

.373 .499 .747

.337 .550 .613

.063 .996 .063

.052 .499 .105

1.017 1.003 1/.986

.965 .997 .967

.904 .998 .906

.656 1.001 .655

.594 .499 1/.840

.711 .999 .712

.631 .498 1/.789

.682 .498 1/.730

.766 .990 .774

.629 1.020 .617

.811 1.221 .664

aMixing plate installed.
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TABLE 3-1

STEADY-STATE TEST MATRIX (Cont'd.)

TYPE OF 
TEST

G.
Cont'd.

Phase II

TEST
NO.

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION
ap

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

FLOW -
SPEED
RATIO

V

aN

286a 1000 .411 .384 1.103 .348

24 3a 980 .366 .932 .999 .933

285 1004 .385 .356 1.007 .354

726 949 .361 .719 .503 1/.699

737 942 .414 .792 .500 1/.632

739 940 .394 .692 .500 1/.722

740 904 .449 1.034 .765 1/.740

746 940 .367 1.136 .500 1/ .440

806 914 .433 1.229 .499 1/.406

898 1045 .421 .361 -.001 -1/.002

899 1027 .422 .363 -.001 -1/.002

902 996 .359 1.041 .703 1/.676

959 1004 .434 .224 .250 .895

921 1006 .472 .110 .995 .110

922 1013 .425 .267 .996 .268

1417 988 .478 .053 .497 .106

1420 991 .386 .039 .498 .079

1393 1012 .438 1.170 .282 1/.241

1394 964 .435 1.441 .817 1/.567

1395 946 .418 1.406 .792 1/.563

1396 946 .414 1.392 .762 1/.547

3
Mixing plate installed.
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405

407

408

409

412

414

419

420

424

425

427

441

442

444

445

TABLE 3-1

STEADY-STATE TEST MATRIX (Cont'd.)

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

aF

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

FLOW -
SPEED
RATIO

V

aN

990 .398 -.689 -.497 1/.722

999 .358 -1.057 -.499 1/.472

1005 .387 -1.101 -1.000 1/.908

1001 .412 -1.055 -1.498 .704

1005 .398 .096 .499 .192

1003 .395 -.682 -.698 .977

1005 .415 -.922 -.235 1/.255

1010 .396 -.492 .197 -1/.400

988 .428 -.713 -.996 .715

1001 .399 -.690 -1.489 .463

1009 .387 -.346 -.498 .695

1000 .385 -1.009 -.000 1/.000

996 .376 -.689 -.000 1/.000

997 .391 -.299 -.000 1/.001

996 .346 -.281 -.000 1/.001

995 .401 -.777 -.252 1/.320
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TABLE 3-1

STEADY-STATE TEST MATRIX (Cont'd.)

TYPE OF 
TEST

TEST
NO.

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

aF

H.
Cont'd.

504 998 .409

505 996 .411

506 1003 .362

507 1000 .383

508 998 .385

521 1004 .390

523 1000 .372

525 1042 .357

Phase II 1473 1001 .503

1474 1000 .466

1475 998 .464

1476 1001 .384

I.
Forward
Flow
Portion 
of Full
Performance
Map for 20%
Void
Fraction 
at 1000 psia

Phase I 216 999 .224

221 1004 .165

222 1006 .180

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

FLOW -
SPEED
RATIO

V

aN

-.787 -.252 1/.320

-.246 .249 -.989

-.277 .287 -.966

-.339 .344 -.985

-.623 .629 .991

-.297 -1.047 .284

-.276 -.497 .555

-.985 .002 -1/.002

-.123 .800 -.154

-.118 .799 -.147

-.116 .802 -.145

-.102 .802 -.127

1.035 1.003 1/.970

.981 .501 1/.506

1.005 .501 1/.498
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TABLE 3-1

STEADY-STATE TEST MATRIX (Cont'd.)

TYPE OF 
TEST

I.
Cont'd.

Phase II

TEST
NO.

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

aF

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

FLOW -
SPEED
RATIO

V

aN

278 982 .234 1.007 .992 1/.985

279 987 .230 .973 1.041 .935

350 989 .176 1.057 .995 1/.941

351 994 .220 .974 .503 1/.517

352 993 .214 .973 .450 1/.462

571 1111 .235 1.165 1.301 .895

719 966 .195 .485 .573 .847

720 966 .175 .495 .572 .865

800 971 .230 1.006 .500 1/.497

801 971 .223 1.005 .501 1/.498

802 972 .194 1.096 .504 1/ .460

888 994 .253 .646 .991 .652

900 1002 .167 1.063 .702 1/.661

901 996 .231 1.028 .702 1/.683

903 1001 .248 1.068 .834 1/.781

1113 936 .219 1.053 1.008 1/.957

1114 958 .203 1.045 1.007 1/.964

1115 955 .187 1.033 1.002 1/.970

1116 951 .187 1.036 1.001 1/ .966

1416 964 .225 1.102 .745 1/.676
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TABLE 3-1

STEADY-STATE TEST MATRIX (Cont'd.)

TYPE OF 
TEST

TEST
NO.

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION
ap

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

FLOW -
SPEED
RATIO

V

aN

J.
Reverse
Flow
Portion 
of Full
Performance
Me.p for 20%
Void
Fraction 
at 1000 psia

Phase I 404 1002 .220 -.704 -.498 1/.708

417 1010 .250 -.182 .498 -.365

527 1123 .151 -.862 .001 -1/.002

539 947 .188 -.767 .390 -1/.509

540 948 .158 -.745 .384 -1/.516

Phase II 1466 999 .240 -.885 -.002 1/.002

1467 1001 .203 -.864 -.001 1/.002

1471 1011 .229 -.568 .401 -1/.706

1472 1003 .225 -.765 .225 -1/.294

1478 887 .200 -.025 .997 -.025
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TABLE 3-1

STEADY-STATE TEST MATRIX (Cont'd.)

TYPE OF 
TEST

TEST
NO.

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

aF

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

FLOW -
SPEED
RATIO

V

aN

K.
Forward
Flow
Portion 
of Full 
Performance 
Map for 80% 
Void
Fraction 
at 850 psia

Phase I 269 846 .795 .962 .995 .967

270a 844 .798 .986 1.506 .655

271a 847 .795 .996 1.909 .522

273a 842 .811 .360 .500 .721

274a 846 .811 .356 .249 1/.700

275a 839 .813 .353 .999 .354

276a 856 .816 .371 1.496 .248

277a 844 .852 .440 1.495 .294

384 850 .715 .775 .497 1/.641

386 845 .792 .963 .499 1/.518

387 841 .794 .975 .999 .976

762 754 .718 1.125 .500 1/.445

763 753 .703 1.128 .500 1/.443

813 742 .732 1.158 .501 1/.433

814 740 .762 1.174 .500 1/.426

aMixing plate installed.
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TABLE 3-1

STEADY-STATE TEST MATRIX (Cont'd.)

TYPE OF 
TEST

TEST
NO.

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

aF

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

FLOW -
SPEED
RATIO

V

aN
K.
Cont'd.

Phase II 913 849 .798 1.397 .350 1/.250

919 849 .801 1.022 .847 1/.828

920 847 .817 .095 .999 .095

887 868 .799 1.406 -.000 -1/.000

L.
Reverse
Flow
Portion 
of Full 
Performance 
Map for 80% 
Void 
Fraction 
at 850 psia

Phase I 406 996 .791 -.677 -.495 1/.731

415 998 .795 -.695 -.699 .994

418 996 .792 -.270 .499 -.540

453 846 .738 -1.598 -.000 1/.000

544 847 .737 -1.184 -1.215 .974

Phase II 1477 855 .811 -.259 .998 -.260

1479 869 .814 -.120 .995 -.121

1480 851 .829 -.119 .995 -.119
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TABLE 3-1

STEADY-STATE TEST MATRIX (Cont'd.)

TYPE OF 
TEST

TEST
NO.

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

aF

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

FLOW -
SPEED
RATIO

V

aN

M.

Steady-State 
Tests for 
Comparison 
with Snap­
shots of 
Conditions 
in Forward 
Blowdowns

Phase I 717 1015 0.000 .098 .860 .114

721 968 .297 .568 .571 .993

739 940 .394 .692 .500 1/. 722

740 904 .449 1.034 .765 1/.740

742 868 .503 1.126 .864 1/.767
744 870 .450 1.208 .582 1/.482

745 888 .448 1.196 .541 1/.452

746 940 .367 1.136 .500 1/.440

754a 818 .609 1.017 .455 1/.447

757a 802 .635 1.104 .480 1/.434

763a 753 .703 1.128 .500 1/.443

766a 707 .745 1.212 .509 1/.420

770a 638 .802 1.337 .520 1/.389

772 844 .539 1.015 .449 1/.443

773 952 .263 .972 .568 1/.584

786a 277 .987 1.270 .551 1/.434

800 971 .230 1.006 .500 1/.497

aMixing plate installed.
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TABLE 3-1

STEADY-STATE TEST MATRIX (Cont'd.)

TYPE OF 
TEST

TEST
NO.

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

“f

mt'd.
801 971 .233

803 951 .328

804 946 .288

805 845 .554

806 914 .433

807 893 .470

808 856 .525

809 846 .554

810 848 .618

811 797 .648

812 745 .676

813 742 .732

814 740 .762

815 645 .811

816 645 .810

817 302 .980

819 301 .989

820 305 .992

821 303 .992

822 301 1.000

Phase II 1113 936 .219

1114 958 .203

1115 955 .187

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

FLOW -
SPEED
RATIO

V

aN

1.005 .501 1/ .498

1.147 .466 1/.406

1.100 .437 1/.397

1.163 .499 1/.429

1.229 .499 1/.406

1.203 .498 1/.414

1.199 .497 1/.415

1.163 .499 1/.429

1.147 .499 1/.435

1.144 .499 1/.436

1.136 .500 1/.440

1.158 .501 1/.433

1.174 .500 1/.426

1.183 .500 1/.423

1.179 .500 1/.424

1.415 .500 1/.353

1.459 .500 1/.343

1.508 .500 1/.331

1.537 .500 1/.326

1.577 .500 1/.317

1.053 1.008 1/.957

1.045 1.007 1/.964

1.033 1.002 1/.970
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TABLE 3-1

STEADY-STATE TEST MATRIX (Cont'd.)

TYPE OF 
TEST

M.
Cont'd.

TEST
NO.

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

01F

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

FLOW -
SPEED
RATIO

V

aN

1116 951 .187 1.036 1.001 1/.966

1414 782 .674 1.270 .657 1/.517
1385 557 .891 2.179 .991 1/ .455

1386 461 .930 2.553 .992 1/.389

1387 481 .912 2.394 .993 1/.415

1388 480 .926 2.467 .991 1/ .402

1389 477 .919 2.415 .992 1/.411

1408 409 .981 3.139 .685 1/.218

1416 964 .225 1.102 .745 1/.676

1394 964 .435 1.441 .817 1/.567

1395 946 .418 1.406 .792 1/.563

1396 946 .414 1.392 .762 1/.547

1412 790 .622 1.218 .529 1/.434

1413 798 .654 1.328 .529 1/.398

1410 553 .806 1.339 .477 1/.356

1409 533 .881 1.323 .295 1/.223

1406 427 .982 3.076 .449 1/.146

1407 417 .954 3.094 .455 1/.147

1403 279 .979 3.367 .598 1/. 178

1404 312 .979 3.113 .407 1/.131

1405 283 .980 3.248 .407 1/.125
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TABLE 3-1

STEADY-STATE TEST MATRIX (Cont'd.)

TYPE OF 
TEST

TEST
NO.

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

aF

N.
Steady-State 
Tests for 
Comparison 
with Snap­
shots of 
Conditions 
in Reverse 
Blowdowns

Phase I 438 997 .071

439 1193 .096

525 1042 .357

526 1093 .510

527 1123 .151

528 1127 .133

529 1129 .119

530 1130 .110

531 1131 .085

532 660 .639

533 657 .641

534 456 .899

535 445 .926

538 952 .092

539 947 .188

540 948 .158

541 934 .226

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

FLOW -
SPEED
RATIO

V

aN

-.555 .477 -1/.859

-.571 .478 -1/.836

-.985 .002 -1/.002

-1.124 .000 -1/.000

-.862 .001 -1/.002

-.814 .001 -1/.001

-.819 .000 -1/.000

-.820 .005 -1/.006

-.812 .000 -1/.000

-1.251 .000 -1/.000

-1.234 .000 -1/.000

-1.686 .001 -1/.001

-1.697 .000 -1/.000

-.469 .654 -.718

-.767 .390 -1/.509

-.745 .384 -1/.516

-.984 -.482 1/.489
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TABLE 3-1

STEADY-STATE TEST MATRIX (Cont'd.)

TYPE OF 
TEST

TEST
NO.

UPSTREAM
PRESSURE

PSIA

UPSTREAM
VOID

FRACTION

aF

UPSTREAM
HOMOLOGOUS

FLOW
PARAMETER

V

PUMP
HOMOLOGOUS

SPEED
PARAMETER

aN

FLOW -
SPEED
RATIO

V

aN
N.
Cont'd.

542 921 .318 -.916 -.998 .918
543 904 .624 -1.050 -1.089 .964

544 846 .737 -1.184 -1.215 .974

558 538 .784 -1.166 -.930 1/.798

0.
Effects of 
Seal Injec­
tion Inflow

Phase I 287 997 .421 .052 .499 .105

Phase II 1418 989 .552 .054 .497 .108

1419 991 .556 .054 .498 .109

1421 989 .576 .058 .497 .117

1423 968 .655 .070 .495 .141

1424 985 .648 .069 .496 .138

1425 990 .652 .069 .496 .139

1426 996 .646 .066 .496 .134

1427 996 .639 .064 .496 .130

1428 997 .619 .060 .496 .121

1429 1000 .618 .060 .496 .122
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Section 4

TEST DATA

4.1 MEASURED AND DERIVED PARAMETERS USED IN DATA PRESENTATION

Both measured and derived parameters are included in the steady state data 

presented in this report. This section will indicate what types of parameters 

are included in these two categories. Details of data processing, presentation 

formats, and actual numbers will be given in the sections below.

The raw, measured data was recorded as electrical voltages from the instru­

mentation circuits for five successive scans for each instrument channel. (See 

Volume VII for details). On the basis of instrument calibrations, the scan 

voltages were converted into engineering units. These resulting quantities are 

also considered measured data and comprise pressures, pressure differences, 

temperatures, gamma-densitometer beam densities (or specific volumes), pump 

rotational speed, shaft torque, turbine meter velocities, drag disc momentum 

fluxes, and seal injection outflow. These quantities are included in the data 

presentation as five-scan averaged values. It should be noted that some of the 

instrument calibration procedures, especially for gamma densitometers, turbine 

meters, and drag discs, involved cross-checks with other measurements, at least 

in certain ranges, and therefore some of the resulting test data may be con­

sidered to fall into the derived data category. These gamma densitometer, 

turbine meter, and drag disc measurements are most essential for transient 

(blowdown) tests but are included also in steady-state data to provide alternate 

measurement comparisons, information on density distributions and flow regimes, 

and aid in comparing steady-state and transient pump performance.

Derived parameters are considered to be those obtained by combining or manip­

ulating the measured data. Manipulations may be mathematical (differences, 

products, etc.), empirical (ASME Steam Table properties), or analytical (e.g. 

ratio of local to stream-average values). Derived data presented in this report 

include non-dimensional and/or dimensional volumetric flow rates, stream-average
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specific volumes and void fractions, pump head, friction-and-windage torques, 

hydraulic torques, mass flow rates, stream velocities, and superficial phase 

velocities. Also displayed is information regarding deviations from desired set 

points, drifts during the five-scan time period, measurement uncertainties and 

standard deviations.

Details of how various parameter values are derived from the measured data are 

give in Section 4.2 below. Table 4-1 provides a visual schematic display of how 

the measured and derived data are related.

4.2 DATA REDUCTION AND PROCESSING METHODS

Key information is given here, and extensive details are provided in Volume 

VIII-Data Processing Methods, regarding how the steady-state test data were 

converted from raw measurement data (electrical voltages) to measured quantities 

in engineering units and then combined and manipulated to produce the variety of 

derived parameters listed in the previous section and shown schematically in 

Table 4-1. Conversion to engineering units and derivation of parameters to the 

extent indicated in Table 4-1 plus storage of the resulting reduced data was 

done by digital computer using the Steady-State Data Reduction Code described 

below. Another computer code, the Pump Steady-State Review Code, and its output 

Summary Table Code, which are also described below, were then used to further 

process the data for review of data consistency and examination of performance 

results.

The format of the printouts and tables produced by the data processing codes is 

detailed in Section 4.3, and graphical presentations are covered under Section 

5, Data Analysis.

4.2.1 Data Reduction Code

The purpose of the Steady-State Data Reduction (SSDR) Code is to calculate 

parameters relevant to pump performance from the raw output signals of each 

transducer using the appropriate calibration constants. This is a two step 

process. First, the raw data file is read in and combined with the appropriate 

values from the calibration file to produce instrument outputs in engineering 

units. In the second step, the derived parameters are calculated from the 

instrument outputs. This process is discussed here and is described in detail 

in Volume VIII, Section 1.2.
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Table 4-1

MEASURED AND DERIVED PARAMETERS

PARAMETERS 
(Suction, Discharge 

and/or Average) REQUIRED QUANTITIES

1M water
M mixture < #

1m steam

Volumetric
Flow Rate (Q,v) <

p mixture - See Below

MEASURED DATA
PARAMETERS MEASUREMENT LOCATIONS

°F, P, AP Water Line Orifices

°F, P, aP Steam Line Orifices

Pump SIS

-p*1
CO

kQ rated - Known

iQuality(x) mixing tee
M water as above 

^1 steam as above

p sat liquid 

p sat vapor
<

Fluid

Mixture Density (p)
> <

Void Fraction (ap)

corrections for 
^heat, in or out

or

From mixing tee to leg 
upstream of pump

/ Pump work: M (above) 

H (below)

Seal Injectionv 
M and enthalpyj

Y - ray attenuation 
Density distribution

p sat liquid and 
vapor

densitometer/

As above

Pump DIS

Lines to mixing tee

F or P < or Pump SIS

F or P [^or Pump DIS

F or P Pump SIS or DIS

F, AP Injection inlet orifice
F, Q meter Injection outlet

f Pump SIS
beam strengths <( Pump suction flange

1 Pump DIS



Table 4-1 (Cont'd.)

MEASURED AND DERIVED PARAMETERS

PARAMETERS 
(Suction, Discharge 

and/or Average)

Pressure (P)

REQUIRED QUANTITIES

Measured

MEASURED DATA 
PARAMETERS MEASUREMENT LOCATIONS 

Pump SIS

Pump DIS

-p*
I4^

Pump Head (H,h)

Pump Speed (N,a^)

Pump Torque

(Thyd, eh)

Stream Velocity (V) <

V at a point (Turbine meter) 

Assumed velocity profile

Pump AP Pump SIS-to-DIS

< Pump inlet flange

in, p out, or p any as above (See above) 1 outlet flange

Measured N Pump Shaft

rated Known

shaft Measured T Pump Shaft

friction & windage
/N as above 

|P upstream leg P Pump SIS or DIS

rated Known

mixture as above (See above)

rated Known

as above (See above)

pipe known

Pump SIS 

Pump DIS



Table 4-1 (Cont'd.)

MEASURED AND DERIVED PARAMETERS

PARAMETERS 
(Suction, Discharge 

and/or Average)

Stream Momentum 

Flux (pV2)

Flow Regime

Drum Inventory

___________REQUIRED QUANTITIES

fp as above from mixing tee, etc.

^ V stream as above from Q and A pipe

or

fp as above from y - densitometer

) V stream as above from Q and A pipe

or
o

py2 Drag disc at a point pV

Assumed profile

MEASURED DATA 
PARAMETERS

| Density (p) distribution: 

p sat liquid and vapor
y-densitometer 

as above

3 beam densities^

or Q as above

VSL,VSG < ap as above

Flow Regime Map A pipe - Known

(See above) / 

(See above)

j Liquid head 

Liquid density 

Drum Volume vs height1 Known

AP

°F

MEASUREMENT LOCATIONS

fPump SIS 

[Pump DIS

fPump SIS

\ Pump suction flange 

Pump DIS

Drum, bottom-to-top 

Drum lower region



Data from each test point is contained in a data file which consists of five 

complete scans of all steady-state instruments. Calibration constants and zeros 

for each instrument are contained in a separate file. The SSDR Code first reads 

both files and then proceeds to calculate the output of each instrument in 

engineering units on a scan-by-scan basis, for all five scans, consecutively. 

That is, raw data values from the first scan only are used during the first pass 

through the calculation section. The parameters calculated include water and 

steam flow at the respective orifice and injection inlet and outlet flows.

From these values the fluid properties, mass and volumetric flows, fluid vel­

ocity and momentum, and void fraction upstream and downstream of the test pump 

are calculated. Average values across the test pump are also computed, as well 

as uncertainties in all the above quantities. Once all calculations for the 

first scan are complete, the program loops back and performs the same calcula­

tions on raw data from the second scan. This continues until all five scans have 

been separately reduced. At this time the average value, drift and standard 

deviation are calculated. Finally, the results are printed out and written to a 

computer file for later used by the Pump Steady State Review Code. A more 

detailed discussion of the data reduction code may be found in Volume VIII-Data 

Processing Methods.

4.2.2 Pump Steady-State Review and Summary Table Codes

The Pump Steady-State Review (PSSR) Code was developed and used to access the 

reduced steady-state data files and further process the data for review of data 

consistency and examination of performance results. The Summary Table Code was 

developed to summarize key output of the PSSR Code. Two versions of the PSSR 

Code were developed, one for processing forward flow steady-state test data, and 

the other for reverse flow tests. The description provided here is specifically 

for the PSSR forward flow version. Explanations are added, however, to clarify 

the reverse flow version. Also provided in this section is a description of the 

Summary Table Code. An extended detailed report on these codes is to be found 

in Volume VIII.

The PSSR code is structured to calculate:

a. homologous ratios for the pump-developed static and total heads,

b. homologous ratio for the pump hydraulic torque,

c. homologous ratios of pump flow and speed.
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d. pressure drops based on handbook K-factors, and actual K-factors based 
on measured pressure drops for flow of fluid in the pump suction and 
discharge legs, and

e. mechanical, hydraulic and total efficiencies of the pump.

The input to the code is taken from computer data files and is fully automated 

except to retain the flexibility by the user to analyze any desired test.

The output is in the form of a detailed review of significant test parameters 

and calculated values for each test. The supplemental Summary Table Code is 

used to extract certain results obtained by the PSSR Code and to generate a 

comprehensive summary table which lists the key test parameters and calculated 

homologous ratios for all the tests.

4.2.2.1 Algebraic Relations Used in the Code

4.2.2.1.1 Dimensionless quantities. The pump test parameters, expressed 

in dimensionless quantities, are given by:

_ _ Pump Volumetric Flow Rate
v - Qr Rated Pump Volumetric Flow Rate

Flow is defined as positive in the normal flow direction.

_ N_ _ Pump Speed 
aN Nr Rated Pump Speed

Speed is positive in the normal direction of pump rotation.

. _ H_ _ Pump Head 
Hr Rated Pump Head

Head is positive when pressure at the normal discharge side of the pump is 

greater than at the normal suction side.

Several definitions for pump head are used, and corresponding calculations 

are performed by the PSSR Code. They are:
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1. Pump head, 
volume

2. Pump head.

3. Pump head,

4. Pump head, 
volumes

5. Pump head, 
umes

static leg to leg, based on local specific volumes 

total leg to leg, based on local specific volumes 

static flange to flange, based on local specific

total flange to flange, based on local specific vol-

static leg to leg, based on upstream leg specific

The value for pump head based on definition 1 is the one listed in the 

Summary Table and used in developing the initial pump performance maps.

The density-adjusted torque values in the initial data presentation are 

derived from:

Pump Hydraulic Torque 
Rated Pump Torque

Average
x Rated Density x Specific 

Volume

_ ~*~sh PR _ ^sh _ Pump Shaft Torque
^sh Td 1/v. „ yh T. " yh Pump Hydraulic Torque 

k ave n

in which

1. Ts^ is the shaft torque driving the pump, measured by the torque

meter in the drive shaft between the gear box and the pump, and 
is positive in the normal direction of pump rotation,

2. is the hydraulic torque, defined as the torque exerted by

the impeller on fluid in the impeller passages, and equal to 
Tsh " Tf&w is Positive in the direction of normal rotation.

3. Tf&w is the torque required to overcome rotational friction and

windage in the pump and is in the same direction as the pump 
rotation, and therefore has the same sign as the pump speed.

4- vaw„ is the average specific volume given by:
a V6 v

vave - ^upstream + vdownstream^
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The above dimensionless quantities v, h, 6^ and 3S^ are evaluated for 

specific volumes derived (1) from gamma-densitometer measurements and (2) 

from orifice measurements combined with measurements in the suction and 

discharge pipe legs through an energy balance. Orifice-based upstream 

fluid properties are derived by way of an energy balance from water and 

steam orifice mass flow measurements, a calculated heat loss from the 

piping between the orifices and the upstream leg, the measured upstream leg 

pressure and/or temperature, and the supposition of homogeneous non-slip 

flow. Orifice-based downstream properties are derived from orifice measure­

ments, heat loss along the way to the upstream leg, pump work, and down­

stream leg pressure and/or temperature. See Section 5.1.

The pump rated operating conditions, for maximum efficiency, obtained from 

the manufacturer's cold water tests (Reference 2) are as follows:

Rated Head, = 252 ft of water 

Rated Flow Rate, QR = 3500 gpm 

Rated Torque, TR = 308 ft-lbf 

Rated Speed, NR = 4500 rpm 

Water Density, pR = 62.3 lbm/ft^

4.2.2.1.2 Homologous ratios. The homologous ratios, defined on the basis 

of fluid dynamic similarity principles (Appendix A), are calculated by the 

PSSR code. They are:

or : homologous head ratio

aN v

6h eh
or -Tj- : homologous hydraulic torque ratio

aN v

Homologous head ratios are calculated in the code using all the head values 

defined. These calculations are detailed below.
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For values of homologous flow-to-speed ratio greater than 1.0 (v/a^ > 1)

it is common to use the alternate homologous ratios with v in the denomi-
2 2 2 2nator and so all the ratios h/o^, h/v , 6^/c^ and $^/v are calculated.

When the flow-to-speed ratio is less than or equal to l(v/aN i 1), the only
2 2 N similarity ratios calculated are h/a^ and

4.2.2.1.3 Static and total head calculations. The pressure drops and 

pressure rises were measured as shown in the schematic of the test loop 

facility (Figure 4-1). The pump heads defined above are calculated as 

follows:

Pump Head, Static Leg to Leg, Based on Upstream Leg Specific Volume

Here, "leg to leg" aP means AP in psi between the pump suction instrumen­

tation spool (SIS) and pump discharge instrumentation spool (DIS), which 

are designated in the code as stations 1 and 2, respectively.

[gsl
= aP,9 x Vi x 144 x ——, ft 

UPSv ^ 9

3
v-|: Representative specific volume at station 1, ft /Ibm

|gs|/g = Ibm/lbf = 1.

This calculated pump head is used in the head parameters listed in the 

Summary Table and in the preparation of the initial pump performance maps.

Pump Head, Static Leg to Leg, Based on Local Specific Volumes

-nocal v [< P, + AP, - P, X V,] X 144 x
I 9c

where
3

V£ = Representative specific volume at station 2, ft /Ibm.

Pump Head, Total Leg to Leg, Based on Local Specific Volumes 

Total hydraulic head at any station =
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STATION 1. 
SUCTION LEG

PRESSURE IN NORMAL 
SUCTION LEG (L-5)
CALLED PUPS FOR FORWARD FLOW 
AND PDWN FOR REVERSE FLOW

STATION 4.
DISCHARGE
FLANGE

PRESSURE RISE ACROSS 
TEST PUMP, SUCTION LEG TO 
DISCHARGE LEG (L-7)TEST

PUMP

STATION 3. 
SUCTION'— 
FLANGE PRESSURE IN NORMAL 

SUCTION LEG (L-6)
CALLED PDWN FOR FORWARD FLOW 
AND PUPS FOR REVERSE FLOW

PRESSURE DROP 
FROM SUCTION LEG 
TO SUCTION FLANGE 
(L-61)

STATION 2. 
DISCHARGE LEG 
(DIS)

PRESSURE RISE ACROSS 
TEST PUMP, SUCTION 
FLANGE TO DISCHARGE 
FLANGE (L-66)

PRESSURE DIFFERENCE 
90° ACROSS PIPE, ELBOW 
OUTER SIDE - INNER SIDE (L-33)

Figure 4-1. Test section pressure and differential pressure measurements.



pstatic
p

Applying this between stations 1 and 2,

-Hocal v
= jlP-j + x v2 - P-| x v-jJ x 144 x 19s I +

g

where

V

V 2

= Representative velocity of fluid at station 1, ft/sec 

= Representative velocity of fluid at station 2, ft/sec

(Z2 - Z-|) = Difference in elevation between the normal discharge and

Note that, in the above equation for Hy , the absolute static pressure at 

station 2 is referenced with respect to the value at station 1 via aP^ 

even though the measured absolute at station 2 is available. This is 

because, in general, the direct measurement of aP is more accurate than 

taking the relatively small difference between the two large measured 

absolute pressures. Note also that the total hydraulic head function does 

not account for themodynmaic energy such as that associated with changes in 

temperature and change of state.

Pump Head, Static Flange to Flange, Based on Local Specific Volumes

suction lines of the test pump, 1.0 ft (actual).

LL

where

v. = Representative specific volume at station 4, (as first ap-
' 3proximation assumed equal to v2), ft /Ibm
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= Representative specific volume at station 3, (assumed equal to 
v-j), fwlbm

a^34 = Flange-to-flange pressure rise across the pump, psi 

aP^ = Pressure drop between stations 1 and 3, psi

For reverse flow, the equivalent equation is 

,FF

. S Jlocal v [fP1 + aP31 + aP34^ x v4 " (P1 + aP31^ x

v 3] x 144 x isj
g ’ ft

Pump Head, Total Flange to Flange, Based on Local Specific Volumes

local v local v
ttz z3), ft

where and are the representative velocities at stations 4 and 3, 

approximated as equal to those at stations 2 and 1 respectively (ft/sec).

4.2.2.1.4 K-Factor calculations. The code calculates K-factor data from 

the static pressure drop measurements for single and two-phase fluid flows 

in the pump suction and discharge test section legs.

The relationship between K-factor and pressure drop is given by

K x pV
2]gsl X 144

From this equation, K-factors are evaluated for the values of aP^ and AP^ 

derived from measurements:

AP-,- x v-I (21g I x 144) 
K (for suction leg 1-3) = ---------------5-------------------------
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K (for discharge leg 4-2)
x v2 (2|gs| x 144)

where,

AP42 = [(-APi2) - AP13 - (-aP34)] is the pressure drop due to 

mixing and friction between 4 and 2, psi.

For reverse flow steady state tests, the pressure drop AP24 is given by:

AP24 - (aP-|2 - a?34 - aP^ ), psi

Also, for comparison, AP's are calculated using handbook single-phase K 

values of 0.69 for the suction leg (1 to 3) and 0.15 for the discharge leg 

(4 to 2).

4.2.2.1.5 Efficiency calculations. Pump efficiency is defined in several 

forms. They are hydraulic efficiency, mechanical efficiency and total 

efficiency.

Hydraulic efficiency is given by:

_ WH
% - v

where

W : weight flow rate, Ibf/sec

H : head developed by the pump, ft

T^: hydraulic torque, ft-lbf

oj : pump speed, radians/sec

Representing the above in terms of reduced data quantities Q (volumetric
O

flow rate, gal/min), v (specific volume, ft /Ibm), H(head,ft), (hy­

draulic torque, ft-lbf), and N (pump speed, rpm), nh =
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Q[qpm] .. 1 r 31ft r 1 1 bm q Ibf
60[sec/min] 7.48 .gal_ (v)Q,v

q
ft _

x —*— 
t9sl _1 bm_

. x (H + H ) [ft]
static elev

[ft-lbf] x rad [rpm]min 
rev sec

Introducing the rated quantities Q^, HR, NR, IR and non dimensionalizing.

(v)„
h +

H

n. = 0.84355 — x -------- — xh aN 6h (vyQ.v
where

= j0- x (62.3) x (v) 
h 'R 6h

- Qv = , a„ = tt j h = , and anclV N " nr’ " “ hr Tg^

(4-1)

(v)g and (v)g ^ should be the specific volumes used in deriving 3^ and

Q(or v), respectively, which for initial data presentation were v,„„ and

v.|, respectively. However, the existing version of the PSSR code applied

Equation 4-1 with (v)n taken as v„„„, so the factor (v)D /(v)n wasq,v ave 3^ q,v

effectively unity. Efficiencies derived by either formulation were ad­

equate for their use in checking consistency of test data.

ii) Mechanical efficiency is the ratio of hydraulic to shaft torques: 

nmech Tsh

iii) Total efficiency or the overall efficiency is the product of hy­

draulic and mechanical efficiencies:

ntotal ~ nh x nmech

Turbining efficiencies are the inverse of the pumping efficiencies.
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4.2.2.2 Code Versions, Parameters, Structure and Operation. Two versions of 

the PSSR Code were developed, one to handle forward flow steady-state test data 

and one to handle reverse flow steady-state test data. Volume VIII gives 

details of the coding, code parameters, input and output structure, and op­

erating controls. Both forward and reverse flow PSSR Code output are handled by 

the one version of the Summary Table Code, which is also detailed in Volume 

VIII.

The PSSR Code can be set up by the user to access and process the reduced data 

from any or all of the tests covered by a given output file from the SSDR Code 

by inputting the appropriate test numbers.

4.2.2.2.1 Output. The output from the PSSR Code is in two forms: one is

a detailed review of many test parameters for each steady state test, and 

the other is a summary table of key parameters for all the tests.

For each test, the PSSR Code output provides a detailed display of all the 

reduced test data parameters used as input, the code-calculated five-scan 

averages, K-factors, homologous ratios for head and torque and the pump 

efficiencies, as shown in Volume VIII for a sample test.

After all the tests of interest have been processed, a summary table for 

those tests is generated by the Summary Table Code to include the key test 

parameters and the corresponding homologous ratios for pump flow-to-speed, 

head, and hydraulic torque. A description of the Summary Table output is 

included in the next section.

4.3 DATA FORMAT

4.3.1 One Page Printouts

The Steady-State Data Reduction Code (discussed in Section 4.2.1 and Volume VIII 

Section 1.2) uses the raw data from each test point to calculate the desired 

quantities for the analysis of test pump performance. The output from this code 

is discussed briefly in this section. A more detailed treatment along with the 

output from each reducible steady state test appears in Volume V, Steady-State 

Data.
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The output from the Steady-State Data Reduction Code originally appeared in a 

ten-page format. For publication purposes this ten-page format was reduced to a 

one-page format (as used in Volume V). The primary difference between the two 

is the inclusion in the ten-page printout of the averaged raw data for each 

instrument and the output values for all five scans for certain instruments and 

derived parameters. Only averages over five scans appear in the one-page form. 

Nor do any raw data values (voltages) appear in the one-page form.

Table 4-2 is a sample one-page printout. It is divided into a heading and three 

main sections. The heading gives the test number and time/date the data was 

acquired.

The top section gives performance data based on an average of the values calcu­

lated for each of the five instrument scans that comprise the test data. The 

use of five data scans for each test point allows the calculation of the drift 

per minute and standard deviation of the quantity.

The drift per minute is calculated by a regression analysis which seeks the best 

fit to a linear function of the parameter versus time. A completely stable test 

point would have drifts of zero for all parameters. The standard deviation is 

calculated from the scatter of each parameter about the best linear fit of the 

data as a function of time. The headings "Suction" and "Discharge" refer, 

respectively to the normal suction and discharge sides of the test pump.

The short middle section summarizes the mass flow rates for the water orifice, 

steam orifice, seal injection inlet orifice, and seal injection outlet flow­

meter. All flows were measured with orifices except the seal injection outlet 

flow which was measured with a magnetic flowmeter.

The bottom section presents the output in engineering units from all steady- 

state instruments. A string of asterisks indicates an instrument that was 

disconnected or otherwise non-functional during the test. The output is pre­

sented in English and metric units.

Associated with each instrument is a location or "L" number. This number 

specifies a physical instrument location on the test loop. Figure 4-2, Piping 

and Instrumentation Diagram (P&ID) for the test facility, shows all L numbers
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TABLE 4-2

SAMPLE STEADY-STATE DATA ONE PAGE PRINT OUT

ST ATP UST Kt&OUTS FUK TtST 511 0*TE 1/21/77 TIME 1120,00 

FEKFLIRM/kNCE 0»T*

SUCT1JN DISCHARGE

P4ka«F- l f k UN ITS value ORTFT/min STD. DEV. VALUE DRIFT/816 STD, DEV,

PKtSSlj«E PSlA- HAP 1211./B1.U9 1./ .07 1./ .19 1210./Bl,9} 0./ .02 2./ .17
N 1 / S -b 11./-.one 0 ./.0000 2./. 0001 -598./-.0196 0./.0000 2,/.0001

VniO.f Mf P(,y til 0.000/0,000 0 ■ooo/.nno o.ooo/,ooo O.OO0/0.000 0,000/.000 0,000/.ooo

VniO*tiAMMA DfcNS 0.000/0,000 0 .000/.OOP 0.000/.OOO 0.000/0.OOJ 0,000/.ooo o.ooo/.ooo

SPtF.C* -uob,/ -008. 2./ 2. 1./ 1. -806./ -90S, 2./ 2. 1./ 1.
L*U H( A|). r.y E'el fit b,u/ l.b .0/ .0 ,1/ .0 5.9/ 1,6 .0-' .0 .6/ .0

L-L Ht AO-n*^"* 1) F(- 5,1/ 1,8 .0/ .o .1/ .n 5.3/ l.b .1/' ,0 .0/ .0

hvC'WAi.lTC Tf’h’UU^ h T L t• • NH 8.7/ O.J .1/ .2 .2/ .? 6.7/ 9.1 .1-' .2 .2/ .2
Fxjcn jn TIlPljOE FUK- KJK 5/ -8.1 • 0^ • b *0^ • 4 , ■>/ *6,1 .0/' .0 ,0/ ,0

It i'PLHaTUi.'E l'SC> F* uFb L boa, 8/ 295.9 .1/ .2 .1/ .0 565.0/ 296,1 ' .1 .1/ .0

fcGy B»L UEI.SITY l-b/ETl- K fi/ H 3 aa.995/2.8050 .021/ .0019 .(101/ .0002 99.960/2.8028 .018/ ,0011 .006/ .0009
■illt'ENT Jr- n.ii* lk/f is^” KC./MS2 1K19./ 2885. 2./ i. 16./ 21, 209»./ 1097. 2./ 3. 18./ 2S,

yfUCI Ty f T/S?- r/se h,5*>/ 2,0 0 .00/ ,00 ,01/ .01 6.75/ 2.06 .00/ .00 .01/ ,01

TOTAL IASS F l 11 * Lt'/&- a C/S 53./ 2a. n./ o. o./ o. 55./ 25. 0,/ 0. 0./ 0.

PAKA Tf. k '".ns value DWJET/MIN STD, rvrv.

jRJFICE ►aTEK f 1 !j« LH/5 - K(,/S 5U.92/ 2a.9i .09/ .02 .28/ .11
JPItlCt STtA'i turn L^/S • Kb/S 0.00/ 0.00 0.00/ 0.00 0.00/ 0 .00

SEAl I r t Tun To L h/S - Kb/s 8.11/ 1.89 .01/ .oi ,01/ .01

SEAL tYjtn H:o “UT lf/S - Kt/S 9.58/ a.lb .01/ .00 .02/ .01

o t v j (. t UNITS L f If. YALUE LUC VALUE L3C VALUE lOC VALUE

T*’fWH3LuUPt E f'fr 0 f-OLt C 1-13 568.8/297.1 L * 18 568,5/295.9 L-21 161.9/ 71.9 L-22 186.8/ 86.0

T^elm JCiiuPlE l)t G F •Ot.G f l -21 bba.5/295.9 k-28 567.1/297.9 L-10 559.5/291.1 m-31 561.6/299.2

TMEkMjCiMiPi t i)fc(i h-l'tU C L »49 5b7.5/297.S L-50 565.1/296.2 L-51 905.9/207.7 L-52 556.1/291.1

THE«mjci.UP| E i>t G P-ot.o r t-S7 81.6/ 27,8
PnESSuhE CEli PSIA-UAK 1 -s 1210.8/61.99 L-b 1210,0/61.91 L-10 1961.1/100,75 k-91 1207.5/81,26

PktSSJWL ULI T' JSI A • b A ^ 1 -«2 1 ^7(1.8/67,59 L-97 1209.3/81.16 L-98 1261.3/87,19 1206,8/81,21

PkF.SSUkt CELI PSIA-MAL l •f»b 1205.5/61.12

(1. P. CELL PSII)-MA» L-7H 2.29/ .159 L-7L 1.67/ ,115 L-9 21.51/ 1 .621 L-28 1,116/ ,0789

D. P, CELL P 5 1 n.h l -11 -.118/ -.0099 L-17L .009/ ,0001 L-18L .511/ .0167 --19L -.002/ -.0001

n. P. CELL P510-HAP 1 •40L .001/ .0000 L-37H -.111/ -.0076 L-189 ,517/ .0170 L-19H -.000/ -.0000

n. P. (-UL HSITj-KAK l •U( H -,002/ -.0001 L-bO 2,71/ .188 L-61 -.021/ -.0015 ^•62 .51/ .015

0. p, C tlL (. SlU-ttAk l -S6 1 .a5l)/ . 1 000 L-6B .92/ ,088 L-189 .619/ ,0917

W. T. 0. lit- G F-rtE.0 t t. - S1 552.7/289,1 L-b8 396,7/202.6 L-55 569,S/295.9 L-5S 565.0/296,1

W. T. 1: # otN F-ot.u r l-sh 565.5/296.9 L-59 566,1/296.7

ri'kijut i t rm f r^K-r.,M L-l 1 2.2/ 1.0
0 Y Ab 5 T SC i , /fts2-m;/msl l -1 •17328./ -25789. L-2 880./ 655. L-26 72152,/ 107162, L-2 7 ********/********

Ti'»b[YE '‘tTtw ET/S-m/S l -1 ********/***** I'Vtl ********/***** L-29 ********/*****

SPtf 0 PETEK 14 P Ml • P P H 1-12 -905.8/ -U05.8

ntN&Itoke'E k L M/F Tl-KG/F'l I -1b 95.127/ 726.0 L-lb 95.929/ 727,7 L-l7 95.798/ 711.6

m nsi no t tf k 1>/F Tl-Kt/Mi 1-18 96.011/ 717.9 L-l9 95.577/ 710.1 L-20 97.198/ 755.2

Oh NS I Hti-rt 1 LM/F Tl-KG/F'! l -5U 95.(1 1 1/ 721 ,0 L*15 85,177/ 726.8 L-16 95,151/ 723.1

MAG ELn« IF tel G P m • s'i / h k 1 -52 71.2/ 16.2
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DESCRIPTIONDESCRIPTIONDESCRIPTION
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VP BOILER TO LOOP ISOLATION VXLVE (CROSS TIE SYSTEM)

BYPASS MUTER FWN CONTROL mLVE
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SWtTCH IS MADE AS INDICATED

PIPING a INSTRUMENTATION DIAGRAM 

CE/EPR! PUMP TEST FACILITY

4-2 Piping and instrumentation diagram
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and their position in the test loop. Instrumentation is discussed in greater 

detail in Section 4 of Volume VII, Test Facility Description.

