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ABSTRACT

In the investigation of strncture-propulsion system coupled

longitudinal oscillations (POGQ), the relationship between the

iidi

structural and feed system natural frequencies is of major importance.

The structural frequencies can be adequately defined by existing
analytical techniques. The feed system frequencies are usually
very dependent upon the compressihility (compliance) of cavitation
bubbles that exist to some extent in all operating turbopumps, The
lack of an accurate analytical prediction method for determining
cavitation compliance has delayed the completion of POGO stability
analyses until after turbopumps have been built and tested.

This document includes: a complete review of cavitation
mechanisms; development of a turbopump cavitation compliance model;
an accumulation and analysis of all available cavitation compliance
test data; and a correlation of empirical-analytical results. The
analytical model is based on the analysis of flow relative to a set
of cascaded blades, having any described shape, and assumes phase
changes occur under conditions of isentropic equilibrium. The
model is restricted to incipient blade cavitation and does not
include the effects of blade tip clearance or back flow.

Analytical cavitation compliance predictions for the J-2 LOX,
F-1 LOX, H-1 LOX and LR87 oxidizer turbopump inducers do not
compare favorably with test data. The model predicts much less
cavitation than is derived from the test data. This implies that
mechanisms other than blade cavitation contribute significantly
to the total amount of turbopump cavitation. A current related
technology contract (NAS8-27731) is extending the empirical

evaluation of test data presented in this document.
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1. INTRODUCTION

1.1 Purpose - Longitudinal oscillation instabilities (POGO)
due to closed loop coupling between structural modes and pro-
pulsion feed system modes have been encountered on most liquid
propellant launch vehicles (Reference 1). Experimental evalua-
tion of feed system dynamics in these vehicles has shown that
turbopump cavitation is usually the major source of feed system
compliance which, along with the effective fluid mass, determines
the feed system resonant frequencies. Compliance (C) is defined
as the rate of change of fluid mass (W) with respect to pressure
(P) for a constant volume; i.e.,

2

oo Dol o in.? (1.1)
3P b,

Cavitation bubble compliance (Cb) is given by the rate of change
of the mass of propellant stored in the turbopump (Wp) with
respect to inlet pressure (Ps). Changes in wp can be related to

changes in cavitation vapor volume (Vv) by

W p W
- P _ ¥
Cb BPS ~ 5P (1.2)

where p 1is the liquid density and the mass of vapor is small
relative to the mass of liquid.* Some previous analytical and
semi-empirical attempts (Section 2.3) have been made, usually
using average geometry parameters and flow conditions through
the turbopump, to predict the amount of cavitation. Confidence
jin these methods has never been sufficient to eliminate the

requirement to perform dynamic response tests on new turbopump

% In some of the literature Cb is defined as SVV/BPS which can be

related to the values presented in this report by multiplying by
the appropriate propellant density.



configurations. The iack of available test hardware during
design phases is one of the major reasons that POGO suppression
has been worked as a post flight effort on al} past launch
vehicles. The technology effort documented in this report is
aimed at producing increased confidence in pre-test POGO stability
analysis on future launch vehicle programs like the Space Shuttle
Vehicle. This study is closely related to three other current
Space Shuttle Technology programs: contract NASB-26250,
"Research on Cavitating Pump Instabilities", Hydronautics
Incorporated; contract NAS8-25919, "Analysis of Propellant
Feedline Dynamics', South West Research (nstitute; and contract
NAS8-27731, "Fmpirical Lvaluation of Pump Inlet Compiiance',
Aerospace Corporation.

1.2 Objectivgg_— The intent of this investigation is to
establish the relationships between turbopump inlet compliance
and the pump parameters and fluid properties that control or
define the compliance mechanism, The correlation is to be
established with an analytical and/or semi-empirical model
which 1s verified with existing test data. Tt is desired that
the correlations be formulated and presented such that the
frequency response characteristics of a crvogenic feed system
can be evaluated for a given vehicie configuration, It is
desired that the deviation in feed system resonant frequency
between analytical and empirical results not exceed +10%.

1.3 Scope - This study deals primarily with the determina-
tion of turbopump cavitation compliance, the largest element
of uncertainty in dynamic modeling of feed systems. Feed system
models, incorporating cavitation compliance, are well under-

stood and range from very simple models (Paragraph 4.1.3) to



fairly complicated models (References 2 and 3). A general feed
system computer model was provided to NASA under contract NAS8-
23511. Also, detailed feed system modeling is currently being
performed under contract NAS8-25919, Tor these reasons, no
complex feed system models are presented in this report.

1.3.1 Since cavitation compliance is required for determination
of feed system frequency response characteristics for use in
POCO stability analysis, only linear response characteristics
are of interest. Also, only the normal flight operating range
of a turbopump is considered. These two conditions permit the
analysis of turbopump cavitation to be restricted to the region
of incipient cavitation, and does not consider the region of
gross cavitation where turbopump operating performance is
significantly reduced, The analytical model developed deals
with thermal vapor cavitation hetween the turbopump blades.

It does not include gaseous cavitation, or cavitation resulting
from back flow or blade tip clearance flow, although these
effects are discussed,

1.4 CGeneral Approach - The general approach taken to meet’

the study objectives within the scope specified was t~:

a. Review all literature relative to turboi-ump
cavitation;

b. Develop an analvtical model to predict cavitation
compliance ;

¢. Analyze all available cavitation compliince test
data;

d. Perform an evaluation of the test data;

e. Correlate the analytical and test results.
The model development portion of this study is a continuation
of a portion of a general POGO technology contract conducted

for the Air Force Rocket Propulsion Lab (References 4 and 5).



The analytical cavitation model is a fluid dynamic/thermodynamic
model which employvs the compressible flow equations in finite
difference form and solves them iterativelv. Isentropic con-
ditions of thermodynamic equilibrium between the vapor (cavita-
tion) and liquid phases are assumed. The solution yields the
amount of vapor at many grid points in a turbopump stream-
sheet of revolution (an annulus between two blades). A com-
bination of several streamsheets at different blade radii

gives the total turbopump cavitation, which when related to

a change in inlet pressure, results in cavitation compliance.
This approach accounts for varying conditions of fluid flow

and blade geometry throughout the turbopump.



2. Review of Cavitation
Mechanism
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2, REVIEW OF CAVITATION MECHANISM

2.1 Turbopump Operation - Turbopumps uscd in present rockoet

propulsion systems are gencrally of the mixed flow design. The
pump fluid while in the impeller has, in addition to angular
velocities, both axial and radial velocity componcents as opposcd
to the predominantly radial velocitiecs associated with centri-
fugal water pumps., In most cases, the turbopump will have an
inducer section upstream of the main impeller that improves

fluid angle of attack and increases the pressure at the inlet

to the impeller. This allows further reduction in NPSH before
blade stall and a loss in head rise (pressure increasec from

inlet to discharge) occurs. In some configurations, the impeller
and inducer are of onc picce construction, the inducer bladces
transitioning into impeller blades with additional impeller
blades starting at some distance into the turbopump. The pres-
sure rise through the inducer makes it probable that the majority
of the turbopump cavitation occurs in the inducer. This is
because the average pressure at the impeller inlet is generally
too high for any local blade surfacc pressure to be reduced to

the vapor pressure.

2.1.1 Shrouded blades of proper design, operating at the
design point and free of vapor represent an analytical idealiza-
tion in that channcl type flow exists betwecen the blades. Most
turbopumps, however, arc not designed with completely shrouded
blades, and the channel flow idealization cannot be realized.

In this situation, the flow picture is complicated by a tip
clearance flow between the moving blades and the stationary
shroud. The tip clearance flow, which is from the pressure

side of a blade to the suction side, often induces a vortex
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near the outer g o the hlades on the <ot ion side,  T1 th

blades are improperly designed or arc being operated of f the
de sign condition, o tigeid=fy Licd separat ion cavity may be
attached to the ivadine odge, This is more o ly when the
blade leading cdges are quite sharp. Although the impeller will
still pump {luid with an associated pressuye risc, it iz accom-

plished at a redueed eofficicency.

2.1.2 The complexity of the flow situsation increases with
the appearance of vapor phascs,  T1 the welocity gradients ore
not large and th~ ‘nducer blades have tareo radii of curvature
associated with the loading cdge region, th. vapor phascs, which
consist of dissolvod gas coming out of solution and/or a change
in phase of the pump f£luid, will appear as a region of bubbles
moving with tho fluid. On the other hand, i1 o liquid-filled
separation cavity ~xists before the appearance of vapor, the
cavity may fill with vapor when it cvelves and expand with
further reduction in suction prossurc.  Zusli crvitics that
originatc ncar the lcading codge of the blade may reattach on
the downstream sidce ot the blade or, if scverely low pressures
exist, cxtend downstrecam into the discharge portion of. the pump.
Although separetion cavities may not exisi hefore the appearance
of vapor, the density chanye and disturbances associated with
the cvolution of vapor may induce scparation of the boundary
layer and create a cavity., In both types of two-phase flow,
the variations of density add considerable complexity to the

analysis problem,

2,2 Sources of Cavitation - Cavitiecs may exist in the

turbopump liquid propeliant duc to the presonce of ecither vapor
bubbles produced by liguid boiling, hercafter referred to as
thermal cavitation; or contaminant gas bubhles, herecafter reoferred