4.3.2 Summary Table

The Summary Table Code extracts information from the output of the PSSR Code 

(Section 4-2) and prints out a compact table of key pump operating conditions 

and performance parameters. A sample page of the summary table is exhibited at 

Table 4-3. The one-1ine-per-test format results in a columnar array which 

facilitates rapid visual access, sorting, and extraction of results. Since the 

PSSR Code has different versions for forward and reverse flow tests, the summary 

tables have separate groups of tests for the forward and reverse flow.

The left portion of the columns list the pump operating conditions and asso­

ciated pressure changes, while the remaining columns list the normalized per­

formance parameters and homologous ratios, plus upstream density. Meanings of 

the individual column headings are listed in Table 4-4. Asterisks in a column 

signify a number too large to fit the alloted space in the table.



4-21

SAMPLE

CF/fTDpl TWO PWA^F PlJMP STTAOV <;T£TF T^^TS

TF$T OATC; TVP ODrc,
^9 T \

Vnro
rPAC

np
f!.l )

OP
<r c)

np
(T9-ms)

1 09! i o/n/77 fwp ) . o o o -4 . S*> .33
1 "9? 10/13/77 FWO ^7 1 .000 — 4.0^ -4 ,?3
! 00"* 1O/13/77 rwn KQ 1 .''00 -c. . 7(* -4.97 . ^7
] Out; 10/13/77 rwn c<4 l.ooo -.?7 -.13 . U
! OQS 10/13/77 Fl.'0 1 .ono -1 .P1- -1.03 . 1 *

iOQ7 10/17/77 rv;0 1 .ooo - 1 .Q7 -1 . 1 w
10/17/77 F'vO 1.000 - ? . ? 7

1 oqq 10/13/77 r u,n <S0 1 .000 -3.M -3.10 .34
non 10/13/77 rv'n l,oon -S.^4 -4 . Qm . 3 3
1 : o 3 1C/13/77 F Vi' ^4 l .non -1 . W - • u ^ . 3 0

111? 10/10/77 FWP QM ? ? . o ^ 3 . p 4 . o<*
1117 10/10/77 c wr» Q7^ .?!«> 7^ . /7 .4 0 4.?9
i n 4 10/10/77 rwn QOu . ? 0 7 4 n . / 1 «- r«. 44 4 . H
11»^ 10/10/77 c u-n Qoc, . 1 «7 4 ^ ^ 3 4 4 . P? 4 . n /
U16 10/10/77 rwn QC,1 .1»7 4u I 4^.44 1 J

n ifl 10/P0/77 F'-.n 44 l.OOO -?.19 . ?4
IMP 1 / ? 0 / 7 7 F vn 40 1 .000 -3.'!1 -7.44 .
1 i pn ■ 0 / ? 0 / 7 7 Fwn ^1 1 . r. 0 0 - 4 , 0 M - 7.SP .
11 FI 1 0 /?'' / 7 7 F^n 40 1.000 - . 36 -.1 7 . 1
1 ! ?? 1 0 / ? fl / 7 7 rwn 4 0? . QttO 1 .S^ 1 . 7^ .17

1 1 ? 3 10/?o /7? Fwn 4 Q? . qop -.74 -.14 . 1 n
1 1 ?4 1 o / ? n / 7 7 Fwn 4 A 7 .non -1.43 -1 .^0 .?o
1 1 ^4 i 0 / ? 0 / 7 7 rwn 4ft7 .991 -? . 3* -1 .^7
}\?* 1 O/FO/77 Fwn 4 44 . Q9 1 - ? . 3 « . 0 o . P?
M 33 10/P1/77 rwn ?si o. o o n -7.47 -4.74 ,49

1 1 34 ’"/?]/77 Fwn 3op O.ono -40.44 -Sc.4 7
1 l ?3 1"/?1/77 Fvn ??4 0. n 0 0 0.4 0 S4.91 7.14
1 1 34 l n / ? i / 7 7 Fwn ?1 1 .100 ?4 . ?4 ? 9 . 1 4 -1.37
i: 9? Ui/21/77 Fu-p Ml 0.0 n n -?4 .SO ->19.46 ?.4?
1 ! 3a 10/?]/77 Fwn 431 . 04 ! ?4.0>- ?\ .94 -1.37

1 M > 1 I>/?1 /7 7 fvo 4?4 O.OOO -31.hi -/3 . ?. 39

1 140 1 0/?l/77 rwn 91 4 0,0 r 0 F?.?4 ?0 . FO -1.37

1 Ml 10/?l/77 Fwn 917 o.ooo -P9.04 -?7.43 ?.3?

1144 10/??/77 rvn n u Q n. 000 -?4.4C, -?3 .C<, ?. M
1 14 4 10/??/77 F WH 04,7 0.0 0 0 39. M 44.44 4,49

1 147 1 •'/??/77 F 444, o.ooo -7.74 4,40 3.7?
114 4 1 O/PP/77 r-p .4 7 4 o.ooo -*.40 -4.47 M3
1 149 10/??/77 Fwn 44 3 0.000 — 3.94 -3.00 .49

MSI in/??/?? f wn Q ] 4 0. n qo - 1 4 . H 4 -9.31 P. M
ns? 10/??/77 fwn P74 0.000 ?7 .?! 34.7 3 3.4 j

TABLE 4-3

-STATE DATA .SUMMARY TABLE,

PAGE— 6

NH ALKJ MI/ALN ALM/NH NOPMAl. 17FP H/ALM?
H HYTOO^P

M/N*J2 P/ALN? P/NU2 nFNSiry
(.IPSTPM

3.4M4 . ??o 1P.734 ,0*n-?0.48^-20.9P34***®«* -1.S0O«***#*# -1.540 .127
•3.44 f .??1 17.4*7 . 7-??. *bS-?0.44S*****-9* -1.S??******* -1.373 • 1 ?5
4.344 • S4 ? 7.910 .M*-?S.2PS-?i .603-«3.0f>P -1.3P8-70.972 -1.134 .130
1 • S 0 3 .S4? ?. 7 ?3 .3*7 -1.?** -S.5H9 -4.1S* -.S60-18.341 -?.473
?. S 7 n .SSi 4.*4? .?M -5.91? - 7 . ?S?- 1 9.4*3 -.495-23.854 -1.098 . 1?0

3.0 ?Q .84? S . 4 9 3 .14? -9.061-14,285-29.788 -.987-46.964 -1.557 .12?
3.4 09 .44) 8.7 83 . 16?-11.858-13.615-39.0 04 -1.020-44.783 -1.171 .127
3.7*4 , 4 4 P *.430 .l4*-15.74*-17.Srt0-S1.740 -1.109-57.767 -1.238 . 131
4.4-4 . MM* 4.444 .186-?4.436-20.043-31•26S -1.053-25.540 -.860 .13!
? . 903 . OQM 3.000 .333 -S.32R -1.852 -5.352 -.895 -1.P61 -.207 .11°

.077 1 .007 1 . 0*9 .93S .376 .72? .371 . 324 .711 .622 34.863

. 043 1 .004 1 . 044 . 947 .549 .730 M51 .SOS .719 .659 3?.0S1

.044 1.007 ] . « . 0*4 .61 0 .770 .60? .S59 • 7S9 .705 37.651

.0^3 1.00? 1.031 .97 0 .694 .901 .691 .*50 .897 .844 38.344

.0 34 1,007 1 .03* • 9*6 .6*9 .876 .6*8 .623 .876 .817 36.370

4.70* 1 ,6?S 2.494 .345-15*304 —4.956 -5.796 -.691 -1.877 -.224 • 098
4.M?5 1 . *?s 2.9*0 .337-15.825 -5.431 -5.991 -.680 -2.056 -.233 . 1 09
4.794 1 • 1 s s 4.1s? .241-21.OHQ-l3.060 -lb.798 -.916 -9.790 -.568 .111
2.343 1.184 2.031 .40? -1,782 3.375 -1„. 339 -.325 2.535 .615 .109

.91 7 . 047 .92° 1.087 .565 1.211 .469 1.219 1.572

.483 ,494 1 .772 .5*4 -.124 .107 -.499 -.159 .429 .137 1 .652

. 1 30 .749 8.24? .3 08 -.682 -.41? -5.* 11 -.s?3 -3.391 -.32? 1.5?*

.??M . ?4A 3.4? 7 • 284 -.489 -.371 -7.323 -.589 -3.051 -.?<»5 1.501

.219 . 3 ? n 3 . *94 .271 -.903 -.491 -8.288 -.*07 -4.508 -.330 1.508

. 4?M • 1 2,300 .435 -.071 -.049 -2.056 -.389 -1.4?0 -.268 61.237

.8*3 .M? 4.504 .??? - .4*5 -.709-15..389 -.758- 19.295 -.951 61.110
1.49S 1 .084 1.874 ,7?5 .379 .071 .323 .170 * 826 .43s 60.8*4
-MOO • «* 0 * -.023-44,274 .270 .135 1..6*2 .823 51.319

.490 .409 2.200 .4SS - . 2b3 -.028 -1,,5^6 -.326 -. I** -.035 57.504
ooo .4 0^ -.021-47.373 .283 .143 1..718 .865 50.515

. 949 .410 2.31 S .43? -.346 -.07? -2.062 -.385 -.430 -.000.52.515

.013 .40* .031 31.794 .2*5 .149 1 .*13 .904 47.074

.984 .409 2.40K .416 -.348 -.099 -?.o«i -.360 -.591 -.10? 47.615

.979 .400 ? , pq»- .417 -.317 -.06? -1,895 -.330 - .493 -.006 *7.893

.501 1.164 1.290 . 775 .471 1.1*7 .348 .209 ,861 .518 47.515

.27? . 794 1 MM M?4 -.093 .459 -.147 -.057 .729 .284 47.742

.49? .??1 2.225 . 449 -.080 .013 -1.637 -.331 .26? .053 47.851

.4 70 . 1 ft* 2.30* .434 -.048 .009 -1.370 -.258 .247 .046 47.824

.94] .471 1 .99ft .soi -.178 . 064 -.801 -.201 .288 .07? 47.724

. ? 09 .90? 1.334 . 747 .32* .73* .399 .223 .90? .504 47.755



TABLE 4-4

KEY TO SUMMARY TABLE COLUMN HEADINGS AND ABBREVIATIONS 

Column Heading __________________________Meaning_________________

TEST Steady state test number

DATE Date of test

TYP Type of test

FWD = forward flow test

REV = reverse flow test

PRES
PSIA

Upstream instrument spool static pressure, psia. L-5 
for forward flow, L-6 for reverse flow

VOID
FRAC

Upstream void fraction obtained from orifice measure­
ments, upstream instrument measurements, and piping 
heat loss combined in an energy balance.

DP
(LL)

Static aP, suction instrument spool (SIS) to discharge 
instrument spool (DIS), (psi).

DP
(FF)

Static AP, suction flange to discharge flange, (psi).

DP
(TS-NS)

Static AP, suction instrument spool to suction flange, (psi)

NU = v. Normalized upstream volumetric flow rate Q/Q^ed’

calculated from orifice-measured flow rate and orifice- 
based upstream specific volume.

ALN Normalized pump speed, = N/NR

NU/ALN Homologous flow-to-speed ratio, v/a^

ALN/NU Homologous speed-to-flow ratio, c^/v

NORMALIZED
H

Normalized SIS to DIS static pump head, h = H/HR in feet 
of fluid having orfice-based upstream density.

NORMALIZED
HYTRQ,B

Normalized hydraulic torque, = (TVFrHpr • vave^’
including adjustment to average density across the pump, 
which is evaluated as the reciprocal of average specific 
volume. See Volume VIII for details.

H/ALN2
2

Homologous head ratio, h/a^ for v/a^ £ 1

H/NU2
2

Alternate homologous head ratio, h/v for v/o^ > 1.

B/ALN2
2

Homologous hydraulic torque ratio, ^7°^ for v/a^ <_ 1.
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B/NU2 Alternate homologous hydraulic torque ratio, 
3h/v for v/aN > 1.

DENSITY
UPSTRM

Orifice-based upstream density derived as the reciprocal 
of the five-scan average of orifice-based upstream 
specific volume.

4.3.3 Extent of Data in Report vs Data Available

A variety of steady state data compilations have been described above and some 

others will accompany the analysis given below. A list of which types of data 

compilation are included in this report and which are otherwise available is 

given Table 4-5. Examination of the extent of these various data presentations 

shows that a large percentage of the data is included in the report.

A more detailed list of data that is not in the report but available in EPRI 

files is as follows:

1. Raw scanner voltages for the five scans of each measured quantity in each 
test.

2. Raw FM analog signals from each test to record gamma densitometer outputs, 
and at the same time include the other instrument outputs. This data has 
not been reduced.

3. Reduced data items

Individual scan values in engineering units for all measured quantities 
except orifice pressure drops, pressure levels and temperatures. The 
derived orifice flows are available for each scan.

Drift in the least-squares mean value of operating conditions during 
the five scan period.

Deviation of operating conditions from the specified set point. 

Instrument measurement uncertainties.

Normalized performance parameters based on densities measured by gamma 
densitometers. Samples are covered in analysis, however.

Performance values based on average density (reciprocal of average of 
upstream and downstream specific volumes) except that the average 
density hydraulic torque functions are reported.

— Static Pdischarge - Psuction for comParison with directly measured aP.

Upstream superficial velocities (Q/Ap-jpe) for water and for steam.
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Steam table saturation properties at suction and discharge legs,(SIS 
and DIS), water and steam orifices, and high-pressure separator drum.

Net seal injection leakage flow.

Items calculated by the PSSR Code (Section 4.2.2) but not in the Summary Table 

and available only through samples given in data analysis comprise the following

1. Alternate pump head functions, i.e. other than static pressure head based 
on upstream orifice-based density.

2. Homologous parameters based on densities from gamma densitometer measure­
ments.

3. Suction and discharge piping pressure loss characteristics.

Handbook pressure drops 

Experimental combined pressure drop

Test-derived K factors for suction and discharge sections

4. Pump efficiencies.

Details of these parameters were described in Section 4.2 above.

TABLE 4-5

AVAILABILITY OF STEADY STATE DATA COMPILATIONS

Included in Report (Volume/Section No.) Available in EPRI Files

Chronological table of tests (V/2) Raw scanner data for individual 
scans

Matrix table of tests (II/3.3) Supplementary raw FM data

One-page printout per test (V/3) Ten-page reduced data printout 
per test

Summary table of key data (II/4.4)

Performance curves (II/5.2)

Special Topics curves (II.5.4) Partially Available

Friction and windage torque

Comparisons with transient 
performance (alternate 
measurements)

(II/4.5)

(IV/2)

Full output of the PSSR Code 
was not requested for EPRI files 
but portions are available in 
the Summary Table and in excerpts 
in Special Topics (Section 5.4)
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4.4 SUMMARY OF STEADY-STATE TEST DATA

A compact summary of key data from all steady-state pump performance tests is 

presented here in tabular form. Detailed data listings can be found in the one- 

page-per-test printouts in Volume V and in the ten-page printouts stored at 

EPRI, as described in Section 4.3. Graphical presentations will be provided 

below as a part of Section 5, Data Analysis.

4.4.1 Summary Table Code Output

Key pump operating conditions and performance parameters for the steady-state 

pump performance tests are presented in Table 4-6. This table contains proces­

sed data compiled by the Summary Table Code, with format, definitions and methods 

described above (Section 4.2 and 4.3). Certain entries, identified in the table 

and detailed in Section 5.3.3 below, have been modified by hand to remedy ob­

vious errors (e.g. a few reversed signs) and thereby simplify and enhance fur­

ther processing and use of the data. The data contained in the one-page print­

outs in Volume V have not been modified. Therefore some inconsistencies may be 

found in comparing the summary data in Table 4-6 with the one-page data contain­

ed in Volume V. For convenience, the tests in Table 4-6 are grouped separately 

for forward and reverse flow and for Phases I and II. Within these groups the 

tests are listed in numerical order by test number.

For further indexing of the tests by purpose, see the Chronological Steady-State 

Test List (Volume V), which gives the nominal purpose and intended operating 

conditions for each test, and see Table 3-1, which lists the performance tests 

in groups according to purpose.

4.5 DATA FOR SPECIAL CONSIDERATIONS

4.5.1 Friction and Windage Tests of Model Pump

Because the torque meter used in the test program was located on the test pump 

shaft, it did not measure hydraulic torque directly. Rather it measured a 

"shaft" torque which can be related to hydraulic torque by the equation:

T = T — T 
h s h f &w
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where;

= Hydraulic torque (ft-lbf)

Tsh = Shaft torque (ft-lbf)

Tf&w = f:riction and windage torque (ft-lbf)
(sign of same as that of pump speed)

It is assumed that the friction torque is made up of two independent components, 

one due to test pump speed and the other due to system pressure within the pump 

casing. Tests were performed to determine the contribution of each of these 

components. To test the effect of speed, the pump was operated with the test 

loop filled with air. Test pump speed was varied from -9000 to +9000 rpm in 

steps. At each step, the speed was held constant and the torque was recorded 

manually from the digital voltmeter on the data scanner. To check the effect of 

pressure, the test pump impeller was removed and the system filled with water at 

ambient temperature. Shaft torque was then recorded manually from the digital 

voltmeter on the data scanner at different system pressures while the pump was 

rotated at near-zero speed. These procedures covered the windage of the rotating 

parts in air but neglected water/ steam windage on the outside of the impeller. 

The data obtained was fit to the equation below with a regression analysis;

Tf&w = *-MP ” PABS^ + A2^P " PABS^ + A3 ^ + A4N ^ /12 

in which

P = upstream pressure (psia)

PABS = atmosPheric pressure (psia)

N = pump speed (rpm)

The best fit constants to the above equation, based on the friction and windage 

test data, were:

A1 = -1.8 x 10"2 

A2 = +3.05 x 10'5 

A3 = +8.0197 x 10"2 

A4 = -3.5856 x 10"6
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These constants were used in the above equation to calculate friction and wind­

age torque for all steady-state test points. A tabulation of the friction and 

windage data may be found in Appendix B along with notes on the analysis of 

these data.
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Table 4-6

STEADY-STATE DATA SUMMARY TABLE
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SUMMARY TARLF Phase I Forward Flow Tests

CF/FPPI TWO PHASF PUMP <;TFAOY STMfc- TF STS PAGE— 1

TFST DATE TYP PPFS VOID np DP np Nil ALN NU/ALN ALN/NU normalized H/ALN2 M/NU2 R/ALN2 B/NU2 DENSITY
PSIA F D AC <u ) (FF) (T«=-MS) H HYTRG*B UPSTRM

209 1/21/77 rwn 1017 o.ooo 1 0 0•9S 101.33 .62 .44? .999 .44? 2.260 1.225 .097 1.226 .898 47.085
210 1/12/77 Fwn 991 0.000 Mfl.llO vo.sn 1 • t*2 .830 .997 .83? 1.202 1.073 .977 1.079 .982 46.65?
211 1/12/77 Fwn 993 0.000 /?.94 77.47 2.24 .994 .997 .997 1.003 • 893 • 982 • 899 • 908 46.659
212 1/21/77 Fwd 101? 0.000 S 7 , Ml 64.83 ?.«3 1.141 .998 1.143 .875 .702 • 966 .705 .539 .970 .7*2 46.887
213 1/21/77 FwD 101ft 0.000 33.U4 4 3.09 3.8 7 1 .3S4 1.001 1.35)3 .739 .405 .871 • 404 .221 • 670 .*76 46.664

214 1/21/77 fwd 1007 0.000 8H.H4 99.51 .470 1.000 .470 2.126 1.197 • 892 1.197 • 891 47.179
215 1/21/77 Fwn 991 .1 12 69.8*5 68.03 5.4 j 1.053 1.000 1.053 .950 .826 .983 .826 .7*5 • 963 .687 41.391
216 1/21/77 Fwn 9QQ .224 34.8ft 42.06 5.70 1.035 1.003 1.031 .970 .5*6 .790 .5*2 .510 .785 .738 36.406
217 1/22/77 Fwn 90? .380 31 .97 74.66 .P6 .629 1.020 .617 1.621 .610 • 65? .587 • 627 29.958
219 1/25/77 Fwn 1 ft 08 .074 -23.970 -28.63 2.86 1.006 .501 2.006 .499 -0.318 -.031 -1.270 -0.318 -.122 i s o 42.989"

220 1/2S/77 FWO 1 nftR .083 -26.682 -28.81 3.1m 1.016 .500 2.030 .493 -0.356 -.057 -1.426 -0.349 -.229 -.056 42.571
221 1/2S/77 rwn 1 004 .165 -25.710 -28.63 4.4 U • 989 d .501 1 .976 .506 -0.377 -.069 -1.501 -0.384 -.276 -.071 38.995
222 1/25/77 FWO 1 006 • 180 -27.130 -28.81 S . ft 6 1.006 .501 2.007 • 498 -0.405 -.083 -1.610 -0.397 -.330 -.062 38.349
223 1/25/77 Fwn 991 .137 67.19 72.03 3.74 .974 .994 .980 1.020 .953 1.007 .965 1.020 40.300
224 1/25/77 rwn 986 1 4 . Ri 7 r'S.?8 6.8h 1.136 .998 1.137 • 880 .275 .744 .276 .21* • 746 .578 30.230

225 1/25/77 Fwn 99? .4?9 3?.21 32.52 1 .9/ . 722 .987 .73? 1.366 .672 .746 .690 .766 27.*27
226 1/25/77 Fwn 976 .401 *0.63 44.13 .811 l.?21 . 664 1.505 1.104 1.004 .7*1 .673 25.18*
228 1/26/77 fwd 9Q? .405 12.65 1 1 .96 .60 .396 .700 .566 1.767 • 290 .317 .591 .647 2*.968
229 1Z26/77 FWO QA6 • 488 3(1.45 32.44 .61 • 409 .993 .41? 2.427 .703 .627 .71* .636 2*.781
230 1/26/77 Fwn 98S .4?H -15.516 -13.9 f 4.12 .94 3 .490 1.893 .528 -0.324 -.039 -1.302 -0.361 -.159 -.044 27.509'

231 1/26/77 FwO 99? .415 -21.195 -27.61 4 . H *» .984 .499 1 .971 .507 -0.433 -.114 -1.730 -0.444 -.459 -.118 28.033
232 1 Z26/77 Fwn 989 .317 23.46 12.U7 5.6^ 1.057 .990 1.059 .945 .414 .766 .*16 .371 .769 • 686 32.365
233 1/26/77 Fwn 998 .307 1 0.00 26.60 0.10 1.017 1.003 1.015 .906 .369 .713 .367 .356 .709 • 669 29.255
234 1/26/77 Fwn 998 .416 20.35 26.27 4 . * J .965 .997 .967 1.034 • 416 .723 .*18 .727 27.963
235 1/26/77 Fwn 994 .468 20.ft? 22.52 3.03 .904 . 990 .906 1.104 .438 .697 .*39 • 699 26.121

236 1/26/77 Fwn QQft ,544 17.19 10.20 1 .7j .69? .999 .693 1 .443 .44? .630 .443 .630 22.228
237 1/?6/77 Fwn Q05 .514 rS.?U 20.55 1 .^0 .650 1.001 .655 1 .526 .608 • 690 • 606 • 686 23.692
238 1/26/77 Fwn 99? .497 . ft? 1 . 7* l . n .594 .499 1.190 .040 • 001 • 141 • 002 .002 .564 • 398 24.434
239 1/26/77 FwO 90 ) .471 ?5.71 2-7.05 2.21 .711 .999 .71? 1.405 .574 • 688 .576 • 690 25.577
?4ft 1/26/77 fwd 905 .44? -.MS 1 .5? 1 .00 .631 . 400 1.268 .789 -.018 • 149 -.073 -.046 • 602 .374 26.651

241 1/26/77 Fwn 99ft .408 -l .hi 1.2? 1.04 • 60? .490 1.369 .730 -.037 • 143 -.147 -.079 .578 .308 28.353
?4? 1/26/77 Fwn 985 .4?7 27.1 0 30.09 3.47 . 766 .990 .774 1.293 .563 .775 .574 .790 27.528
?43 1/26/77 Fwn 900 . 166 26.16 31.16 4.4** .93? .090 .933 1.072 .494 .717 .494 .719 30.270
?46 1/28/77 Fwn 1 090 . 003 -.16 -.71 . 0* -.064 .()00<MM>**»« -.006 -.00? 430»«»«••• -•476*****+*#****** 45.290
?51 1/2Q/77 Fwn 9?? n.fton ‘-2.36 50.95 3.00 .669 1.00? .667 1.498 .639 .700 • 636 • 696 46.790

255 1/30/77 FWO 6* 0. ftoo 110.00 114.77 1.93 . 79? .909 .801 1.248 1.038 .934 1.061 .955 61.050
266 1/30/77 Fwn 10? 0.000 127.3? 1?9.44 .73 .431 .990 .435 2.300 1.19* • 854 1.218 .871 60.901
257 1/30/77 FWO 107 o.ooo -.64 5.75 ? . 55 .913 .579 1.577 .634 -.006 .229 -.018 -.007 • 683 .275 61.162
258 1/30/77 Fwn 1 06 0.000 -36.509 -26.63 2.6U .919 .409 2.244 • 446 -0.343 -.096 -2.042 -0.406 -.573 -.114 61.013
?S9 1 /30/77 Fwn 1 06 0.000 -38.713 -20.61 ? • 00 .919 .40? 2.286 .437 -0.366 -.110 -2.241 -0.425 -.681 -.130 60.938

a

a

a

a)DP(LL) based on SIS and DIS readings are used to determine pump DP because of erroneous DP sensor output. Hand corrections made to DP(LL). H, H/ALN2, and H/NU2.
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SUMMARY TABLE Phase I Forward Flow Tests

CE/EPRI TWO PHASE PUMP STEADY STATE TESTS PAGE— 2

TEST DATE TYP PPFS VOID DP DP DP NU ALN NU/ALN ALN/NU NORMALIZED H/ALN2 M/NU2 B/ALN? 0/NU2 DENSITY
PSIA FPAC (LI 1 (FF) (TS-NS) H HYTRQtB UPSTRM

2ftn 1/30/77 FWD ins 0.000 -29.950 -28.66 ? * 60 .926 .446 2.074 .482 -0.281 -.02. -1.413 -0.325 -.119 -.028 60.86*] a
263 1/31/77 FWD .770 -4.1 1 -3.56 1 .62 .889 .500 1.780 .562 -.186 .125 -.75* -.238 .501 • 158 12.*73
264 1/31/77 FWD 478 .788 .27 2.9? 1.72 .935 1.000 .935 1.070 • 013 .588 .013 • 580 11.611
265 1/31/77 FWD 621 .876 -2.*4 -1.3? • 8r» .790 .499 1 .584 • 631 -.209 .201 -.839 -.33* .808 • 322 7.22*
266 1/31/77 FWO 481 .946 -2.74 -1.76 .69 .96? .500 1.927 .519 -.418 .221 -1.676 -.451 • 888 • 239 3.7*2

267 1/31/77 FWD 477 ] .000 -.49 -.71 .17 1.01? .500 ? .025 .494 -.271 • 453 -1.086 -.265 1.815 • 442 1.037
268 1/31/77 FWD 477 1 .000 1.6? 1 .27 .1/ 1.017 .999 1.019 .982 .8*1 2.129 .844 .813 2.13* 2.057 1.035
269 1/31/77 FWO 846 .795 2.56 S. 1 3 1 .69 .962 .995 .967 1.034 .130 .697 • 131 .70* 11.237
270 1/31/77 FWO 844 . 798 17.02 19.49 2.01 .986 1 .506 .655 1.527 .878 1.357 .387 .598 11.072
271 1/31/77 FWD 847 .795 87.61 3«.4B 1 .*8 .996 1.909 .52? 1.916 1.015 2.254 .526 .619 11.236

273 2/ 1/77 FWD 84? .811 1.20 1.10 .29 .360 .500 .721 1.386 • 065 .147 .262 .590 10.483
274 2/ 1/77 FWD 846 .811 -.t)? -.87 .26 .386 .249 1.428 .700 -.029 .10? -.*59 -.225 1.637 •002 10.508
275 2/ 1/77 FWD 879 .813 7.98 7.70 .26 .353 .999 .354 2.827 .436 .530 .*37 .531 10.418
276 2/ 1/77 FWD 866 .816 20.08 18.87 .27 .371 1.496 .248 4.028 1.117 1.206 .*99 .539 10.260
277 2/ 1/77 FWD 844 ,882 1H./6 17.87 .4? .440 1 .498 .294 3.39B 1.210 1.248 .5*1 .558 8.625

278 2/ 1/77 FWD 98? .234 4?.^4 46.96 5.W 1.007 .99? 1.015 .985 .680 • 636 .691 .671 • 849 • 024 36.072
279 2/ 1/77 FWD 987 .230 87.20 62.46 8.21 .97 3 1.041 • 935 1.070 .903 .963 .83* • 889 36.203
280 2/ 1/77 FWD 991 .429 -2.73 . 36 2.21 .719 .803 1.428 .700 -.057 • 146 -.22* -.110 • 562 .285 27.*35
281 2/ 1/77 FWD 979 .501 42.21 43.91 2.4* .796 1.239 .643 1.556 1.002 • 980 .653 • 639 2*.198
283 2/ 2/77 FWD 99? .486 8.30 5.11 .81 .373 .499 .747 1.338 .111 • 160 .**6 .643 26.20*

284 2/ 2/77 FWD 993 . 369 22.94 18.4? .61 . 358 .699 .51? 1.952 .436 .375 .893 • 768 30.052
285 2/ 2/77 FWD 1064 .385 49.74 52.93 1 .00 .356 1.007 .354 2.825 .969 • 625 .957 • 814 29.307
286 2/ 2/77 FWD 1 ooo .41 1 8 3.60 55.7.1 .96 . 384 1.103 . 348 2.870 1.086 .976 • 893 • 803 28.207
287 2/ 2/77 FWD 997 .421 24.79 22.93 -.4 0 .052 .499 .105 9.510 .510 .38? 2.048 1.532 27.733
209 2/ 2/77 FWD 97? .665 85.16 8?.63 -1.30 .063 .996 .063 15.903 2.271 1.526 2.207 1.537 21.*36

290 2/ 2/77 FWD 1002 .797 -8.9* -7.1? .43 . 350 -.000******° -.000 -.178 -•002******* -1.449******* -.012 28.78*
291 2/ 2/77 FWO 1 007 .430 -34.95 -29.40 1 .664 -.000***°*** -.000 -.731 .007******* -l .563******* .015 27.316
292 2/ 2/77 FwD 99) .4?? -2.81 1.65 2.07 .715 .500 1.431 .699 -.058 .130 -.232 -.113 .523 .255 27.7*1
293 2/ 2/77 FWD 999 .407 -26.50 -17.8) 4.4S .984 .50? 1.960 .510 -.534 -.129 -2.121 -.552 -.511 -.133 28.351
294 2/ 2/77 Fvn 99? .276 -37.09 -26.19 5.6 7 2.014 .50? 2.02? .495 -.620 -•190 -2*464 -.603 -.753 -.18* 3*.165

296 2/ 3/77 FwD 840 .059 -27.68 -19.99 2.42 .966 .498 1.938 .516 -.352 -.013 -1.420 -.378 -.052 -.014 44.835
297 2/ 3/77 FWD 834 .155 -22.0? -13.45 4.44 .862 .501 1.721 .581 -.313 .003 -1.245 -.420 .010 • 003 40.206
299 2/ 8/77 FWD 994 .414 -86.29 -42.03 6.00 1 .217 .508 2.395 .417 -1.145 -.599 -4.440 -.774 -2.323 -.405 28.082
300 2/ 8/77 FWD 990 1 .non -.41 -.16 .21 .897 .503 1.782 .561 -.104 • 144 -.410 -•129 .567 • 178 2.234
301 2/ 8/77 FWD 993 1 .non -.w? -.6? .24 .990 .504 1 .964 .509 -.236 • 100 -.928 -.241 . 392 • 102 2.241

302 2/ 9/77 FWD lifts 1.000 .10 .23 .20 .781 .504 1.551 .645 .020 .228 • 081 .034 .89B • 373 2.742
305 2/ 9/77 FWD 990 . ft 75 -18.86 -13.95 1.99 1.44? .504 2.860 .350 -1.365 -.543 -5•366 -.656 -2.135 -.261 7.767
306 2/ 9/77 FWD 1003 ) .000 -2 . U 7 -1.55 .3) 1.175 .504 2.334 .428 -.521 -.134 -2.056 -.377 -.529 -.097 2*266
307 2/ 9/77 FWD 990 1.000 -2.37 -1.79 1.200 ,504 2.384 .420 -.605 -.116 -2.387 -.420 -.*56 -•080 2.234
308 2/ 9/77 Fwn 996 1 .ooo -4 # 90 -3.9) .52 1 .436 .804 2.850 .351 -1.245 -.674 -4.907 -.604 -2.658 -.327 2.248

a)OP(LL) based on SIS and DIS readings are used to determine pump DP because of erroneous DP sensor output. Hand corrections made to DP(LL), H, H/ALN2, and H/NU2.
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SUMMARY TARLF Phase I Forward Flow Tests

CE/EPRI TWO PHASE PUMP STEADY STATE TESTS PAGE— 3

TEST DATE TYP PPES
PSIA

VOID
ERAC

DP
(LL)

DP
(EE)

DP
(TS-NS)

NL) ALN NU/ALN ALN/NU NORMALIZED H/ALN2
H HYTRO*B

H/NUZ B/ALN2 B/NU2 DENSITY
UPSTRM

309 2/ 9/77 FWO 990 1.000 1.58 .46 1.421 .998 1.423 .703 .221 1.443 .222 .109 1.448 .715 2.233
310 2/10/77 FWD 1194 0.000 -35.7? -28.63 2.54 1.132 .500 2.264 .442 -.451 -.118 -1.801 -.352 -.471 -.092 45.294
311 2/10/77 FWD 1205 0.000 -13.48 -8.47 1.86 .968 .498 1.942 .515 -.170 .063 -.685 -.182 .253 .067 45.314
312 2/10/77 FWD 99P .424 -22.51 -16.23 3.89 1.006 .499 2.015 .496 -.466 -.092 -1.870 -.461 -.369 -.091 27.603
313 2/10/77 FWD 9R4 .420 14.44 21.17 4.65 1.008 .997 1.011 .989 .297 .668 .299 .292 .672 .657 27.835

314 2/10/77 FWD 994 .424 -23.07 -5.74 9.55 1.482 .999 1.483 .674 -.478 .554 -.479 -.218 .555 .252 27.609
315 2/12/77 EWO 447 1.000 -3.0? -1.95 .51 2.173 1.005 2.162 .463 -1.784 1.535 -1.766 -.378 1.520 .325 .969
316 2/12/77 FWD 440 1.000 -8.01 -7.07 .61 2.249 • 499 4.508 .222 -4.798 -3.105-19.277 -.949-12.475 -.614 .955
317 2/12/77 FWD 440 1.000 -6.2? -5.44 .47 2.080 .499 4.169 .240 -3.752 -2.637-15.067 -.867-10.589 -.609 .947
318 2/12/77 FWD 437 1.000 -4.07 -3.10 .56 2.353 .998 2.358 .424 -2.452 -.245 -2.464 -.443 -.247 -.044 .949

319 2/10/77 FWD 448 1.000 -5.73 -4.49 • 66 2.558 .99* 2.564 .390 -3.380 .331 -3.395 -.517 .333 .051 .969
320 2/10/77 FWD 458 1.000 -9.46 -8.59 .58 2.400 ■ 497 4.832 .207 -5.462 -3.831-22.138 -.948-15.526 -.665 .989
321 2/11/77 FWD 115 0.000 67.93 79.96 4.23 1.168 .996 1.173 .853 .637 .920 .643 .467 .928 .674 60.901
322 2/11/77 FWD 100 o.ooo 42.74 56.?? 4.85 1.238 .997 1.242 .805 .402 .850 .404 .262 .855 .554 60.827
323 2/11/77 FWD 147 0.000 107.16 115.94 2.39 .85? .99«j .857 1.167 1.009 .946 1.020 .956 60.702

324 2/11/77 FWD 166 0.000 115.64 122.77 1.36 .627 .997 .629 1.590 1.090 .909 1.097 .915 60.643
325 2/11/77 FWD 170 0.000 138.56 142.68 2.05 .309 .998 .309 3.235 1.307 .829 1.312 .832 60.606
326 2/11/77 FWO 187 0.000 160.75 150.77 -1.17 .045 .998 .045 22.034 1.514 .735 1.520 .738 60.680
327 2/11/77 FWD 112 .028 163.79 149.96 -1.37 .014 .999 .014 72.697 1.589 .746 1.592 .748 58.921
330 2/14/77 FWD 963 .404 -17.29 .03 10.93 1.412 .998 1.415 .707 -.345 .612 -.347 -.173 .614 .307 28.619

331 2/14/77 FWD 986 .396 -15.91 1.01 10.7J 1.40? .996 1.407 .711 -.315 .657 -.317 -.160 .662 .334 28.880
332 2/14/77 Fwn 989 .427 24.36 45.96 14.48 1.64? 1.495 1.098 .911 .506 1.555 .226 .188 .695 .577 27.522
333 2/14/77 FWD 990 .432 43.51 67.94 16.46 1.797 1.721 1.044 .957 .911 2.003 .308 .282 .676 .620 27.288
334 2/14/77 FWD 986 .43? 92.23 106.09 9.2J 1.328 1 .628 .815 1.227 1.930 2.061 .728 .777 27.304
335 2/15/77 FWD 1197 0.000 58.88 72.4? 4.9ri 1.429 1.193 1.198 .835 .751 1.270 .528 .368 .893 .622 44.819

336 2/15/77 FWD 120? 0.000 208.80 193.1? -1.33 .014 1.291 .011 91.462 2.520 1.233 1.512 .740 47.353
337 2/15/77 FWD 97? .539 45.38 52.13 5.78 1.223 1.610 .760 1.316 1.148 2.021 .443 .780 22.558
338 2/15/77 FWD 990 .436 37.41 48.20 5.52 1.049 1.219 .861 1.161 .789 1.099 .531 .740 27.090
339 2/15/77 FWD 987 .426 25.16 31.09 2.05 .716 1.007 .710 1.408 .521 .745 .514 .734 27.544
342 2/16/77 FWD 1211 0.000 -25.76 -18.80 2.49 1.061 • S03 2.110 .474 -.327 -.032 -1.291 -.290 -.125 -.028 45.049

343 2/16/77 FWD 1188 0.000 29.88 40.64 3.81 1.325 1.000 1.325 .755 .380 .852 .381 .217 .853 .486 44.883
344 2/17/77 FWO 989 .447 10.49 16.0? 6.11 1.054 1.001 1.053 .950 .225 .658 .225 .203 .657 .593 26.641
345 2/17/77 FWD 1 001 • *55 -12.97 -*.00 3.00 .989 .499 1 .982 .504 -.425 .007 -1.706 -.434 .029 .007 17.451
346 2/17/77 FWO 996 .*33 6.40 10.90 3.18 .970 .999 .971 1.030 .198 .714 .199 .715 18.430
347 2/17/77 FWD 1 006 .*01 3.53 6.63 1.85 .975 1.002 .973 1.028 .183 .843 .183 .840 11.027