to as gascous cavitation,



2.2.1 Thermal Cavitation - Thermal cavitation rcesults

when the ambicnt pressure drops below the saturation pressure,
or the f[luid temperature rises above the saturation temperature,
Pressure changes may be associated with quasi-steady fluid
motion, tranmsicnt {luid motion, or acoustic excitation., Tem-
perature changes can result from heat transfer across the
boundaries of the system, fluid motion, and phasc changes of

the fluid (latent heat of vaporization and condensation). For
an iscntropic process, a change in pressure produces a phase
change, which results in a change in fluid temperature, which

in turn tends to impede the phasce change., With sufficient time,
thermodynamic equilibrium is rcached and there exists a given
amount of vapor for a given pressure. For bubble growth and
decay under conditions of non-thermodynamic equilibrium, the
mathematics defining the rate of change of bubble size are

given in Appendix A.

2.2.2 (Gascous Cavitation - Gascous cavitation can occur

from the following sources:
a., Dissolved gascs coming out of solution;
b. Undissolved gases mixed with the propellant;
¢. Chemical reaction (corrosion) between the pro-

pellant and the turbopump.

Substantial concentrations of both dissolved and undissolved
forcign gases, such as atmospheric air or blanket gases used

to hold the fluid under pressure before entrance to the pump,

may also be present in propellants which have been stored for
cither long periods of time or under very low gravity conditions.,
Changes in the ratio of dissolved to undissolved gas can result

from changes in fluid velocity, acoustic excitation, or heat



transfer. Undissolved gas may also exist as a result of a Gas
Bubbling POGO Suppression Device (References 6 and 7)., TheA
problem of corrosion is not normally cncountered in curvent
propulsion systems. Even if storage and utilization of pro-
pellants are controlled so that an insigni{icant amount of
gascous cavitation occurs, small amounts of dissolved gascs may
be instrumental in the initial formation of a thermal cavitation

vapor bubble (Paragraph 2.,3.2).

2,3 Previous Cavitation Analyses - Analysis of turbopump

cavitation compliance was initiated with a review of existing
knowledge on cavitation. Discussion of this review and the

conclusions derived follow.

2.3.1 Turbopump vs Other Types of Cavitation - Considerable

investigation has been performed in the ficld of cavitation.

Areas that have received the most attention have heen pump
cavitation, hydrofoil and hydrodynamic propcller cavitation,
cavitation on such underwater vehicles as submarines and torpedos,
and cavitation induced by sound waves. The majority of investiga-
tions associated with pumps have been oxperimental or semicmpirical
with the objective of preventing cavitation damage by determination
of incipient cavitation conditions (Refercnces 8 znd 9)., Investi-
gations of hydrofoils, propellers, and underwatcer vehieles have
been aimed at predicting lift and drag cocffici-ats and reducing
noise associated with cavitation bubble collapsc., Ultrasonic
cavitation research has been dirccted primarily roward assessing
sound cnergy and frequency requirements to induce cavitation, and
examining the attenuation and distortion of sound waves caused

by the cavitation bubbles.



9.3.2 Nucleation - If gas-filled voids exist in a fluid
(References 10 and 11), changes in the concentration of dissolved
gases and changes in phase within the fluid will take place at
the boundary of the voids as well as at the fluid surface. The
presence of voids in a fluid is suggested by the cohesive strength
of water. Predictions of cohesive strength basced on breaking the
van der Waals intermolecular bonds exceed experimental observations
by several orders of magnitude. The source of this large discre-
pancy is attributed to the prescnce of contaminants in the water
that form voids of nuclei on the order of 1072 to 10-2 cm in
diameter. Since it is known that large amounts of air can be
dissolved in water, it is hypothesized that the voids of nuclei
arce filled with contaminant gases such as air or mixturecs of gas
and fluid vapor. This hypothesis only partially cxplains the
observed fracture strength of water. A nucleus containing con-
taminant gas and vapor will be in static equilibrium in the fluid

if

Pv + PG - B = 20/R 2.1)
where
PV = yvapor pressure
PG = sum of partial pressures of contaminant gascs

B, = ambient pressure
¢ = gurface tension constant

R = radius of nucleus

1f the nucleus contains only vapor and its radius is given by
Equation (2.1), it is in a condition of unstable equilibrium and
will either grow or collapse upon being disturbed.