348 2/17/77 FWO J 003 .799 -8.96 -5.14 1 .97 .996 .500 1.992 .502 -.462 .062 -1.848 -.466 .247 .062 11.085
349 2/17/77 FWO 999 .092 -24.04 -16.91 2.87 .978 .499 1.959 .510 -.325 .015 -1.306 -.340 .060 .016 42.226
350 2/17/77 FWD 9R9 .176 51.18 60.41 5.34 1.057 .995 1.063 .941 .757 .930 .766 .678 .940 .832 38.613
351 2/17/77 FWD 994 .220 -30.16 -20.61 5.53 .974 .503 1.935 .517 -.471 -.083 -1.859 -.496 -.329 -.088 36.609
352 2/17/77 FWO 993 .214 -39.88 -30.49 5.36 .973 .450 2.164 .462 -.618 -.246 -3.056 -.653 -1.218 -.260 36.865
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TEST DATE TYP PRES VOID OP DP DP NU ALN NU/ALN ALN/NU NORMALIZED H/ALN2 H/NU2 B/ALN2 B/NU2 DENSITY
PSIA FRAC (LL) (FF) (TS-NS) H HYTRQ.B UPSTRM

353 2/17/77 FWD .947 -2.95 -1.63 .71 .949 .499 1.902 .526 -.367 .147 -1.472 -.407 .592 .164 4.606
354 2/17/77 FWO 094 .94 7 3.55 4.80 .74 .956 .998 .958 1.044 .444 1.167 .446 1.172 4.565

355 2/17/77 FWD 996 • 90fl 3.58 5.37 1.01 .958 .998 .960 1.042 .325 .975 .326 .978 6.307

356 2/17/77 FWD 994 .906 -4.57 -2.49 1.05 .967 .500 1.936 .517 -.410 .073 -1.642 -.438 .292 .078 6.368
357 2/17/77 FWD 995 1.000 -.89 -.56 .30 .960 .500 1.9?0 .521 -.225 .340 -.901 -.245 1.359 .369 2.249

358 2/17/77 FWD 996 1.000 3.53 3.8? .29 .954 .998 .955 1.047 .898 1.555 .901 1.560 2.249

359 2/18/77 FWO 991 .415 66.27 79.22 9.66 1.319 1.48? .890 1.124 1.351 1.523 .615 .693 28.022

360 2/18/77 FWD 985 .411 -2.76 10.80 9.14 1.303 .999 1.304 .767 -.056 .687 -.056 -.033 .688 .405 28.209

361 2/18/77 FWD 999 .404 40.93 45.07 5.40 .997 1.148 .868 1.152 .820 1.078 .621 .818 28.506

362 2/18/77 FWO 1003 .399 24.52 21.2? .37 .342 .833 .410 2.437 .487 .452 .702 .651 28.686

363 2/18/77 FWD 998 .389 10.16 11.36 .64 .337 .550 .613 1.632 .199 .240 .659 .793 29.151

364 2/18/77 FWD 1211 .102 -22.41 -15.85 2.72 .985 .499 1.976 .506 -.317 .005 -1.275 -.327 .021 .005 40.401

365 2/21/77 FWD 14 0.000 ?9.84 29.31 -.22 .043 .498 .086 11.635 .277 .172 1.117 .696 61.614

366 2/21/77 FWD 31 0.000 30.11 31.00 .28 .297 .498 .598 1.674 .280 .224 1.130 .905 1/1.501

367 2/21/77 FWO 71 0.000 17.09 19.78 .95 .588 .498 1.182 .846 .159 .227 .643 .460 .918 .657 61.387

368 2/21/77 FWD 107 0.000 -6 • 64 -1.45 1.84 .859 • 499 1.721 .581 -.062 .167 -.249 -.084 .671 .227 61.200
369 2/21/77 FWD 94 0.000 -50.6B -43.58 2.41 .998 .504 1.981 .505 -.474 -.132 -1.870 -.477 -.520 -.132 61.050

370 2/21/77 FWD 91 0.000 -.63 -.65 .01 .042 .000497.845 .002 -.006 -•090******* -3.343*******-51.047 61.050

371 2/21/77 FWO 99 0.000 -14.09 -13.38 -.13 .303 •000******* .000 -.132 -.208* -1.440* 61.050
377 2/23/77 fwd 118? .102 67.35 72.71 2.98 .977 .997 .980 1.021 .949 .995 .955 1.002 40.535

378 2/23/77 FWD 1193 • ?14 -22.32 -15.39 4.22 .982 .499 1.967 .509 -.356 -.012 -1.429 -.370 -.048 -.013 35.786

379 2/23/77 FWO 1198 .196 46.28 52.79 4.41 1.055 .996 1.059 .945 .723 .897 .729 .650 .904 .806 36.550

380 2/23/77 FWO 1195 .253 —?0.84 -14.35 3.95 .993 .502 1.978 .506 -.349 -.010 -1.385 -.354 -.041 -.011 34.165

381 2/23/77 FWD 1190 .274 40.90 50.45 4.59 1.017 1.001 1.016 .984 .701 .942 .700 .678 .941 .911 33.318

382 2/23/77 FWD 1190 .409 -21.36 -14.85 3.90 .989 .498 1.985 .504 -.442 -.017 -1.784 -.453 -.069 -.018 27.601

383 2/23/77 FWD 1 196 .786 -7.41 -4.91 1.37 .980 .498 1.970 .508 -.361 .069 -1.460 -.376 .278 .072 11.744

384 2/23/77 FWD 850 • tl6 -2.89 -.72 1.06 .776 .497 1.561 .641 -.111 .183 -.450 -.185 .743 .305 14.849

386
387

2/24/77
2/24/77

FWD
FWD

845
841

• 79?
• 794

-5.83
3.20

-3.25
5.76

.97
1.24

.963

.975
.499
.999

1.929
.976

.518
1.024

-.293
.162

.118

.661
-1.175

.163
-.316 .473

.662
.127 11.377

11.272

388 2/24/77 FWO 848 .430 -22.60 -16.93 3 . ?2 1.007 .500 2.015 .496 -.468 -.104 -1.874 -.462 -.418 -.103 27.860

389 2/24/77 FWD 843 .253 -36.60 -29.61 4.61 .997 .501 1.991 .502 -.583 -.175 -2.324 -.586 -.697 -.176 35.961

390 2/24/77 FWD 843 .12? -38.20 -29.79 4.65 1.003 .500 2.008 .498 -.520 -.138 -2.083 -.517 -.552 -.137 41.964

566 3/28/77 FWD 1015 .361 -84.4? -77.31 3.31 .947 -•000******* -.000 -1.590 *1•669******* -1.774* -1.861 30.312

569 3/29/77 FWO 1210 .052 17.06 21.0? 1.45 .934 .701 1.333 .750 .229 .444 .467 .263 .904 .509 42.528

570 3/29/77 FWD 1218 • 064 1 • W
-w

O
D -15.96 3.07 1.265 .70? 1 ;803 .555 -.329 .206 -.669 -.206 .418 .129 41.964

571 3/29/77 FWD 1111 • ?35 100.63 100.86 6.00 1.165 1.301 .895 1.117 1.626 1.453 .961 .859 35.363

572 3/29/77 FWD 1117 .041 78.00 81.87 1.22 .943 .998 .944 1.059 1.020 1.041 1.024 1.045 43.676

573 3/29/77 FWD 1125 .056 102.50 107.04 1.29 .933 1.112 .839 1.192 1.363 1.274 1.101 1.030 42.941

578 3/29/77 FWD 869 0.000 24.09 24.6? .19 .315 .500 .630 1.587 .279 .248 1.117 .993 49.295

579 3/30/77 FWD 869 0.000 15.11 16.60 .50 .573 .499 1.150 .870 .177 .246 .712 .538 .989 .748 48.804
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TEST DATE TYP PRFS VOID DP DP DP NU ALN NU/ALN ALN/NU NORMALIZED H/ALN2 H/NU2 B/ALN? B/NU2 DENSITY
PSIA FRAC <LU (FF) (TS-NS) H HYTRQ.B UPSTRM

580 3/30/77 FWD 867 0.000 24.38 24.8? .16 .290 .499 .582 1.718 .282 .229 1.135 .921 49.383
581 3/30/77 FWO 86? 0.000 3.96 6.94 .89 .763 .499 1.529 .654 .047 .181 .187 .080 .729 .311 48.610
582 3/30/77 FWD 960 0.000 -11.22 -6.60 1.34 .960 .501 1.916 .522 -.135 .089 -.537 -.146 .354 .097 47.551
583 3/30/77 FWD 425 0.000 -10.91 -6.44 1.36 .930 .498 1.868 .535 -.118 .098 -.477 -.137 .395 .113 52.687
584 3/30/77 FWD 178 0.000 -8.63 -3.42 1.45 .891 .497 1.793 .558 -.086 .113 -.349 -.108 .456 .142 57.307

585 3/30/77 FWO 172 0.000 -14.33 -9.61 1.50 .941 .501 1.878 .532 -.143 .087 -.569 -.161 .348 .099 57.307
586 3/30/77 FWD 166 0.000 -25.25 -18.99 1.76 .986 .501 1.970 .508 -.252 .028 -1.004 -.259 .112 .029 57.307
587 3/30/77 FWD 84 0.000 -42.68 -36.56 1.74 .948 .503 1.883 .531 -.402 -.068 -1.587 -.448 -.268 -.076 60.643
588 3/30/77 FWD 96 0.000 -50.25 -46.21 1.85 .990 .500 1.979 .505 -.474 -.146 -1.893 -.483 -.583 -.149 60.643
591 3/31/77 FWD 45 1.000 -19.56 -17.57 .41 8.201 1.479 5.547 .180* -1.695 75.167 2.443 .098

592 3/31/77 FWD 48 1.000 -7.51 -6.87 .25 5.587 .602 9.287 .108-40.850184.642******* -1.309510.101 5.914 .105
593 4/ 1/77 FWD 50 1.000 -24.05 -22.5? .40 7.815 -.000******* -.000********************* -2.072******* -7.758 .109
594 4/ 1/77 FWD 4ft 1.000 -23.51 -22.03 .39 7.925 -.000******* -.000********************* -2.048******* -7.991 .104
595 4/ 1/77 FWD 34 1.000 -14.03 -13.11 .30 7.555 -.000******* -.000********************* -1.899******* -2.644 .074
596 4/ 1/77 FWD 26 1.000 -7.68 -7.05 .22 6.543 -.000******* -.000-77.986-45.796******* -1.821******* -1.070 .056

597 4/ 1/77 FWD 3? 1.000 -2.31 -2.00 .13 3.554 -•000******* -.000-19.120149.160**** 11.812 .069
598 4/ 1/77 FWD 30 1.000 -4.63 -4.20 .18 4.970 4.797 .065
602 4/ 1/77 FWD 1213 o.ono -2.93 -3.09 .07 .153 -.000******* -.001 -.037 -.071**** -3.065 45.310
603 4/ 1/77 FWD 1211 0.000 -1.91 -2.11 .05 .122 -.000******* -.002 -.024 -.065**** -4.422 45.712
604 4/ 1/77 FWD 1 ??0 0.000 -1.46 -1.65 .05 .103 -.000******* -.002 -.018 -.059**** -5.643 45.981

605 4/ 1/77 FWD 1214 0.000 -.89 -1.08 .04 .074 -.000******* -.003 -.011 -.058« -10.465 46.070
606 4/ 1/77 FWD 1213 0.000 -.59 -.79 .03 .053 -.000******* -.004 -.007 -.057* -20.375 46.266
615 4/ 6/77 FWD 27 .176 -.34 -.38 -.01 -.011 -.000 29.136 .034 -.004 .006' 51.728 50.135
616 4/ 6/77 FWD 90 0*000 -48.Sfl -39.98 3.14 .970 .499 1.944 .514 -.456 -.083 -1.833 -.485 -.336 -.089 60.901
617 4/ 6/77 FWD 141 0.000 -33.00 -25.38 2.67 .965 .498 1.938 .516 -.329 .006 -1.328 -.353 .025 .007 57.307

618 4/ 6/77 FWD 403 0.000 -13.47 -6.87 2.40 .915 .497 1.841 .543 -.146 .130 -.592 -.174 .527 .155 52.715
619 4/ 6/77 FWD 400 0.000 -14.86 -8. 16 2.42 .929 .497 1.869 .535 -.161 .110 -.652 -.187 .445 .127 52.715
623 4/ 6/77 FWD 868 0.000 1.16 5.88 1 .62 .771 .499 1.546 .647 .014 .206 .055 .023 .830 .347 48.193
624 4/ 6/77 FWD 875 0.000 13.27 16.05 .93 .578 .498 1.161 .861 .157 .258 .63? .469 1.039 .771 48.370
625 4/ 6/77 FWD 871 0.000 23.67 24.39 .25 .289 .499 .580 1.724 .278 .263 1.117 1.057 48.709

627 4/ 7/77 FWD 1137 0.000 1.37 S.64 1.57 .770 • 499 1.543 • 646 .017 .199 .069 .029 .799 .336 45.876
628 4/ 7/77 FWD 1146 0.000 68.27 75.57 2.60 1.005 -.000* -.000 .855 1.111* .848*' 1.101 45.600
636 4/28/77 FWO 25 0.000 38.80 36.69 — 1 . 1 4 .052 .497 .105 9.561 .360 .188 1.458 .760 61.576
637 4/28/77 FWO 25 0.000 157.17 149.87 -1.34 .098 .995 .099 10.124 1.460 .796 1.474 .804 61.538
638 4/28/77 FWO 20 0.000 143.76 143.34 -1.33 .231 .994 .232 4.311 1.336 .830 1.353 .840 61.463

639 4/28/77 FWD 166 0.000 -2.38 -1 .84 .14 .174 .060 2.901 .345 -.024 -.015 -6.613 -.786 -4.077 -.484 57.274
642 4/28/77 FWD 821 0.000 -1.67 -1.12 • 04 .078 .00? 41.035 .024 -.019 -.000' -.060 50.363
643 4/28/77 FWD 718 0.000 -8.10 -8.72 .55 .440 .177 2.482 .403 -.094 -.022 -2.978 -.483 -.711 -.115 49.480
648 4/28/77 FWD 865 0.000 25.90 25.06 .24 .289 .503 .575 1.739 .30? .237 1.193 .938 49.058
649 4/28/77 FWD 866 0.000 ?6.21 25.10 .23 .281 .501 .561 1.783 .305 .234 1.217 .932 49.116
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TFST DATF TYP DPFS VOID np DP rip NU ALN NU/ALN ALN/NU NORMALIZED H/ALN2 H/NU2 B/ALN2 B/NU2 DENSITY
oc. j a FPAC (LI ) (FF) (TS-NS) H HYTRQ.B UPSTRM

650 4/?8/77 rwn H6S 0.000 14.18 16.43 .86 .878 • SO 1 1.183 .867 . 168 .256 .668 .502 1.022 .768 48.356
661 5/ ^/77 FWQ <38 0.000 -1.78 — 1.46 . 1 1 .181 .057 2.848 .351 -.018 .008 -5.550 -.686 2.5*9 .315 57.176
663 S/ 0/77 Fwn 387 o.ooo -1.88 -?.03 .16 . ? 18 .075 2,878 .347 -.020 -.011 -3.578 -.432 -1.931 -.233 52.826
66fl 8/10/77 FWO R69 0 .ooo /3.P8 ?4.?3 . ?b .287 .498 .877 1.734 .282 .227 1.138 .915 48.520
66Q 8/10/77 rwn 0.000 - . /8 15.AM .94 .879 .496 1.183 .860 -.003 .235 -.012 -.009 .947 .701 48.137

670 5/10/77 Fwn 8S * n. ono - . 30 4.67 1 . 7t> . 769 .496 1.584 .631 -.004 .174 -.014 -.006 .700 .279 47.971
671 8/10/77 Fwn 8S« o.ono ] 3.P7 16.63 .9-) .567 .496 1.178 .849 .158 .232 .637 .459 .936 .674 48.003
672 5/10/77 Fwn 65 1 0.000 ."1 1.6*+ .760 .600 1.582 .640 .000 .174 .000 .000 .698 .286 47.884
873 5/10/77 f wn 646 o .ooo -16.73 -10.86 ?.6f> .960 .60? 1.952 -.222 .062 -.880 -.231 .247 .065 48.286
874 5/10/77 Fwn RS? o .non -7.6^ 30 ?.<?4 .669 .601 1.775 .564 -.089 .123 -.354 -.112 .490 .155 48.421

675 5/10/77 Fwn 1 1 09 0.001) -19.67 -13.?l ?.66 1.001 .501 1.947 .501 -.245 .033 -.974 -.244 .130 .032 45.952
676 5/10/77 Fwn 96 1 0.000 6h.09 6 J . S 7 4.5n . 66 7 1.01* .855 1.527 .689 .730 .665 .704 46.486
686 5/11/77 Fwn 146 o.ooo -? . 64 — ? • 0 9 .19 • ? ?6 . 089 2.548 .393 -.027 -.010 -3.363 -.519 -1.215 -.187 56.922
689 5/11/77 FWO 371 0.000 -16.01 -15.73 1.74 . 766 . 360 2.189 .457 -.195 -.040 -1.507 -.315 -.309 -.065 52.715
695 8/12/77 Fwn 887 o.ono ? 4.6 3 ?<* • ?6 .?6 .29? .496 .588 1.708 .290 .218 1.170 .879 *8.464

696 5/12/77 Fwn 657 0.000 1 3.2 1 16.0? .85 .577 .498 1.159 .863 .157 .226 .632 .470 .910 .677 *8.132
697 5/12/77 Fwn 868 n. noo . AS 5.68 1.81 . 775 .498 1.558 .643 .004 .172 .017 .007 .693 .286 *7.916
696 5/12/77 Fwn 86 0 o.ono -5 ..92 -.97 1 .«J .866 .499 1.735 .576 -.071 .130 -.284 -.094 .520 .173 *7.856
699 5/12/77 Fwn 871 n. o o n -12.67 -9.31 2.34 .976 .501 1.948 .513 -.152 .062 -.607 -.160 .246 .065 *8.235
700 5/12/77 Fwn 1 1 30 o.oimj -20 . Ill -11.8? 2.3.1 1.00? .500 2.003 .499 -.250 .037 -.990 -.249 .147 .037 *5.960

701 5/12/77 rwn 98? 0 4 0 o o Q?.95 64.75 3.66 .715 .996 .718 1.393 .652 .755 .657 .760 46.369
717 5/18/77 FWO 1 ois o.ooo 6 7.66 83.71 -1 . 37 . 098 .860 . 114 0.785 1.079 .541 1.460 .732 46.434
718 5/18/77 Fwn 964 .?53 ]?.M) 13.94 1.33 .551 .873 .962 1.040 .193 .233 .588 .710 35.453
719 5/18/77 Fwn 966 • 1 95 8.15 9.?7 1 .?9 .485 .573 .847 1.181 .123 .181 .373 .551 37.997
720 5/18/77 Fwn 966 .175 9.69 1 n. 8« 1 . 3 9 .496 .87? .865 1.156 .141 .201 .431 .614 38.898

721 5/18/77 Fwn 968 .?97 9.116 10.76 1 . 10 .568 .571 .993 1.007 .154 .226 .473 .693 33.463
722 S/18/77 FkO 958 . ?Q4 8.06 in.j6 1 .28 .574 .557 1.029 .972 .137 .212 .441 .416 .682 • 644 33.636
723 5/18/77 Fwn 96 \ .?6S 9.8? 11.68 1.411 .581 .561 1.036 .966 .156 .204 .495 .462 .650 .606 34.904
724 5/18/77 FWO 98Q . ?68 10.49 10.56 1 .Sr: .593 .570 1.039 .962 .172 .226 .529 .490 .696 • 644 34.797
725 5/18/77 Fwn 957 • ? 6 1 10.96 1 ? • 7 7 1 . ^9 .861 .568 .987 1.013 . 1 78 .246 .551 .762 35.127

726 5/18/77 Fwn 949 .361 -? • ? 0 1 .25 2.21 .719 .503 1 .430 .699 -.041 .123 -.162 -.079 .488 .238 30.679
736 5/19/77 rwn 948 .065 18.6? 1 9,7 Q . 3o .523 .500 1.047 .955 .240 .250 .960 .876 1.001 .913 44.385
737 5/19/77 FWO 94? .414 — 4 . ? 6 - .04 2.46 .792 .500 1.583 .632 -.096 .109 -.384 -.153 .436 .174 28.322
738 5/19/77 FWO 93* .340 -.57 2.79 1 .9 0 .700 .499 1.405 .712 -.010 .141 -.041 -.021 .565 .287 31.654
739 5/19/77 Fv.'O 940 . 394 -1.16 1.03 1 .7-0 .692 .500 1. 386 .722 -.023 .134 -.091 -.047 .537 .280 29.218

740 5/19/77 f ^n Q0<* .4 49 -1.1? 8.71 4.09 1.034 . 76*^ 1.351 .740 -.024 .372 -.041 -.022 .635 .348 26.883
741 5/19/77 Fwn 868 .453 4 . 7 0 9.58 4.1 H 1.073 • 865 1.241 • ft 06 .100 .482 .134 .087 .645 .419 26.802
74? 5/19/77 FWO 86fl .503 - .78 6.1? 4.3w 1.126 . 8*4 1.304 .767 -.018 .426 -.025 -.015 .571 .336 24.517
743 5/19/77 FWO 86Q .44 0 -41,?1 -31.88 6 . U -> 1.191 .58? 2.047 .489 -.860 -.308 -2.540 -.606 -.910 -.217 27.394
744 5/19/77 rwn 8 7 n .450 -41.67 -33.1? 6.1)“) 1.208 .58? 2.077 .48? -.884 -.313 -2.615 -.606 -.925 -.215 26.957



4-37

summary TABLF Phase I Forward Flow Tests

CE/EPRI TWO PHASE PUMP STEADY STATE TESTS PAGE— 7

TEST DATE TYP PRFS
PSIA

vnm
FRAC

DP DP
<LL> (FF)

DP

(TS-NS)
NU ALN NU/ALN ALN/NU NORMALIZED

H HYTRQ.B
H/ALN2 H/NU2 B/ALN2 B/NU2 DENSITY

UPSTRM

745 5/19/77 Fwn eftB .448 -42.86 -35.36 5.92 1.196 .541 2.212 .452 -.908 -.411 -3.106 -.635 -1.407 -.288 26.973
746 5/19/77 F*n 940 .067 -50.54 -39.95 6.04 1.136 .500 2.273 .440 -.949 -.438 -3.801 -.736 -1.755 -.340 30.427
747 5/19/77 FWD 839 .558 -22.63 -14.04 3.32 1.006 .446 2.256 .443 -.590 -.183 -2.972 -.584 -.923 -.181 22.097
748 5/19/77 FWD 84] .557 -21.36 -16.10 3.23 1.001 .445 2.253 .444 -.552 -.186 -2.794 -.550 -.941 -.185 22.137
749 5/19/77 FWD 836 .550 -22.42 -17.15 3.24 1.001 .450 2.226 .449 -.571 -.201 -2.825 -.570 -.992 -.200 22.430

750 5/19/77 Fwn 838 • S4 4 -19.31 -15.04 3.06 .985 .450 2.189 .457 -.485 -.159 -2.393 -.499 -.787 -.164 22.731
751 5/19/77 FWD 841 .510 -20.99 -16.50 3.29 .973 .450 2.163 .462 -.493 -.179 -2.437 -.521 -.882 -.188 24.303
752 5/19/77 FWD 808 .619 -20.89 -14.37 3.17 1.035 .455 2.277 .439 -.618 -.162 -2.989 -.576 -.784 -.151 19.329
753 5/19/77 FWD 807 .618 -19.99 -14.71 3.04 1.030 .455 2.264 .442 -.589 -.184 -2.846 -.555 -.889 -.174 19.399
754 5/19/77 FwO 818 .609 -18.34 -14.23 3.12 1.017 .455 2.237 .447 -.530 -.183 -2.562 -.512 -.883 -.176 19.795

755 5/19/77 FWD 79h .637 -28.88 -24.96 3.33 1.086 .371 2.926 .342 -.891 -.474 -6.469 -.755 -3.445 -.402 18.536
756 5/20/77 FWD 806 .633 -23.16 -16.95 3.47 1.099 .479 2.293 .436 -.708 -.220 -3.079 -.586 -.956 -.182 18.706
757 5/20/77 FWD 802 .635 -22.74 -17.50 3.55 1.104 .480 2.302 .434 -.698 -.209 -3.035 -.573 -.909 -.172 18.603
761 5/20/77 FWO 756 .674 -19.61 -13.0? 3.05 1.098 .500 2.197 .455 -.664 -.154 -2.660 -.551 -.617 -.128 16.862
762 5/20/77 FWD 754 .718 -17.59 -12.40 3.04 1.125 .500 2.248 .445 -.678 -.176 -2.712 -.536 -.703 -.139 14.823

763 5/20/77 FwD 753 .703 -18.49 -12.52 3.08 1.128 .500 2.256 .443 -.681 -.175 -2.725 -.535 -.702 -.138 15.513
765 5/20/77 Fwn 703 .725 -17.<.5 -13.42 3.13 1.163 .509 2.285 .438 -.688 -.206 -2.655 -.509 -.796 -.153 14.516
766 5/20/77 FWD 707 .745 -20.08 -13.43 3.26 1.212 .509 2.380 .420 -.847 -.261 -3.267 -.577 -1.007 -.178 13.551
767 5/20/77 FWD 636 .793 -18.46 -13.55 2.97 1.275 .508 2.508 .399 -.931 -.307 -3.602 -.572 -1.189 -.189 11.329
769 5/20/77 FWD 639 .802 -21.97 -IS.28 3.33 1.354 .520 2.607 .384 -1.157 -.396 -4.287 -.631 -1.466 -.216 10.851

770 5/20/77 FWD .RO? -?0 * 8R -IS.3? 3.23 1.337 .520 2.573 .389 -1.095 -.377 -4.056 -.613 -1.395 -.211 10.897
771 5/20/77 FWD R4] . S 79 -23.21 3.58 1.111 .451 2.465 .406 -.758 -.328 -3.731 -.614 -1.617 -.266 21.121
772 5/20/77 FWD R44 .S39 -18.32 3.48 1.015 .449 2.258 .443 -.615 -.206 -3.042 -.597 -1.018 -.200 22.964
773 5/20/77 FWD QS? .?*3 -11.^3 -4.62 4.38 .972 .568 1.712 .584 -.190 .140 -.589 -.201 .434 .148 35.016
777 5/20/77 FWD 94 R 0 . ooo P0.00 21.87 .57 .635 .566 1.123 .891 .238 .293 .743 .590 .915 .726 48.077

778 5/20/77 Fwn 93S o.ooo 13.19 15.87 .7* .751 .566 1.327 .754 .157 .267 .490 .278 .833 .473 48.012
779 5/20/77 FWD 909 o.ooo -4.75 -.14 1.33 .984 .567 1.734 .577 -.057 .159 -.176 -.058 .495 .165 47.925
780 5/20/77 fwd 86R 0.000 31.81

cITO
u

ro .17 .291 .566 .514 1 .947 .375 .273 1.170 .851 48.492
781 5/21/77 FWD 300 . 9*ifl -2.37 -1.34 .56 1.137 .800 2.275 .440 -.580 -.015 -2.320 -.448 -.058 -.011 2.333
782 5/21/77 FWD 293 .96R -2.67 -1.58 .56 1.159 .500 2.320 .431 -.671 -.056 -2.687 -.499 -.224 -.042 2.275

783 5/21/77 FWD 274 . 9R5 -2.76 -1.68 .46 1.417 .500 2.834 .353 -1.162 -.654 -4.648 -.579 -2.616 -.326 1.359
784 5/21/77 FWD 278 , 9R5 -l.MO -1.11 1.254 .500 2.509 .399 -.734 -.369 -2.940 -.467 -1.560 -.248 1.405
785 5/21/77 FWD 278 .QPfl -1 .61 -1.21 .36 1.288 .497 2.590 .386 -.848 -.335 -3.426 -.511 -1.355 -.202 1.218
786 5/21/77 FWD 277 • 9R 7 -1.45 -.85 .36 1.270 .551 2.307 .434 -.666 -.490 -2.197 -.413 -1.616 -.304 1.247
795 5/23/77 FWD 873 0.000 -3.35 -2.96 . ?S .296 .107 2.789 .362 -.040 -.021 -3.477 -.457 -1.841 -.242 47.870

796 5/23/77 FWD 871 0.000 -9.98 -7.63 .587 .249 2.361 .424 -.119 -.039 -1.931 -.346 -.626 -.112 47.815
797 5/23/77 FWD 871 0.000 -16.61 -12.6? 1.S6 .780 .343 2.278 .439 -. 198 -.047 -1.688 -.325 -.397 -.077 47.893
798 5/23/77 FWD 873 0.000 -24.21 -18.39 2.40 .970 .437 2.219 .451 -.287 -.059 -1.501 -.305 -.308 -.063 48.216
799 5/23/77 FWD 869 0.000 -20.36 -15.57 1 • 9 J .880 .388 2.270 .441 -.242 -.051 -1.607 -.312 -.339 -.066 48.146
800 5/23/77 FWD 971 . ?30 -28.88 -19.73 5.33 1.006 .500 2.010 .497 -.448 -.063 -1.791 -.443 -.251 -.062 36.414
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summary TABLF Phase I Forward Flow Tests

CE/EPPI TWO PHASE PUMP STEADY STATE TESTS PAGE— 8

TEST DATE TYP PPFS 
PS I A

VOID
FRAC

DP
(1.1 )

DP
<FF)

DP
(TS-NS)

NU aln NU/ALN ALN/NU NORMALIZED
H HYTRG.B

H/ALN2 H/NU2 B/ALN2 B/NU2 DENSITY
(JPSTRM

801 5/23/77 Fwn 971 .223 -28.18 -19.41 S.3V 1.005 .501 2.006 .498 -.439 -.073 -1.746 -.434 -.291 -.072 36.716

802 5/23/77 FWD 972 • 194 -4R.23 -38.93 8 • 88 1.096 .504 2.175 .460 -.726 -.264 -2.858 -.604 -1.041 -.220 37.982

803 5/23/77 FWD 9S1 • 328 -80.83 -50.28 8.70 1.147 .466 2.463 .406 -1.078 -.596 -4.972 -.820 -2.750 -.453 32.144

804 5/23/77 FWD 948 .288 -81.84 -50.49 8.38 1.100 .437 2.518 .397 -1.041 -.600 -5.455

SCD•I -3.143 -.495 33.942

805 5/24/77 FWD 84S .554 -28.02 -21.92 3.57 1.163 .499 2.331 .429 -.718 -.238 -2.887 -.531 -.955 -.176 22.276

806 5/24/77 FWD <il4 .433 -50.20 -41.04 6.10 1.229 . 499 2.46] .406 -1.040 -.467 -4.170 -.689 -1.873 -.309 27.589

807 5/24/77 FWD BQ3 .470 -41.18 -34.43 5.18 1.203 .496 2.414 .414 -.905 -.418 -3.645 -.625 -1.684 -.289 25.996

808 5/24/77 FWD .5?5 -33.14 -23.67 4.8d 1.199 .497 2.411 .415 -.803 -.305 -3.247 -.559 -1.231 -.212 23.577

809 5/24/77 FWD 646 -28.0? -21.92 3.57 1.163 .499 2.331 .429 -.718 -.238 -2.887 -.531 -.955 -.176 22.276

810 5/24/77' FWD 64B .616 -21.25 -15.33 3.08 1.147 .499 2.300 • 435 -.629 -.160 -2.528 -.478 -.643 -.121 19.315

811 5/24/77 Fwn 797 .648 -19.11 -12.28 2.91 1.144 .499 2.294 .436 -.606 -.154 -2.437 -.463 -.618 -.118 18.010

812 5/24/77 Fwn 74S .676 -18.07 -11.36 2.61 1.136 .500 2.274 .440 -.614 -.119 -2.459 -.476 -.478 -.092 16.808

813 5/24/77 fvid 74? .7 32 -14.86 -10.29 2.29 1.158 .501 2.312 .433 -.600 -.088 -2.390 -.447 -.352 -.066 14.174

814 5/24/77 Fwn 740 .762 -13.80 -5.20 2.10 1.174 .500 2.346 .426 -.619 -.122 -2.471 -.449 -.488 -.089 12.747

815 5/24/77 Fwn 64S .811 -12.27 -8.04 2.02 1.183 .500 2.364 .423 -.671 -.068 -2.679 -.479 -.273 -.049 10.456

816 5/24/77 FWO 645 .BIO -12.29 -8.00 2.05 1.179 .500 2.358 .424 -.670 -.077 -2.681 -.482 -.307 -.055 10.495

817 5/24/77 FWD 302 .9fl0 -3.57 -2.29 .75 1.415 .500 2.832 .353 -1.198 -.060 -4.801 -.599 -.241 -.030 1.702

818 5/24/77 FWO 30? .980 -3.66 -2.30 .74 1.426 .500 2.854 .350 -1.242 -.245 -4.973 -.611 -.979 -.120 1.683
819 5/24/77 FWD 301 .989 -2.98 -1.96 .67 1.459 .500 2.918 .343 -1.381 -.656 -5.526 -.649 -2.625 -.308 1.232

820 5/24/77 FWD 305 .99? -3.03 -2.05 .63 1 .508 .500 3.017 .331 -1.660 -.519 -6.645 -.730 -2.076 -.228 1.049

821 5/24/77 FWD 303 .99? -3.24 -?. 15 • 6*5 1.537 .500 3.072 .326 -1.786 -.558 -7.138 -.757 -2.230 -.236 1.037

822 5/24/77 Fwn 301 1.000 -1 .66 -1 .?0 .?i 1.577 .500 3.155 .317 -1.396 -.686 -5.585 -.561 -2.747 -.276 .639

830 5/25/77 Fwn 160 0*000 -2.a? -?,46 .25 .258 .09* 2.626 .381 -.028 -.015 -2.907 -.422 -1.503 -.218 57.169

832 5/25/77 Fwn 440 0.000 -4.14 - ? . 63 .26 .280 -•001******* -.004 -.045 -• 0024 -.576* -.023 52.576

838 5/25/77 FWD 873 n.noo -3.49 -?*98 .24 *?8B .105 2.746 .364 -.041 -.013 -3.758 -.498 -1.200 -.159 48.239

839 5/25/77 Fwn o.ooo -8.93 -7.22 .85 .552 .233 2.374 .421 -.106 -.028 -1.963 -.349 -.516 -.092 47.998

840 5/25/77 Fwn 863 0.000 -18*06 -13.?1 1 .58 .786 • 346 2.274 .440 -.216 -.041 -1.805 -.349 -.342 -.066 47.819

841 5/25/77 Fwn «77 0.000 -?1.s? -15.34 1 .99 .874 .389 2.248 .445 -.255 -.047 -1.686 -.334 -.309 -.061 48.193

842 5/25/77 FWD 86* 0.000 -?6.78 -20.09 2.56 1.004 .463 2.215 .452 -.318 -.053 -1.547 -.315 -.256 -.052 48.132

843 5/25/77 Fwn 873 0.000 -??.S8 -13.36 ? • 59 1.010 .499 2.025 .494 -.269 .035 -1.080 -.263 .140 .034 48.045

844 5/26/77 FWD 858 0.000 -18.78 -10.63 ?.47 .988 .500 1.976 .506 -.222 .048 -.887 -.227 .192 .049 48.342

845 5/26/77 FWD 1061 o.ooo 68.6? 76.69 2.39 1.009 .998 1.011 .990 .854 .966 .857 .839 .970 .950 45.943

846 5/26/77 FWD 969 0.000 65.43 66.23 3.R2 .693 1.00? .69? 1.445 .806 .792 .803 .788 46.386
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SUMMARY tarlf

CP/EPGI TWO PHASE PUMP STFAHY STATE TESTS

TEST DATE TYP PPFS 
PST A

VO T 0 
FPAC

dp 
(LI >

OP
(EE)

np
(TS-NS)

9/?n/77 Fwn 70 ft.ooo -23.44 -13.47 3.ft!
ns? 9/?0/77 Fwn 90 n.non -37.IS -29.ftp 3.22
BSP 9/20/77 Fwn 23ft o .non -SB.91 -SI.14 2. ft 1
BS9 9/20/77 Fwn 12ft 0.000 -IS.ftS -10.1? 1 .97
B60 9/20/77 fwp 137 ft.00ft — 4.4S .09 1 .ft?