5

2.3.2.1 Gas-filled nuclei on the order of 107~ to ].0-2 cm

in diameter prescnt in an undersaturated or saturated solution of
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watcer (saturation in this context refore te the concentration of
dissolved gas) dissolve in a fow minol.« or soconds denending on
the radius of the nuelel and the dissotvod was coneontration,

The dissolving process is assisted by the surface tensien force
2a/R. A nuclcus of thig Size, 1f prescent in a0 supersaturat.d
solution of water, grows by diffusion ot wvas into the nucleus il
floats to the surface of the water whore it cscapes.,  The rate of
risc of a nucleus of 10’3 emoin diamnetor vs very slow and may takc
several hundred hours to creape Arom Lhe Tiquid, Water that hiig
been allowed to sot o long time still voils Lo demonstratce the
expected cohesive strength. A mechanism  or mechanisms, there-
forc, that prevents the diffusion of gis out of the nuclei and/or
prevents nuclei from rising to the surface of the Fluid must be
acting. Two hvpoticses advanced ar.:

a, Surface films composed of algac or other contaminants
form around the nuclei and act as barricrs to the
diffusion nroceca;

b. The nuclei are held in surface cracks of the {iuid

container or on dust particles suspended in the luid,

The first hypothesis has been demonstrat.d by Bernd (Refcerence 12)
in experiments where the cobesive strengeh of various tluids has
been manipulated by control of the algae contoent, Rosenbery
(Reference 13) has shown analytically and cxperimentally that

the walls of the fluid containers can have cracks in whieh nuclej
can be attached in a stable condition., In the same work, it was
shown that dust particles or colloidal matter in the fluid can
have cracks upon which the nuclei can be stabilized., An aspect

of Rosenberg's investigation that will require further attention
is the observed ditfference in susceptibility ol various liquids

to contamination by dust.
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2.3.2.2 The nuclei are the focal points that govern changes
in dissolved gas concentration and changes in phase (Reference 14).
Regarding changes in phases, nucleation action occurs not only for
the growth of vapor bubbles, but also for their collapse. The
presence of contaminant dust particles in the bubble and on its
surface serve as nuclei upon which additional condensation can

take placc.

2.3.2.3 The preceding discussion shows that cavitation in
a turbopump will depend on the number of nuclei present in the
fluid, their size, and conditions that will affect their dynamic
bchavior. It is important, therefore, that methods be developed

for asscssing the effects of fluid characteristics on nucleation.

2.3.3 Diffusion - A decrease in the concentration of dis-
solved gas in the pump fluid will result from diffusion of dis-
solved gas into nuclei present in the fluid. If the diffusion
proccss continucs, the nuclei will grow into gas bubbles and the
phenomenon of gascous cavitation will be observed. The diffusion
process in a pump can be driven by changes in either pressure or
temperature. Once the temperature and pressure conditions have
been altered to a condition that favors diffusion of gas out of
the cavitation bubble, the bubble will decrease in size. Although
conditions return to those existing at inception of bubble growth,
the contracting bubble may reach an equilibrium volume substan-
tially greater than that of the original nucleus. This phenomenon
is demonstrated by tests of the cohesive strength of water. Water
that has been subjected to gaseous cavitation has a fracture strength
considerably less than it had before cavitation. This results from
the presence of nuclei after cavitation that are larger than those

that existed before cavitation, Plesset and Epstein (Reference 15),
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ignoring the effects of the motion of the bubble boundary on the
concentration gradient in the liquid, have derived the equation
governing the diffusion of gas into and out of a static bubble,
Their results, if applied directly to turbopumps, show that the
characteristic time for bubble growth is too large to cause
cavitation. The boundary conditions for the derivation, however,
differ considerably from those that will ¢xist in a turbopump,

The effects of bubble boundary motion and turbulence on the gaseous
concentration gradient serve to accelerate the bubble growth,
Future work, therefore, should incorporate thesce effects into a

more accurate description of the diffusion process.,

2.3.4 Acoustic Cavitation - As previously stated, changes

in the ratio of dissolved to undissolved gas in a fluid can occur
due to acoustic excitation. The generation of sound in a fluid
results in an oscillatory pressurc throughout the fluid, The
pressure disturbances in turn result in an oscillation of the
boundary of nuclei in the fluid. With a fluid saturated or
supersaturated with dissolved gas, the nuclei may grow into gas
bubbles given the proper amplitude-and frequency of acoustic
excitation, The growth is achicved through the rectified dif-
fusion of gas into the bubble, Luring the low-pressure or
expansion phasc of bubble oscillation, conditions result in
diffusion of gas into the bubble. During compression of the
bubble, gas diffuscs out; however, duc to the large time surface
area associated with the bubble expansion, a nct inflow of gas
occurs, Because of the extreme noises associated with rocket

engines, this type of cavitation should not be ignored when

analyzing rocket turbopumps.



2.3.5 Thermodynamics - The cavitation problem requires

consideration of many thermodynamic effects, Literature on the
subject of thermal cavitation may be divided into two areas.