Oft 1 9/20/77 Fwn 73 ft.000 R.ftP 12.34 1.12
Oft? 9/20/77 fwp Q2 ft.OOft ?4.30 25.74 , t'4
Bft3 9/20/77 Fwn ) ft* o.ooo 32.33 32.31 . ft V
PG4 9/21/77 FWO «7 n.ono -20.34 -5.6S 5.6^
BftS 9/21/77 Fwn 03 O.ftftO -Rp.fth -17.MS c<. i r

Bftft 9/21/77 Fwn 1 OR 0.000 -^3.7*. -40.M3 4.4 1

Bft7 9/21/77 FWO 121 0.000 -77.35 -#*7.55 3.4 0
BftB 9/21/77 Fwn 55 o.ooo -1H.41 -11.ft2 2.53
Bft9 9/21/77 FWO 0.000 -35.04 -^M.H4 1 .ft-*
B70 9/21/77 Fwn qi 0.000 -#-.4M -4 . .77

B71 9/21/77 Fwn 1 04 O.OOft -2.34 -2.11 . 1 7
B72 9/21/77 Fwn 1 1 1 o.ooo -73.711 -4B . 74 1 .5J
B73 9/22/77 Fwn 35 1 .000 -?.7‘- - ? . 4ft . -M
B74 9/22/77 FWO 3M 1 .00ft -1 .*'7 -1 .4? . 1
B7S 9/22/77 Fwn 34 1 .000 -1.33 -1 .1)7 . 1 *

575 9/22/77 Fwn 33 1 .000 -.55 -.53 .14
077 ^/27/n Fwn 33 1 .000 -. ?7 . 1 1
*75 9/22/77 Fwn 25 1 .000 -.25 -.25 . 1 1
«7ft 9/22/77 FWO 20 1 .ooo -.17 -. 3 ^ . 1 0
ooo 9/22/77 Fwn *5 OH . 353 — 2H.7 & -5.7a 1 n. iii)

001 9/22/77 Fwn 4#>S .2] « 1 H . 55 3'> . 1 4 7.35

005 9/23/77 Fwn «11 ,H57 -40.54 -31.fto 2.^2
005 9/23/77 Fwn 7«2 .521 -4 0.55 -35.07 2.3^

007 9/23/77 f wn M4R .7^0 -52.55 -43.41 2.55

OOO 9/23/77 Fwn QQ4 .253 ^3.25 H5 . ?M 2 . OtJ

090 9/2B/77 Fwn 1 045 .421 — Cj . * 5 -p , W4 •
0*>0 9/29/77 Fwn l 027 .422 — 9 . H 0 -0.0# . 3*

900 9/29/77 Fwn 1002 . 1 ft 7 -4.00 3.54 4.74

901 9/29/77 Fwn 995 . ? 3 1 1 V U
'

4.H7 4.24

902 9/29/77 Fwn 90* . 3S9 -4 . M5 1 .57 ■> . 49

903 9/29/77 swn 1 oo 1 .240 9.4H 15.0.? 4.5->
904 9/29/77 FWO 1 005 .*57 -3.1* .05 1 .s?
907 9/29/77 *Fvm 0*1 0.000 -50,01 -53.92 1.19
908 9/30/77 Fwn 034 .517 -55.00 —52.11 ? . 9 1

909 9/30/77 Fwn 040 .0*0 -33.01 -30.19 1 . 7 •>

MU

1,257
1,207
1

.9S0

• -SSR 
« 4S7
• ISM 

1.321 
1 .??*

1,12ft

.M46

.721
,4?S

,1S3
.5^1

4.ftS«
l.Rl«

2.94]

2.144 
1 .ft)!
1.2S4

1.001 
1.001 
. M^3

1.40^ 
» ^»4

.3^1
1.0^7 
1.02M 
l • n** i

) . 0<SR 
1 .052 

.9MR 
i. i<.« 
] . 14S

II Forward Flow Tests

PAGE— i

ALN NU/ALN ALN/NU NORMALIZED
H HYTPOtB

H/ALN2 H/NU2 B/ALN2 B/NU2 DENSITY
UPSTRM

.903 1.279 .782 -.222 . *88 -.230 -.1*0 .505 .309 60.*01

.033 1.44B • ft91 -.352 .282 -.507 -.2*2 .*06 .19* 60.285

.594 1.B45 .542 -.559 -.09ft -1.587 -.*67 -.271 -.080 6Q.205

.494 1.923 • S20 -.1*9 .11* -.610 -.165 .*69 .127 60.132

.49? 1.721 .581 -.042 .173 -.175 -.059 .715 .2*1 60.096

.491 1.401 .714 .085 .221 .351 .179 .917 .467 60.132

.*“1 .93? 1.073 .231 .251 .958 1.0*1 60.168

.*01 .38* 2.608 .307 .232 1.272 .962 60.23*

.998 1 . 323 .756 -.194 .580 -.195 -.111 .582 .333 59.880

.87* 1 .405 .712 -.305 .391 -.400 -.203 .512 .259 59.952

.643 1.74? .S74 -.512 -.009 -1.239 -.408 -.021 -.007 60.038

. 3Sfi ? . 78 0 .760 -.734 -.699 -5.715 -.7*0 -5.*50 -.705 60.263

.541 1 .Sft3 .640 -.174 .145 -.594 -.2*3 .497 .203 60.423

.?76 ?.ft?? .781 -.331 -.134 -4.3*8 -.632 -1.762 -.256 60.569

.183 ?.719 .431 -.061 .006 -1.820 -.338 .190 .035 60.6*3

. 0*w ?.ft39 .379 -.02? .017 -4.618 -.663 3.510 .50* 60.716

.00225*.39* .004 -.708 - .665******* -1. -1.39* 59.517

.997 4 . n 7 o .?l*-?0.10? 7 .400-20.210 -.927 7.4*0 .3*1 .079

.WQ7 3.H30 .261-11.357 11 .203-11.423 -.779 11.269 .768 .08*

.997 3.*7? .272-10.217 11 .884-10.275 -.762 11.952 .887 .07*

. 997 2.950 .339 -5.133 16.487 -5.165 -.59* 16.589 1.906 .073

.907 2.375 • 4 ? 1 -2.19ft 27.711 -2.210 -.39? 27.889 4.9** .07*

. 907 2.151 .465 -2.443 31.073 -2.459 -.532 31.272 6.760 .057

.?!« 4 .*4* .?1S -1.542 23.454-32.461 -1.50**93.73? 22.871 .065

.001 1 .252 .799 -.46? .547 -.461 -.29* .546 .3*8 33.0*9

1 .004 .997 1.903 .265 .56* .263 .560 *0.0*5
. 040 20.3*2 .049 -1.326 -?.241*»*«»»« -1.324******* -2.237 17.468
.020 31.04P .032 -1.206 -1.865******* -1.511***«•«* -2.337 19.159

-.001 
.90 1 .*52

-.000 -2.74? -?.291 ******* -1.387******* 
1.534 1.025 .859 1.045 .875

-1.159 11.036
35.256

-.001««««««« -.00? -.199 -•187******* -1.534******* -1.440 27.6*3
- . 0 0 1 -.002 -.20? -.191 ******* -1.539******* -1.452 27.667

, 70? 1.5)4 .661 -.059 .29* -.119 -.052 .596 .260 39.01*
.70? 1 .455 , 6P 3 -.038 .291 -.078 -.036 .592 .276 36.198
. 703 1 .4P0 .676 -.091 .266 -.185 -.08* .538 .2*6 30.56*

. P34 1.251 • 78 1 .153 .501 .220 .13* .719 .439 35.451

. 704 1 .494 ,ftft9 -.107 .32? -.216 -.097 .6*9 .291 16.906

. ?4Q 9.967 .25? -.697 -.514-11.2*7 -.715 -8.29* -.527 *8.356

.277 4.329 .231 -1.550 -1.211-20.209 -1.078-15.780 -.8*2 23.990

.269 4.?S? .235 -1.110 -.931-15.30* -.8*6-12.836 -.710 17.405
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Sh^mapy tari.f Phase II Forward Flow Tests

rE/FPPI TWO PHASF PUMP STFADY STATP TF'JTS PA6€— 2

TFST OATF TYP PPFS 
PSI A

vorn
FPAC

no 
(t l )

np
IFF)

np
(TO-NS)

NU aln NU/ALN ALN/NU NORMALIZED H/ALN2
H HYTRQ.B

H/NU2 B/ALN2 B/NU2 DENSITY
UPSTRM

910
on

0/30/77
0/30/77

FWO
FWO

ft47 ,iS04
.640

-33.00
S.?6

-26.32
7.00

1 .07 
1.30

1.151
.063

.276

.006
4.147

.965
.241

1.015
-1.097

.165
-.690-14.229 

.547 .166
-.827 -8.940

.550
-.520 17.198

18.155
012 0/30/77 FWO .659 -0.52 -6.76 1.16 .063 .496 1.073 .507 -.312 .035 -1.256 -.323 .140 .036 17.433
013 0/30/77 fwp R4Q • 700 -26.66 -23.33 1.7h 1.307 .350 3.906 .250 -1.470 -.971-12.026 -.753 -7.942 -.+97 11.097
014 0/30/77 FWO R4 ^ .004 -1«.07 -16.76 1.63 1 .464 .346 4.176 .230 -1.737 -1.024-14.334 -.822 -8.451 -.485 6.240

015 9/30/77 Fwn RS4 .061 -IP.^7 -10.55 1.02 1 .440 .348 4.140 .242 -1.748 -1.072-14.452 -.843 -8.864 -.517 4.106
016 9/30/77 FWO R4*> 1 .000 - . 7H -.54 .10 1.04 1 .49P 2.087 .479 -.239 .042 -.961 -.221 .170 .039 1.855
017 9/30/77 Fwn R4Q .900 •4.03 - 2.60 .7n 1.020 .498 2.064 .485 -.358 .097 -1.442 -.338 .390 .091 6.421
018 9/30/77 Fwn RAft .061 2.97 7.00 .4 t 1.012 .998 1.014 .066 .415 1.018 .417 .405 1.021 .993 4.090
010 9/30/77 Fwn R4Q .601 .29 2.76 1 .03 1.022 .847 1.207 .828 .015 .498 .021 .015 .694 .476 10.950

920 0/30/77 Fwn 847 .«17 10.00 0.84 -.02 .096 .990 .006 10.481 .564 .730 .566 .732 10.165
021 0/30/77 Fwn 1008 .472 ?9.1 3 20.1 7 .07 .110 .90S .110 0.084 .652 .726 .658 .733 25.530
922 9/30/77 FWO ion .426 33.SR 36.63 .22 .267 .99* .268 3.727 .701 .680 .707 .685 27.444
028 10/ 3/77 Fwn 7 R 0.000 -11.78 -7.16 1.61 .642 .47? 1.784 .560 -.110 .117 -.494 -.155 .524 .165 61.125
920 10/ 3/77 FWO 79 0.000 -IP.IS -7.18 1 .67 .841 .47? 1.782 .661 -.114 .119 -.511 -.161 .532 .168 61.087

030 10/ 3/77 Fwn 7R n.nnn -11.72 -*•79 1 .67 .840 .472 1 .770 .562 -.110 .116 -.493 -.156 .519 .164 61.087
031 10/ 3/77 FWO 94 o. non 6.10 9 • ?S 1 . IS .*94 .471 1 .473 .670 .058 .165 .261 .120 .746 .344 61.028

932 10/ 3/77 FWO 9S o.ooo 6.0 1 9.4* 1.13 . *9S .471 1 .476 .678 .056 .166 .254 .117 .747 .344 61.013
033 10/ 3/77 FWO 94 o.nno 6.06 9.3* 1 .06 .*94 .471 1.473 .679 .057 .164 .256 .118 .740 .341 61.013
034 10/ 3/77 FWO } 1 4 0.000 21.16 ?? . 8 1 .63 .4*? .470 .083 1.017 .108 .198 .806 .896 60.976

035 10/ 3/77 Fwn 114 0.000 ?1 .47 22.76 . S 4 .462 .470 .081 1.019 .201 .203 .910 .916 60.938

036 10/ 3/77 FWO 114 o. non ?i no 22.73 .S4 .46? .470 .983 1.017 .200 .203 .003 .919 60.938
037 10/ 3/77 FWO 93 o .non -is.84 -6.70 3.19 1.316 l.oon 1.315 .761 -.151 .546 -.151 -.087 .545 .315 59.981
038 10/ 3/77 FWO 9? n.noo -17.34 — 6.87 3 . ?H 1.320 l .non 1.320 .757 -. 166 .535 -• 166 -.095 .535 .307 59.837

030 10/ 3/77 FWO o? n.ono -17.?S -6.43 3 . ?0 1.311 1 .non 1.711 .763 -.165 .524 -.165 -.096 .523 .305 59.709

940 10/ 3/77 FWD no n. non -30.44 -24.74 1.92 .972 .471 2.165 .462 -.290 -.054 -1.566 -.334 -.290

<\J

e•1 59.895
941 10/ 3/77 FWO no o.noo —?4,^7 -19.62 1 .74 .896 .471 2.081 .480 -.235 -.019 -1.269 -.203 -.103 -.024 59.880
94? 10/ 3/77 FWO in? n.noo -??.43 -16.86 1 .61 .876 .430 2.033 .492 -.214 -.004 -1.156 -.280 -.024 -.006 59.844

943 10/ 3/77 FWO m n.noo -*S.R9 -60.41 2.16 1.056 .616 2.047 .489 -.629 -.244 -2.364 -.564 -.917 -.219 59.952
944 10/ 3/77 FWO 16] o.onn - 3 0 . p 3 -24.09 2.20 1.078 .49? 2.110 .474 -.204 -.020 -1.217 -.273 -.084 -.019 60.010

945 1 0/ 4/77 Fwn 163 n.non -70.73 -23.20 ?.?{) 1.031 .491 2.098 .477 -.288 -.016 -1.104 -.271 -.067 < • o 60.132
94* 10/ 4/77 Fwn 148 o.nno -79.31 -31.16 ?.*H 1.166 .59* 1.939 .616 -.373 .033 -1.051 -.279 .093 .025 60.168
947 10/ 4/77 FWO 140 n.ono -78.62 -30.86 ?.*s 1.169 . S9* 1.943 .515 -.366 .034 -1.028 -.272 .096 .025 60.205
948 10/ 4/77 Fwn 148 n .ooo -78.78 -30.34 ? • 7 J 1.160 ,S9* 1 .947 .614 -.368 .036 -1.036 -.273 .101 .027 60.212
949 10/ 4/77 FWO 137 n.non -17.14 -0,69 ^.01 1.261 .78* 1 .604 .6?3 -.163 .361 -.263 -.102 .585 .227 60.205

050 10/ 4/77 Fwn 133 n.non -17.?B -R.n 3.10 1.249 .787 1.588 .630 -.164 .357 -.265 -.105 .577 .229 60.205

051 10/ 4/77 Fwn 173 n.noo -17.11 -8.10 7.08 1.267 .78* 1 .599 .625 -.164 .364 -.266 -.104 .589 .230 60.205

052 10/ 4/77 Fwn 119 n.noo s. 14 1*.1S 7.6? 1.341 .979 1.371 .730 .049 .672 .051 .027 .702 .373 60.168
063 10/ 4/77 Fwn 118 n.non 4.79 1*.S4 7.44 1.356 .978 1.386 .721 .046 .675 .048 .025 .705 .367 60.132

054 10/ 4/77 fwo 119 n.onn 4.9? 1 * . 8 1 3.79 1.755 .977 1.387 .721 .047 .669 .049 .025 .700 .364 60.096
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rF/rpoi Twn pump c,TPftnY tfsts PAGE— 3

TFST DA TP TYP PPF9 vn?D itp no np Nil fll M Ntl/Al N aLN/NIt NORMAL I?E0 H/ALN2 H/NU2 B/ALN2 B/NU2 DENSITY
DS T FPflC (I i ) (*:'r) (T9-MS) H HYTRQ.fi UPSTRM

9SS in/ 4/77 Fun QQft .794 - 1 . n 7 1 . 1)6 1 . o -t ,9ftS .704 1.799 • 7 1 S -.OS? .343 -.104 -.053 .69? .353 11.341
QS9 in/ 4/77 Fwn 1 004 .474 .^1 . S6 . l r ,??4 • 2*70 • *94 i .n« .011 .026 .17? .408 27.187
9^n in/ S/77 F'-'O 1 1 76 <496 9.3'a 1 ft. 96 7 . 1.140 .999 1.141 • P77 .22? .704 .223 .171 .705 .542 24.004
961 in/ S/77 F v,0 1 106 • 4? ^ 1 ft , 74 ?4 . 7. M 1.047 . 99 P 1.04ft .QS7 .392 .721 .394 .361 .724 .663 27.299
96? in/ S/77 fph 404 . 0 1 ft -^o . -in 1 . ?!» .977 .49ft l . H79 .S3? -.303 .032 -1.218 -.345 .130 .037 49.756

963 in/ S/77 rwn 4 ft 4 4 • 9 ? 1 ,467 1,990 .S03 -.949 -.594 -4.432 -1.120 -2.777 -.702 39.946
964 1 n/ S/77 F wn 4 ft ft , 0 4 ^ - . 6 1 - ft ^ . T 0 7.^1 • ftni .4?7 U»76 .S33 -.807 — .544 -4.428 -1.258 -2.984 -.847 48.563
96ft 1 n/ S/77 fu n aaftl O.onn --f.. 1? -“'I .Ml .9 L • ft 1 9 , 4 ? 7 1.917 • S22 -.676 -.394 -3.705 -1.009 -2.160 -.588 50.839
966 1 n/ S/77 F wn 47? . 74ft ^ 7. s n 7.41 .9 ^ft .ftOO 1.070 .S3S -.608 -.191 -2.430 -.695 -.764 -.218 33.566
967 1 n/ S/77 F w n 4 ft ? .?71 i?.'^ i«.'H . J4 . 96ft , 999 .967 l.ms .218 • SIS .219 .517 32.362

971 in/ 6/77 F wn 71 ? n . n f> n — } fr< # 4 ft - 1 R . 1 a 1.77 1 .11 u .44ft ?.?46 . 44S -.4*6 -.136 -1.800 -.357 -.547 -.109 49.324
97? in/ 6/77 f *<n *4] n . 0 r p -17.73 - ■< 1 . ^4 1 . 7*4 i.n^ .49ft ?. ?4? .446 -.4*8 -.120 -1.806 -.359 -.483 -.096 48.170
973 in/ 6/77 FwP ft 37 n . ft (■ ft -'^^.34 - ^ r. # yft 1 .*7? 1 . 066 .447 ?.144 .466 -.311 -.031 -1.259 -.274 -.125 -.027 48.323
974 1 n/ 6/77 f i. n ft 4 S ft # ft ft rv - -•ft . fM. -14,?^ 1 . -»ft 1.014 .49 7 ?.(|3Q .491 - . 237 .020 -.957 -.230 .080 .019 48.305
97ft 1 n/ 6/77 F. n r c. n 0 , ft ft r) — 1 ? , 4 ? -7.70 1 . M .949 .446 1 .93? .Sl« -.1*6 .069 -.591 -.158 .281 .075 48.314

976 in/ 6/77 f ^ n H 3 7 ft . ft ft ft -ft.?l -1.43 1.1'* . HMM .494 1 .78? -.061 .120 -.248 -.078 .484 .152 48.501
977 in/ 6/77 Fw n M64 ft . ft ft 0 ft ft . ft 1 .^n . 496 1 .ST] .613 .008 • 1 68 .031 .012 .638 .240 48.440
97H 10/ 6/77 FWP ft4 ? ft , ft ft ft -N . 6 ? ^ . 3 6 .Ml .734 . 4 90 1 . *87 . 67S .067 .189 .268 .12? .761 .346 48.577
979 in/ 6/77 F n ft 7^, ft . ft ft ft I].?*: 13.1 ft # 7- ^ .63ft , 49* 1 .?83 .779 .134 .217 .538 .327 .876 .532 48.207
Qftft in/ 6/77 Fwn ft 4 7 ft .ftftft 1 41 # 4 3 ? ft . ft ? .4.. .so] .6<)0 1 .nm .999 .224 .239 .894 .892 .954 .95? 48.305

9fl 1 in/ 6/77 Fwn 633 ft . ft ft ^ 3.6? ?a . ft- • > l . Mn .son 1 .690 .277 .227 1.108 .907 48.497
9ft? 1 n/ 6/77 f wn A41 0 . ft ft ft ^ ^ . ft '•< . / 1 . ft*. .167 . 4|1 1 . ?94 3.399 .329 .206 1.309 .817 48.738
9ft3 in/ 6/77 F'-r. H 4 6 ft , ft ft n R ft . ^ 6 ? 3 . ^ . ft 1 . nr .60) .67 3 1.4 PS .279 .232 1.115 .925 48.431
9ft4 1 / 6/77 F wn ft . n 0 ft 11.6 ft . z* *- ? , 3 4 1 . 4ft0 .94ft 1.4M4 .674 .133 .677 .149 .068 .760 .345 47.801
9ft6 1 n/ 6/77 F i-n 407 . -lw.3? -ft . 4 4, l . m s 1 . 0 ?9 , 4»OH ? . 0 6 6 . 4 A4 -.4*9 -.061 -1.81? -.4?6 -.245 -.057 18.208

987 10/ 6/77 Fwn 4 & ? .spa 4 3.1? ft. "ft] 1 . 1 1 . 0(1 1 1 .1?* .887 0?P .54? - . 0?8 -.02? .541 .426 16.590
988 1 0/ 6/77 F wn 407 .M3 3. - ? Ml** 1.37 .90) l.OOn .901 1.110 . 0«>6 .505 . 096 .505 20.300
989 0/ 6/77 p 1.' n 4 7u . ft 6 f 1 . 1* S . 0 3 1 .6- .944 1 .non .994 1.006 . 044 .496 .044 .496 18.486
990 1 0/ 6/77 F wn 47s .197 \ u >■ ?ft . ?7 S , 4 || 1 . 03“> , 994 1.04] .960 • 26? .54? .265 .244 .549 .506 41.068
991 in/ 6/77 Fwn 474 . ?n 6 \ 7. ft*/ /■* ft . s ft 6,4? 1 .04? .993 1 • 049 , 9S.3 .?46 .553 .?49 .226 .561 .509 40.538

99? 1 0/ 6/77 c wn 4 7- • ? 1 6 ) 6 . ft / ? 4 . S 6 s . 4 9 1.060 . 0 0 6 1 . 064 .944 • ?? 3 .52? . ??5 .203 • 5?6 .474 40.128
993 10/ 6/77 fup 4 76 •q 1 r - . "6 ft. -u 1 . r'' ft 1 .049 1.001 1 . 04R .964 -.00 3 .580 -.003 -.003 .578 .527 10.127
994 10/ 6/77 F wn 4 s ] . 90 ) 1 . ft. ft 3 . 4 1 .006 1 .non l .007 • °9 J . 096 .765 .096 .094 .764 .753 5.959
996 10/ 6/77 F vn a 79 . 04 -ft 1 • ft 9 ft.PM . •* ft 1.0?? 1.001 l .0?) .980 . ?05 1.017 • ?05 .197 1.015 .974 3.595
996 10/ 7/77 Fwn 4ns .on 1 -1.6ft • ^ 'I 1 .010 .SOI ? . (1 1 6 .496 -.366 .037 -1.42? -.349 .146 .036 5.963

1 003 10/11/7 7 F -'f ' 4ft n.noo 3.74 ? ) . fts ft . - 4 1 . T" 7 1.266 1.077 . 0?9 .036 .850 .021 .018 .512 .441 60.350
1004 in/i1/77 F wn 1 66 n.non ftft . S4 6 ) .40 7. M 1.5(10 1.106 1 . 164 .733 .280 .998 .229 .123 .815 .438 60.343
1006 10/11/77 Fwp 1 9 4 o.nno ft4 . 1 ft 7 ? . 4 0 6.4s 1 .*^1 1.097 1.296 .77? .518 1.053 .431 .257 .875 .521 59.701
1 006 in/n /77 F wn V V c 0.000 ?ft . 39 41 .-1 7 M71 1 . Tl« .434 1.403 .713 • 244 .720 .277 .141 .816 .414 59.418
1007 1 o/n /77 Fwn ?ft? n.ono 4 3 . "ft ^ ft . ) fi 4.73 1 .?1 s .934 1 .296 .772 .416 .77? .473 .281 .876 .52? 59.081
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CF/FPRT Twn PMAFF PUMP mFAny 'JTATf JF^T'; PAGE" *

TFST OATF TYP ODFF vnfn OP no (>P NU ALN NU/ftLN ALN/NU NORMAL 17E0 H/ALN2 H/NU2 B/ALN? 0/NU2 DENSITY
D^T A FPAC (i i ) (FF ) (T^ —MS) H HYTRQ.B UPSTRM

100« 10/11/77 FWO n. nnn ^ A . ?u . 4Q 4.0^ 1 .OQ1 .P77 1.164 .PSP .571 .817 .650 .480 .930 .686 58.768
1 noo 10/11/77 Fwn ??7 o. o n o °1.01 f"). 77 .PS? 1.01S • 7P1 .870 .872 .958 58.486

1010 10/11/77 Fwn r . n n (i 7 1 U 0 . ^ 7 .PS? .«66 1.1SS .915 .866 1.009 .953 58.411

101 1 10/11/77 Fwn n .non t-q . <)7 1 m.M7 1 • .is^n . P4S .7^0 l.?fi9 .969 .830 1.085 .929 58.377
101? 10/11/77 FWF' ?q? n.noo .n4 • ^ 1 7 .S07 .QflO .213 .250 .829 .797 .972 .934 58.486

1013 10/11/77 F’^n n.non ? i . 1 n . .233 .SOP .459 2.177 .303 .221 1.175 .856 58.624

1014 10/11/77 F.JO ?70 .m 4 (i . ^ ^7.0^ -1 . <7 -.007 .^OA 01^-68.?64 .445 .221 1.720 .856 51.959
1015 10/11/77 F wn ?7* n.non 71.16 .?-1 .2 36 .SO A .463 2.161 .30? .221 1.171 .854 58.879
1016 10/11/77 Fwn ^47 n.non '?.1P .0? .512 ,SOA 1.008 .992 .215 • 246 .834 .820 .954 .938 58.976
1017 10/11/77 Fwn n.ono 1l1.T- 1 n>». 1 .64 .60? . 'J4A .719 1.391 .983 .833 1.094 .927 58.928

1018 10/11/77 Fwn 316 o.nno 1 . n 1 ? . . A ^4 . 047 .871 1.149 .904 .855 1.008 .953 58.789
1019 10/11/77 Fwn 31 3 n .non 7Q . oi , 1 1 . W4 1 .047 .994 1.006 .778 .856 .868 .955 58.679

1020 10/11/77 Fwn 38 P n.non ^*•<.41 86 4 . n-1 1 .OHQ . W 1 Q 1.165 .«44 .523 .778 .619 .440 .921 .656 58.432
1021 10/11/77 Fwn 364 n.non ^ 7 . s ^ .SI <» . u w 1.^17 .o?^ 1.319 .7Sft .370 .738 .434 .250 .866 .498 57.984
102? 10/11/77 Fwn 360 n.onn ■14 .*6 0 ^ / 1 *314 .0?? 1.450 .400 .183 .660 .215 .102 .776 .369 56.928

1023 10/11/7 7 f *n 34 7 o.nno 'M . 1 3 S( . M 6.71 1 .4S7 1 . 04? 1 . 30ft .715 .315 .891 .290 .148 .821 .420 56.536
1024 10/11/77 fwp 330 n.ono }7. A4 4*4 . S? 7.6 ( 1 • SW4 1.130 1 . 37S .727 .386 1.073 .302 .160 .840 .444 56.066

1026 10/11/77 rwn 334 n.noo 1 . ^ ] • ^ J .^3S .166 1 .788 .015 .023 .427 .265 .676 .420 60.496

1027 10/11/7 7 Fwp 333 n.onn <"* » /* 4 4. s n .son . 1JO l * 4 7S .678 .021 .084 .184 .085 .732 .336 60.459
10?« 10/11/77 rw n 311 n.ono 7 1 . T4 7«->. 74 1 .6,1 .*74 . oo* . S3g 1.19? .675 .604 1.045 .935 60.386

10?9 10/11/77 Fwn 3 0* O.OOO *7.9* *34 . A \ . MOR , A03 1.007 .993 .549 .628 .851 .839 .973 .960 60.299
1 030 10/12/77 Fwn ?7* n.noo 64 , MO * 1.0 A .931 .*03 1.159 .426 .598 .660 .491 .927 .689 60.096
1031 10/12/77 F wn ?*c> n. noo 43. ?r\ 3.C,^ 1.073 .A34 1.301 .76R .310 .589 .457 .270 .867 .512 60.002

103? 10/12/77 Fwn n.noo 6 n # u 3 *3.S3 a . 1.199 ,9P? 1.301 .769 .390 .763 .459 .271 .898 .531 59.895

1033 10/12/7? F wn ?30 o .ono * 4 . n a *(• . * .Sa, 1.316 1.0*? 1.239 . A07 .612 1.020 .543 .354 .904 .589 59.787

1034 10/12/77 f wn ?o? n^. o o r* 7 * ?7 >*.44 * , ** 1 .*18 .933 1.520 .668 .070 .630 .080 .035 .724 .313 59.573

1035 10/12/77 Fwn 277 n.non * > . 7 ° 7.4W 1.515 1.08] 1 .*0? .713 .310 .941 .265 .135 .806 .410 59.305

1036 10/12/77 Fwn ?68 n.onn >'3.7* 4 7 . A -* . 4 n 1 .*?* 1.01* 1 .*05 .71? .289 .838 .281 .143 .816 .413 58.844

1037 10/12/77 F wn 291 n.non * 7 , SS 7 3 . S 4 ^ 1 1.32? 1 .0*7 1.263 .791 .561 .971 .512 .321 .886 .555 58.596

1038 10/12/77 FwP 301 0 *non * ft * > 1 M . S 0 4 . S j 1 .??1 , QQ? ' 1 .2?1- .817 .569 .899 .572 .382 .905 .603 58.466

1 0?Q 10/12/77 FwO ?Q7 n. npn *4 7* **.sn 3.7w 1 • 0<iS 1.030 1 .OS? .041 .831 1.003 .783 .693 .945 .837 58.275

1040 10/12/77 Fwn ?*<■} O.OOO i m !) * t n. 7i .P47 1 .0?p . o?n 1.086 1.013 1.016 .957 .960 58.119

1041 10/12/77 Fwn ?*7 n.ono \ i« 0 4 3 1 li* . H A ?.>*! .ft>s ,97S . ft 4 7 1.181 .989 .899 1.040 .946 58.059

104? 10/1?/77 Fwn n.non ? ? ■*b 1 1 7 . .3 P .sgo } • OOP . *S4 1.461 1.108 .943 1.089 .926 58.005

1 043 10/12/77 Fv'n **? O.non 1 >s 1 ?<* . *n • si i 1 .03? .4^7 2.01? 1.238 .930 1.164 .874 57.971

1044 10/12/77 rwn 2*5 n.noo 1*7.7] 1 hS .4n -1. ? 1 . ?3 7 1.1*? ,?n? 4.9*7 1.851 1.028 1.393 .774 57.964

1 04S 10/12/77 Fwn 260 n.noo 1 4 . ft 7 1 S . 4 A .?l> .?34 . 3** ♦ *4 1 1 .659 .1*6 .120 1.090 .901 58.173

] 047 10/12/77 rwn ?60 n.non ?1 .go ?4 .*4 . ?-< .Sift .*70 . O 0 ft 1.10? .314 .313 .964 .961 58.241

104ft 10/12/77 f wn 246 o.nno u ft. ?ft *7.04 1 .8? .*g? , 7*S .004 1.106 .571 .557 .975 .951 58.275

1049 10/12/77 Fwn 266 n.noo **. 1 s *?.!?' 2.10 • ft?* * ft 0 ft 1.0?? .978 .551 .626 .843 .807 .958 .917 58.309
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rF/fPDJ TWO Pw&QF PllwP CTFtOy m«TF TfFTF

TF^T oatf TYP DPFF vn t o ITP no • 'W M 1

P9T ft F p ft r MM ( F F )

i n^o in/i?/77 Fwn lot; o.ooo *- M . ft ^ ‘-'M . ftll ?. 7ft ,979
in*si in/i?/77 Fwn ?96 n .non W | . Oft ft 1 . «4 7.ftft 1 .'09ft
ins? in/i?/77 Fun ?9^ n.non iw . 9ft ft P . pi 4 . ft l| 1 .?19
ins'? in/i?/77 Fwn ? ft 4 o, non n . ft / ftC . ft 7 ft. ft n 1 . 770
1 ns4 1n/i?/77 Fwn o.ooo ^u. 1 ? “ft. ?1 -. n 1 .440

loss in/i?/77 Fwn ?4? n.onn i A . o c ^ 4.00 *. . o ^ 1 .ft?S
1 nss 10/l?/77 F-;P n.onn 1 7.1? ■♦ft . 40 MM 1 . 4 ** 0
10S7 in/i?/77 Fwn ?S‘-» o.non 4ft . ft 1 SI Ml ft . 4P 1 . 44*1
ins« in/i?/77 'S* D n.onn ^? . ft s , Wft ft . 4'# 1 • P4ft
1 osq in/i?/77 Fwn n.noo ♦ .9 . nft ft n . 1 ft 4.ft- 1 . 1 ?1

1 n*o in/i?/77 Fwn n.noo -f , r 7 -v4.9 9 ?. M . 9ft4
lOfrl in/i?/77 Fwn ?Ut> O.nno 1 1 11 . ^ 7 1o*.ftn P . w . ftft 1
10ft? ]n/l?/77 F wn o.nno 1 .»ft . 9 1 1 ] 1 . 1 .ft 1 . 7 11 ft
1 ns^ 10/1P/77 Fwn n.onn 1 1 n . ^ o 1 1 ft Mft .'•V .ft 4?
1 064 10/1?/77 Fwn psn o . n o' • 1 11 . 140 - • 4 '4 . ?S7

1066 10/1?/77 F "’H ?ft^ o.nno 7*- . ^ ‘J 7 m. 7 W • .wu?
I 067 10/1?/77 Fwn ?ft 7 o.non * 7 . M '7.1- • '4.J .ftPM
1 06« 10/1?/77 F wn ?69 n.non 1 - * . M i n mw 1 .s 1 . 700
1069 10/1?/77 fwp. ?4<i n.noo 1 M ^ 1 <• 7 . w* ?.M .ft41
1070 10/11/77 Fwn ?^U n.onn >■ 7 . ) 7 9 . 4 v P. 7t .97?

1071 10/1P/77 f wn n.onn ' 7 . ft ^ 7 » . 70 4 . * y 1 . 1 PS
1 07? 10/1P/77 F wn n.non ‘ • 0 . w •* *4.97 ft . 4 *- 1 ,?7 7
1071 10/1P/77 Fwn ?°? n . n n o > 1 . ft 1 '•<7.90 ft.'>4 1 . '4*,^
1074 10/1 P/77 Fwn n.ono ft . u n aft. 40 * . n ^ 1.494
1 07S 10/1P/77 F wn A. n . n n n *. ft #•, fty.nft - . 9-y 1 . ftn4

1076 10/11/77 Fwn 6M } .Of' 0 -7.7.. -7.0a • 4ft 4 . ftft ?
1077 10/n/77 Fwn S4 1 .noo - . I1- . 1 1 . 9ftft
1 0 7ft 10/13/77 F wn S6 1 .non - . - . ft- . 1 w 1.499
1079 10/17/77 Fwn S'* ] .non -1 Mft -1 Mm . U P. 1 7 7
]OftO 10/17/77 F wn tc, 1 .non - 1 . Wft -1.77 .M ft . 7M9

lOftl 10/17/77 F wn l.oon M . i 7.00 0
10ft? 10/17/77 rwr- ^ r\ 1 . o n o - 4 . ft n -a.M • Pft 7.7S0

1 Oft 1 10/17/77 Fwn frO 1 . nno - |t . . 3 9 7^, . 4m 4.7 1 u

1 Oft4 10/17/77 Fwn 7? 1 .non -7. ft'4 -A . M 7 . ‘4-3 ft . ftft ft
) OftS 10/17/77 Fwn ft T 1 .non -} .ft- -1.4ft . 1 ^ ? . ftftft

1 0P6 10/13/77 Fwn 1 . on n - . ftft - . ft 7 . 1 1 1 . 7? 7
1 0ft7 10/13/77 Fwn ft ■> 1.000 - . Mft - . ?n . 1 - 1. ft ft n
1 Oft« 10/17/77 Fwn ftK 1 .non -1 Ml -1 M4 . 1 ft ^ . ft '> 1
1 0ft9 10/17/77 Fwr ftft 1 .non -? . 09 . 1 - P.ftS*'
1 090 10/17/77 Fwn ft*. 1 .non - ^ . 1 ? . ?n . Pn 7.1 ft ft

II Forward Flow Tests

vij/ai m AlN/MU NORMAt I 7FD H/*LN? H/NU2 B/ALN2

PAGE— 5

B/NU2 DENSITY

*77 1.1?1 .AO?

H HYTP0*P

.497 .664 .70<3 .564 .<>47 .754

UPSTRM

50.187
M7? 1 .?S7 .796 .404 .683 .532 .337 .009 .570 58.086
Q?u 1.313 .76? • 3H4 • 7b? .446 .250 .073 .507 57.958
J7? 1 . Af,* .771 .33? .796 .351 .100 .043 .450 57.824
0 1 o 1 . . 1 3 . 70 A .?79 .849 .260 .134 .817 .409 57.663

1P4 1 . 7S6 .777 .360 1.046 .291 .158 .828 .450 57.306
99ft 1.44? .693 .173 .776 .174 .083 .779 .374 57.195
907 1.7ftft .743 .360 .050 .371 .205 .855 .472 56.644
997 1 . ?4G .AOl .532 .003 .536 .343 .898 .576 56.319
00* 1 . 1 P* . AAA .703 .930 .709 .559 .939 .740 56.129

<J9? .97? 1 .(VO .005 .050 .900 .966 56.022
G9n . ftftft 1.100 1.027 .030 1.043 .953 55.991
GOT . 709 1.410 1.000 .01 7 1.005 .929 56.022
99? .Sift 1.065 1.120 .075 1.147 .889 56.066
99*-. .?Sft ’.031 1.336 .705 1.350 .803 56.142

7 7P MP7 ’ .650 .77? • 484 1.296 .813 56.402
77 1 # ftAS 1.450 .644 • S40 1.003 .908 56.402
9 9 4 . 70ft 1.420 1.00? .916 1.095 .926 56.338
99? .847 1 .\01 1.030 .934 1.045 .947 56.243
99? # 9«0 1.020 .007 .96? .002 .978 56.005

9 9 "4 1 .MP . Aft 3 .603 .92? .703 .548 .934 .729 55.785
99*- 1 . P 4 1 .AOS .525 .904 .530 .343 .912 .591 55.309
9 9 ft 1.17? * 7?9 .225 .806 .227 .120 .813 .432 54.951
n*.*-: 1.19 1 .7)8 .27 7 .920 .244 .126 .811 .418 54.460
166 1 . is? .739 . 306 1.094 .200 .158 .818 .447 54.242

ft 9 7 9 . ft ? 0 #]f)tl-?Q#4?ft-31.Q120***4** -1.34?******* -1.456 .149
no i -.001 -1.390 -4.433******* -1.43?******* -4.569 .144
0 0 0 €•*■«■&** * -2.351 .122
OH7 ?ft.SS* .041 -6..3OS-1 1.4 36******* -1.381*0***** -2.505 .121
ftft7 11.90ft .0ft4 -9.191-14.672******* -l.?53******* -2.000 .123

ft? ft M . 1 7 3 .076-11.623-16.24]******* -1•?80******* -1.804 .117
P?H 1 ft.47? .061-19.966-27.337******* *1.419******* -1.944 .13?
2*7 1 ft.1 WO .06P-?7.246-31.942******* *1.461******* -1.713 .132
#-0 9 7 . ft 4 ft . 131-P7.379-2A.120-74.048 -1.P67-76.051 -1.301 .159
4M ft. ??3 .Ml -6.374-11.710-44.993 -1.162-62.918 -1.625 .115

931 ft ? , Sft 7 .0?4 -?.708 -6.611******* -1.639******* -3.756 .119
H30 8S.?07 .018 -4.071 -6.882******* -1 .614******* -2.559 .11«
1 14 PI .141 .047 -8.426-11.336******* -1.462******* -1.967 .123
PP1 1P.94A .077-11.16? -6.124******* -1•369******* -.751 .124
??n l ft , ftft 0 .OftQ-l4.494-16.146******* -j .427******* -1.589 .123
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siimmapy Tahif Phase II Forward Flow Tests
rF/FPBi two pha<;f PUMP 1FTFAHV STATF TFATS PAGE— 6

TFST nftTF TYP odp<; np OP np Nl 1 ACM NU/AL^ iLN/NH NORMAL. 17FD H/ALN? H/NU2 H/ALN2 B/NU2 DENSITY
p«;r rt FPAC (in <FF) (TA-ms) H HYTPOtB UPSTRM

1 nsi 10/1T/7T Fun 1 .000 -4 . SO — 7 . k m .? i 1.SM4 . ??n 10.734 .060-20.4HP-20.903******* -1.509******* -1.540 .127
109? in/13/77 Fwn 1.000 -4 . ‘JS -4.?'! . ? 4 3.0SO .??i 17.4^7 .0S7-22.66S-20.445******* -1.522******* -1.373 .125
in<n 10/13/77 Fwn CQ 1 .ooo -S. 74 -4.91 4 * 3S4 .c'c'? 7.SI 0 . 1 ?*>-?5.2PS-21 .603-03.068 -1.328-70.972 -1.134 .130
109S 10/13/77 Fwn ^■4 ] .noo -.i^ . Icf 1 .S03 .S^-? ?.7?1 .367 -1.266 -S.589 -4.1S6 -.560-18.341 -2.473 .121
inss 10/13/77 Fwn FA 1 .noo -1 .PF -1.01 • 1 n ? , S 7 0 . SS 1 4.SS? .?1S -5.917 -7.252-19.463 -.895-23.854 -1.098 .120

1097 10/13/77 Fun ss ] .000 -1 .S3 -1 .SA . 1 v 3.029 • SS 2 S.493 .182 -9.061-14.285-29.788 -.987-46.964 -1.557 .122
109H 10/13/77 pun A A ] .non -2.66 -?.?3 t?l 3.409 .SSI S . 1 k 3 .162-11.858-13.615-39.004 -1.020-44.783 -1.171 .123
1 099 10/13/77 Fun sn 1 .ooo -3.6) - , 1 P . ?4 3.7SA . A A ? 6.P30 .146-15.746-17.580-51.740 -1.109-57.767 -1.238 .131
non 10/13/77 Fwn SO ] .non — 6 . 4 — 4.9M . ^ 1 4.APS . APS S.44A .184-24.536-20.043-31.265 -1.053-25.540 -.860 .131
no? 10/13/77 pwn A 4 1 .ooo -i .n - . *>s . P«) 2.993 .990 3.000 .333 -5.328 -1.852 -5.352 -.595 -1.861 -.207 .119

1112 10/16/77 FWP 9 A 1 .2SA 3 A . M A S . 0 4* 1.077 1 .007 1 • osq * 93S .376 .722 .371 .324 .711 .622 34.863
1113 10/18/77 F wn 93S .219 ^S . ^>7 at-.. 4 n A. 24 1 .OS 3 1 . 0 0 H 1 • 0 4 S • 9S 7 • S59 .730 .551 .505 .719 .659 37.051
1114 10/18/77 Fwn QAM .203 4 It. 21 Af. .A* S . M4 1 . 04S 1.007 1 ,03k .964 .610 .770 .602 .559 .759 .705 37.651
1115 10/18/77 f vn 9AA -1«7 4S.A7 S4 . A? S # 0 / 1 .033 1 .00? 1 .031 .970 .694 .901 .691 .650 .897 .844 38.344
1116 10/16/77 Fwn 9 A ] .Ik? 44.9] A 4.4 W 1 ) 1.0 36 1.001 1 .03s .966 .669 .878 .668 .623 .876 .817 38.370

1118 10/20/77 F vn 4 A 1 .non -2.si - ?. 10 • 2 A 4.70s 1 .6?A 2.PQ6 .145-15.304 -4.956 -5.796 -.691 -1.877 -.224 .098
1 1 19 1/20/77 F vn so 1 .000 1 - 7. ^ . 4.H2S 1 .*2A 2 • 9SO .337-15.825 -5.431 -5.991 -.680 -2.056 -.233 .109
1120 10/20/77 F vn S] 1,000 -4.0 M -3.56 . 2 ^ 4 . 79k 1.1 ss 4.1S? .241-21.089-■13.069-■15.798 -.916 -9.790 -.568 .111
1121 10/20/77 Fun 4 Q l.oon - . 34 -.I? . 1 ** 2.343 1 . 1S4 2.0 3 1 .4Q2 -1.782 3.375 -1.339 -.325 2.535 .615 .109
1122 10/20/77 rwn 4P? # QW 9 1 .SA ) . 7“ • 1 s .91 7 • 997 .920 1.067 .565 1 .211 .869 1.219 1.572

1123 10/20/77 FWO 4 a 2 . QO P 14 • 1 S . MM 4 . 4 O P 1.772 .A64 -.124 .107 -.499 -.159 .429 .137 1.652
1124 10/20/77 Fwn 403 . OQO -1 .‘-3 .2n 1.130 . 34Q 3.24? . 30P -.682 -.412 -5.611 -.533 -3.391 -.322 1.536
1125 10/20/77 F wn 4k 3 .°9l -1 . -M 1 . 2?9 .34k 3.S27 . ?P4 -.689 -.371 -7.323 -.589 -3.051 -.245 1.501
1126 10/20/77 F vn 4 k 4 .991 -2.3m -2.00 1.219 .330 3.SQ4 .271 -.903 -.491 -8.288 -.607 -4.508 -.330 1.508
1133 10/21/77 F vn ?si 0.000 - 7 . s ? -4.7A .am . 4 2 H . 1 MS 2.300 • 4 3S -.071 -.049 -2.058 -.389 -1.420 -.268 61.237