The first of these deals with the cffect of heat transfer on
cavitation bubble growth. The nonsteady heat diffusion problem
with moving boundaries has becen solved by Plesset and Zwick
(Reference 16), The same authors have combined the results of
the heat diffusion problem with the equations of motion for
bubble growth to obtain a solution for the case of constant
ambient pressure (Reference 17). Skinner and Bankoff (Reference
18) as well as Forster and Zuber (Reference 19) have taken slightly
different approaches and obtained similar results. The bubble
growth problem with variable ambient pressurc and inclusion of

terms containing PV is still unsolved.

2.3.5.1 Other investigators such as Stepanoff (References
20 and 21) and Jakobsen (Reference 22), rather than examine
thermal cavitation on a microscopic basis, choose to derive
semiempirical macroscopic descriptions. The results of this
approach suffer from inability to correlate a particular value
of pump head dropoff with volume of vapor present over a wide
range of operating conditions. Furthermore, the results cannot
justifiably be used to predict the vapor volume, because a number
of assumptions and empirical factors do not accurately describe

the vapor formation process,

2,3.5.2 Future work on thermal cavitation should take two
directions, The first, referred to as the equilibrium approach,
should examine the thermal cavitation phenomenon assuming thermal
equilibrium phase changes. For pumps that have gradual changes

in pressure through the system and low fluid velocities, the

13
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equilibrium approach may give ontively saticbictory rosults:
and, thereby, nogate b v d for o microsicasic xamination.
The sccond method should be o microscouic «amination oY cavi-
tation in which large pressurce gradicents and velocities produce
metastable change s oi rhase,  For cryopen o« [luids, the [fects
of hcat transfer scross the boundarics of th: system should b
included in both mcthods of analysis. The thormodynamic pro-
perties of the fluid should be cxoamin.d ri-ooly to dotermine
whether certain characteristics simplifv or complicat. the

solution of the thermal cavitation cquat ions,

2.3.6 Fluid M chanics - Like thermodynamics, there are

many branches of (luid mechanics drawn on for cxomination of
turbopump cavitation. The [low of liguid through a turbopump
to the inception of cavitation can be examinod with the incom-
pressible flow equations.  In the pumn, cavitation may appear

in a pumber of forms, TL the looding oo o 20 fmpeller
blades are very sharp, a scparation cavity may be attached to
the suction side of the blade. Depending on the fluid velocity,
pressure, and boundary layer conditions, the cavity may closc on
the downstream suction s~idc of the blade or may cxtend througl
the pump in a condition known as sujpercavitabion, Fxaminations
of separation cavitics as rcelated to turbopump cavitation have
been made by Stripling and Acosta (Refercncos 23 and 24),  This
method predicts the geometry of the cavity up to the point of
maximum height basced on fluid momentum considerations; however,
the rcattachment or cavity closurc conditions remain arbitrary.
The work of Wade (Reference 25) applies to the conditions of
cavities closing on the blade., The most recent and most clegant
application of the Stripling and Acosta mothod is that developed

by Davis, Coons and Scheer (Reference 26).  This asplication
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couples the Stripling-Acosta model to a two dimensional impeller
flow field including boundary layer displacement effects. The
primary objective of this model was to predict blade loading under
cavitating conditions. Comparing its results with test data
showed that it accomplished this purpose very well, 1Its use for
predicting cavitation compliance is much more questionable due to
a greater sensitivity to the assumed closure conditions. After
documentation of the Stripling and Acosta work, different inves-
tigators have claimed that various pieces of experimental data
(mostly photographic data, e.g., Reference 32) support either

the separation cavity theory or the thermal equilibrium mixed
flow concept. Our own review of this data suggests that it is
inconclusive for the most part in offering substantial supporting

cevidence for either theory.

2.3.6.1 Unfortunately, the assumptions for the mathematical
models, such as a blade leading edge radius of curvature equal to
zoro are scldom if ever physically realizable. 1If the blade is
very thick and has a large leading edge radius of curvature, the
flow may remain attached, and cavitation will appear as a mixture
of vapor bubbles and liquid that demonstrates compressible flow
characteristics. In this type of cavitation, the growth and
collapsec of vapor bubbles require fluid-mechanic examination.
Plesset (References 17, 27 and 28) has examined the growth
phenomena under conditions of constant ambient pressure and
bubble vapor density. Both Gilmore (Reference 29) and Hunter
(Reference 30) have taken into account compressibility and shock

offects encountered during bubble collapse.