1 1 34 10/21/77 Fwn 300 0.000 — A (1.4 S -SA . M, 7 2.4 7 . MS 3 . 1 9? 4 . S04 .222 -.565 -.709- 15.389 -.758-19.295 -.951 61.110
1135 10/21/77 Fwn 266 n. ooo 4 0.40 Sk . Q 1 7.14 1.49S 1 . 0M4 l . ?7k .725 .379 .971 .323 .170 .826 .435 60.864
1136 10/21/77 Fwn 21 1 . 1 00 ?4.?s 2 ? . 1 s -1.37 - , 009 .AOS -.023-44.?74 .270 .135 1.642 .823 51.319
1137 10/21/77 Fun 1 7) n . n 0 0 -2S.AO — 1 9 . S 4 2.^? . M99 .409 2.200 .455 -.263 -.028 -1.578 -.326 -.168 -.035 57.504
1138 10/21/77 Fwn 47) . 0 4 1 ?A. OA 2 1 , 9 A -1.17 nno .40S -.021-47.373 .283 .143 1.718 .865 50.515

1139 10/21/77 Fwn 4 ? A o.non - M . m 1 -k 3.kS ?. 3m . 949 .410 2.3 1 S .432 -.346 -.072 -2.062 -.385 -.430 -.080 52.515
1140 10/21/77 FWP 9] 4 n.ono ?2.24 r'k . ?p -1 . w .01 ? , 40S .031 31.794 .265 . 149 1.613 .904 47.874
1141 10/21/77 fwo 91 7 n.ono -29.04 -??. s'} ?. V . 9H4 .409 2.4 0 A .416 -.348 -.099 -2.081 -.360 -.591 -.102 47.615
1145 10/22/77 F vn MMQ o.ooo — ? S . A A -?3.as ?.3 1 .979 .409 ?. 39^ .417 -.317 -.082 -1.895 -.330 -.493 -.086 47.893
1146 10/22/77 Fun MS'} o.non 39.1S s s . S 4 A.s-y 1 .SOI 1 • 1 S4 1.290 .775 .471 1.167 .348 .209 .861 .518 47.515

1147 10/22/77 Fwn kss 0.000 -7 . 7S s . 4 0 3.72 1.272 . 794 1 .*03 • * 2 4 -.093 .459 -.147 -.057 .729 .284 47.742
1148 10/22/77 FWP k?k 0.000 -S . sQ -4.47 .* i .49? • 2? 1 2 . ??S .449 -.080 .013 -1.637 -.331 .262 .053 47.851
1149 10/22/77 Fwn MB 9 0.000 - 3.9 M -3.90 .49 .430 • 1 kS 2.30* .434 -.048 .009 -1.370 -.258 .247 .046 47.824
1151 10/22/77 Fwn 9 1 4 n.noo -14.AS -P.3 1 2.2') *941 .471 1 ,99k .SOI -.178 .064 -.801 -.201 .288 .072 47.724
1152 10/22/77 Fwn M7A n.onn ?7.?1 3M. 73 3.? i 1 .?09 .903 1.33» .747 .326 .736 .399 .223 .902 .504 47.755
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SUMMARY TARLF Phase II Forward Flow Tests
fF/FPOI JWD PhA^F Pump CiTFAnv ^ T A T F T^-FTS PAGE— 7

TF^T D4TF JYP DPFC vnm np np np Nt) ALN MII/4LN ALN/KJU NORMAL I ZED H/ALN2 H/NU2 B/ALN2 B/NU2 DENSITY
OFT A FPAC <u > (FF) ( TS-MS) H HYTRQ.B UPSTRM

1153 1n/??/77 Fwn P4] n.noo ?P.M 44.3Q 4.Ml 1.44] 1.070 1.347 .743 .354 • 99B .309 .171 .871 .480 47.746
10/2P/77 Fwn 1 1^1 n. non FQ. O? 7 7.4 F ?• 30 • pgF # PQP .<706 1.004 • 85B .994 • R59 .995 45.985

n ^ 10/??/77 Fwn Q4P n.noo SAi . A>S FI .S7 3. Fn . F ?4 1 .OOP .610 1.617 .694 .762 .682 .748 46.620
10/?F/77 fwo IF? o.ooo — ? F . 4 4 - 1 p . 7 0 ?.4F .fipg .40* ?.106 .456 -.263 -.052 -1.602 -.332 -.320 -.066 57.537

11F5 l(1/;?S/77 fwp 340 0.000 -F . 30 -4.og • FF .431 . 1 fiF ? . 31 1 .433 -.060 -.023 -1.717 -.322 -.662 -.124 60.241

1166 10/26/77 FWP 31 fi n.non -13.*F F . F F ? , 4 (J . fiF 7 .4F? 1.913 .623 -.129 .093 -.628 -.172 .455 .124 60.503
1167 10/26/77 fwo ?FU n.ono 34 . PO F 7.1 ? 7 . ?F USlfi 1 . OfiF 1.398 .715 .330 .958 .280 .143 .813 .416 60.430
1 168 10/26/77 Fwn 4 30 . n 3R S.F* 4.FF -.4-) nnq .IP? -.049-20 .617 .062 .014 1.690 .380 50.885
1169 10/26/77 Fwn 4Sn n.noo -FW.7* — F 4.3 Q P.P'J • 1 p° 4.696 .213 -.749 -.625- 18.884 -.856-15 .761 -.715 52.427
1170 10/26/77 FWP *04 n.noo 17.?^ 1 Q.?7 .F? . S(iF . 4QC 1.0J4 .986 .207 .242 .832 .809 .975 .948 47.660

1171 10/25/77 FV r» QP* n.noo -17.04 -10.3* 2.3., . PP 3 .SO? 1.979 .606 -.205 .053 -.813 -.208 .212 .054 47.574
1172 10/26/77 Fwn RS* n.noo wS.R3 P] .SI ■3.64 1 .S31 1 . 1PF 1.280 .781 .551 1.222 .385 .235 .854 .521 47.551
1173 10/26/77 Fun pi p .043 3?.41 ?P • F? -1.36 -.OOF . 4PF -.011-■88.645 .405 .193 1.647 .785 45.804
1178 10/26/77 Fwn 1 n?F o.nno Fp. 70 7F.F3 ?.31 1. oos , PP* 1 .007 .993 .861 .929 .864 .853 .933 .921 46.262
1179 10/26/77 pgn q»4 n.noo FS .33 7 fi * FF 2.92 • F7 7 1 .OOP .671 1.491 .806 .584 .792 .574 46.318

1186 10/27/77 fwo 29] n * nno — 7 . fi 4 1 •*
- X • 74 .431 .186 ? . 31F .43? -.073 -.009 -2.119 -.395 -.256 -.048 61.125

1187 10/27/77 pwn 272 n .non -]p.nq -n ?.si • AFS .416 ?.OSF .456 -.179 .030 -1.033 -.244 .171 .041 61.087
1188 10/27/77 Fwn 264 n.ono 1 c. w n 3P.?7 F.flO 1.47F 1.018 1.454 .Fflfl .184 .824 .179 .085 .800 .378 60.879
1189 10/27/77 pwn 28 3 n.non -F . 4 S - s . 0 • HU .443 . 186 ?.3fifi .419 -.080 -.017 -2.314 -.406 -.488 -.086 60.643
1190 10/27/77 Fwn 263 n.noo • 34 p • 1 F 3. H* . P7F .6)3 1 .SQ? .F?fi .003 .296 .009 .003 .785 .310 60.643

1191 10/27/77 Fwn 30S o.nno -FO #?4 -47.AP 4.P-, 1.106 • 4 1 F ? . F59 . 37F -.568 -.271 -3.291 -.465 -1.567 -.222 60.555
119? 10/27/77 Fwn ?hs n.ono -?F.71 -13*1? S.4? 1 .?FQ , Ffi ? 1.567 • 6 39 -.253 .189 -.541 -.157 .405 .118 60.423
1193 10/27/77 F wn ? F 4 n .non P .OF ?9 * 7 0 F.PJ 1.43F .96 7 l.son • 6FF .086 .690 .094 .042 .754 .335 60.183
1194 1n/27/77 FWO ?Ffl 0.000 -?F.7F -1P.F3 ?. ? 7 • 60F .33? ? . 4?F .41? -.254 -.076 -2.303 -.391 -.685 -.116 60.205
1 197 10/27/77 F*n 17? n.onn -?F.P4 -IP.HO ? .FF .697 • 409 ? . 1 93 .456 -.268 -.017 -1.602 -.333 -.102 -.021 57.445

1 1 PP 10/P7/77 Fwn 417 n.ono —?ft.63 - 1 P . 6 0 ?.Sn . P4H .87? 2. 194 . 456 -.313 -.038 -1.675 -.348 -.204 -.042 52.715
l?n 3 10/?6/77 F wn fifl6 o.non -9.74 -F.A7 .74 • Sift .209 2.479 .403 -.116 -.031 -2.664 -.434 -.699 -.114 47.778
1 ?0 4 10/P6/77 Fwn PI P o .nno -wfi . ftS -36.77 1 .98 . »F4 .24? 3.SF4 .281 -.489 -.326 -8.322 -.655 -5.551 -.437 47.765
1 ?os 10/26/77 Fwn ft fi F n. o n n -3q# 3 H -30.45 3.12 1.113 .488 2.279 .439 -.471 -.100 -1.974 -.380 -.418 -.080 47.824
1?0F 10/26/77 Fwn 6 F ? n.onn -7 . HH 4 . H 4 4.?1 1 . .30F .816 1 .F01 .624 -.094 .466 -.142 -.055 .700 .273 47.819

1207 10/28/77 Fwn 63F n .non ? *♦ . T-1 S 61.23 6.4? 1.479 1.06ft 1 . 360 .735 .295 .997 .249 .135 .84? .456 47.806
1208 10/28/77 Fwn ft ?F n .non <7 ,H6 6H.6F F.n? 1.64 9 1.203 1.287 .777 .449 1.214 .310 .187 .838 .506 47.801
1210 10/28/77 Fwn 1 024 O.nno /V.SP FP.H? 2.24 * 9ft 4 . 999 .985 1.016 .886 .993 .888 .995 46.803
1 21 1 10/28/77 rwn i n?? o.nno F . f 9 7F . 9Q ?.F? . F64 . 994 .688 1.453 .827 .870 .837 .881 46.079
1213 10/28/77 Fwo ?4 n o.nno 1 4 . HF ?fi . 6 7 7q 1.669 . 9F4 1.513 .661 .139 .715 .150 .065 .769 .336 60.968

1214 10/28/77 Fwn 249 n.non -1.73 1 n ,FA 8.27 1.367 . 6 * F 1.62" .617 -.016 .705 -.022 -.008 .962 .367 60.827
1215 10/28/77 F wn ?S9 n.000 -19.69 - ft . FS 7.10 1.306 • 7?f 1.800 .856 -.184 .345 -.349 -.108 .654 .20? 60.753
1216 10/28/77 FWO 270 o.ooo -79.H? - 30 . *ft 2.56 1.213 * SF 6 2.145 .466 -.375 -.011 -1.173 -.255 -.036 -.008 60.680
1217 10/28/77 Fwn 2«0 0.000 -3(1.03 -23.71 8.4? 1 . l?l . S ? F 2.13] .469 -.283 .002 -1.023 -.225 .008 .002 60.606
1218 10/28/77 Fwn ? Q 4 n.noo -13.90 IS 1.92 1.04? . S4 9 1 .899 .827 -.131 .156 -.435 -.121 .518 .144 60.555
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summary tarlf Phase II Forward Flow Tests
CF/EPR! two phase pump stfahv statf tfsts PAGE— 8

TFST DATE TYP POPS vorn OP OP np Nil AL^i Nil/ALN ALN/NU NORMALIZED H/ALN2 H/NU2 B/ALN2 B/NU2 DENSITY
PS T A FD AC (it ) IFF) (TS-MS) H HYTPQ*B UPSTRM

1?1<> 10/28/77 FWO 234 n.noo R.4R 1 .84 .912 .578 1.583 .832 .044 .249 .132 .053 .751 .300 60.533
1??0 10/28/77 FWO 241 o.nno 14. 18.97 1.27 .79? .575 1.378 .726 .134 .293 .407 .214 .887 .468 60.533

1 ?21 10/28/77 FWO 3*0 n.onn 13.7ft 18.30 .87 .883 .503 1.319 .758 .130 .238 .515 .296 .941 .541 60.533
12?? 10/28/77 FWO ?*? n.onn 28.78 .47 • 4SS .504 .904 1.106 .250 .254 .984 1.001 60.533
1?31 10/31/77 FWO 278 n.non -<4.34 -7.14 1.02 .S58 .287 1.948 .514 -.059 .029 -.719 -.190 .350 .093 61.162

123? 10/31/77 Fwn 281 n.non 8.49 13.8? 1.9S .811 .SSft 1.481 .884 .079 .249 .258 .121 .808 .379 61.125

1233 10/13/77 fwo 250 n.non 4.40 11.71 2.7) .989 1.559 .641 .041 .274 .107 .044 .708 .291 61.087

1234 10/31/77 fwd ?9R n.ono -20.87 -9.51 7.83 1.124 .SOP 1.875 .533 -.194 .135 -.540 -.153 .376 .107 60.938
123S 10/31/77 fwh 285 n.noo -7).34 -17.84 4.4? 1.257 1.9?5 .520 -.294 .094 -.690 -.186 .221 .060 60.827

1238 10/31/77 Fwn 270 n.ono -3.78 12.47 8.28 1.780 .ftftft 1 .808 .82? -.036 .495 -.048 -.019 .672 .260 60.697

1245 11/ 2/77 FWO 29? n.non *7.74 1 .no . Sft9 .SOI .945 1.059 .340 .348 .971 .995 61.237
1246 11/ 2/77 Fwn 278 o.nno 1 s.wft ?n .94 1 . ft 4 .ftO? .S9? 1.358 .738 .149 .310 .426 .232 .887 .482 61.162
1247 11/ 2/77 fwo 288 n.ono ft . 4/> ift.pft ?.ftH .97? .*4? 1.515 .660 .079 .326 .191 .083 .791 .345 61.125

1248 11/ 2/77 FWO 317 n. nnn -7.4S 1 .ftft ft.4ft 1 • 1 ?4 .ftft? 1.724 .580 -.071 .594 -.166 -.056 1.398 .470 60.998
1249 11/ 2/77 Fwn 30? n.ono -?p.3n -14.*7 4 . • 6S4 1.895 .5?8 -.275 .156 -.624 -.174 .355 .099 60.901

1250 11/ 2/77 Fwn ?P7 n.onn -4 .ft? 1 1 .sft 8 . fl4 1.377 .847 I .820 .817 -.042 .981 -.059 -.023 1.367 .521 60.753
1251 11/ 2/77 Fwn 170 . nftft i ft.ftft 1ft.ftft -1 . T-i -.013 .77) -.039- 25.511 .172 .002 1.569 .019 55.243

1252 11/ 2/77 fwo 1 ftO n.ono -ftft.^4 -31 .no 1 .97 .90 7 . 340 2.589 .386 -.371 -.093 -3.050 -.455 -.766 -.114 56.980
1254 11/ 3/77 Fwn 4 ft 7 n .nno -fc7.3n - ft 1 . W 4 1.73 .918 .191 4.788 .209 -.731 -.617-19.967 -.871- 16.842 -.735 52.615
1258 11 / 3/77 Fwn Q?ft n. non -ft?.?0 — ? 4 . ? ? R.?5 1.099 .490 2.24? .446 -.386 -.057 -1.606 -.319 -.239 -.048 47.651

1259 11/ 3/77 Fwn Q4 i n .non 14 -17.11 1 . 7 1 .940 .41 ) 2.284 .438 -.265 -.050 -1.566 -.300 -.296 -.057 47.710

1260 11/ 3/77 Fwn Qftft n.ono -l?.n* -M.ftH .ftlQ .288 2.798 .417 -.144 -.029 -2.160 -.377 -.441

£0•1 47.829

1263 11/ 7/77 Fwn rtftp o.nno ft, -? ,4ft 1 • ?H4 .748 1.716 .583 -.182 .34? - . 325 -.110 .610 .207 47.948
1 264 11/ 3/77 pwn HQ? n .non 1 n. 1 h ?4.4H 3.ftft 1.430 .96<9 1 .481 .675 .122 .769 .131 .060 .825 .376 47.574

1265 11/ 3/77 Fwn Hft7 n.noo 40.1* fth . OQ 4.4ft 1 .ftftft 1.194 1.311 .763 .480 1 .23? .337 .196 .864 .502 47.751

1266 11/ 3/77 Fvn 1140 n.non -7Q.ft 3 -7?.n? 1 . 35 .8 35 -.001 ««#•»»»« -.001 -1.007 -•93B***»*+* -1.446******* -1.342 45.183

1267 11/ 3/77 Fwn 1 0?? .013 -.SA -.ftn .0? -,003 -.001 2.311 .433 -.007 45.645
1274 11/ 4/77 Fwn ?4 0 o.non — 1 7*33 —13,90 1 .0? .553 .185 2.983 .335 -.16? -.229 -4.698 -.528 -6.668 -.749 61.275

1275 11/ 4/77 Fwn 2 ? 7 n.non -?ft.?1 -19.10 1.90 .79ft 2.467 .407 -.235 -.146 -2.240 -.371 -1.389 -.230 61.237
1276 11/ 4/77 Fwn ?H4 o .non -H3.ftH - 73,4ft 2.73 .974 .211 4.611 .217 -.78? -1.647-17.504 -.823-36.871 -1.734 61.087

1 277 11/ 4/77 Fwn ?ftft n .nno —ftp.07 -4ft.73 3.S<* 1.1?9 ,440 2.665 .390 -.544 -.631 -2.805 -.426 -3.257 -.495 61.013

1278 11/ 4/77 Fwn ?4ft n.noo -?9.4 ? -13.71 4.ft * 1 . ?7 3 . ftH 7 1.863 .540 -.276 .661 -.586 -.171 1.400 .408 60.938

1279 11/ 4/77 Fwn ? 3 0 n.onn -H.Q3 11.7ft ft.no 1.T77 .Hft3 1.696 ,6?7 -.056 1.512 -.075 -.029 2.030 .798 60.798

1280 11/ 4/77 Fwn ?on o.nno -4 .ft7 l?.ftp ft«n ft 1 • 3Hn .HA1 1.666 .639 -.044 1.333 -.056 -.023 1.715 .700 60.835

1282 11/ 6/77 Fwn 174 n.onn 7.4 7 -?n.ft 3 ?.l 1 .90S .407 2.224 .450 -.274 -.108 -1.658 -.335 -.651 -.132 57.234

1284 11/ 5/77 Fwn 44 1 n.ono - ? 7.3 3 -19.*ft 1 .91 .937 .4]4 ?.?ftft .44? -.298 -.046 -1.741 -.339 -.266 -.052 52.405

1296 11/ 7/77 Fwn 224 n.onn - 7 . ft S -4.93 1 .04 . ftS9 .270 ?.074 .482 -.071 .007 -.979 -.228 .102 .024 61.425

1?°7 11/ 7/77 Fwn 21 » n .non -?3.1 ** -17.ft0 1 .94 .790 .3?8 ?.4n .415 -.215 -.068 -2.006 -.345 -.635 -.109 61.387

1298 11/ 7/77 fwd ?6ft n.non — ft ? . 9 1 • <*4 . 34 ?.«1 .97ft .331 ? , 94ft .340 -.493 -.274 -4.495 -.518 -2.496 -.288 61.335

1299 1 1/ 7/77 Fwn 255 n.onn -ftf>.n4 -47.OS 3.47 1 • 1 1 A .429 ?.ftOP .38 3 -.523 -.240 -2.843 -.418 -1.307 -.192 61.275



4-47

Sijmmapy tarlf Phase II Forward Flow Tests

rr/FPPI TWO PH ASP PUMP c;TFAnv STATf- TFST^ PAGE— 9

tf«;t OATF T vp PRFC,
p«;Ta

VOTO
FPAC

OP
(LI )

np
(FF)

OP NU M.N NU/AL M ALN/NU NORMAL 17ED
H HYTPOtB

H/ALN2 H/NU2 B/ALN2 B/NU2 DENSITY
UPSTRM

13nn 11/ 7/77 Fvn ?34 ft .ftftft -M.13 -17.14 4.M l.?S6 l.Rflft .530 -.291 .230 -.656 -.184 .518 .146 61.200
1301 11/ 7/77 FWO Pi* ft.ftftft -6.W1 13.19 9.Ill 1.379 • rt7S 1.S7S .035 -.064 1.175 -.083 -.033 1.533 .618 61.095
130? 11/ ft/77 FWO po? ft.ftftft -14.9P -11,9ft .PS .S34 • IBS ?. rtft4 .347 -.140 -6.200 -4.082 -.491*****»*--21.735 61.207
1 303 11/ B/77 FWO 31 o 0. ft Oft -*7.34 -3*.4* 3 . SH 1.1/4 .4f*9 P.397 .417 -.443-10.053 -2.015 -.351-45.7?7 -7.961 61.080
no4 11/ 0/77 FviO Ift^l ft.ftftft -s7#c,»o 1 .“3 .073 • ?04 4.27P .?34 -.620 -.B78-15.059 -.824-21.046 -1.151 56.948

1307 1 1 / fl/77 Fwn 4 1 4 ft « ftft ft -72.00 — S4.S ® 1 .4 1 • 933 .206 4.519 .221 -.791 -.680-18.554 -.908-15.958 -.781 52.726
1311 11/ 9/77 Fwn ft47 ft.ftftft -) 1 -2.43 .« J .267 2.351 .425 -.134 -.034 -1.868 -.338 -.473 -.086 48.272
1313 11/ 9/77 Fvn H*7 ft . ftftft -Sd.7« 1 ,6g . 9ft 1 .18° 4.754 .210 -.667 -.530-18.590 -.822-14.762 -.653 48.431
1314 11/ 9/77 Fwn Pfcft ft.ftftft -P3.31 - 1 #4 . ? ft 2.40 1,09H .54 1 2.031 .492 -.277 .034 -.946 -.229 .117 .028 48.156
1315 11/ 9/77 Fwn RR? ft.ftftft - S . ft 7 p.i i 3.IS 1 .PRO .701 1 .651 .606 -.060 .396 -.099 -.036 .650 .238 48.012

1316 11/ 9/77 Fwn RR3 n.ftftft 1 S.4? 30.0? 3 . l .43? . 92R 1 .449 .*90 .184 .794 .189 .090 .813 .387 47.810
1317 11/ 9/77 Fwn M?Q n.noo 4^.04 .c.4 4.4<* 1 . SS9 1.121 1.320 .758 .515 1.201 .369 .212 .861 .494 47.733
1318 11/ 9/77 f vn QflS ft . ft n 0 41.47 A.?6* 1.120 1 .ftftft 1.181 .847 .509 .886 .510 .366 .887 .636 46.512
1319 11/ 9/77 Fwn QdS ft, noo 6 4.14 • 7?3 .99C, .726 1.377 .542 .717 .548 .724 46.529
1 326 11/10/77 FV4D 3?? ft.non -1K.M4 -M. /S 1 •O.'J • SS? .1RF 2.977 . 338 -.148 -.052 -4.290 -.484 -1.509

0
 

r-fO
*•1 61.350

1327 11/10/77 Fwn 3ftA ft.ftftft — ? 4.1 9 - ) M .*? 1 .96 .791 . 2.4?] .411 -.225 -.062 -2.127 -.360 -.583 -.099 61.350
1328 11/10/77 fwo ?AQ ft.ftftft * • P.Pri .970 .Sft] 1 .615 .619 -.002 .256 -.007 -.003 .709 .272 61.290
1329 11/10/77 Fvn ?QA ft.ftftft . 4S 37.79 3.71 1.130 .8]S 1 . 384 .7?? .247 .581 .371 .193 .871 .454 61.200
1330 11/10/77 Fwn ?*P ft , ftftft 7.3* ?1 .45 4.49 1 .259 .217 1.540 .649 .069 .505 .103 .043 .755 .318 60.953
1331 11/10/77 Fvn ?M7 0 . ftft n /. 72 1 W , 99 6.16 1.38? ,28ft 1 .571 .637 .026 .559 .034 .014 .722 .293 60.672

1333 11/10/77 f wn 177 ft . ft 0 ft -87.9S -?<■• . 7 3 ?.? i .914 .4)5 2.201 • 424 -.279 -.024 -1.615 -.334 -.140 -.029 57.307
1335 1 1/10/77 Fwn 4 ? ft 0 . ft ftft - / ] .8.9 -99.]7 ?.ft 3 .94? .208 4.53? • ??1 -.779 -.656-18.040 -.878-15.201 -.740 52.731
1340 11/10/77 Fwn 983 ft .non ?] .98 ?3.8* *2? .487 .530 .919 1.022 .261 .310 .931 1.105 47.456
134 1 11/10/77 Fwn 8*8 ft . ft ft ft 37.48 8.8 . O? 4.7w 1 .2** 1 . 190 1.707 • 7*S .451 1.233 .314 .184 .859 .503 47.492
134? 11/10/77 Fwn 808 ft . ftftft m, 9ft ?* . P 1 3.79 1.444 .900 1.458 .*8* .188 .818 .192 .090 .835 .393 47.375

134 3 11/10/77 pwn 9ft* ft # 0 ft ft -1P.73 -?.14 ?.?J l.?97 .7*7 1 .S90 • 29? -.153 .386 -.260 -.091 .656 .230 47.474
1 344 11/10/77 pwn 9?n ft .ftftft J 4 -3 1.4W ? . 4 9 1.117 .4*4 ?.4ft* .416 -.543 -.133 -2.517 -.435 -.617 -.107 47.547
1345 11/10/77 Pwn 941 ft .ftftft -*n. 1 «•> -S4.7* 1 •** . 9?3 . 12ft 4.8*4 • ?06 -.723 -.551-20.101 -.850-15.314 -.647 47.542
1346 11/10/77 FWO 9ft? ft .ftftft -?4 . -PO.S7 .8 8 • S* 1 • 18* 3.247 .?8? -.293 -.163 -8.415 -.669 -4*676 -.372 47.547
1349 11/11/77 FWO 1ft 1 9 ft. nnn 7 3 . ? 3 7 8.*? 1 H 1 .00* . 098 r.oPR .99? .894 1.003 .897 .884 1,007 .992 46.816

1 3sn 11/11/77 FWO 1 n?7 ft . ft on ?4 , *9 .•((■.30 1 .* f .9S4 .750 1 • ?7? .786 .301 .539 .535 .331 .958 .592 46.812
1351 11/11/77 FWO 1014 o. non 32.*3 4* . S4 1 .7? .49* .754 .*S* 1.524 .478 .468 .836 .819 46.224
1358 11/14/77 FWO 24? ft. non -1 .?1 - . ? 3 .4? . 3?3 . IB* 1.74ft .575 -.011 .036 -.325 -.107 1.045 .345 61.455
1 359 11/14/77 FWO ?20 o.nno -8.8* -*.99 .8? .4*« .IBB ?.*14 . 398 -.082 -.039 -2.378 -.376 -1.124 -.178 61.425
1360 11/14/77 FWD 256 ft .000 -17.4? -14.47 1 . w .2*1 .187 3.007 .333 -.162 -.115 —4.656 -.515 -3.308 -.366 61.425

1361 11/14/77 FWO 25? o.non -?*.*8 — ? ? . 9 * 1.44 .*43 . IBP .3.4?* .292 -.248 -.183 -7.050 -.601 -5.202 -.443 61.387
1362 11/14/77 FWO 255 ft. n n ft -33.89 -?8.*7 1 .HI • 7? 3 .215 3.36* .297 -.316 -.208 -6.834 -.603 -4.512 -.398 61.387
1 363 11/14/77 FWO ?9 1 ft .non -?S.79 -19.*1 ?. 0* . 79S . 3?n ?.487 .402 -.240 -.098 -2.348 -.380 -.959 -.155 61.350
1 364 11/14/77 pwn 119 ft .non IS?.31 -10,24 1.9ft .8?2 .50? 1 .*2] .606 1.624 .099 6.445 2.363 .394 .145 57.110
1 366 11/14/77 pwn 39? ft .non 1*?.18 .04 1 .7S .847 .511 1 ,**ft .603 1.751 .164 6.715 2.438 .627 .228 52.932
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SI IMMAPY

rP/FPPI TWO PH4FF PUMP STF AHY STATF TFSTS

TFST OATF TYP prp';
PC.I A

vn t n 
FPAC

no
HI)

PP
(pn

OP
( TS-F'S)

1371 11/14/77 pwn n.non ] .3? «e>.74 1.74
137? 11/14/77 pwn RAR n.ono ?.«<s R.RR 1 .?'!
1373 11/14/77 pwn n.ono ^Q. AO 33.4^ .si
1 37S 11/14/77 pwn RP4 n.onn -.^3 .3? .37
1?7F| 11/14/77 pwn R7^ n.onn ^3.11 .S3

1377 11/14/77 pwn R4F n.onn ?n .as 1.46
137Q 11/14/77 pwn 1 0Q4 n.noo W7.4^ 1M.4? .A ^
13S0 11/14/77 pwn Qp A n.noo MR,40 03.
1 3R4 U/lft/77 pwn SRO n.onn -4.04 -3.^0
13PS 11/lS/77 pwn . RQ 1 - ) s . P A A.P -J

13flS 11/lft/77 Pwn 4M -34.34 -?n.S3 A , P 0
1 3R7 11/1S/77 p wn 4 R 1 .Ol/3 -33.14 -10.07 A
1 3RR 11/1S/77 pwn 4 P 0 .Q?h -3?.4] -?n.SA A . ^ ^
1 3RP 11/1S/77 Fwn 477 .010 -3^.17 — 1R .0 A A . 7 4
1 300 11/1 S/77 pwn P^7 . P O ] , R1 - 1 A,PA A.33

130) 11/1S/77 pwn 407 . 7R1 -^n.R4 -?m.3p A . WO
1 30? 11/1S/77 pwn 0O1 .3] 7 7 .^7 -c'4.1 7 3w
1303 3S/17/77 pwn 1 ni ? . 4 3 P _ # (1 1 -RP . 0 1 4 . R 3

1 304 11/17/77 pwn 0 A 4 ,43c' -4 A. 1 1 -WP . 1 3 7 . m f
130S 11/17/77 pwn Q4S . 4 1 M -4R.?1 -^>^.04 7.A1

1 30S 11/17/77 pwn 04<- .414 -4^.44 -31.0? 7. 7 ?
1 307 11/17/77 pv-n 777 . P 7 0 - Q . A 3 -3.SP 3.0
1401 11/1R/77 pwn PSA o.non — 1 A . M, 4 -W . A a 1
1403 11/1R/77 pwn ?70 .070 -37.61 -?7. 4.0 3
1 404 1 1/1R/77 pwn 31 ? .0 70 - "3 s . 7 n - ? R . ? 3 4.4 S

140S 11/1R/77 pwn ?P3 .OPO -37.07 -P6.QA t* .A!)
1406 11/1R/77 pwn 4?7 .QH? -37.66 - 3 0.4 A 0. ^4
1407 11/1R/77 pwn 417 .064 — A 6.4 ft -60.60 A . 7 3
140R 11/1R/77 pwn 400 .OP l - 3 ? . s 3 -P6.41 3. 3n
140Q 11/1R/77 pwn 63 3 * ftft 1 -1 7.30 -]?. 1 ? 3. n ^

1410 11/1R/77 pwn 6R3 . flOA -?n.M/ -13.67 ? • ^6
141 1 11/10/77 pwn 7 P 0 . A 1 1 -?7.h 3 .no 3.17
141? 11/10/77 pwn 70n .A?? -?7.?6 -IQ.ni 3.?V
1413 11/10/77 pwn 70° . A64 -33.06 -?A.4? 3. A 3
1414 11/10/77 pwn 7«? . A 74 ->n.77 -I3.n3 3.07

14 1 s 11/10/77 Fwn QRQ . ? A 0 - ft . 7 Fi 1 .Al A . 04
14 1 s 11/10/77 rwn 0A4 . ??6 — 7 « 6 A 3.?6 6.? 7
1417 11/10/77 Pv n Qfift . 4 7« 6.06 6.00 .Oh
1410 11/10/77 pwn QRQ .6R? 6 . M ] 6.47 .06
1410 11/10/77 pwn 0O1 .6S6 4.66 4.0] . 0 A

.p Phase II Forward Flow Tests

PAGE— 10

NU Al N NU/SI N ALN/NU NONMAL17ED h/aln? H/NU? B/ALN? B/NU?

■ 1 u

DENSITY

.006 . S76 1.S73 .S36

H HYTRQ.B

.016 .?38 .048 .019 .718 . ?90

UPSTRM

47.906
.74? .470 1 .SSO • S45 .034 .169 .149 .06? .738 .307 47.833
.634
.397

.64?

.?4?
.ORO

1 .S4?
1.011
.soo

.353
-.003

.404

.041
.857

-.047 -.017
.98?
.706 • ?6?

47.96?
47.916

. S?4 .S6n .0S3 1.040 • ?76 . ?98 .910 .984 47.934

.R?3 .631 1.305 .766 .186 .355 .468 . P75 .89? • 5P4 47.96?

.415 .006 .417 ? • 309 1 .?04 .868 1 .?13 .874 46.P49
• ?R7 1.003 • ?8S 3.403 1.051 .671 1.046 .667 46.41?
. 3?5 .IPS ? . 6 0 F . 3R4 -.046 -.018 -P.965 -.437 -1.174 -.173 SO.607
.17 0 .001 ?.loo ,4S5 -?.5B5 .051 -P.633 -.544 .05? .011 6.5P0

? • SS 3 .99P ? , 6 7 3 .380 -4.961 -.753 -5.041 -.761 -.765 -.116 3.962
?. 394 ,99? ? . 4 1 P .415 -3.717 -.456 -3.773 -.648 -.46? -.079 5.091
?.4A7 .991 ?.490 .40? -3.931 -.410 -4.007 -.646 -.418 -.067 4.714
P.415 .99? ? . 4 36 .411 -3.656 -.370 -3.718 -.627 -.376 -.063 5.028
P.179 .991 P . 1 99 .45S -?.585 .051 -2.633 -.544 .05? .011 6.520

?. 1 4 S 1 . 1 5S 1 .HS7 . s 38 -?.419 .183 -1.814 -.526 .138 .040 11.933
1 .n79 .35? 3.0S5 • 3?6 -1.190 -.8?6 -9.609 -1.023 -6.670 -.710 32.434
1.170 ,?R? 4,14ft • ?4 1 -1.587 -1.187-19.920 -1.159-14.896 -.867 27.007
1 .44 1 .817 1 . 7 A4 .567 -.944 .041 -1.415 -.455 .062 .020 27.310
1 . 40A .70? 1 . 7 7 A .563 -.918 -.005 -1.465 -.465 -.008 -.003 28.137

] . ?4? .75? 1 .ftpft .S47 -.937 -.064 -1.615 -.483 -.111 -.033 28.317
1 .nfti , aSQ 1 .594 .6?7 -.260 .P10 -.599 -.236 • 4B2 .190 21.182

, 9ftft ,499 1 . 97 H .S06 -.185 .058 -.74? -.190 .233 .059 48.291
3.3A7 , RQft 5.AP5 .178- 12.769 -7.411-35.647 -1.127-20.690 -.654 1.679
3. m .407 7.A54 .131- 1 1.773 -7.932-71.175 -1.215-47.953 -.818 1.782

3. ?4H .407 7,9p4 .125-13.041 -9.096-78.786 -1.236-54.953 -.862 1.664
3.07A ,449 A.fl57 . 146-11.663 -8.076-57.961 -1.233-40.135 -.854 1.840
3. n94 ,45c A.797 .147-11.562 -7.755-55.789 -1.208-37.418 -.810 3.236
3.139 , Aftft 4.579 .218-10.212 -6.066-21.734 -1.037-12.909 -.616 1.826
1 . 3 P 3 ,395 4,4ft9 .223 -1.417 -.791-16.312 -.809 -R.IO? -.45? 6.976

1 . 330 ,477 P.ftlO . 356 -1.118 -.411 -4.919 -.623 -1.806 -.229 10.668
1.1SS . 5?ft P , ? A 3 .442 -.805 -.196 -2.885 -.563 -.703 -.137 19.754
1 .?1H , ft ? 9 ?. 303 .434 -.81? -.199 -2.904 -.547 -.712 -.134 19.258
1 . 3?« ,5?9 P . S ] 3 . 3SH -1.063 -.402 -3.807 -.603 -1.440 -.228 17.758
1.270 .A57 1.933 .517 -.706 .016 -1.634 -.438 .036 .010 16.821

. 1 OA , 7 4 A 1 .483 .674 -.142 .326 -.256 -.116 .585 .266 35.088

. 1 0? • 74S 1.47» .676 -.123 .333 -.221 -.101 .600 .275 36.678

. ns? ,497 . 1 06 9.411 .134 .168 .543 .679 25.309
,ns4 .497 .108 9.231 .130 .163 .526 .658 22.024
,0ft4 ,49ft . 1 09 9.141 .12? .167 .491 .673 21.808
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SUMMARY TARLF

C.F/FPPT TWO PM4<;F pmmp FTranv FTATF JF^TS

TFFT flATF TYP PPFq
OFT A

vnrn
FPAC

no
(11 )

no
<FF)

HP
(TF-ms)

11/19/77 F'4/n QQ* 4 . UQ S. 1 0 . 04
1*?1 1 1/19/77 Fan 9PQ .474 4 . HA 4.17 .04
1*?? 11/19/77 F^n 9^4 . 74S 1 7.^4 IP. 7^ .10

11/19/77 Fwn QFO .44S # WM ?p . 4P -1
14?4 11/19/77 Fwn QPF • 44P ?0 , OP n -1.3m

1 4?S 11/19/77 Fwn ,4S? PW.40 P7.0A -1.74
14?6 11/19/77 Fwn QOlF .444 J7.H1 J 7.40 .00
14?7 11/19/77 Ft'D QQF-, . ATP 1 P • 1 A.7^ -.01
14?B 11/19/77 Fwn QOl .410 1 4 . QQ 17.74 . 0 0
14?9 11/19/77 Fwn i nno . A J P 1 7.74 17.PI • 04

1470 11/19/77 F>-n 477 . OOS -•14.44 -P . 0 1 ?. ^4
1431 11/19/77 Fwn 4«? .017 -/>9.?7 —10,7? ?. 7 1
143? 11/19/77 Fwn 474 -40.47 - ?<J , a o 7.1 1
1433 11/19/77 fwo 4«4 .?17 — ^ w . ] 4 -^4.74 4.9/
1 434 11/19/77 Fwn 4«Q .470 -1- A % 4 A -40.70 4.04

143S 11/19/77 Fwn 4«? . PO 7 -AO . 0 0 -47.44 ^ 7

Phase II Forward Flow Tests

PAGE— n

Ml 1 ALN Ntl/ALM ALN/NU NORMALIZED
H HYTPOtB

H/ALN2 H/NU2 B/ALN2 8/NU2 DENSITY 
UPSTRM

.070 ,40ft .0 79 1P.619 .100 .123 .402 .*96 29.033

. nsp .407 .117 8 • 539 .160 .183 .6*7 .7*0 20.966

.007 .494 .195 5.135 .56? .419 2.284 1.70* 13.479

.070 .4 OF .U1 7.in? .981 .520 3.99* 2.119 17.473
• 0 40 .494 .138 7.??4 .963 .532 3.921 2.168 17.790

.049 .496 .139 7.175 .960 .5*5 3.909 2.219 17.622

.0 64 .404 .13* 7.479 .570 .388 2.319 1.577 17.857

.0 44 .404 .170 7.697 .585 .392 2.380 1.595 18.169

. 060 .494 .1?1 8.?60 .510 .377 2.073 1.532 19.0*6

.040 .494 .1?? 8.199 .412 .3*9 1.675 1.419 19.080

. ft 1 4 . 49P 1 .6*0 .610 -.165 .103 -.666 -.2*8 .416 .155 50.710
, ft ] 4 .FO? 1 .^?6 .61F -.334 .002 -1.32* -.501 .006 .002 50.050
.747 .SOI 1.565 .679 -.470 -.111 -1.875 -.766 -.4*2 -.181 *9.3*9
, ft 7P .SOI 1 . 754 • S70 -.701 -.271 -2.798 -.910 -1.081 -.352 *0.032
. 090 .so? ?. 1*9 .461 -1.115 -.517 -4.417 -.939 -?.0*8 -.435 28.928

.807 .SOI 1.780 • S6? -.846 -.4?? -3.36* -1.062 -1.678 -.530 *0.532
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summary TABLE Phase I Reverse Flow Tests
CE/EPRI TWO PHASE PUMP STEAOY STATE TESTS PAGE— 1

TEST DATE TYP PRES
PSIA

VOID
FRAC

DP 
<Ll 1

DP
(FFI

DP
(TS-NS)

NU ALN NU/ALN ALN/NU NORMALIZED
H HYTRQtB

H/ALN2 H/NU2 B/ALN2 B/NU? DENSITY 
UPSTRM

393 3/ 2/77 REV 41 0.000 10.87 13.30 .45 -.257 -.499 .516 1.938 .102 -.031 .409 -.123 61.050

394 3/ 2/77 REV 5fi 0.000 26.12 24.09 1.86 -.505 -.500 1.009 .991 .245 .164 .977 .959 .657 .645 61.050

395 3/ 2/77 REV 91 0.000 58.70 56.36 2.46 -.515 -1.000 .515 1.942 .550 -.150 .551 -.150 60.938

396 3/ 2/77 REV 110 0.000 70.71 68.20 3.95 -.770 -1.001 .770 1.299 .663 .202 .662 .202 60.901
397 3/ 2/77 REV 70 0.000 41.96 38.37 4.38 -.051 .499 -.103 -9.703 .393 .192 1.579 .773 61.087

398 3/ 2/77 RFV 27 0.000 .03 .08 .01 -.052 -.000******* .001 .000 -.005******* .114* -1.741 61.125

399 3/ 2/77 REV 40 0.000 10.95 11.36 .30 -.283 -.000******* .000 .102 .054* 1.279* .674 61.087

401 3/ 3/77 REV 1210 0.000 63.84 60.34 4.00 -.921 -.799 1.153 .868 .803 .610 1.257 .946 .955 .719 45.450

402 3/ 3/77 REV 1255 0.000 63.32 59.94 3.93 -.920 -.799 1.151 .868 .803 .610 1.257 .948 .955 .720 45.069

403 3/ 3/77 REV 1012 .041 38.96 36.47 3.00 -.703 -.499 1.408 .710 .501 .460 2.010 1.014 1.844 .930 44.429

404 3/ 3/77 REV 1002 .220 34.40 32.29 1 .67 -.704 -.498 1.413 .708 .537 .469 2.164 1.083 1.887 .945 36.584
405 3/ 3/77 REV 990 .398 26.06 23.81 1.70 -.689 -.497 1.386 .722 .517 .400 2.089 1.088 1.616 .841 28.808

406 3/ 3/77 REV 996 .791 9.28 8.58 .48 -.677 -.495 1.369 .731 .463 .253 1.891 1.010 1.033 .551 11.456

407 3/ 3/77 REV 999 .358 77.10 77.03 -1.34 -1.057 -.499 2.117 .472 1.444 1.4 73 5.797 1.293 5.911 1.319 30.506

408 3/ 3/77 REV 1005 .387 75.47 67.88 7.55 -1.101 -1.000 1.101 .908 1.476 1.025 1.476 1.217 1.024 .845 29.211

409 3/ 3/77 REV 1001 .412 80.72 76.03 5.29 -1.061 -1.498 .708 1.412 1.639 .283 .731 .126 28.133

411 3/ 4/77 REV 1005 .302 26.90 26.67 -1.30 -.213 -.999 .213 4.701 .467 -.599 .468 -.600 32.953

412 3/ 4/77 REV 1005 .398 6.57 6.59 -.26 -.096 -.499 .192 5.212 .131 -.202 .525 -.809 28.721
413 3/ 4/77 REV 1003 .101 36.06 32.16 3.33 -.686 -.698 .983 1.017 .493 .287 1.010 .588 41.813
414 3/ 4/77 REV 1003 .395 26.56 23.28 2.51 -.682 -.698 .977 1.024 .525 .227 1.078 .466 28.878

415 3/ 4/77 REV 998 .795 10.02 9.83 .48 -.695 -.699 .994 1.006 .508 .077 1.040 .158 11.266

416 3/ 4/77 REV 1012 .094 32.42 33.51 -1.31 -.181 .499 -.362 -2.764 .440 .302 1.767 1.214 42.091
417 3/ 4/77 REV 1010 .250 28.96 29.50 -1.10 -.182 .498 -.365 -2.738 .470 .320 1.891 1.289 35.206
418 3/ 4/77 REV 996 .792 17.64 18.21 -.11 -.270 .499 -.540 -1.852 .887 .642 3.556 2.575 11.371
419 3/ 4/77 REV 1005 .415 76.96 79.66 -1.34 -.922 .235 -3.915 -.255 1.569 1.654 28.320 1.848 29.851 1.948 28.019

420 3/ 4/77 REV 1010 .390 25.22 26.66 -1.35 -.492 .197 -2.498 -.400 .496 .463 12.783 2.048 11.936 1.912 29.078

421 3/ 5/77 REV 997 O.OOO 37.36 35.75 1.53 -.685 -.499 1.375 .727 .452 .397 1.817 .961 1.599 .846 47.281

422 3/ 5/77 REV 1000 0.000 36.43 34.14 2.29 -.685 -.700 .980 1.021 .440 .270 .899 .552 47.295

423 3/ 5/77 REV 1000 .139 37.36 34.99 1.83 -.712 -.499 1 .426 .701 .531 .480 2.131 1.048 1.927 .948 40.193
424 3/ 5/77 REV 998 .428 33.96 30.71 1.57 -.713 -.996 .715 1.398 .708 .034 .713 .034 27.438

425 3/ 5/77 REV 1001 .399 60.81 62.88 -1.25 -.690 -1.489 .463 2.158 1.210 -.633 .546 -.285 28.717

426 3/ 5/77 REV 1000 .586 18.14 15.89 1 .68 -.685 -.499 1.374 .728 .506 .345 2.034 1.078 1.386 .735 20.500

427 3/ 5/77 REV 1009 .387 8.27 8.28 .17 -.346 -.498 .695 1.439 .162 .001 .652 .005 29.236

428 3/ 5/77 REV 997 1.000 1.92 1.75 -.03 -.703 -.498 1.413 .708 .490 .304 1.978 .991 1.227 .615 2.234

430 3/ 9/77 REV 80 0.000 55.58 48.96 6.25 -.256 .498 -.514 -1.945 .515 .293 2.075 1.180 61.652

431
432

3/ 9/77 
3/ 9/77

REV
REV

120
193

0.000
0.000

90.29
167.64

77.80
153.58

12.49
13.34

-.521
-.073

.497 -1.048 -.954

.992 -.074-13.573
.840

1.567
.615
.780

3.402
1.593

3.097 2.489
.793

2.266 61.425
61.125

433 3/ 9/77 REV 67 0.000 38.05 37.18 .62 -.520 -•000******* .000 .356 .374* 1.317* 1.385 61.162

434
436

3/10/77
3/10/77

REV
RFV

119
989

0.000
0.000

85.06
42.20

84.01
38.65

.34
3.45

-.769
-.249

-.000******* .000 
•4R9 -.499 -2.003

.795

.520
.821*
.306 2.085

1.345*
1.225

1.388 61.117
46.386
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SUMMARY TABLE Phase I Reverse Flow Tests
CF/EPRI TWO PHASF PUMP STFAOY STATF TESTS PAGE— ?