2.3.6.2 The effect of gas bubbles on the sonic velocity in

a fluid represents another area that has received attention in



16

cavitation investigations. Figure 2.1 shows the variation in
sonic velocity as a function of gas content for a mixture of
water and air. It is secen that the sonic velocity can drop to

a very low value that may result in sonic choking in the turbo-
pump. Ghahremani (Reference 31) uses the work of Jakobsen
(Reference 22) and assumes that fully choked flow cxists at head
breakdown (no pressure rise through the turbopump). Somewhat
arbitrary assumptions, requiring empirical correlation, are then
made to relate the fully choked conditions to normal operating
conditions of unchoked or partially choked flow. The Ghahremani
approach is unique in that the theory includes the effects of
blade tip clearance backflow which, according to his results,

roduce more cavitation than occurs on the blade suction surfacc,
p

2,3.6.3 Attention in future fluid-mcchanic investigations
of cavitation should be given to detcermination of the conditions
necessary for and which influcnce the geometry of separation
cavities; and development of the flow cquations for a vapor-
liquid mixture in a turbopump. Incorporated into these cequations
should be the effects of bubble growth and collapse on the sur-
rounding fluid. Also, the approach related to sonic choking at

head breakdown should be refined.

2.4 A General Cavitation Analysis - From the preceding

review of existing investigations of cavitation, it is possible
to construct a plan for solution to the general cavitation com-
pliance problem. This plan, which itemizes the various areas of
investigation and integrates these arcas into a completely general
analysis, is outlined in the following paragraphs. The analytical
investigations conducted during this program were restricted to
fluid-mechanics with thermodynamic cavitation, which occurs on an

equilibrium basis.
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Nucleation
Number of nucleij;
Size distribution of nucleij

Conditions in fluid or vapor that affect the dynamic
behavior of nuclei.

Acoustic Cavitation

tTdentification of sound sources;

Assessment of power and frequency characteristics
of each source;

Wave transmission in the fluid mechanic system.

Diffusion

Identification of dissolved gas species and assess-
ment of their relative concentrations;

Evaluation of diffusion rates into nuclei or out of
gas bubbles under both laminar and turbulent flow
conditions;

Determine effects of contaminants on diffusion rates.

Thermodynamics

Examination of thermal cavitation on 2 microscopic
or dynamic basis;

Examination of thermal cavitation on a thermal
equilibrium basis;

Thermodynamic properties of fluids;

Heat transfer across system boundaries.

Fluid Mechanics

Hydrodynamics of turbomachinery without cavitation;

Hydrodynamics of turbomachinery with cavitation, but
without separation cavities;

Bubble hydrodynamics;

Hydrodynamics of turbomachinery with separation
cavities attached to blades;

Compressibility effects in fluid including shock
phenomena;

Effects of tip clearance flow and back{low.
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3. TURBOPUMP CAVITATION MODEL

3.1 Model Requirements - As outlined in Section 2.4, a

complete analysis of turbopump cavitation compliance will require
a complex model of the turbopump based upon the physical equations
describing the fluid mechanic and thermodynamic phenomena occuring
in the pump. The purpose of this program was to develop such a
model; but, on a very fundamental basis, in order to evaluate the
validity of such a model and identify the associated programming
and numerical analysis problems. 1f the feasibility and engin-
coering uscfulness of a basic program could be demonstrated the
more complex cffects of fluid viscosity, gas diffusion, and non-
equilibrium thermodynamics could be added to the program with

considerably more confidence of success.

3.1.1 A prime objective of the cavitation compliance model
development was to derive mathematical descriptions that could be
related directly to the physical situation in a turbopump. Semi-
cmpirical approaches were discarded because of their inability to
account for all the different design considerations. This is
particularly true considering the lack of any empirical data
which relates changes in cavitation compliance to changes in
specific turbopump geomectry parameters. The required mathematical
descriptions, which are consistent with the objectives and scope
of this study, are:

a. Basic turbopump flow equations into which two-phase
flow phcnomena can be incorporated and which could
later be expanded to include more complex flow
situations;

b. A thermal cavitation model which is independent of

time and conditions of nucleation and which can be

19



combined with the flow cquations to give a descrip-
tion of turbopump cavitation compliance

c. A finite difference iteration algorithm which allows
solution of the flow and cavitation equations for

any given blade geonetry and flow conditions.

3.2 Model Assumptions - The assumptions made {m thoe develop-

ment of the turbopump model pertain to the cavitation process, the
fluid-mechanics, and the turbopump centiguration. Ihe assumptions
were required in order to obtain a solution for cavitation com-

pliance within the scope of this study. The first two assumptions
related to the cavitation process determine the basic approach of

the analytical effort,

3.2,1 Channel Flow - The fundamental assumption of the

turbopump model is that channcl flow exists approximately betwecen
the pump inducer and impeller blades, 7Thiq assumption can be usod
to separate the three-dimensional flow problems into two-dimensional
problems. The first problem is that of detining the flow stream-
lines in the meridional planc. This can be accomplished by the
method described in Appendix 4, or by a more approximatc method
vherein the streamlines and associated streamtube width (b in
Figure 3.2) is rclated to the inducer or impcller hub and shroud
geometry by a suitable function. With a meridiconal plane descrip-
tion of the strecamlines, onc can procod witlh the development of
the blade to blade flow cquations along a surface generated by
rotating a meridional planc streamline about the impeller axis.

This development is prescnted below in Section 3.3,

3.2.2 Thermal and Velocity Equilibrium - The liquid-vapor

phasc change is assumed to oceur under iscntropic conditions of



thermodynamic equilibrium with both phases in velocity equili-
brium. An cquation that deals with noncquilibrium changes of
phase (vapor bubble growth) for a single bubble is presented

in Appendix B. This derivation includes the cffects of heat
transfer at the bubble wall, varying ambient pressure, and
variable density of the vapor within the bubble. Unfortunately,
a complete solution to the resulting integro-differential cqua-
tion was not obtained. Solutions were found in the literature
for simplified versions of the cquation; however, the solutions
sacrificed the inertial effects to gain a description of the
thermodynamic effects or vice versa. The assumcd condition of
equilibrium applies to the bubble growth and decay both as the
fluid passes through the turbopump encountering different local
pressures, and as the local pressures change as a result of
changes in the turbopump inlet pressure. Some test results
(Reference 4) at very low static inlet pressure (6 to 10 psi)
and large pressure oscillation amplitudes (l0 to 20 psi pcak

to peak) indicate that the cavitation process is not in cquili-
brium, and that the amount of compliance is a function of the
frequency of the pressure oscillations. The cxtrapolation of
this data to small amplitudes and flight pressures is not
possible. Since this model is more concerned with cavitation
compliance (rate of change of cavitation with respect to pres-
sure) than with the amount of cavitation, the equilibrium
assumption should be more valid because the period of pressure
oscillation is greater than the average bubble life (Paragraph

3.2.5).

3.2.3 Tip Clecarance and Backflow - An additional restric-

tion which is implied by the channel flow assumption is that

there is no tip clearance flow or backflow within the pump.

21



The medel oniy Computes cavitation as a resuli or chanpel tlow
berween cascaded blatis and docve not coasidor cavitation which

may occur from eithev blade tip clearance flow or irom backflow

Yine (backflow is produced by tip clearance

into the suction
flow). These other sources may have a siynificant effect when
considering unshrouded blades. Based on analvsis, Ghahremant
(Reference 31) theorizes that tip flow cavitation is much
larger than blade cavitation., The ouly tests concerned with
tip clearance flow ecvajuated tho ¢tifect on performance for a
gas medium (Reference 33) instcad of a liquid, and tor a varia-
tion in the axial clearance of the impeller tip (Reference 34)
instead of a radial clearance ot the inducer tip. A test pro-
gram to investigate the effect of Lip clearance flow and back-
flow would be very beneficial te the understanding of the com-

lete turbopump cavitation process.,
p pump P

3.2.4 Incipicnt Cavitation - The model js developed for

conditions of incipient cavitation only. This restriction is
necessary because in deep cavitation local [luid velocities may
approach the local speed of sound, whercupon the finite differ-
cnce solution scheme becomes invalid.  Siace turbopumps do not

usually operate in the region of deep cavitation, this is not

considered to be a scvere restriction.

3.2.5 Stcadv Plow - Since cavitation compliance is related
to an oscillatory change in inlet pressure, unstcady flow condi-
tions are implied. However, since the period of oscillation is
tvpically 50 times greater than the time required for a fluid
element to pass through the cavitation region, it is valid to
assume quasi-steady tlow; i.e., cavitation compliance can be
obtained from a steadv state solution at diiferent turbopump

inlet pressures.



3.2.6 Inviscid Flow - A further assumption which must be

uscd is that the flow is inviscid. A solution of the complete
viscous flow cquations would compound the overall computational
problems and is not warranted until the usefulness of the basic

inviscid approach is demonstrated.

3.,2.7 Scparation Cavities - The computer model of turbo-

pump cavitation was developed on the basis that no separation
cavitics were present in the blade system. This restriction

is actually necessary only when the vapor phase is present in
the pump. Solutions can be obtained with separation cavities
for incompressible or non-cavitating flow; however, diverging

solutions appcar whenever two phase flow is encountered.

3.2.8 Identical Blades - The final assumption of the

model development requires that all blades within the pump
inducer or impcller are identical. This restriction was
necessary in order to simplify the computer programming and

to meet corc limitations on the computer. In most pumps, the
inducer scction where most cavitation occurs is made up of
identical blades. In the impeller section, however, partial
blades are quite often placed between the main blades. The
capability of treating non-identical blade systems can be added
to the program, but would require an overlay technique and,

conscquently, some re-programming.