TEST DATE TYP PRES VOID DP OP DP NU ALN NU/ALN ALN/NU NORMALIZED H/ALN2 H/NU2 B/ALN2 8/NU2 DENSITY
PSIA FRAC <LL> (FF) (TS-NS) H HYTRQ.8 UPSTRM

*37 3/10/77 REV 99S .?81 36.22 37.58 -1.36 -.297 .*90 -.595 -1.679 .612 .*59 2.665 1.850 33.80*
*30 3/10/77 REV 997 • 071 71.15 75.02 -1.38 -.555 .*77 -1.16* -.859 .9*2 .865 *.139 3.05* 3.802 2.806 *3.163
*39 3/10/77 REV 1193 .096 67.10 69.82 -1.39 -.571 .*78 -1.197 -.836 .9*0 .8** *.123 2.880 3.699 2.583 *0.773
**1 3/11/77 REV 1000 .385 8*. 10 86.*0 -1.36 -1.009 -•000******* .000 1.638 1.123* 1.609* 1.10* 29.3*8
442 3/11/77 REV 99* .376 36.*0 36.53 -1.36 -.689 -.000******* .000 .699 .987* 1•*7** 2.080 29.727

**3 3/11/77 REV 998 .132 01.28 86.10 -1.37 -.8*0 -.000******* .000 1.1*8 1.293****« *0.*63
444 3/11/77 REV 997 .391 5.93 5.82 -.38 -.299 -.000******* .001 .117 .252***** 29.083
**5 3/11/77 REV 996 .3*6 5.85 5.72 -.*1 -.281 -.000916.896 .001 .108 .233***** 31.052
446 3/11/77 REV 1197 0.000 1 .RR 1.70 -.02 -.1*7 -.0005*3.989 .002 .025 .107***** *6.361
**7 3/11/77 RFV 1199 0.000 1.26 .92 -.02 -.117 -.000*53.7*5 .002 .015 .109***** *6.581

**8 3/11/77 RFV 1197 0.000 .81 .*9 -.02 -.099 -.000569.789 .002 .010 .102******* 1.009******* 10.606 *6.816
**9 3/11/77 REV 1200 0.000 .29 -.0* -.02 -.070 -.000321.*02 .003 .003 .103******* .710******* 20.926 *7.326
*50 3/11/77 REV 1199 0.000 -.03 -.27 -.03 -.0*9 -.000233.279 .00* -.000 .097******* -.169******* *1.0*5 *8.962
*51 3/12/77 REV B46 .*13 86.03 87.58 -.59 -1.008 -•ooo******* .000 1.715 1.866******* 1.689******* 1.838 28.657
*52 3/12/77 REV 844 .608 83.70 06.35 .80 -1.259 -•ooo******* .000 2.*23 2»622******* 1.529******* 1.655 19.7*6

*53 3/12/77 REV 8*6 .738 89.41 86.91 2.60 -1.598 -.000******* .000 3.701 3.717******* 1.6*9***** 13.806
*62 3/16/77 REV 137 0.000 102.56- 106.08 .95 -.8*6 -•ooo******* .000 .957 .965******* 1.336***** 61.222
*63 3/16/77 REV 207 0.000 *6.55 *3.1* .9* -.577 -.000******* .000 .6*3 •467******* 1.330***** 57.50*
464 3/16/77 REV 492 0.000 *0.37 39.06 .9* -.575 -.000******* .000 • 440 .*62******* 1.332***** 52.383
*65 3/16/77 RFV 912 0.000 35.71 35.1* 1.21 -.576 -.000******* .000 .626 .685******* 1.286***** *7.8*7

*68 3/16/77 REV 8*2 0.000 80.87 78.60 2.02 -.851 -.000******* .000 .9*9 .990******* 1.312******* 1.368 *8.695
*69 3/16/77 REV 835 0.000 51.0* 38.52 1.29 -.668 -.000******* .000 .595 .616******* 1.335******* 1.380 *8.991
*70 3/16/77 REV B47 0.000 7.65 6.86 .21 -.261 -.000******* .001 .089 .191******* 1.303******* 2.805 *9.135
*71 3/16/77 RFV 1161 0.000 37.23 35.6* 1.39 -.598 -.000******* .000 .665 .487******* 1.301******* 1.363 *5.800
*73 3/15/77 REV 1109 1.000 37.35 3*.93 1.27 -.039 -.000127.739 .008 8.67* 5.120******** 2.519

*7* 3/15/77 REV 1 16* 0.000 35.29 35.08 1.66 -.590 -.000< .000 .6*3 • 507« 1.275******* 1.659 *5.688
*75 3/15/77 REV 1171 0.000 .65 -.17 -.05 -.0*3 -.000 87.57* .011 .008 .231* *.522* 125.830 *6.875
486 3/16/77 REV 15 0.000 56.85 51.31 2.2* -.560 .172 -3.261 -.307 .515 .502 17.697 1.6*5 17.031 1.601 60.805
*87 3/16/77 REV 1*3 0.000 50.53 *7.65 2.5* -.558 .172 -3.236 -.309 .505 .69* 16.988 1.622 16.602 1.585 57.136
*88 3/16/77 RFV 414 0.000 *5.89 *3.52 3.16 -.56* .173 -3.269 -.306 .500 .501 16.769 1.569 16.793 1.571 52.*60

489 3/16/77 REV 9*8 0.000 *1 .*1 38.60 2.91 -.569 .17* -3.276 -.305 .501 .505 16.626 1.5*9 16.77* 1.563 *7.259
492 3/16/77 REV 846 0.000 82.87 79.81 3.6* -.817 .16* -6.978 -.201 .978 1.008 36.287 1.66* 37.382 1.508 *8.607
493 3/16/77 RFV 8*1 0.000 56.9* 51 .52 3.35 -.650 .170 -3.815 -.262 .6*5 .65* 22.2*5 1.528 22.525 1 .5*8 *8.6*3
494 3/16/77 REV 8*3 0.000 32.69 29.83 2.6* -.687 .175 -2.783 -.359 .386 .39* 12.59* 1.626 12.876 1.662 *8.151
495 3/16/77 REV 8*2 0.000 13.36 10.08 1.8* -.251 .179 -1.398 -.715 .158 .132 6.910 2.511 6.095 2.09* *8.328

*96 3/17/77 REV 1152 0.000 39.68 36.6* 2.07 -.557 .175 -3.191 -.313 .697 .690 16.296 1.601 16.062 1.578 *5.60*
*97 3/17/77 REV 1133 .0*7 12.60 11.87 -.37 .00* .995 •00*?75.801 .161 .219 .163 .221 *3.972
502 3/18/77 REV 93* 0.000 95.25 106.97 -1.15 .098 .988 .099 10.117 1.162 .706 1.190 .723 *6.825

503 3/18/77 REV 995 .601 36.61 38.36 -1.29 -.777 -.25? 3.087 .32* .726 .76* 11.6*8 1.201 12.05* 1.265 28.658

50* 3/18/77 REV 998 .609 37.08 38.91 -1.31 -.787 -.25? 3.126 .320 .750 .772 11.8*1 1.212 12.201 1 .2*8 28.273
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TEST DATE TYP PRES
PSIA

VOID
FRAC

DP
<LU

DP
(FF)

DP
(TS-NS)

NU ALN NU/ALN ALN/NU NORMALIZED
H HYTRQtB

H/ALN2 H/NU2 B/ALN2 B/NU2 DENSITY 
UPSTRM

SOS 3/18/77 REV 9R6 .All 11.19 12.27 -1.34 -.246 .249 -.989 -1 .011 .227 .195 3.656 3.150 28.209
S06 3/18/77 RFV 1003 .362 14,96 16.22 -1.37 -.277 .287 -.966 -1 .036 .282 .257 3.426 3.122 30.351
507 3/18/77 REV 1000 .383 21.77 22.59 -1.39 -.339 .344 -.985 -1 .015 .423 .355 3.578 3.004 29.429
508 3/18/77 REV 998 .385 75.66 79.43 -1.38 -.623 .629 -.991 -1 .010 1.476 1.204 3.728 3.040 29.291
511 3/21/77 RFV 1202 0.000 376.69 1.59 -.02 -.158 -.095 1.657 .604 4.751 .030525.685191.466 3.370 1.227 45.306

512 3/21/77 REV 1212 0.000 1.06 .92 -.04 -.124 -.063 1.976 .506 .013 .025 3.435 .879 6.465 1.655 45.029
513 3/21/77 REV 1210 0.000 1.67 1.45 -.02 -.157 -.090 1.737 .576 .021 .030 2.615 .866 3.695 1.224 44.956
514 3/21/77 REV 1207 0.000 .67 .46 -.06 -.102 -.029 3.531 .283 .009 .016 10.291 .826 18.902 1.516 45.017
515 3/21/77 REV 1207 0.000 .25 .04 -.05 -.070 -.000186.704 .005 .003 •010«***«** .653#*4#*#* 1.979 45.237
516 3/21/77 REV 1208 0.000 -.01 -.21 -.05 -.049 -.002 29.795 .034 -.000 .010-54.295 -.061 ******* 4.103 45.282

517 3/20/77 REV 997 .950 3.84 3.45 .24 -.693 -.496 1.396 .717 .494 .346 2.005 1.030 1.403 .720 4.441
518 3/21/77 RFV 999 1.000 1.85 1.72 .01 -.699 -.700 .999 1.001 .470 .238 .961 .485 2.250
521 3/22/77 REV 1006 .390 30.14 30.94 -1.32 -.297 -1.047 .284 3.524 .592 -.594 .540 -.543 29.095
522 3/22/77 REV 1004 .035 40.45 40.96 -1.32 -.261 .496 -.526 -1.902 .518 .359 2.107 1.461 44.647
523 3/22/77 RFV 1000 .372 32.03 32.09 -1.29 -.276 .497 -.555 -1.800 .616 .435 2.497 1.764 29.721

524 3/22/77 REV 997 1.000 2.91 2.56 .10 -.273 •500 -*546 -1.832 .738 .764 2.958 3.061 2.248
525 3/22/77 RFV 1042 .357 81.71 84.97 -1.3b -.985 •OO?4444*44 -.002 1.536 1.660******* 1.583******* 1.710 30.379
526 3/22/77 RFV 1093 .510 82.22 86.95 -1.34 -1.124 • 000**°**** -.000 1.992 2.029******* 1 .576******* 1.605 23.594
527 3/22/77 RFV 1123 .151 79.89 85.07 -1.36 -.862 • 001«««»*«« -.002 1.174 1•295******* 1.579******* 1.741 38.863
528 3/22/77 REV 1127 .133 71.08 75.67 -1.36 -.814 • 001 ******* -.001 1.025 1.162******* 1.545******* 1.752 39.638

529 3/22/77 REV 1129 .119 73.03 78.44 -1.36 - • ft 19 • ooo******* -.000 1.037 1.150******* 1.546******* 1.715 40.245
530 3/22/77 REV 1130 .110 73.62 79.46 -1.36 -.820 •005******* -.006 1.036 1.154******* 1.541******* 1.716 40.588
531 3/22/77 RFV 1131 .085 73.04 78.88 -1.36 -.812 .000******* -.000 1.001 1•135**»***« 1.518******* 1.720 41.684
532 3/23/77 REV 660 .639 81.13 80.88 1.72 -1.251 • ooo******* -.000 2.483 2.425******* 1•587******* 1.550 18.669

533 3/23/77 PFV 657 .641 81.41 79.56 1.80 -1.234 • ooo******* -.000 2.509 2»419******* 1.649******* 1.589 18.539

534 3/23/77 REV 456 .899 37.63 34.08 2.12 -1.686 •001******* -.001 3.570 2,776******* 1.255* .976 6.025

535 3/23/77 REV 445 .926 27.97 27.58 1.50 -1.697 •000******* -.000 3.413 3.479* 1.185* 1.207 4.682

538 3/23/77 REV 952 .092 P4 *54 90.48 -1.37 -.469 .654 -.718 -1.393 1.135 .986 2.655 2.307 42.571

539 3/23/77 REV 947 .188 92.61 97.94 -1.37 -.767 .390 -1.966 -.509 1.381 1.438 9.062 2.346 9.436 2.442 38.329

540 3/23/77 REV 948 .158 92.81 99.25 -1.37 -.745 .384 -1.939 -.516 1.337 1.413 9.052 2.408 9.572 2.547 39.670

541 3/23/77 REV 934 .266 76.50 79.21 -1.38 -.984 -.482 2.043 .489 1.254 1.304 5.405 1.295 5.619 1.346 34.863
542 3/23/77 REV 921 .318 59.19 53.09 5.68 -.916 -.998 .918 1.089 1.036 .520 1.041 .522 32.643

543 3/23/77 REV 904 .624 41.18 37.61 2.94 -1.050 -1.089 .964 1.037 1.242 .431 1.047 .363 18.945

544 3/23/77 REV 847 .737 39.03 37.89 2.71 -1.184 -1.215 .974 1.027 1.607 .515 1.088 .349 13.878
558 3/24/77 REV 538 .784 28.40 27.62 2.95 -1.166 -.930 1.253 .798 1.382 .542 1.596 1.017 .626 .398 11.752
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TEST DATE TYP PRES VOID DP DP DP NU ALN NU/ALN ALN/NU NORMALIZED H/ALN2 H/NU? B/ALN2 B/NU2 DENSITY
PSIA FRAC <U ) (FF) (TS-NS) H HYTRQ.B UPSTRM -

1441 11/28/77 RFV 142 0.000 101.16 100.45 -.14 -.846 -.001776.947 .001 .955 ,990******* 1.334******* 1.383 60.562
1442 11/28/77 RFV 150 0.000 85.33 83.66 1.48 -.782 -.001837.380 .001 .806 • 825******* 1.319******* 1.350 60.496
1443 11/28/77 RFV 178 0.000 68.59 65.62 1.82 -.694 -.001758.438 .001 .648 ♦658******* 1•344******* 1.364 60.496
1444 11/28/77 RFV 188 0.000 48.25 49.68 1.31 -.605 -.001647.819 .002 .456 ♦ 508******* 1•247******* 1.389 60.459
1445 11/28/77 RFV 198 0.000 31.77 32.74 .88 -.494 -.001507.327 .002 .300 •336******* 1•232******* 1.379 60.459

1446 11/28/77 RFV 205 0.000 18.02 17.18 .60 -.360 -.001373.579 .003 .170 • 186******* 1 »312******* 1.436 60.459
1449 11/29/77 RFV 145 0.000 12.17 10.88 .37 -.293 -.001296.597 .003 .121 • 127******* 1 •410******* 1.479 57.584
1450 11/29/77 RFV 182 0.000 93.44 92.16 .21 -.833 -.001844.210 .001 .928 1•337******* 1.391 57.537
1452 11/29/77 REV 391 0.000 11.52 11.04 .29 -.308 -.001301.711 .003 .124 ♦ 137******* 1•304******* 1.445 53.079
1453 11/29/77 RFV 427 0.000 85.29 82.97 1.52 -.831 -.001721.844 .001 .922 • 951 ******* 1•336******* 1.377 52.837

1454 11/29/77 REV 395 0.000 -.03 -.30 -.02 -.021 -.001 17.297 .058 -.000 • 033*****°* _,791 ******* 72.955 52.910
1458 11/29/77 REV 911 0.000 16.26 15.82 .34 -.392 -.001300.194 .003 .194 • 219******* 1•263******* 1.421 47.833
1459 11/29/77 REV 919 0.000 1.23 -.3? -.03 -.025 -.001 19.045 .053 .015 • 035******* 23.421******* 55.151 47.925
1460 11/29/77 REV 904 0.000 34.45 32.75 .81 -.554 -.001439.286 .002 .412 « 427******* 1 • 341 ******* 1.390 47.733
1461 11/29/77 RFV 960 0.000 51 .49 50.34 1.15 -.687 -.001540.768 .002 .617 • 67 0******* 1.306******* 1.419 47.669

1462 11/29/77 RFV 952 0.000 67.24 65.80 1 .62 -.785 -.001712.221 .001 .806 , 844****««* 1.308******* 1.369 47.660
1463 11/29/77 REV 947 0.000 81.26 76.23 1 .94 -.846 -.001677.406 .001 .973 •972******* 1.360******* 1.358 47.710
1464 11/29/77 REV 1099 0.000 75.43 74,76 1.92 -.848 -.001621.505 .002 .927 ,979«*»«««« 1•289******* 1.361 46.486
1466 12/ 1/77 RFV 999 .240 82.83 84,46 -1.40 -.885 -.002579.062 .002 1.323 1,454******* 1•689******* 1.855 35.768
1467 12/ 1/77 REV 1001 .203 82.91 84,44 -1.40 -.864 -.001623.318 .002 1.266 1,387******* 1.695******* 1.857 37.414

1468 12/ 1/77 RFV 980 0.000 54.45 45.59 8.94 -.516 .397 -1.298 -.770 .656 .512 4.160 2.469 3.246 1.927 47.402
1469 12/ 1/77 PFV 1002 0.000 55.97 45.89 8.91 -.522 .401 -1.303 -.768 .676 .530 4.211 2.482 3.302 1.946 47.313
1470 12/ 1/77 RFV 1006 .104 50.63 51.35 -.36 -.509 .401 -1.269 -.788 .693 .575 4.307 2.673 3.572 2.216 41.743
1471 12/ 1/77 REV 1011 .229 54.3 3 57.76 -1.42 -.568 .401 -1.416 -.706 .858 .778 5.338 2.662 4.841 2.414 36.182
1472 12/ 1/77 REV 1003 .225 72.09 76.1 1 -1.42 -.765 .225 -3.397 -.294 1.132 1.142 22.328 1.935 22.543 1.954 36.403

1473 12/ 1/77 REV 1001 .503 46.94 50.76 -.21 -.123 .800 -.154 -6.511 1.124 .736 1.757 1.150 23.802
1474 12/ 1/77 RFV 1 000 • 466 54.04 53.37 -.25 -.118 .799 -.147 -6.784 1.200 .765 1.877 1.196 25.739
1475 12/ 1/77 RFV 998 .464 52.22 51.37 -.20 -.116 .802 -.145 -6.914 1.153 .741 1.793 1.152 25.857
1476 12/ 1/77 RFV 1001 .384 53.13 52.44 -.19 -.102 .802 -.127 -7.888 1.032 .691 1.605 1.075 29.388
1477 12/ 1/77 REV 855 .811 63.19 62.03 -.38 -.259 .998 -.260 -3.847 3.437 2.386 3.450 2.395 10.500

1478 12/ 1/77 RFV 887 .200 92.78 89.91 6.36 -.025 • 997 -.025-40.659 1.584 1.386 1.595 1.395 34.953
1479 12/ 1/77 REV 869 .814 65.76 65.04 -.34 -.120 • R9S -.121 -8.263 3.639 2.823 3.674 2.851 10.318
1480 12/ 1/77 REV 851 .829 62.15 63.81 -.30 -.119 .905 -.119 -8.388 3.674 2.999 3.709 3.028 9.668
I486 12/ 2/77 REV 250 0.000 89.45 80.26 6.95 -.912 -.OOP 1.005 .995 .838 .525 1.018 1.009 .638 .632 60.976
1487 12/ 2/77 REV 256 0.000 75.68 68.77 6.00 -.846 -.764 1.106 .904 .709 .503 1.214 .992 .862 .704 60.953

1488 12/ 2/77 REV 242 0.000 63.0] 57.34 4.56 -.771 -.839 .918 1.089 .591 .316 .839 .448 60.938
1489 12/ 1/77 REV 239 0.000 49.83 43.7? 3.92 -.676 -.609 1.110 .901 .468 .322 1.261 1.023 .867 .704 60.901
1490 12/ 1/77 REV 218 0.000 32.90 29.98 2.71 -.559 -.516 1.083 .923 .309 .223 1.158 .987 .835 .712 60.864
1491 12/ 2/77 REV 313 0.000 21.53 18.73 1.75 -.444 -.40? 1.105 .905 .202 .141 1.253 1.026 .874 .716 60.864
1494 12/ 2/77 REV 207 0.000 32.14 31.06 2.70 -.590 -.529 1.116 .896 .319 .256 1.142 .917 .914 .734 57.504
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TEST DATE TYP PRES VOID DP DP DP NU ALN NU/ALN ALN/NU NORMALIZED H/ALN2 H/NU2 B/ALN2 B/NU2 DENSITY
PSIA FRAC (LI ) (FF) (TS-NS) H HYTRQ.B UPSTRM

1AR6 12/ 2/77 REV *3* 0.000 15.97 15.27 1.33 -.*32 -.386 1.119 .89* .171 .136 1.150 .918 .915 .730 53.259
1*98 12/ 3/77 REV 50? 0.000 72.57 66.87 5.15 -.906 -.977 .927 1.079 .801 .**3 .838 .*6* 51.781
1503 12/ 3/77 REV 889 0.000 68.2* 63.23 5.17 -.922 -.903 1.022 .978 .811 .526 .996 .953 .6*6 .619 *8.082
150* 12/ 3/77 REV 896 0.000 57.99 52.2* *.0* -.836 -.900 .928 1.077 .688 .366 .8*9 .*52 48.137
1505 12/ 3/77 REV 863 0.000 30.76 28.63 3.88 -.372 -.893 .*17 2.*01 .363 -.187 .*56 -.235 *8.379

1506 12/ 3/77 RFV 855 0.000 37.87 36.31 .63 -.521 -.895 .583 1.716 .4*8 -.0*7 .560 -.059 *8.263
1507 12/ 3/77 PFV 912 0.000 39.80 40.28 1.47 -.6*3 -.896 .717 1.395 .*72 .096 .588 .120 *8.193
1508 12/ 3/77 REV 902 0.000 *6.27 44.79 3.30 -.7*9 -.898 .83* 1.200 .5*9 .237 .681 .29* *8.1*6
1509 12/ 3/77 PFV 1001 0.000 80.40 75.49 5.35 -.810 .169 -4.779 -.209 .971 .976 33.820 1.481 33.960 1.487 *7.290
1511 12/ 3/77 PFV 107* .009 6.49 6.90 -.05 -.00* .*2? -.010-96.356 .082 .536 .*61 3.006 *5.151

NOTES

DP(LL)..............  LEG TO LEG PRESSURE RISE.PSI

DP(FF).............. FLANGE TO FLANGE PRESSURE RISE.PSI

DP(TS-NSI..FOR FWD FLOW.PRESSURE DROP IS FROM SUCTION LEG 
TO SUCTION FLANGE. FOP REV FLOW, THE PRESSURE 
DROP IS FROM SUCTION FLANGF TO SUCTION LEG.PSI

NU............................ NORMALIZED VOLUME FLOW RATE (TEST/RATED)

ALN........................ NORMALIZED PUMP SPEED(TEST/RATED)

H ............................NORMALIZED LEG TO LEG PUMP HEAD(TEST/RATED)

H............................... DENSITY CORRECTED NORMALIZED HYDRAULIC
TOROUEMHYD TRO/RATED) . (62.3) . (AVE SPEC VOL))

DENSITY UPSTRM...FOR FWD FLOW IT IS THE SUCTION LEG VALUE
FOR REV FLOW IT IS THE DISCHARGE LEG VALUE.LBM/CFT

RATED FLOW RATE. GPM . 3500
RATED SPEED . RPM , *500
RATED TORQUE, FT-LB, 308
RATED HEAD . FT , 252
AVF SPEC VOL.CFT/LBM , AVERAGE OF UPSTREAM AND DOWNSTREAM SPEC VOLS 
VOID FRAC AND SPEC VOLS ARE BASED ON ORIFICE MEASUREMENTS 

...THIS SUMMARY TABLF IS RASED ON ANALYSIS OF REDUCED DATA BY PSSR PROGRAMS PSSRFORWARD AND PSSRREVERSE...



Section 5

DATA ANALYSIS

Steady-state data analysis in this report is aimed at providing an orderly 

presentation of the data, an initial assessment of data consistency, and com­

ments on whether the data appears amenable to reasonably simple representation 

in mathematical formulations. The analysis also includes observations on 

overall trends, special effects, and some possibilities for further analysis.

A limited scope of analysis was included in this project, and what is presented 

in this section is one initial way of looking at the data. Using the data 

produced here, a large amount of additional analysis and interpretation can be 

performed in several different ways.

5.1 SELECTION OF CORRELATION PARAMETERS

The correlation parameters used in this report are those chosen as key para­

meters for describing and interrelating pump operating conditions and perfor­

mance and for indicating flow similarity. These include normalized and homo­

logous parameters which facilitate scaling the model test results to full size 

pumps and scaling to hydraulically similar operating conditions outside the 

range of testing. Such key parameters have already been identified in general 

terms in Volume 1, Section 2.2, on Basic Parameters, and the rationale of their 

development is described in some detail in Appendix A. However, there are 

alternate versions of these key parameters to choose from, and the initial 

selections for use in this report are indicated here.

As stated before, single-phase pump performance is generally measured and 

described in terms of head and torque for a given speed, volumetric flow rate, 

and fluid density. For two-phase conditions pressure, void fraction and, to 

some extent, flow regime are also included.
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The resulting key parameters for indicating pump operating conditions (using 

normalized forms as derived in Appendix A) are pressure (P), void fraction (ctp), 

volumetric flow rate (v), speed (c^) and associated density (p). The primary 

criterion for having similarity in flow patterns is matching the ratio of fluid 

speed to pump speed, as indicated by matching v/ct^. The parameters for pump

performance are head and torque, expressed in normalized form as h and 6, or in
2 2 2 2 homologous form as h/a^ or h/v and e/a^ or e/v .

The process of specifying representative fluid properties is complicated by the 

fact that pressure, void fraction, and density commonly vary with position 

throughout the test section. Also it is possible to define head in different 

ways, such as static or total head. Thus there are choices to be made as to 

which parameter definitions and which test section locations to use in quantify­

ing the key correlation parameters. The selections made for this report are not 

purported to be the best or final. Rather they are considered as workable 

initial selections, for trial, which are reasonable on the basis of relation to 

current practice and physical reasoning. Also, it is considered desirable to 

start out simplistically and get a first assessment of correlations, leaving 

more extensive evaluation of alternates and potential refinements as follow-on 

work, which is beyond the defined scope of this project.

The first decision was to make the routine presentations of pump head on a test 

section leg-to-leg basis. This means using head changes between the suction and 

discharge piping legs which were equipped as measuring stations with instrument 

spools (See Figures 2-2 and 4-1). Such heads include the losses in the two 

suction pipe elbows. Thus the decision was, in effect, to derive and present 

performance for the combination of pump and adjacent piping including the two 

suction elbows. There are two reasons for this decision. First, in LOCA 

analysis, head data is required and applied for pump paths which ordinarily 

include (or can conveniently include) two suction elbows, and it is beneficial 

to incorporate directly the experimentally determined piping losses. The test 

system was designed to provide generally typical piping geometry adjacent to the 

pump, including the two elbows, and thereby appropriately model the pump and 

piping interaction and piping losses. Secondly, the suction and discharge legs 

were where the complete arrays of instrument sensors were located and provided 

the best knowledge of suction and discharge conditions. This was done because 

straight piping runs of several pipe diameters are required for good measure­

ments. How well the head data for a variety of operating conditions does
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correlate when the piping losses are included is commented upon below where the 

head curves are reviewed.

Pressure taps were also provided closer to the pump at the suction and discharge 

flange locations, and some of the processed data tables provide resulting 

information on the flange-to-flange pressure rise and piping leg pressure 

drops. These additional aP's can be used to supplement the leg-to-leg head 

presentations, but some assumptions are required about fluid properties not 

measured at the flanges (See Section 4.2.2).

A second decision for the routine presentation of pump head was to select the 

version of head based on static pressure rise. Static pressure head is the 

simplest to derive from the measurements. It was reported from the Semiscale 

tests (Reference 3), and has been used in blowdown analysis. Some comments are 

offered below on the possibility of using total head as an alternate.

Another decision was to use upstream fluid conditions (in the suction leg for 

forward flow or the discharge leg for reverse flow) as the basis for specifying 

and/or describing pump operating conditions of fluid pressure, void fraction, 

density, and volumetric flow rate. In the Prel iminaryTest Plan (Reference 1) it 

was recognized that pump path average conditions might be considered more 

representative of fluid inside the pump, but that upstream conditions were 

possible alternates. The dominant reason for choosing to use upstream con­

ditions in this test program was operating convenience and practicability in 

setting a point.

It was recognized that interpolation of results would be involved if correlation 

on the basis of pump average conditions were desired later. One aspect of pump 

fluid mechanics which favors the use of upstream volumetric flow rate is the 

sensitivity of impeller flow patterns to the angle at which the fluid enters the 

passages. This angle in turn is a result of the ratio of the entering fluid 

velocity to impeller velocity, which in turn is proportional to the volumetric 

flow rate-to-speed ratio v/a^. As a first approximation, the volumetric flow 

rate entering the impeller is considered to be the same as that in the upstream 

leg, i.e. v upstream.

Among the alternate ways of deriving upstream v from the measurements, the one 

selected for use in initial data correlations is the method which calculates
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mass flow rates through the water and steam orifices, applies an energy balance 

including heat losses along the way to the upstream leg, and then determines 

fluid specific volume from the ASME steam tables at upstream enthalpy plus 

temperature and/or pressure. (See Volume VIII for details). For the steady- 

state testing this is a generally basic approach with relatively good certainty.

Upstream void fraction is by definition the fraction of the upstream pipe leg 

cross sectional area which is occupied by steam flow. For a given combination 

of steam and water volumetric flow rates, such as determined by the orifice 

readings plus energy balance method in the previous paragraph, the void fraction 

would vary depending on the relative steam and water velocities, i.e. on slip. 

Evidence of the actual void fraction was given by the three-beam gamma densito­

meter readings, but interpretation is complicated by the fact that a given set 

of beam readings could indicate a variety of phase distributions across the 

pipe. Also, there is the important concept that the pump tends to be a volume­

tric flow machine. That is, more influenced simply by the water and steam 

volumetric flow rates (gpm) rather than by relative phase velocities and fractions 

of pipe area occupied, especially considering that the two elbows just ahead of 

the pump will alter the upstream flow distribution and tend to stir up the 

phases, and the rotation of the impeller blades will tend to "chop" across and 

further mix any distribution. For these reasons the selected method of deriving 

void fraction as a key parameter was to assume a uniform non-slip, homogeneous 

flow of the phases and use the volumetric flows from the orifice readings com­

bined with an energy balance. This is equivalent to using a flow rate void 

fraction rather than a pipe area void fraction and appears to lead to a result 

similar to the Semiscale method of deriving an effective density by factoring 

out slip (Reference 3).

Converting pump aP measurements to head in feet of fluid involves selecting a 

representative (or at least a reference) density. Since pressure and density 

changes occur throughout the flow path, there is no one density which is really 

representative of the whole process. More is written below (Section 5.4.2) 

about alternate forms of pump head and representative densities. It was 

decided for the initial data presentations to use static pressure head based on 

upstream density. This form of head has been used in other presentations, 

including Semi scale data (Reference 3), and comparisons will be facilitated.

This form is simpler to derive and it is of interest to present this data so its 

adequacy can be assessed. If refinement beyond this form were to be investigated.
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this initial presentation would serve as a basis for evaluating the alternate 

versions.

The torque to be correlated with the effects of two-phase flow is the hydraulic 

torque. This is because it characterizes the hydraulic performance to be 

scaled from the pump model to full sized pumps. Hydraulic torque is the torque 

exerted by the impeller on the fluid flowing through the impeller passages, and 

is obtained by subtracting the friction and windage torque from the measured 

shaft (input) torque (Section 4.5.1). Normalization of the model pump hydraulic 

torque (yielding g^) involves ratioing from test density to rated (cold water) 

density. As with head and other parameters above, the question arises as to 

what density in the test section to select as representative. Since hydraulic 

torque generation is localized to the impeller passages, densities outside the 

impeller seem extraneous and it was decided to approximate the impeller fluid 

density by using an average density. This average density is the inverse of the 

average of specific volumes in the suction and discharge legs calculated by the 

orifice-flow plus energy-balance method discussed above. It is recognized that 

this is a different choice than was made for head, but it was felt that the 

choice for torque could focus more directly on a limited region of the pump 

path, i.e. the impeller. Whether this appears to be a necessary distinction for 

workable data correlation and whether any alternate choice might prove of interest 

would come from follow-on analysis beyond this project, but some preliminary 

observations are made in Special Topics (Section 5.4.2).

As fluid flows through the test section and pump and experiences pressure 

changes, there are corresponding changes in fluid properties, especially density 

and void fraction. It is expected that for a given head these property changes 

are accentuated when operating at lower pressure levels. However, relating to 

LOCA blowdown conditions, lower pressure levels occur when void fractions are 

already high. To find out whether pressure level effects are very significant 

in two-phase pump performance, pressure level is treated as a correlation para­

meter in the data presentation. Upstream pressure was selected as the parameter 

for initial presentation.

The selected correlation parameters which have been explained here are the ones 

which are used in the Summary Table as described in Section 4.3.3 and in the 

routine graphical presentations in Section 5.2 which follows.
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5.2 PRESENTATION OF PERFORMANCE RESULTS

In addition to various presentations of pump test data in tabular form above, a 

variety of graphical presentations are provided and discussed below. Comments 

are included on test range versus range of interest, overall performance trends, 

and general magnitudes of two-phase effects on performance.

5.2.1 Degradation Curves

Two broad questions of general interest to be answered by analysis of the pump 

test data are

a. Did two-phase operation appreciably degrade the pump performance 
compared to single-phase operation?

b. If there was appreciable degradation, what was its gross nature 
as to when it occurred, how much, and how it compares with 
previously available test data?

A set of degradation curves is a useful form of data presentation for answering 

these questions and also providing numerical details for closer follow-up 

analysis.

The term "degradation curve" is used here to designate a plot of homologous head
2 2 2 2 ratio (h/a^ or h/v ) or homologous hydraulic torque ratio or e^/v )

versus void fraction (cip) for a constant flow-to-speed ratio (v/o^) and pressure

(P) as shown in Figures 5-1 and 5-2. With v/a^ constant and homologous ratios

being plotted, the primary conditions for hydraulic similarity in single phase

flow are satisfied. Thus, if the two-phase performance did not degrade from the

single-phase performance, the homologous head and torque ratios would remain

constant at the values for water while the void fraction ranged from 0 to 1.

It is readily apparent from Figure 5-1 and 5-2 that both the head and hydraulic 

torque degraded considerably for two-phase operation. These curves are for 

rated volumetric flow and speed, which produce the pump peak efficiency flow 

pattern for single-phase performance, but the two-phase effects result in 

considerable reduction in the pumping effectiveness.

Looking at the gross nature of the main curves at 1000 psia, little if any 

degradation occurred until after 0.10 void fraction. Then there was a steady 

decline until mid-to-upper range void fractions, followed by an increasingly
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steep recovery to all-steam values at least equaling those for water. The 

minimum head was about 15 percent of the single-phase value, and occurred at a 

void fraction near 0.75. The decrease in hydraulic torque was considerably less 

than for the head, and this indicates a decrease also in hydraulic efficiency, 

which is proportional to (v/a^) (h/eh). The performance fall-off with increas­

ing void fraction appears more orderly and gradual and somewhat less drastic 

than indicated by previous data for a more highly centrifugal pump (Reference 

3).

Ordinarily single-phase homologous head and torque ratios have a value of 1.0 

when v/a^ = 1, because this would correspond to pump rated operating condition 

for all parameters. However, the curves plotted here do not go through (1,1) 

because the parameters are normalized to rated values from the manufacturer's 

cold water tests which reported only shaft torque (with low-friction bearings) 

and flange-to-flange head with no elbows. It is to be expected that the para­

meters presented here with new allowances for friction and windage torque and 

extra head losses in piping elbows would tend to yield lower torque and head 

values at the maximum efficiency flow and speed. Also, some further secondary 

changes in head and torque would be expected from inlet flow distribution effects 

due to the two elbows. The resulting intercepts observed on the data curves at 

v/a^ = 1 are at approximately 0.875 for head ratio and 0.98 for torque ratio. 

Renormalization to new values to yield intercepts at 1.0 would involve using a 

rated head of 0.875 times the manufacturer's cold water value and a rated 

hydraulic torque of 0.98 times the manufacturer's rated torque. Such renormali­

zation is an easy step for the user to take later when actually applying the 

data, and the factors would be different if different definitions of head or 

effective density were chosen. For these reasons and to maintain consistency in 

all initial handling of both steady-state and transient test data, all data 

reduction, tables, and plots in this report use the manufacturer's cold water 

values for reference, i.e., head = 252 ft, flow = 3500 gpm, speed = 4500 rpm, 

and torque = 308 ft-lbf at 62.3 lbm/ft^ density.

There is some scatter apparent in the plotted points in Figure 5-1, but much of 

this is eliminated when allowance is made for the fact that actual test v/a^'s 

deviated somewhat from the nominal value of 1.0. The desired operating 

conditions were rated flow and speed, but the plot covers actual flows from 0.90 

to 1.10 times rated and speeds from 0.95 to 1.03 times rated, with actual
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v/a^'s ranging from 0.90 to 1.07. The amount of shift in h/c^2 as v/c^ 

departed from 1.0 was obtained from the slopes of the performance curves 

in the next section for several void fractions and plotted in Figure 5- 

3. Thus a correction to offset the shift in each homologous head point was 

calculated from

slope, at
v/aN = 1

These calculated corrections are shown in Figure 5-1 by the arrows, with the 

tips of the arrows indicating the adjusted head values. It is readily apparent 

that the adjustments bring the points into considerably better alignment and 

make evident good coherence of the measurement data.

Also discernable in Figures 5-1 and 5-2 is a general trend in performance with 

changing pressure level. Further discussion of this is given in Section 5.4, 

Special Topics, along with remarks on the small initial rise in head at low void 

fractions, and the question of apparent overshoot of torque recovery at the 

steam end to values higher than for all-water.

To cover a wide range of operating conditions comparable to those encountered in 

LOCA blowdown analysis, degradation curves were generated for several other 

values of v/c^ for both forward and reverse flow and/or speed. The LOCA blowdown 

range of v/a^ is indicated by the sample LOCA curves in Figures 5-4 and 5-5.

See Volume I, Section 2.3 regarding types of breaks. By comparison, test data 

for degradation curves was obtained at v/a^'s of 1.0, 1.42, 2.0, and 4.0 for 

forward flow and speed, 1.0 and 1.4 for reverse flow and speed, and -0.56 for 

reverse flow with forward speed. The results are displayed in Figures 5-1 and 

5-2 (as above) plus Figures 5-6 through 5-17.

The homologous head and torque curves for v/c^ near 1.42 in Figures 5-6 and 5-7 

show relatively mild and roughly constant degradation over most of the void 

fraction range. Since the single-phase pumping head rise was small to start out 

with, the moderate amount of head degradation was enough to result in a head 

drop, so that the mode of operation became pumping dissipation. For this value

“1 _ _ 3
h r

2 - 1 -
aN correction aN test point 3
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Figure 5-4. Typical NSSS blowdowns for discharge leg breaks, v/o^ vs otp.
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1-1.0

Figure 5-5. Typical NSSS blowdowns for suction leg breaks, v/a^ vs ctp
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Figure 5-6. Effect of void fraction on homologous head ratio at v/c 1.42 (Forward)
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of v/a^ nearly all the two-phase test points were run at one pressure level,

i.e. near 1000 psia.

For v/a^ near 2.0 in Figures 5-8 and 5-9 the head and torque at the higher 

pressures again showed the relatively shallow and flat-bottomed shape curves, 

except for some tilt-up in torques toward the steam region. Again the amounts 

of degradation at higher pressures were moderate compared to degradation for 

rated flow and speed, but sizable compared to the small single-phase values 

here. The heads were always negative, while the torques changed from slightly 

positive to negative for the mid-range void fractions. This corresponds to 

changing from pump dissipation to "reverse turbining", i.e. turbining with 

forward flow and speed with energy being furnished by the booster pumps, equiv­

alent to blowdown pressure gradient. A considerable amount of data was obtained 

at several pressures. However, the 480 psia points at void fractions below 0.60 

do not relate directly to LOCA blowdowns (See Figure 3-1 for range of P vs «p). 

More is said about pressure effects in Section 5.4 below.

For v/a^ near 4.0 as in Figures 5-10 and 5-11 there appears to be little effect 

of two-phase flow except possibly at the lower and mid-range dp's where the data 

is incomplete. However, a v/a^ of 4 does not occur in a NSSS pump until a high 

void fraction is reached and thus the data at high void fractions plus reference 

points for water are sufficient.

For reverse flow and speed, similar results were obtained for v/c^'s of 1.0 and 

1.4. These were both normal turbining operation with sizable reverse flow 

pressure drop and reverse speed shaft output torque. (Both the head and the 

torque at the torque meter were in the same direction as in normal pumping 

operation, and therefore were positive.) In Figures 5-12 to 5-15 it can be seen 

that two-phase flow resulted in slightly higher driving head. For the hydraulic 

torque ratio there was a smooth decline, starting at a void fraction of about

0.20, reaching significant amounts of degradation around = 0.80, and then 

recovery as ctp approached 1.00.

Data for reverse flow and forward speed is shown in Figures 5-16 and 5-17 for 

v/a^ near -0.56. The steam points were obtained from measurements at neighbor­

ing values of v/a^ by interpolation along the performance curves presented in 

the next section. The data for these degradation curves is somewhat sparse but 

appears to indicate a rather strong increase in homologous head and torque at
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Figure 5-12. Effect of void fraction on homologous head ratio near -0.7 rated flow and speed
(v/a^-1.0 Reverse)
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speed (v/a^ = 0.56)
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v = -0.25 TO -0.30 

a^j = 0.4'.'5 TO 0.50 
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Figure 5-17. Effect of void fraction on homologous torque ratio near -0.28 rated flow and 1/2 
rated speed (v/a^ - 0.56)



high void fractions. Since the mode of pump operation here is pumping dissipa­

tion (flow opposite to head), the increase in two-phase head and torque means 

more dissipation.

5.2.2 Single-Phase Homologous Curves

5.2.2.1 Graphic Form and Labeling. A common way of plotting single-phase pump 

performance on a dimensional basis is a family of head or torque vs volumetric 

flow rate at various constant speeds, as shown in Figure 5-18 for forward speed 

operation. Expressing each parameter non-dimensionally as a fraction of the 

rated (peak efficiency) value, as in Figure 5-19, would make the curves appli­

cable to other pumps having similar hydraulic design but different absolute 

rated conditions. On this basis the model pump single-phase test curves would 

apply to the similar full-scale power plant pumps.

For more convenience in plotting, analyzing, and mathematically representing the 

data, the homologous parameters developed in Appendix A from similarity prin­

ciples are used to further reduce the graphs as in Figure 5-20. Thus, to the
o

extent that the similarity relationships hold (i.e., v ^ a^, h ^ > and

eh ^ aN^’ eac*1 fami1y *ieac* or torclue can be represented by a single homol­
ogous curve. Further convenience in plotting data for large values of v/a^ 

(especially as approaches zero) is achieved by switching to mathematically 

equivalent inverse functions when |v/a^|>l, i.e., using ^ v, h ^ and 6^ 'v v2. This choice of parameters produces the foldback type of homologous 

curves shown in Figure 5-21. This figure also shows the branches of the curves 

for reverse speed operation.

For convenient identification of the various branches of the homologous curves, 

they are labeled HAN, HVN, etc. in accordance with the key shown in Figure 5-22. 

The simple diagram which is shown in this key is included in each report figure 

which presents such homologous curves. Again it may be mentioned that the tests 

and resulting curves in this program do not include the combination of reverse 

speed and forward flow because this operating realm is not significant in LOCA 

analysis. These curve labels (HAN, etc.) are simplistic representations of 

operating conditions, being based only on the directions of pump flow and 

speed.

For a more detailed understanding of pump performance it is well to recognize 

that dissipation can take place in portions of the normal pumping (N), and
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CURVES AT
INCREASING
CONSTANT
SPEEDS
(FORWARD)

Figure 5-18. Dimensional pump head and torque performance curves (Sample)
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CURVESAT
INCREASING
CONSTANT
SPEEDS
(FORWARD)

Figure 5-19. Pump head and torque performance as a fraction of rated values
(Sample)
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Figure 5-20. Pump homologous head and torque performance curves (Sample)
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Figure 5-21. Typical reactor coolant pump homologous head and torque curves



Key to Labels HAN, HVN, etc, on Homologous Curves

H -*• Head function
B -v Hydraulic torque function
A ■+ Function with ot^ in denominator

V -* Function with v in denominator, used 
when |v/aN | >1

N Normal pumping quadrant with forward flow and speed 
D Dissipation quadrant with reverse flow and forward speed
I Normal Turbining quadrant with reverse flow and speed
R Reverse pumping quadrant with forward flow and reverse speed

SECOND
QUADRANT

("DISSIPATION") \

A
AD

\
\
\
\

THIRD
QUADRANT

("TURBINING")

^ AT

/

AN
FIRST

QUADRANT
/ ("NORMAL")

/
/
/
/

VN

\
(VR)

\
(AR) \

FOURTH
QUADRANT

("REVERSE"

Examples:

HAN h/a^2 vs v/aN for forward flow and speed

BVD -»■ B^/v2 vs a^/v for reverse flow and forward speed

Figure 5-22. Key to labels on homologous curves
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normal turbining (T), and reverse pumping (R) quadrants as well as everywhere in 

the dissipation (D) quadrant. This dissipation can be either hydraulic dissipa­

tion in the mainstream or dissipation due to friction and windage in bearings, 

seals, etc., or a combination of both.

Table 5-1 shows more details of operating modes and provides a quick reference 

for defining the signs of the parameters and showing which signs go with each

operating mode. Other discussion of operating modes is included in Data Re­

duction and Processing Methods (Section 4.2) and in Volume VIII.

5.2.2.2 Extent of Single-Phase Data. One of the current and convenient ways of 

describing and using data to evaluate two-phase flow pump performance is to 

correlate and quantify the numerical differences between single-phase and two- 

phase performance. This, of course, requires single-phase performance data 

covering the ranges of flows and speeds which occur in LOCA analysis for two- 

phase flow as well as for single-phase flow. For flows and speeds not possible 

to be covered directly, the similarity ratio v/a^ is matched.

5.2.2.3 Presentation of Results. Since there was so much test data obtained on

water performance, two separate pairs of homologous head and torque plots are

shown. Thus, one pair of plots are used to present Phase I forward flow data,

and another pair to present representative Phase II forward flow data plus 

combined Phase I and II reverse flow data. These plots are shown in Figures 5- 

23 to 5-26. Roughly one-third of the Phase II forward flow points are not shown 

in the plots (Figures 5-25 and 5-26) because they fell essentially on top of 

points already plotted and would have prevented distinguishing the different 

kinds of symbols present in a given plot region. Omission of these points did 

not change the curves or the range of point location shown.

A high majority of the plot points fall close to the smooth curves which were 

manually drawn through the data. Deviation from the curves, which did occur for 

several points, can be attributed to side-effects such as incipient cavitation 

due to running some tests at unrealistically low pressure levels. More discus­

sion of data consistency is presented in Section 5.3 below. The overall coher­

ence of the water data appear to be good.

Identical head curves and torque curves are drawn through both the Phase I and 

Phase II forward flow data in Figures 5-23 to 5-26. The fact that data from
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Table 5-1

SIGNS OF PUMP PARAMETERS FOR VARIOUS OPERATING MODES

Quadrant Operating Mode Parameter Signs

No. Label N Q H Th Tf&w Tsh

1 N Normal Pumping + + + + + + T^ > T^w

—H = 0

Pumping Dissipation + + _ + + + Ts^> T^

—V 0
Reverse Turbining

Dissipation + + . _ + + Tsh < Tf&w:

lThl < Tf&w 

^-Tsh = 0
Reverse Turbining + + - - + - |Tj >T^W

2 D Counterflow Pumping
Dissipation + _ + + + +

3 T Normal Turbining __ + + _ + l^h^5, ^f&w

^—Tsh = 0

Turbining Dissipa-
tion . . + + . - fih| < TfSw

Th = 0

Reverse Pumping

Dissipation with
reverse flow _ _ + _

4 R Reverse Pumping _ + + _

-----H = 0

Reverse Pumping

Dissipation - + - -
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Table 5-1 (Continued)

Parameter Symbol Definition Sign

Hydraulic Torque Torque exerted by impeller 

on fluid in impeller passage

Positive in the 

direction of nor­

mal pump rotation

Friction and 

Windage Torque
f&w Torque to overcome dynamic fric­

tion and windage outside of im­

peller passages

Positive in the 

direction of nor­

mal pump rotation

Shaft Torque Measured torque in the pump drive 

shaft, driving the pump

Positive in the 

direction of nor­

mal pump rotation

Pump Head Pressure rise across the pump in 

feet of fluid

Positive indicates 

higher pressure at 

normal discharge

Pump Speed Pump rotational speed Positive in the 

direction of nor­

mal rotation

Volumetric Flow Q Volumetric flow through the pump Positive in the 

direction of nor­

mal flow
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h/a»i^ OR bhP-------

PLOT BASED ON 

AP LEG - LEG
p&aF UPSHOMOG PERORIF

\
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vdn

VT/
/^AT

AN/
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S\(VR)
^arV.

\

-1.0-0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1

LEGEND 
RANGE OF aN

□ > 1.03

o 0.95 TO 1.03 

0 0.55 TO 0.95"

a 0.45 TO 0.55"

^ 0.10+ TO 0.45'

° 0.002+ TO 0.10
x 0 + 0.002

— /
O', d, ETC: PRE-BLOWDOWN --/ 

CAVITATION

q^. q. ETC: LOW PRESSURE 
CAVITATION

-2.59, -3.10, 8.-3.40

Figure 5-23. 
flow tests

Homologous head curve for single-phase water, Phase I forward
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PLOT BASED ON
aF UPS HOMOG PER ORIF
p AVG HOMOG PER ORIF

\
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/at
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/“VN

/
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o
0
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X

> 1.03 
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-3.8 TO -23.6

Figure 5-24. Homologous torque curve for single-phase water. Phase I forward 
flow tests
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191

* 0.002+ TO 0.10
x 0 + 0.002

OPEN SYMBOLS: HVN, HAN, HAD 
SOLID SYMBOLS: HVD, HVT, HAT

d\ <J, ETC: PRE-BLOWDOWN 
CAVITATION

q,, q. ETC: LOW PRESSURE 
CAVITATION

Figure 5-25. 
flow and all

Homologous head curve for single-phase water. Phase II forward 
'everse flow tests
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4 TO 126
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Figure 5-26. Homologous torque curve for single-phase water, Phase II forward 
flow and all reverse flow tests
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Phase I and II agree shows good test reproducibility and negligible physical 

degradation of the test pump over an extended span of operation.

It is noticeable on these water curves, as well as curves for other void frac­

tions, that the zero speed (locked rotor) points, represented by X's on the 

vertical axis, spread over a considerable range of head and torque ratios.

To determine the most representative values among these points they were plotted 

separately on auxiliary curves of h and 3^ vs v on log-log graphs as shown in 

Figure 5-27 and 5-28 for water. Assuming that the usual "k-factor" type of 

relationships (h = k-jv and ^ = ^ v ^ are f°r stationary pump geometry,
the data was fitted with straight lines having a slope of two log cycles to one 

and favoring the higher flow data. The more notable deviations from the curves 

by some lower range points are commented upon in Section 5.3.2, Performance Data 

Scatter and Anomalies. These include the progressive rise of forward flow head 

points and fall of reverse flow head points away from the straight lines as flow 

decreases, torques for |sj < 0.11 not properly following flow changes, and 

generally erratic points at the low end of the range. These deviations are 

attributed to an apparent small (-0.2 psi) constant offset in a- P-|eg_ieg measure­

ments, torque hystereses due to static friction, and test measurements going 

below the range of good measurement accuracy. The k-factors derived from the 

fitted lines on the log-log plots constitute the zero-speed intercepts (i.e., k,

= h/v and k2 = 3^/v ) as marked on the homologous performance graphs by bars 

across the vertical axis.

The lack of water data between v/a^ = 5 (i.e., a^/v = 0.20) and locked rotor is 

due to test equipment limitations which prevented higher water flows and/or 

torques and made speed impractical or unavailable below about 20% of rated speed 

(See Figure 3-2). This range was covered more extensively, however, by steam 

tests described next.

The homologous performance curves for all the steam tests are shown in Figures 

5-29 and 5-30, and the auxiliary plot for locked rotor points is shown as Figure 

5-31. The head curve in Figure 5-29 agrees rather well with the curves for 

water in Figures 5-23 and 5-25. This indicates close correlation of the single­

phase head data on the basis of similarity scaling relationships.
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The steam homologous torque curve in Figure 5-30, on the other hand, rises 

steadily above the water curves in Figures 5-24 and 5-25 as a^/v goes from 0.2 

to 1 (i.e., v/a^ goes from 5 down to 1). This is the same trend that showed 

before in the torque degration curves as an apparent overshoot in torque recovery 

as void fraction approached 1. At v/c^ = 1 the excess of steam homologous 

torque ratio above the water values is in the range of 50 to 100 percent of the 

rated water value. However, because the density factor between rated (cold 

water) and steam conditions is so high, the absolute difference between the 

steam and water torques is only a few foot-pounds. Comments on possibilities 

for bias in friction and windage torque or other factors which could affect the 

steam torques by this amount are given in Section 5.4, Special Topics.

5.2.3 Two-Phase Homologous Curves

Homologous head and torque performance curves are presented here for two-phase 

steady-state tests at upstream void fractions of 0.20 and 0.40 with upstream 

pressure at 1000 psia, and at 0.80 void fraction with upstream pressure at 850 

psia. These three combinations of void fraction and pressure were chosen for 

extensive performance mapping, as explained in Section 3.3. Operating condi­

tions for the plotted points range around these nominal values as noted on the 

plots, and conditions in the pertinent individual tests are listed in Table 3-1.

The greatest two-phase testing emphasis was on the 0.40 void fraction, which was 

expected to be representative of mid-range conditions involving near-maximum 

degradation and not very strong performance changes with small variations in 

void fraction. Review of the degradation curves in Section 5.2.1 above showed 

that these expectations were fairly well fulfilled. However, for some combina­

tions of speed and flow the curves had enough slope so that corrections to the 

performance curves below for deviations in aF might be useful.

The homologous performance curves for ap = 0.40 are presented in Figures 5-32 

and 5-33 and the auxiliary locked rotor curves are shown in Figures 5-34 and 5- 

35. These curves indicate two-phase degradation in both head and torque over 

essentially the whole operating range of v/a^. Coherence of the data appears to 

be generally good. Scatter is somewhat larger for the HAN and BAN branches of 

the curves where flow instabilities and inward leakage of seal injection water 

were sometimes encountered. More about these effects and consistency of simi­

larity scaling is discussed in following sections.
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O HEAD h

-0.001

NOR MALIZED VOLUME FLOW RATE, v

Figure 5-27. Locked rotor head and torque vs flow curves for single-phase
forward flow water
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h BASED ON 

AP LEG-LEG

yoUPS. HOMOG. PER ORIF. 

BASED ON
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O HEAD h

□ TORQUE yS,

1.0

0.5

0.10

0.05

0.01

0.005

0.001

NORMALIZED VOLUME FLOW RATE, v

Figure 5-28. Locked rotor head and torque vs flow curves for single-phase
reverse flow water
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Figure 5-29. Homologous head curve for single-phase steam
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Figure 5-30. Homologous torque curve for single-phase steam

5-45



h BASED ON 

AP LEG-LEG

pUPS. HOMOG. PER ORIF.

/3h BASED ON

yoAVG. HOMOG PER ORIF.

O HEAD h

□ TORQUE/3h

1.0 0.5

NORMALIZED VOLUME FLOW RATE, v

Figure 5-31. Locked rotor head and torque vs flow curves for single-phase
forward flow steam
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While there is some question as to just where the HAN and HAD curves reach the 

vertical zero flow axis, as indicated by the dashed lines in Figure 5-32, it 

seems most likely that there is a step change in homologous head ratio between 

forward and reverse flow. One factor involved is that when flow reverses, the 

specified upstream operating conditions -- pressure level, void fraction, and 

volume flow rate -- shift from being those at the normal suction leg to those at 

the normal discharge leg, with an accompanying shift in fluid conditions through­

out the test section. Also, the plotted head is based on the shifting upstream 

density. The size of the step change in performance across the zero flow axis 

depends upon how sensitive the performance is to each of these changing para­

meters. Pressure effects at v/c^'s approaching zero were not tested explicitly, 

but trends based on other tests are discussed in Section 5.4.1. The sensitivity 

of head to void fraction can be better appraised as the results at other void 

fractions are presented below.

The homologous torque curve is also expected to have some discontinuity at the 

flow reversal point (vertical axis). However, such a discontinuity would seem 

to be smaller for torque, judging from the plotted data and from the fact that 

the plotted torque parameter is normalized on the basis of average density 

(actually 1/v ) between the suction and discharge legs. Also, the torque wasa v y
generally less sensitive than head to changes in void fraction.

It should also be noted that steady-state two-phase tests with the main flow 

shut off were not attempted. Without significant flow the void fraction measur­

ed in the pipes could not be controlled or related to the conditions in the 

impeller with any certainty. Also, the shaft work continuously being dissipated 

in the fluid would tend to cause continuing vaporization, producing increasing 

void fractions limited only by heat removal by wall conduction and seal cooling 

flow.

Homologous performance curves for a nominal void fractions of 0.20 are shown in 

Figures 5-36 and 5-37. These indicate relatively mild degradation below the 

water curves except at high v/a^'s and not much change in the shapes of the 

curves. Some tests were included in the dissipation (D) quadrant (reverse 

flow and forward speed) for high v/c^'s approaching and including locked rotor. 

These were run to provide information for LOCA analysis of NSSS suction leg 

break blowdowns. For these breaks, some vaporization may occur at the pump just 

before the reverse flow brings the impeller to a stop and then holds it locked
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Figure 5-32. Homologous head curve for two-phase,ap = 0.40
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Figure 5-33. Homologous torque curve for two-phase, ap ^ 0.40
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Figure 5-34. Locked rotor head and torque vs flow curves for two-phase
forward flow, ap - 0.40
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Figure 5-35. Locked rotor head and torque vs flow curves for two-phase
reverse flow, ap ~ o.40
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ap « 0.20 (0.15 TO 0.25)
1000 PSIA (930 TO 1115, FORWARD FLOW) 

(885 TO 1125, REVERSE FLOW
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Figure 5-36. Homologous head curve for two-phase, ap = 0.20
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Figure 5-37. Homologous torque curve for two-phase, ap = 0.20
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against the anti-reverse-rotation device. Step changes at flow reversal appear 

to be comparable or smaller than for 0.40 void fraction.

For a nominal void fraction 0.80 the homologous performance curves are presented 

in Figures 5-38 and 5-39. Heads were even more degraded than for 0.40 void 

fraction at v/c^'s up to about 1.4, but the head recovered to single phase 

values by v/a^ = 3. Torques similarly were lower than for 0.40 void fraction 

out to v/a^ =1.0 and then recovered to slightly lower than water values for 

v/a^ above 1.6. Step changes at flow reversal appeared to be larger than for 

0.40 void fraction.

For convenient overall comparison of two-phase and single-phase performance for 

forward flows, Figures 5-40 and 5-41 show composite sets of the above head and 

torque curves.

The discussion above about step changes in plotted performance at the vertical 

zero flow axis pointed out that one factor influencing the size of such a step 

is sensitivity to changes in void fraction. Figure 5-40 shows that for v/a^'s 

approaching zero (i.e. zero flow), the head varies considerably with void 

fraction. On the other hand, in Figure 5-41, the torque curves appear to come 

closer together at low v/a^'s and indicate less sensitivity to void fraction.

The possibility of reducing or eliminating such steps in performance curves by 

using alternate versions of data presentation is commented upon further in 

Section 5.4.2 below.

5.3 DATA QUALIFICATION AND CONSISTENCY ANALYSIS

5.3.1 Comparison with Test Plan

In order to check that the steady-state tests carried out the intent of the test 

plan, the pump operating conditions that were actually achieved were compared 

against those specified in the test plan requests. The requests included set 

point tolerances indicating how closely the actual operating conditions should 

match the requested conditions to readily fulfuill the purposes of the tests. 

These set point tolerances varied somewhat, depending on the purposes of the 

tests and the ranges of the variable. Table 5-2 shows the set point tolerances 

used to guide most of the testing. In general, the tightness of the tolerances 

reflect:
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1. the anticipated sensitivity of the pump performance to the particular 
parameter, and

2. the practical limits of operating control.

Also for each type of testing,

3. tighter tolerances were placed on those parameters which were to be held 
constant and,

4. looser tolerances were allowed on those parameters that were varied to 
space the performance points along a curve.

For each test point the set point deviations were checked using preliminary data 

reduction methods immediately after recording the data in the laboratory. If 

the test conditions were not within the set point tolerances, adjustments were 

made in an effort to improve the test settings. Practical limitations on time, 

ease of control, flow stability, and test facility capacities resulted in some 

final deviations beyond the set point tolerances. Post-test reviews accounting 

for the actual shapes of the performance curves have refined the indications of 

whether a test can be considered appropriate for its original purpose. Even if 

beyond acceptance for the originally specified point, a test may constitute an 

acceptable alternate choice or contribute useful data for other purposes. The 

resulting matchups between tests and purposes are indicated in the groupings of 

tests by purpose in Table 3-1, Steady-State Test Matrix.

Thus the acceptance or utility of a test point for its original or an alternate 

purpose is a matter of degree depending on how sensitive the measured perfor­

mance turned out to be to deviations from nominal operating conditions and how 

much scatter can be tolerated. These aspects are discussed in the next section 

on data scatter.

Another part of qualifying the accumulated data for adequacy was reviewing the 

resulting degradation and performance curves in preliminary form during the test 

program to see whether the actual shapes of the curves and locations of the 

measured points resulted in gaps or confusing relationships of the points. If 

this occurred in essential areas of interest, more tests were specified and run 

to provide better resolution of the performance.

5.3.2 Performance Data Scatter and Anomalies

Scatter pertains to data that is consistent with the overall trends but ranges 

within some band of fluctuations about the mean of the data. Anomalous points
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Table 5-2

SETPOINT TOLERANCES FOR STEADY-STATE TESTS

- Setpotnt Tolerances For Various Types of Tests9

Parameter
Nominal Set-Point 

Values

Sampling of ap and
P Degradation^Effects

Performance Mapping Steady-State Comparison 
of Head and Torque With Transients

VS v/a^

Upstream Void Fraction .05-.25 .01 .02 .01
(aF) .40 .04 .04 .04

r .65 .05 .05 .05
.80 .035 .035 .035
.90 .017 .017 .017
.95 .007 .007 .007

Upstream Volumetric 5% of value 15% of value 5% of value
Flow Rate (Q)

Homologous Flow/Speed 1-2% of value by setting As results from 1--2% of value by setting N
Ratio (v/a^) N as below after measuring Q Q and N a;; below after measuring Q

Upstream Pressure (P) 1265 psia +0, -25, Psi +0, -25 Psi +0, -25 Psi
850-1200 Psia 15 Psi 15 Psi 15 Psi

480 Psia 20 Psi 20 Psi 20 Psi

Speed (N) >2500 RPM 50 RPMb . 50 RPM 50 RPMb ,
<2500 RPM 2% of value0 2% of value 2% of value0

3 Setpoint tolerances are desired limits on deviations of sensor readings from requested points (i.e. sensor readings
ignoring measurement uncertainties).

k Speed value in these cases is calculated from actual volumetric flow rate and required v/o^.



are those which are clearly inconsistent with the trends of the majority of data 

and/or conflict with designated modes of operation or physical reality.

5.3.2.1 Scatter. The primary means of observing performance data scatter is to 

see how widely the majority of the plotted points vary from smooth performance 

curves in the graphical presentations of Section 5.2 above.

Sources of data scatter can occur in the measurement processes and in the 

physical conditions being measured. Measurement scatter includes the effects of 

usual variability and uncertainties in sensor responses, calibrations, and 

outside influences (vibration, etc.). Scatter in physical conditions are real 

variations commonly occurring to some degree but not directly accounted for in 

the performance correlation as calculated from the measurements and plotted. 

Examples of such physical conditions are:

1. Two-phase flow bubbles and/or churning which cause time-varying signals 
from densitometers, turbine meters, etc., being recorded randomly in the 
five data scans made during each steady-state test.

2. Periodic gross flow variations such as slugging or oscillations which could 
be the consequence of two-phase flow regimes locally in the test section or 
could result from more overall pump/loop interaction peculiar to the test 
system configuration.

3. Side effects from variations in seal cooling water injection and net 
leakage -- normally out but sometimes into the main stream (See Special 
Topics, Section 5.4 below).

4. Set point deviations from nominal operating conditions (constant speed, 
void fraction, etc.), allowed in selecting points for the plot and not 
adjusted for in deriving the plotted values.

5. Performance deviations from similarity laws and other physical relation­
ships assumed in the presentation models (See Special Topics below).

The extent of performance data scatter is observable directly from the perfor­

mance plots in Section 5.2. Associated deviations from nominal operating condi­

tions for individual plotted points can be derived from the conditions listed in 

Table 3-1, Steady-State Test Matrix, or the Summary Table (4-6). The sensiti­

vity of performance results to such deviations in operating conditions can be 

deduced from performance cross-plots vs the deviating parameters (as illustrated 

below). Measurement uncertainties derived from instrument calibration data are 

listed in Volume VIII, Data Processing Methods, and in the 10-page data print­

outs on file at EPRI. Standard deviations indicating the variability of the 

five scan readings (relative to a straight line drift) are listed in the one
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page printouts in Volume V, Steady-State Data, and in the 10-page data printouts 

for the main derived parameters in each test. The general approach used in 

analyzing the scatter was to estimate point shifts that resulted from variations 

in physical conditions, as discussed next, and to consider measurement uncertain­

ties as additional separate effects (See Special Topics below).

Inspection of the pump performance data plots in Section 5.2 shows that the 

overall coherence of the data as plotted is good and that for a high percentage 

of the points the scatter from the smooth curves drawn through the data is only 

a small fraction of rated performance values. This enhances confidence in the 

curves, especially in regions of main test emphasis.

Part of the scatter is the result of set point deviations not corrected for in 

data reduction and plotting. Since all test points deviated somewhat from 

nominal operating conditions, the points plotted for a given performance curve 

are those which fell within a selected range around the nominal conditions.

These selection ranges are related to the set point tolerances but were tailored 

to be somewhat broader to include a maximum number of points useful for defining 

the curve while still avoiding too much scatter in performance values. Also it 

was desired for the initial data presentation to include some marginal points so 

as to further evaluate the sensitivity of performance to set point deviations 

and the choice of point selection ranges. The selection ranges used for the 

plots in Section 5.2 are indicated on the plots and are listed in Table 5-3 

below.

The scatter due to a set point deviation can be corrected approximately by 

calculating and subtracting out the corresponding performance offset, based on 

a cross-plot of the performance vs the deviating parameter. This was done in 

Section 5.2.1 for Figure 5-1 which shows homologous head vs void fraction for 

v/a^ nominally equal to 1. The correction needed to offset the shift in each 

head point for deviation in v/c^ from 1 was calculated from:

correction

aN
test point

slope, at 
v/aN = 1
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Table 5-3

SELECTION RANGES FOR PARAMETERS IN PLOTS OF PUMP TWO-PHASE TEST DATA

Specified " Constant" Operating Conditions
Plot Type Figure No. V Coordinates X Coordinates Nominal Selection Ranges Plotted

Two-Phase
Performance

5-38 h/«N2

v/aN

otp = .20 otp = .15 to .25

or P = 1000a P = 930 to 1115,forward flow

h/v2
or P = 885 to 1125,reverse flow

5-39
V“N2 Vv

or

V"2

Two-Phase
Performance

5-34 h/aN2

v/aN

or

OIIu_ «p = .35 to .50

or

h/v2
P =1000 P = 900 to 1050

5-35 eh/aN aN/v

or

yv2

aP's are in psia.
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SELECTION RANGES FOR PARAMETERS IN PLOTS OF PUMP TWO-PHASE TEST DATA

Table 5-3 (Continued)

Specified "Constant" Operating Conditions
Plot Type Figure No. Y Coordinates X Coordinates Nominal Selection Ranges Plotted

Two-Phase
Performance

5-40 h/aN2

or

h/v2

v/aN

or

otp = .80

P = 850a

dp = .70 to .83

P = 740 to 870,forward flow

P = 740 to 1000,reverse flow
5-41 3h/aN2 aN/v

or

Bh/v2

Two-Phase 
Performance 
Locked Rotor 
Forward Flow 5-36 log h

and

log 3h

2
log v oip = .40 dp = .35 to .43

Reverse Flow 5-37

P = 1000 P = 990 to 1050

Two-Phase 
Degradation 
Forward Flow

5-1 h/aN2 v = 1.00 
aN = 1.00

v = .90 to 1.10 
d^ = .99 to 1.03

2
F v/a^ =1.00 v/d^ = .90 to 1.07

5-2 eh/aN (1)P = 1200 (2)P = 1050 to 1260 -

or 1000 
or 850 
or 480

or 950 to 1050 
or 800 to 900 
or 430 to 530

aP's are in psia.
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Table 5-3 (Continued)

SELECTION RANGES FOR PARAMETERS IN PLOTS OF PUMP TWO-PHASE TEST DATA

Specified "Constant" Operating Conditions
Plot Type Figure No. Y Coordinates X Coordinates Nominal Selection Ranges Plotted

Two-Phase
Degradation,
Forward
Flow

5-6 h/v2 v/a^ = 1.42 v/a^ = 1.32 to 1.52

P's as at (2) above
5-7 Bh/v2 aF P's as at

(1) above

Two-Phase 
Degradation 
Forward Flow

5-8 h/v2 v = 1.00 v/aN = .88 to 1.10
aj^j = .44+ to .55

v/a^ = 1.75 to 2.30

P's as at (2) above

5-9 V"2
aF aN - .50

v/a^i = 2.00

P's as at 
(1) above

Two-Phase
Degradation,
Forward
Flow

5-10 h/v2 v/a^ = 4.00 v/ctj^ = 3.50 to 4.70

5-11 6h/v2
aF P's as at 

(1) above
P's at (2) above

Two-Phase
Degradation,
Reverse
Flow

5-12 h/“N2 v = .70
aN = --70 

v/a^ =1.00

P = 1200a 
or 1000 
or 850 
or 480

v = -.68 to -.70 
oi^ = -.69 to -.70

v/a^ = .975 to 1.00

P = 1050 to 1260 
or 950 to 1050 
or 800 to 900 
or 430 to 530

5-13 Bh/aN2
aF

aP's are in psia.
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Table 5-3 (Continued)

SELECTION RANGES FOR PARAMETERS IN PLOTS OF PUMP TWO-PHASE TEST DATA

Plot Type Figure No. Y Coordinates X Coordinates
Specified "Constant" Operating Conditions

Nominal Selection Ranges Plotted

Two-Phase
Degradation,

Reverse Flow

5-14 h/v2

ap

v = -.70 

aN = -.50

v/a^ =1.40

P's as at 
(1) above

v = -.675 to -.715

= -.495 to -.50

v/a^ = 1.37 to 1.43

P's as at (2) above

5-15 eh/v2

Two-Phase 
Degradation, 
Reverse Flow

5-16 h/«N2

ap

v = -.28

aN '5
v/a^ = -.56

P's as at 
(1) above

v = -.25 to -.30 

ot^ = .495 to .50 

v/a^ = -.50 to -.60

P's as at (2) above.

5-17 3h/aN

P's are in psia.



The slope for a given void fraction was taken from Figure 5-3 which was derived 

from the slopes at v/c^ = 1 of the head performance curves for various void 

fractions (Figures 5-23, 5-25, 5-29, 5-32, 5-36, and 5-38). The calculated 

corrections are shown in Figure 5-1 by the arrows, with the tips of the arrows 

indicating the adjusted head values. The improved correlation with reduced 

scatter is apparent. Similar corrections are shown for at least part of the 

points in Figures 5-1, 5-6, 5-17, 5-32, 5-33 and 5-36 to 5-39. Corrections to 

curves of performance vs v/c^ at nominally constant ap and P, were derived from 

curves of performance degradation vs ap at various P's and nominally constant 

v/a^, and vice versa. Thus a consistent corrected set of both kinds of curves 

involves some iterative interaction in the adjustments. In some cases (e.g. the 

HAN curve for ap = 0.40 in Figure 5-32) the effects of set point deviations 

happened to be predominantly in one direction, and the addition of correction 

arrows shifted the curve slightly. The calculated correction arrows exhibited 

in the plots discussed here are just key examples of this process for reducing 

scatter and improving correlations. These examples also serve to indicate for 

these cases the amount of scatter due to set point deviations.

Performance variations associated with changes in other operating conditions are 

discussed in Section 5.4, Special Topics.

5.3.2.2 Anomalies. A variety of consistency checks capable of detecting data 

and performance anomalies were made during the pump test program and data 

handling. Specific numerical checks were made on much of the data and included 

comparison of:

• pump head direct AP sensor readings vs calculated values of
P -Pdischarge suction’

• two-phase pressures and temperatures vs steam table saturation 
values,

• algebraic signs of P's, friction torque, etc. vs flow and speed 
directions,

• general correspondence of specific volumes and void fractions 
derived from gamma densitometers vs orifice readings plus energy 
balance calculations, and

thermocouple vs resistance temperature device readings.

Another key method was to look for uncommonly large deviations from the usual or 

expected operating conditions or performance results. This was sometimes done 

numerically, but also tended to stand out readily on the performance plots.
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Observed inconsistencies included such items as a series of head or torque 

readings that did not change when the operating conditions were varied, over­

shoot of steam and near-steam torques to values considerably above the corres­

ponding homologous water torques, and isolated points or series falling far from 

the curves which give good correlation for the rest of the data. It should be 

noted that for completeness and expediting such consistency comparisons, even 

extreme deviation points are shown (or indicated in the margin) in the plots.

Observation of anomalous deviations led to examining the test points in question 

to see which individual parameters did not fit into the usual pattern, and 

trying to diagnose the causes. Such examinations detected a variety of errors, 

not uncommon to such a complex test program, which were remedied in the course 

of methods review and data processing. These remedies have included correction 

of instrumentation hookups, range selections, data reduction formulas (signs, 

logic, etc.), hand plotting, etc. These activities in effect constituted part 

of the quality review and development of the data procurement and processing 

methods and results.

Most of the corrections for data processing have been incorporated into the 

methods, and the results have been revised accordingly. Some changes, such as 

substitution of ~pSUCfj0n ^or erroneous leg-to-leg AP's were not made in
the basic raw data or resulting reduced data but were made and noted in Table 4- 

6, Summary Table.

Anomalies which remain in the data comprise those which have been diagnosed but 

are not readily correctable and those for which diagnosis is incomplete. An 

example of a non-correctable anomaly is some locked rotor torques which showed 

large hysteresis -- apparently due to sticking or binding in the non-rotating 

bearings or seals. An example of incomplete diagnosis is a series of consecutive 

torque readings which varied systematically in a typical pattern but far above 

the performance curve, and for which no explanation (such as wrong-range calibra­

tion constants) has been definitely identified. Observed remaining anomalies in 

the performance plots are listed with comments in Table 5-4 below. Observations 

on some special effects, including some which caused scatter and/or anomalies, 

are given in Section 5.4, Special Topics.
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Table 5-4

COMMENTS ON DATA ANOMALIES IN PLOTTED POINTS

Figure No.

5-23 
& 5-24

Approx.
Test No. Curve Segment x, y Coord. Comments

251 HAN .7, .7 These were pre-blowdown points
676 BAN .7, .75 with booster pumps locked and
701 Symbols only the test pump running.
846 with Suction subcooling was

upper not maintained and flashing
appendage. occurred.

257-260 Below At or below low side of
322 HAN curves scatter band. Low pressure
369 BVN effects — apparently
587, 588 Point cavitation inside pump.
616, 617 symbols Some tests were clearly
639 with below required net positive
661 lower suction head (NPSH) per
688 appendage. manufacturer. All were at 

suction pressure less than
150 psia.

365 HAN .1, 1.1 Cavitation. Suction pressure
BAN .1, .7 was only approximately atmo­

spheric.

628 HAN 0, .85 Speed was not really zero
BAN 0, 1.1 and not properly recorded.

Set point was 4500 rpm and 
speed recording was not 
operational.
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Table 5-4

COMMENTS ON DATA ANOMALIES IN PLOTTED POINTS (Cont'd.)

Figure No. Test No. Curve Segment

5-23 669 HVN

& 5-24 Cont'd

625 BAN

370,371
602-606 HVN
642 BVN
832

5-25 1156
& 5-26 1179 HAN

1211 BAN
1319
1351
1380

856, 857 
864-869 HAN
937-939
943
949-953
1003

BAN

Approx, 
x, y Coord. Comments

.86, 0 Recorded AP-|eg_ieg not proper 

not consistent with P^^ - 

PSIS or APflange-flange.

Us,n3 PDIS ' PSIS + 5ps1 
for concurrent offset in
PSIS’ wou^ bring point to 
.86, .46 -- which is on curve

.6, 1.05 Torque somewhat high but 
no apparent reason observed.

Stray locked- 
rotor X's

For explanation see notes for 
Figure 5-27.

Below
curves.
Symbols 
with 
upper 
appendage.

These were pre-blowdown 
points with booster pumps 
locked and only the test 
pump running. Suction 
subcooling was not maintained 
and flashing occurred.

Below
curves.
Symbols 
with 
lower 
appendage.

At or below low side of 
scatter band. Low pressure 
effects, apparently 
cavitation inside pump.
Some tests were below 
required NPSH per manufac­
turer. All were at suction 
pressure less than 150 psia.

(Cont'd)
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Table 5-4

COMMENTS ON DATA ANOMALIES IN PLOTTED POINTS (Cont'd.)

Figure No.

5-25
& 5-26 Cont'd.

Approx.
Test No. Curve Segment x, y Coord. Comments

Torques for points 856, 857, 
and 864-869 would fall some­
what lower yet if not affec­
ted by a positive offset in 
calibration (see re points 
862 et al below).

862 BAN .93, 1.04 These and others in test
863 .4, .96 series 856-871 show higher
870 BVN .43, .03 torques than expected from
871 .4, .5 the normal pattern -- appar

ently an improper offset of 
constant magnitude about 8 
or 9 ft Ibf, which is a lar­
ge percentage for low torque 
points like 871. (See also 
comments on steam points for 
Figure 5-30.)

965 HVN .5, -1
BVN .5, -.6

Head and torque were very 
low. Suction pressure was 
480 psia but conditions were 
at saturation, and large 
pressure drop resulted in 
cavitation plus flashing to 
0.50 void fraction with two- 
phase degradation.

858 HVN .7, -.2
BVN .7, -.26

Low performance was similar 
to cavitation points but no 
specific reason was observed 
Suction conditions (Cont'd.)
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Table 5-4

COMMENTS ON DATA ANOMALIES IN PLOTTED POINTS (Cont'd.)

Figure No. Test No. Curve Segment
Approx, 

x, y Coord. Comments

25
5-26 Cont'd. 858 were 236 psia and subcooled.

1026 BVN .79, .42 Low torque appears to be a 
consequence of drift in flow, 
and variable torque readings 
among 5 scans.

1140 BAN .03, .9 Torque high. Low flow and 
speed not favorable for 
scaling but no definite 
reason diagnosed.

1364
1366

HVN .6, 2.4 Head excessively high.
APi measurements wereleg-leg
not consistent with P^^ "

PSis which, if substituted,

would bring points in line 
with others -- including 
cavitation effects for test
1364 which was run at 119 
psia suction pressure.

512-516 HVT

BVT

0+, -.1& .8 
.3 to .6, .9
0+, .23 &.5 
.3 to .6, 1.2 
to 1.8

These were very low reverse 
flow free-wheeling tests 
producing low speeds, aP's 
and torques with fair- 
poor accuracies for plotting.

446-450 HVT 0, -.2
0, .8 to 1.2

These were very low reverse flow 
locked rotor tests (Cont'd)
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Table 5-4

COMMENTS ON DATA ANOMALIES IN PLOTTED POINTS (Cont'd.)

Figure No. Test No. Curve Segment
Approx, 

x, y Coord. Comments

5-25 &
5-26 Cont'd.

446-450 HVT 0, 5 to 50 producing low P's with poor 
accuracies for test 449 and 
and 450 heads. Torque involved 
apparent sticking. See comments 
on Figure 5-28.

602-606 BVN 0, -3 to -20 Sticking bearings or seals. - 
See comments on Figure 5-27.

5-27
cn

370
602-606 Vs ” V5 =-.06 to -.07

Torques for v < 0.3 do not 
follow flows as expected.
These points and others for 
Figure 5-28 (See below) indi­
cate consistent, torque hyster­
esis, with torque readings 
either too high or too low, de­
pending on previous locked rotor 
torque levels.

This suggests binding or sticking 
in bearings and/or seals for 
nonrotating conditions with the 
rotor locked at the outboard end 
of the motor shaft.

370 h vs v v's. 05 to These heads rise increasingly
602-606 .15 except in percentage above the straight

.078 line fit as flow drops. However,
the absolute offset in h is 
approximately constant at -0.002, 
which corresponds to only -0.2 
(Cont'd.)
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Table 5-4

COMMENTS ON DATA ANOMALIES IN PLOTTED POINTS (Cont'd.)

Approx.
Figure No. Test No. Curve Segment x, y Coord. Comments

5-27
Cont'd.

370
602-606

832 h vs v 
642 B. vs v 
1202 n

628 h vs v 
3h vs v

399 3, vs v
446-450 n
475
516
1447
1454
1459
515
398

446-449 h vs v
510

.078

.013

v = 1.1

All
torques 
for v < .3, 
except 
perhaps 
-.07, .01 
& -.052, -.005

i.M psi offset in 4Pleg-leg 
sensor calibration. The same 
offset is indicated in Figure 
5-28 (See below).

Irregularities not definitely 
diagnosed. Torques probably 
affected by hysteresis, but 
less predictably here since 
these points were not preceded 
by other locked rotor readings.

Not plotted in this figure 
because not a locked rotor 
test. Zero speed was recorded 
because the speed meter was 
nonoperational.

All these torque readings show 
hysteresis as described above 
for Figure 5-27. Points 515 
and 398 listed as possible 
exceptions are probably 
affected by hysteresis too 
upon flow startup after instal­
lation of the rotor lock.

v's = .-14 
to -.065

These heads which fall increas­
ingly below the curve at lower 
(Cont'd.)
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Table 5-4

COMMENTS ON DATA ANOMALIES IN PLOTTED POINTS (Cont'd.)

Approx.
Figure No. Test No. Curve Segment x, y Coord. Comments

5-28 446-449 flows correspond to a small, ap-
Cont'd 510 proximately constant, offset of 

-0.2 psi in APleg_1eg measure­

ment, as for Figure 5-27 above.

398 h vs v v's = -.05 In some cases, unsteadiness
450 to -.02 (fluctuations) were encountered.

515 All AP's for these points were
1447 so low that measurement
1454 uncertainties were large compared
1459 to the readings.

5-29 873-879 BVN .2 to 5, > .3 Values way above curve.
& 5-30 Points Probably calibration was off.

with Apparently there was a constant
question improper offset of 8 or 9 ft Ibf
marks. in all readings. This also af­

fected water tests in series 856-
879 using the same calibration 
file. (See comments for Figure 
5-25 & 26 above).

879 HVN .2, -1.5 Head considerably low. No def­
inite reason diagnosed. AP-|eg ^eg

was small (-.17 psi) and uncer­
tainties from measurements and
scatter in scans were comparable 
to discrepancy.

591 HVN .2, -1.7 Head low. Cause not diagnosed.
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Table 5-4

COMMENTS ON DATA ANOMALIES IN PLOTTED POINTS (Cont'd.)

Approx.
Figure No. Test No. Curve Segment x, y Coord. Comments

5-29 
& 5-30 
Cont'd

5-31

1095 BVN .4, -2.5

1079 BVN
1086, 1087

268 BVN .98, 2.05
358 BAN .96, 1.56

598
1077

3h vs v X's on
y axis

595-598 6h vs v v's = 7.5, 
6.5, 3.5,
& 5

Torque very far below curve. 
Reading was small and unsteady 
so uncertainties were compar­
able to reading.

Torque far below curve. These 
were freewheeling tests with 
small torques (3 to 4 ft Ibf) 
and relatively large uncertain­
ties (near 1 ft Ibf).

Inconsistent. Torque for 268 
was high compared to homolo­
gous water curve. See Special 
Topics for discussion (Section 
5.4.4).

Locked rotor points. See 
comments re Figure 5-31 below.

For each of these tests some 
of the 5 data scans showed 
seal injection water to be 
boiling and the discharge flow 
registered as zero even through 
steam may have been flowing 
through the magnetic flow­
meter. In the data reduction 
calculation this resulted in 
presuming leakage into the main 
stream and quenching of (Cont'd.)
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Table 5-4

COMMENTS ON DATA ANOMALIES IN PLOTTED POINTS (Cont'd.)

Figure No. Test No. Curve Segment
Approx, 

x, y Coord. Comments

5-31
Cont'd.

595-598 the void. The resulting 
calculated pump discharge 
density, higher than actual,
led to normalized torques lower 
than actual -- especially for 
Test 598, for which 4 out of 5 
scans were affected. Torque 
for Test 597 was on the curve 
even though 2 scans were 
affected; probably hysteresis 
due to mechanical binding kept 
the reading from going lower 
(See comments for Figure 5-27 
above).

v = 1 Torque above curve. No
specific reason noted.

.1,2 Very high, especially head.

.1, .94 This was a low flow test with
seal in-leakage quenching 
voids. (See Special Topics, 
Section 5.4.1.)

.9, .17 Far below curves. Low speed

.9, .4 and flow operation yielded

l°w APieg-leg (°-5 psi^ A1so 
torque was unsteady (9 to 
13.6 ft Ibf). Uncertainties 
were higher than usual but no 
specific diagnosis made.

1076 3^ vs v

5-32 287 HAN
& 5-33 BAN

959 HAN
BAN
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Table 5-4

COMMENTS ON DATA ANOMALIES IN PLOTTED POINTS (Cont'd.)

Figure No. Test No. Curve Segment
Approx, 

x, y Coord. Comments

5-32 1420 HAN .08, .4 Far below curves. Low flow.
& 5-33
Cont'd

BAN 0.8, .5 Possibly influenced by phase 
separation. No specific 
diagnosis.

290,291 BVN 0,0 Locked rotor points. See 
comments re Figure 5-34 below.

5-34 290,291 BVN 0,0 These torque readings were not 
responsive to flow. Probably 
affected by hysteresis from 
bearing or seal binding. (See 
comments re Figure 5-27 above)

5-35 441, 442
444, 445

Bh VS v v's = -1,
.7, .3, .28

Deviations of torques from 
curve are noticeably greater 
than for heads and are 
consistent with presence of 
hysteresis due to binding 
(See comments re Figure 5-27 
above).

5-36 719, 720 HAN .85, .4 Far below curves but no
& 5-37 BAN .85, .6 specific reason noted.

5-38 1422 HAN .2, 2.3 Far above curves. Seal in-
& 5-39 BAN .2, 1.2 leakage quenched fluid from 

0.75 void fraction to 0.

274 BVN .7, .8 Far above curve. No specific 
reason noted.



5.4 SPECIAL TOPICS

5.4.1 Special Effects on Performance Variations

5.4.1.1 Pressure Level. Some of the degradation curves in Section 5.2.1 show 

homologous head and torque vs void fraction at constant v/a^ for more than one 

pressure level. In particular for forward flow and speed with v/a^ s 1 and 2, 

separate series of tests were run for pressures near 1200, 1000, 850 and 480 

psia. The results are shown in Figures 5-1, 5-2, 5-8 and 5-9, with separate 

curves drawn through the data for the different pressure levels. Compared to 

the main data curves at 1000 psia, the higher pressures tended to suppress the 

two-phase effects somewhat, while lower pressures generally magnified the two- 

phase effects.

The greater two-phase effects at lower pressures were expected because at lower 

pressures there is more difference between steam and water densities. This not 

only promotes the two-phase mechanisms which arise from differences in density 

between the vapor bubbles and the liquid, but also results in greater changes in 

void fraction and mixture density for a given pressure change. For example, 

calculations using steam table properties (Reference 5) show that throttling 

losses associated with a moderate k factor and a given upstream velocity result 

in an increase in specific volume of the mixture which is about three times as 

large at 480 psia as at 1000 psia.

Also, there are factors which tend to make the low pressure effects greater at

low void fractions. One factor is the higher mixture density at low void

fractions, which means correspondingly greater AP for a given k factor and
o

upstream velocity, since aP = kpV /2|g |. Another factor is that a given amount 

of vaporization results in a relatively large percentage increase in void 

fraction if the void fraction is initially low. Such magnified low pressure 

effects at low void fractions are indeed in evidence in Figures 5-1 and 5-2 and 

even more so in Figures 5-8 and 5-9. However, pressures as low as 480 psia (or 

even 850 psia) at low void fractions are not involved in L0CA analysis (See 

Figure 3-1). The 480 psia tests at mid-range void fractions were run to ident­

ify and explore pressure effects by exaggeration, and were extended to low void 

fractions to produce complete curves to correlate with the current 1/20-scale 

model pump tests which are limited to 500 psia or less (Reference 6).
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Inspection of the remaining regions of Figures 5-1, 5-2, 5-8 and 5-9 which are

more pertinent to LOCA analysis, shows that at higher pressure levels, near 1000

psia, effects of a change of 100 psi were noticeable but not strong. In general,

the spread in pressure across the LOCA band shown in Figure 3-1 appears to
2 2 2 2result in a spread in performance (h/a^ or h/v and $/a^ or B/v ) of the order 

of plus or minus 0.1 about the mean performance at each void fraction. Figures 

5-1 and 5-2 represent forward flow and speed pumping operation, and Figures 5-8 

and 5-9 represent forward flow and speed turbining (where torque is negative) or 

pumping dissipation (where torque is positive). Thus they show pressure effects 

in modes of operation of prime interest.

5.4.1.2 Cavitation. Related to pressure effects in two-phase tests is cavita­

tion in single-phase water testing. It is a well known phenomenon that there is 

a pressure drop as the fluid speeds up coming into the impeller and that if the 

pressure falls below the vapor pressure there will be cavitation with an accom­

panying sharp drop in performance (References 2 and 4). The performance points 

which fall significantly below the HVN and BVN curves in Figures 5-23 to 5-26 

are nearly all at low pressures -- generally well below 200 psia. Some of the 

points are within the range of conditions shown by the manufacturer's cold water 

tests (Reference 2) to fall below the net positive suction head (NPSH) necessary 

to avoid cavitation. Low pressure tests at other conditions not covered by the 

manufacturer's cavitation tests show similar degradation in amounts generally 

correlating with how low the pressure was. For operation with greater pressure 

rise and lower flow rates, less NPSH is required to avoid cavitation effects, 

and cold water points toward the left end of the HAN and BAN curves showed no 

significant cavitation effects even as low as 20 psia. However cold water Test 

365 at v/a^ = 0.10 with a pressure of only 14.3 psia did fall considerably below 

the curves in Figures 5-23 and 5-24.

After the extent of cavitation became more evident early in Phase II, the cold 

and warm water tests were normally run at pressures above 200 psia and hot tests 

were run above the corresponding saturation pressures.

5.4.1.3 Seal Leakage. To avoid excessive leakage of hot fluid from the main 

stream out through the model pump shaft seals with resulting overheating of the 

bearing oil, cool water was injected into the seal cavity behind the pump 

impeller.
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The pressure in this seal cavity was controlled so that normally there was a 

small amount (about 1 Ibm/sec) of mainstream fluid leaking from the impeller 

discharge into the injection water outflow. Such small loss of fluid downstream 

of the impeller had little effect on the mainstream fluid conditions (but was 

accounted for in reducing the data).

However, there were some tests in which the seal cavity pressure rose above 

mainstream pressure and cool seal water leaked into the main stream. The 

question arose whether this might be the cause of some unexpected head readings 

for two-phase tests at low flow rates (e.g. Test 287 in Figure 5-32 near v/aM 

=0.1 and h/o^ = 2). To investigate seal leakage effects a special series of 

low-flow two-phase tests were run in which the seal leakage was allowed to range 

from the usual 1 Ibm/sec out of the mainstream to nearly 2 Ibm/sec into the 

mainstream. The results are presented in Figure 5-42 and Table 5-5.

Table 5-5

DATA FROM LOW-FLOW TESTS SHOWING EFFECTS OF SEAL LEAKAGE

Test
No.

Net Seal 
Leakage
1bm/sec*

Leakage % 
Of Main - 

Stream Flow

Upstream
Void

Fraction

Downstream
Void

Fraction v/oN h/aN2 3h/aN

1418 1 .07 11.5 .55 .74 .108 .526 .658

1419 1 .03 11.1 .56 .75 .109 .491 .673

1421 .62 6.6 .58 .70 .117 .647 .740

1423 -1 .88 -20.5 .65 0 .141 3.994 1.304

1424 -1 .94 -19.7 .65 0 .138 3.921 1.328

1425 -1 .86 -19.6 .65 0 .139 3.909 1.354

1426 - .76 -8.2 .65 0 .134 2.319 1.026

1427 - .73 -8.0 .64 0 .130 2.380 1.027

1428 - .39 -4.4 .62 0 .121 2.073 .999

1429 - .09 - .94 .62 0 .122 1.675 .944

287 - .013 - .12 .42 0 .105 2.048 .932

* + = out iof main stream; - = into main stream
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^=0.05 TO 0.07 
aM=0.50

vlaui= 0.10 TO 0.14

a.c i ipqtrFAM_0-55 TO 0.66 (EXCEPT 
0.42 FOR TEST 287)

P«1000 PSIA

1 LB/SEC LEAKAGE « 10 TO 11%
OF MAINSTREAM

BASED ONPARAM. Cv upstream)

X---------- h/apyj C1/v AVERAGE)

□---------^h/aN2 (1/vAVERAGE)
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.. 1.8

■ 1.4
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.. 1.2
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.. 0.4
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SEAL INJECTION LEAKAGE, LB/SEC 

INTO MAIN STREAM OUT OF MAIN STREAM------►

Figure 5-42. Effect of seal leakage on low-flow two-phase tests
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The table and plots show that inflow of cool seal water quenched the steam at 

the discharge leg measuring station and that increasing amounts of cool inflow 

resulted in steadily increasing head and torque. Even when the head is plotted 

(like the torque) on the basis of average specific volume across the pump, the 

head shows considerable increase. These results seem to indicate that the cool 

in-leakage is affecting conditions in the impeller as well as beyond, and this 

implies that some of the cool water is recirculating down the front side of the 

impeller from the discharge and into the inlet. Such recirculation could occur 

when there is a pressure rise through the impeller (pumping mode) but would not 

be expected when there is a pressure drop between the suction and discharge 

sides. The curve of temperature rise between injection inflow and outflow seems 

to indicate that the heating effects of mainstream outflow are not felt until 

more than 0.6 Ibm/sec leaks out, and the other curves seem to correlate with 

this. Whether this is real or there is some offset in zero seal leakage flow 

measurement can be questioned, but the calibrations of the flow measurements 

were checked and verified.

The effects displayed here are large, especially for head, and are sufficient to 

explain scatter in a low-flow test such as 287. For the special tests plotted 

in Figure 5-42 the mainstream flow was about 9.5 Ibm/sec, and a leakage of 1 

Ibm/sec represented roughly 10 percent of the mainstream flow. For Test 287 the 

suction void fraction was somewhat lower (0.42) and the flow slightly higher 

(11.4 Ibm/sec), but when plotted with the flows scaled by a factor of 9.5/11.4 

to give the same percentage leakage in the graph, the head and torque points 

fall fairly close to the curves.

For tests with higher mainstream flow, small amounts of seal in-leakage did not 

seem to affect the performance much, perhaps because crossing the main stream to 

recirculate down the front side of the impeller would be less likely. For 

example. Test 228 had comparable seal in-leakage (0.43 Ibm/sec) and upstream 

void fraction (0.48) but several times greater mainstream flow (77 Ibm/sec) and 

showed very little lowering of discharge void fraction (0.47) and no evidence of 

enhanced head or torque. (See Table 4-3 and Figures 5-32 and 5-33) Most of the 

performance testing was at the higher mainstream flow rates, and seal leakage 

was normally maintained outward. Thus the leakage effects discussed here were 

not normally encountered and are presented to explain and assess some uncommon 

scatter.
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5.4.1.4 Fluctuations and Flow Regimes. Increased scatter in the pumping heads

and torques for 0.40 void fraction at mid-range v/c^'s on the HAN and BAN curves 

(Figures 5-32 and 5-33) is in part attributed to somewhat unsteady flow condi­

tions, as indicated by variations in the five data scan readouts for each test. 

For the most part the pump performance did not appear to be sensitive to moder­

ate fluctuations in fluid conditions. Test points showing random variations of 

a few percent amoung the five scan readings usually averaged out near the smooth 

curves in the performance plots. Scan variations of several percent or more 

were necessary to cause more scatter, as for HAN in Figure 5-32 mentioned above.

Strong surging (periodic flow oscillations) and slugging (formation and passage 

of slugs of water) as evidenced by observations of flow, density, noise, and 

pipe motion during some of the early low-pressure shakedown runs and special 

low-pressure performance runs were much less in evidence in the usual higher 

pressure testing. The tendency for stronger surging and slugging seemed to be 

greatest in the mid-to-upper range of void fractions (0.40 to 0.80) at flow 

rates less than rated (again as for HAN in Figure 5-32). This combination of 

void fraction and flow rates somewhat corresponds to the slug flow region of the 

flow regime map for horizontal pipes accordings to Govier and associates (Refer­

ences 7 and 8). However, the subject is more complicated than indicated by this 

flow regime map because experience in this program has shown that the range of 

flow conditions over which surging and/or slugging are encountered is affected 

by both pressure and pump speed -- especially being milder at higher pressures. 

Such gross flow fluctuations could be the consequency of two-phase flow regimes 

locally in the test section or could result (especially for surging) from more 

overall pump and loop interaction peculiar to the test system configuration.

Test measurements under strong fluctuation conditions were not desirable or 

practical. Operations which encountered such conditions for a given test point 

were given a couple of tries to establish desired conditions, such as approach­

ing the point from different directions. One method tried, in hopes of suppres­

sing oscillations as well as promoting better mixing of the phases, was to 

insert a mixing plate ahead of the suction pipe leg (See Volume VII for details). 

Which tests used the mixing plate is indicated in the Table 3-1, Steady State 

Test Matrix. However, the mixing plate was not very effective in reducing fluid 

system instabilities. Therefore the use of the mixing plate was terminated 

midway through the program.
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Indications of phase distributions in the test section pipes can be obtained 

from the three-beam gamma densitometer densities given in the one page printouts 

in Volume V. Also, the test points can be plotted, with precautions noted 

above, on a flow regime map such as shown in References 7 and 8 as a function 

of the steam and water superficial velocities, which are listed in the ten page 

printouts in EPRI files or easily calculated from the one page information 

using

^SG steam aF ^mixture

and

^SL water ^ ^mixture

These indications of flow regimes have not been analyzed in depth, but first 

impressions, based on scanning the data, are that the pump performance is not 

strongly affected by flow regime in the pipes as long as slugging or low-flow 

stratification at low pump speeds are not involved. Low-flow low-speed cases 

are discussed further in Section 5.4.4, Similarity Scaling. This low sensiti­

vity to pipe flow regime is consistent with the concepts discussed in Section

5.1 that the suction elbows plus the impeller blade rotation tend to mix and 

"chop" across any phase distribution, and that the pump itself is most strongly 

influenced by the total volumetric flow and resulting internal flow angles as 

indexed by v/a^.

5.4.2 Alternate Forms of Performance Parameters

Section 5.1 and Appendix A present in some detail the identification and devel­

opment of key parameters for describing and correlating pump operating condi­

tions and performance and tell how initial choices were made among alternate 

forms of the parameters. The good overall coherence and correlation of the 

steady-state data in the performance plots in Section 5.2, using these initially 

selected parameters indicates that such homologous parameters are appropriate 

using methods described here. While there is the possibility of some refinements 

in the parameters and correlations such endeavors would be beyond the scope of 

this report. Some general observations and comments are provided here.

Section 5.2.3 (above) points out that two-phase head curves based on upstream 

fluid conditions have a step change where the flow reverses, because of such
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factors as the fluid conditions on the other side of the pump being different. 

When the step is real, there is nothing wrong with having it in the performance 

presentations as long as the presentations furnish information which can be used 

to develop the input required for applications of the data (e.g. LOCA analyses). 

If analysis using the pump data would accept or use the pump information more 

readily with values based on averages across the pump, that could provide incen­

tive to modify the form of data presentation. Also, using average density might 

reduce some scatter which occurred in the correlation of heads for high and low 

flow points, in which the different absolute flow rates resulted in different 

aP's and therefore different changes in density and void fraction across the

pump. Pump torques, as presented here, already use average density (l/v.w_)avg
but would be included in considering possible use of averaged operating para­

meters also (e.g. P, v, and ctp).

The use of total hydraulic head (based on local densities) in place of static 

head has been mentioned as a possibility and has been applied with some success 

in correlating two-phase pump test data in Reference 9. Certainly the changes 

in velocity and elevation heads across a pump need to be accounted for in any 

complete energy balance calculation for a path incorporating a pump. However, 

the appropriateness of using total hydraulic head for the data in Reference 9 

depends on the fact that there was no change of phase (other than cavitation) in 

those tests, because they were run with air-water mixtures. In the present 

program with steam-water mixtures, even a small amount of flashing accompanying 

pressure drop in the pump could cause a large increase in velocity head, espec­

ially at low void fractions. This could result in a large change in total 

hydraulic head, masking the other hydraulic losses. Thus any energy balance for 

steam-water flow must account for the conversions between thermal and hydraulic 

energy. A simplified energy balance of this kind is used in reducing the steady- 

state data to calculate downstream void fraction and density (See Section 5.1 

and Volume VIII).

A frequently used way to present two-phase degradation curves is to plot the 

degradation for a given v/a^ as a function of ctp, with the degradation expressed 

as a fraction of the maximum. In this way the head and torque degradation 

curves for rated flow and speed at 1000 psia plotted in Figures 5-1 and 5-2 take 

the form shown in Figure 5-43. The functions plotted here are one type of 

"multiplier" parameter. Using them, the maximum degradation at the v/a^ and 

pressure for which the curve is drawn is multiplied by the multiplier for a
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given void fraction to arrive at the degradation for that void fraction, v/a^, 

and pressure. This form of data presentation has been found useful in some 

mathematical pump performance models but is only one possibility. The specifics 

of the mathematical modeling is a matter for application by the user, which is 

beyond this report.

5.4.3 Uncertainties

As stated in Section 5.3.2, measurement uncertainties associated with instru­

mentation characteristics determined from calibrations are shown in Volume VIII 

(and in the 10 page printouts). If the instrument errors are random, then their 

effect is already visible as part of the scatter in the degradation and per­

formance plots of Section 5.2. An example of such random uncertainties is the
2

large scatter in h values in the log-log plot of h vs v in Figure 5-28 when h 

falls below 0.05 and the measurement uncertainty becomes comparable in magni­

tude. If the measurement uncertainties were systematic, then the performance 

points in a given region could be biased consistently in one direction to the 

extent of the combined uncertainties. However, because the plots use homologous 

parameters there are many points in juxtaposition which represent different 

ranges of measurements. Different sensors were used to cover different ranges 

of AP's and torques. Also there were redundant measurements and/or ways of 

deriving temperatures, densities, void fraction, saturation pressure, and head. 

These ways of comparing and cross checking made it likely that any significant 

consistent errors were visible. Examples of deviations attributed to such 

systematic errors are:

1. suction pressure readings which, during some test periods, consistently
disagreed with P^ischarge _AP-)eg_]eg anc' Psat derived from RTD temper­
ature and steam tables, and

2. a series of steam orifice RTD temperature readings which disagreed with 
thermocouple readings by about three degrees and indicating subcooling 
(subsequently corrected).

5.4.4 Similarity Scaling

The validity and usefulness of flow similarity scaling based on matching the 

impeller flow angles (as indicated by matching v/a^) are demonstrated extensively 

in the performance plots of Section 5.2 by the common juxtaposition of test data 

symbols indicating absolute speeds (and flows) differing by factors of 2 or 

more. Another supportive aspect is the close agreement of the homologous head
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curves for single phase water and steam as shown in Figures 5-23, 5-25, 5-29, 

and 5-40 for a broad range of v/a^'s and density ratios up to 60 or more.

Some significant deviations from similarity scaling did appear at low flows and 

for torques near all steam. The variability in two-phase performance at low 

flows can be seen at the left end of the HAN and BAN curves in Figures 5-32 and 

5-33, and only some of the scatter is attributable to other factors such as seal 

injection leakage. Also in the middle of the HAN curve there appears to be some 

fairly consistent but small (less than or approximately equal to 0.1) separation 

of the points on the basis of speed and flow range.

The apparent overshoot of torque recovery as ap approaches 1 in Figures 5-2, 5- 

7 and 5-9, and also seen in comparing the torque performance curves for water in 

Figure 5-24 or 5-26 with steam in Figure 5-30, is somewhat surprising in the 

light of the good agreement of the water and steam heads in corresponding 

Figures 5-1, 5-6 and 5-8 and 5-23, 5-25 and 5-29 plus Figure 5-40. The fact 

that the heads consistently agree and torques systematically disagree over a 

wide range of operating conditions seems to suggest that the measured steam 

densities are more appropriate for the heads. If there was a small amount of 

undetected water in the impeller passages and this water was not suspended as 

droplets but running as a film along the wall, it is possible that the water 

would not contribute to the head even though it affected the torque. Thus the 

recorded dry steam density would be appropriate for a steam curve and would 

scale with the head but be too low for the measured torque and give too high

values of eh = (Th/Trated) (prated/ptest^ lt seems Possible but not certain 
that an effect of this nature could be large enough to explain all of the torque 

overshoot, and attention still turns also to the torques as expressed directly 

in ft-lbf. Since steam densities are small, the torques are also small and the 

uncertainties in torque measurements could be significant. At rated flow and 

speed (the top points in Figure 5-30) the hydraulic torque is about 12 ft-lbf 

and the shaft torque measurement uncertainty is about 1 ft-lbf. Other uncertain­

ties in friction and windage torques are discussed in the next section.

5.4.5 Friction and Windage Torque

Friction and windage torque measurements made before and after the test program 

showed no significant change (See Section 4.5). This indicated that no physical 

deterioration affecting bearing or seal friction or windage had occured during 

the performance testing.
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The friction and windage tests showed that the effect of pressure was only a 

small part of the total, indicating that axial loading on the pressure-lubri­

cated thrust bearings played a minor role. Therefore it was considered unneces­

sary to account for momentum thrust of the fluid flowing through the impeller in 

the torque data reduction.

Significant hysteresis in torque readings was encountered in some of the locked 

rotor tests, apparently due to sticking or binding of the non-rotating bearings 

or seals. Some check points were run later with the shaft rocked by hand to 

eliminate sticking.

The friction and windage torques were large compared to steam torques -- e.g. at 

rated speed and flow, 24 ft-lbf friction and windage compared to about 12 ft-lbf 

steam torque. The corresponding scatter uncertainty of about 2 ft-lbf in the 

friction and windage is significant but not enough to readily cover remaining 

questions about the steam homologous torques going considerably higher than for 

water as v/a^'s go from about 3 down to 1 (as in Section 5.4.4 above).

Of course there was no practical way of completely simulating and/or isolating 

impeller windage under the whole range of operating conditions (See Appendix B) 

and there remains some additional friction and windage torque uncertainty from 

the necessarily limited range of calibration testing.
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Appendix A

DYNAMIC SIMILARITY AND SCALING PARAMETERS

Single-phase pump performance is generally measured and described in terms of 

head and torques (hydraulic, friction and windage, and/or shaft) for a given 

speed, volumetric flow rate, and fluid density. For two-phase conditions pres­

sure, void fraction and, to some degree, flow regime are also included. A 

straight empirical approach to performance testing would simply cover all com­

binations of these throughout the range of concern on a full-size pump. However, 

practical limitations require running the tests on a scaled-down model and 

obtaining as much information as possible from selected combinations of oper­

ating conditions within the capabilities of the test facility. This points to 

the need to understand the physical relationships among the parameters as a 

basis for scaling and to develop criteria for indicating the appropriateness of 

test conditions.

Flow paths and general dynamic phenomena in a given pump, or in scale model 

pumps, at different operating conditions with homogeneous fluids can be con­

sidered hydraulically similar when the vector diagrams relating fluid velocities 

to rotor velocities are geometrically similar (Ref. A-l). Since rotor veloci­

ties are proportional to ND (pump speed times impeller diameter) and fluid 

velocities are proportional to Q/D (volumetric flow rate divided by area, or
o o

diameter squared), flow similarity is indicated by matching (Q/D )/ND or Q/ND . 

This ratio is commonly normalized to rated conditions to give

Q/ND3 = Q/N = Q/QR = v_

w3 Vnr n/nr “n

in which v = Q/QR and = N/NR are called homologous 

respectively. Thus, for the scale model test pump to 

the "same", or actually similar, hydraulic conditions 

and NSSS values of v/c^, i.e., the indicator of ratio 

impeller velocities, should be matched.

Pump head H is the net result of fluid dynamic head and hydraulic losses, both 

of which are generally proportional to the square of fluid velocity i.e., H ^

flow and speed parameters, 

be considered operating at 

as an NSSS pump, the model 

of fluid velocities to
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For hydraulically similar conditions when the ratios of fluid and impeller 

velocities are matched, H is also proportional to the square of the impeller 

velocity, i.e., H ^ (ND)^.

Thus, the head H for the full-sized power plant pump can be obtained from a
r

measurement of head H of a scale model at hydraulically similar flow conditions
111

by ratioing in proportion to (ND) , i.e..

(W

<W;

If these quantities are normalized to the rated conditions,

H/Hr ^ (N/Nr)2 

or
h - 0,2 

and

hp = hm (aNp/(W *

in which h s H/HR is called the homologous head parameter. This illustrates the 

significance and importance of using the fluid-to-impeller-speed parameter v/a^ 

to indicate when test model operating conditions correspond to NSSS conditions.

In analogous fashion, hydraulic torque T^ which the impeller exerts on the fluid 

going through the passages is the result of causing momentum changes at each 

radius and is therefore proportional to mass flow rate, fluid velocities and 

impeller size, i.e.,

Th ^ (pQ) (Q/D2) (D)

For hydraulically similar conditions when the ratio of fluid and impeller 

velocities are matched, as indicated by matching v/c^,

Q/D2 'v ND
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as above. This also can be expressed as

Q <v ND3.

Thus,

Th ^ (pND3) (ND) (D) 

or
2 5Th -v PN D3.

Thus, the hydraulic torque T^ for a full-size power plant pump can be deter­

mined by measurement of T^m for the model at hydraulically similar conditions 

and then ratioing in proportion to pN^D^, i.e.,

(pN2D5)p 

^ = Thm (pN^D^)m

If these quantities are normalized to rated conditions,

(Th/ThR)/(p/pR) ^ (n/nr)2

or

eh ^ aN

and

2
aNp

3hp Bhm 2 
aNm

in which eh = (Th/ThR)^P//pR^ is ca1led tlie homologous hydraulic torque para­
meter.

Hydraulic torque for the model is calculated from measured quantities as follows

T=T -T _I_^ 
h shaft f&w gc dt
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in which Tshaft is driving shaft torque, Tf&w is torque to overcome friction and 

windage, I is moment of inertia, and dw/dt is angular acceleration.

The above discussion of hydraulic similarity and scaling and their application 

to head and hydraulic torque show that the similarity criterion parameter v/a^ 

should be considered one of the test parameters.

It should be noted that head, torque, flow and speed expressed in percent of 

rated values are frequently used instead of the homologous parameters h, e, v, 
and ct^, but the meaning is the same. Also, the names "similarity laws" and 

"affinity laws" are often given to relationships stated above as applying when 

hydraulic similarity exists, i.e.,

H 'v N2D2 or h ^ a2 

3
Q ^ ND or v ^ 

and

'v pN2D^ or S ^

Deviations from hydraulic similarity can occur when scale models are used if 

some flow phenomena do not scale geometrically and are not compensated readily 

by adjusting the mode of operation. Such distorting effects can come from 

gravity, Mach number, or certain Reynolds number effects such as variation in 

friction coefficients. For scaling down by a factor of only 5, and unless 

choking is present, such effects are expected to be of secondary importance 

provided the fluid is essentially homogeneous. If inhomogeneity occurs to a 

significant degree, which is possible for some two-phase flows, additional 

complication in scaling performance could result.

This pump test program is primarily concerned with how pump performance is 

affected by various two-phase mixtures of water and steam. The nature of a 

relatively uniform two-phase mixture is largely indicated if the void fraction 

ctp and density are specified. Tests were made over a range of pressure levels, 

and the main indicator of the nature of the fluid was assumed to be void frac­

tion, ap.

The effects on pump performance of having two-phase mixtures instead of a 

single phase are expected to be different if the two phases do not remain
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throughly mixed or homogeneous. The type of two-phase distribution pattern or 

"flow regime" which will exist in a horizontal pipe (such as ahead of the test 

pump) has been shown by various investigators to correlate approximately with 

the relative volumetric flow rates of the two phases. Govier and associates 

(References A-2 and A-3) recommend plotting superficial liquid velocity vs 

superficial gas velocity V<-q on a log-log plot showing empirical regions corre­

sponding to various flow regimes. Superficial velocity is defined as volumetric 

flow rate of the phase divided by total pipe cross-sectional area. If the 

liquid velocities are high enough, the mixture will be uniform enough to behave 

more nearly as homogeneous.

Pump performance during a blowdown transient could differ from steady-state 

performance, even though the same inlet conditions exist momentarily, if iner­

tial or nonequilibrium phase change effects are significant. Past experience in 

the field, (e.g.. Reference A-4), indicates that for transients of interest, 

inertia effects are small and phase change effects are more likely to come into 

play. On this basis, the parameter chosen to indicate severity of a transient 

is the behavior of the pump average void fraction vs time, from which the 

change in void fraction dot^/dt can be inferred.

For pump flow conditions in two situations to be considered similar, all of the 

above comparison criteria, i.e., v/c^, ap, dap/dt, and flow regime should be 

matched simultaneously. Further comments on the significance of such comparison 

parameters are given in the data analysis in Section 5, Volume III Section 5, 

and in Volume IV.
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Appendix B

FRICTION AND WINDAGE TEST DATA AND ANALYSIS FOR MODEL PUMP

The torque meter used during the test program measured the shaft torque at the 

motor end of the test pump shaft. Hydraulic torque can be calculated by sub­

tracting the friction torque due to the bearing assemblies and the windage on 

the rotating pump parts from the measured shaft torque. It was assumed that the 

friction and windage torque is made up of two independent components; one due to 

test pump speed and the other due to system pressure within the pump casing.

Two types of tests were conducted to measure the contribution of each of these 

components. A brief description of the procedures used for each type of test 

along with the final results is reported in Section 4.5.1. In this appendix the 

data from each type of test will be presented along with the analysis used to 

produce the results appearing in Section 4.5.1.

To measure the contribution to friction and windage torque due to test pump 

speed the pump was operated in air at different speeds while shaft torque was 

recorded. The torque measured in this case includes windage drag due to rota­

tion in air but does not cover steam/water windage on the outside of the impel­

ler. The data from this test are recorded in Table B-l and plotted in Figure B- 

1.

To measure the contribution of bearing friction torque due to thrust loading 

.arising from system pressure the shaft torque required to rotate the pump at a 

very low, constant speed in water was measured for different system pressures.

To avoid drag due to rotation of the impeller in water, the impeller was removed 

prior to this test. The data from this test are recorded in Table B-2 and plotted 

in Figure B-2.

A regression analysis was used to independently fit each set of data to a 

second order equation. The best fit equations for each set of data are:

Tpl =-16.44 + 8.0197 x 10-2 |N|- 3.5856 x 10"6 N2

Tp-j = friction torque due to speed (in - Ibf)

N = test pump speed (rpm)

B-l



Table B-l

DATA FROM FRICTION TORQUE VS SPEED TEST

Forward Rotation

Speed
(RPM)

Friction Torque 
(in-Ibf)

0 .38

1000 59.19

2000 143.57

3000 207.50

4000 271.42

5000 327.68

6000 348.13

7000 378.82

8000 391.60

8680 401.83

8000 378.82

7000 363.48

6000 322.56

5000 289.32

4000 220.28

3000 161.47

2000 110.33

1000 59.19

800 33.62

Reverse Rotation

Speed
(RPM)

Friction Torque 
(in-lbf)

1000 68.66
2000 119.80

3000 183.72

4000 253.32

5000 324.36

6000 347.37

7000 378.05

8000 395.95

8690 408.74

8000 393.40

7000 375.50

6000 332.03

5000 298.79

4000 239.98

3000 170.94

2000 109.57

1000 55.87

0 2.94
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Table B-2

DATA FROM FRICTION TORQUE VS PRESSURE TEST

Forward Rotation

Pressure
(psig)

Rolling Torque 
(in-lbf)

200 4.14

400 4.14

600 4.14

810 12.14

1010 20.14

1215 32.13

806 8.14

410 .15

Reverse Rotation

Pressure
(psig)

Rol1ing Torque 
(in-1bf)

200 7.85

400 3.85

600 7.85

810 19.84

1010 19.84

1215 27.84

806 15.84

410 11.84
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and

IF2 = 7.69 - 1.8 x 10“2 (P - PABS) + 3.05 x 10'5 (P - PABS)2 

Tf2 = friction torque due to system pressure (in - Ibf)

P = upstream pressure (psia)

PAbs= atmospheric pressure (psia)

Since friction torque should equal zero at zero speed and zero pressure, the 

small constant terms of the two relations above were set to zero. The final 

result is then

= -1.8 x HT2 (P - PABS) + 3.05 x 10'5 (P - PflBS)2 

+ 8.0197 x 1 O'2 |N| - 3.5856 x 10"6 N2 

Tf&w = friction torque (in - Ibf)
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