3.3 Equation Development - The development of the non-

separated, thermal equilibrium cavitation flow equations for a
blade-to-blade analysis are discussed below along with the pump
blade coordinate transformations used to simplify the numerical

solutions. Figurc A.l shows the coordinate system used for
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derivation of the flow equations. The coordinate system is
rotating about the¢ Z axis with angular velocity w., The velo-
cities shownm, therefore, are relative to the pump blades, The
equation development derives two basic cauations: a fluid flow
equation, and an cnergy equation. The flow equation is derived
from potential theory utilizing a continuity wquation and the
condition of irrotational flow. The energy cquation is derived
by relating the fluid energy to the inlct encrgy and the work
done by the turbopump. Changes in thermal energy arc obtained
from the assumcd condition of thermal equilibrium., The final
form of the two equations is written in terms of the stream

function, ¥, and the density p.

3.3.1 Flow Equation - From a sclution to the flow problem

in the meridional plane (Appendix A), a streamline and its
associated streamtube can be defincd ag shown graphically in
Figure 3.1. Rotation of the streamtube about tihre impeller
axis results in a streamtube of revolution while a stream
surface is gencrated by the meridional streamline. With
reference to Figure 3.2, which shows a scgment of the stream-
tube, the flow continuity cquatinon is derived as follows,
Using the segment of the streamtibe as a control volume, the

conservation of mass is expresscd by

. . d
Z <win - wout> =4 () =0 (3.1)

. d
where W is the flowrate. I (W) is the time rate of change of

the weight of fluid in the control volume, which is zero for

steady flow. 1In the M direction,



_ ' 9 '
LWL = (Y B) x do [va b+ & oV b) dr]  + dr) df

9 9 2
_[vab dr df + -(pVyb)dr x df + $-(pV b)dr dﬁ} (3.2)

In the A direction,

y . dr A dr
- = - —|— — —————
win wout pVG sin «a [pVb b (pVb)dG; b sin a
_ 9 (rVy b "
T ¥ \sina d¢ dr (3.3)

Using the above relationship, Equation (3.1) becomes:

9 S 2
pVM b dr df +ar (pVM b) dr r dA +-5r (pVM b)dr-d#4

3 pVG b
+ 55 Sin o dr d8 = O : (3.4)
Dividing through by r df b in o’ and taking the limit as dr and
df approach zero, Equation (3.4) becomes
: vV, b
A d (P74
—— + o= =
Ar (pVM b ) af <sincx> 0 (3.5)

A stream function ¥ that satisfies Equation (3.5) is then

defined by

%/:vabr (3.6)
oV, b

ov = - .9 (3.7)
r sin a

With the further assumptions that the fluid is inviscid and

that its absolute motion is irrotational, another cquation for
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fluid motion can be derived., TFTor absolute irrotational flow
the circuliation, I'y, aveund the fluid sovment (Figure 3.3) must

be zervo.

Differentiating:

Wy vy

drm + ¥V, + r - = =0
' f Ar Af sin «

At this point, a transtformation of the pump blade coordinates
facilitates prograsming of the problem tor computer solution.
The transformation will depend on the blade shape,  However,
the objoctive ol the transtoymation is Lo straighten the blade
such that the leading codge becomes the maximum of the blade

angular cocerdinates and the trailing odge the minimum., For an

(3.9)

inducer a transformation such as dIl = dZ and JdF = df may be the

most appropriate. For an impeller having logarithmic spiral

blades, the f{ollowing transformation is most convenient,
1

. dr
ok, = _—
sin a r

dF d#

Carrying the cquation development through, using this last

transformation, Fguation (3.9) becomes

2ro + V + ———

L3 (ve )2V,
H sina | QF Aar ' J

(3.10)

(3.11)

(3.12)
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Combining lquations (3.6), (3.7) and (3.12) results in

. sina 0¥ 1 ?p ¥ | sina il 2
Zro sina obr OF 5~ 3E 3E | bpr  PE
p rb
L1 L3N 13y
) A
1 oY dr _
t5 F OF 0
p rb

2r2(nbp sina + (;:% \:5% ([np)] + % {fﬁ (ﬁnb)}
+B_‘é[§: (ﬂnp)] =0

From the meridional
b, and r can be defined.
to give E as a function of r with the condition
ro= T . Also, from Equation (3.11) F = 8. The
between the strcam surface on which E and F lie
coordinate system is shown for the general case

Tn the E,F plane,

With a relationship between fluid density, stream function,

known inlet conditions,
cally in the E,F plane and

r,0,Z physical plane.

3.3.2 Encrgy Equation - The completion of the solution to

Fquation

density, p, the strecamfunction,
ditions.

such as a turbopump is given by

plane solution a relationship between «,

that E = 0 at
relationship
and the 1,0,Z

in Figure 3.4.

the pump blades are as shown in Figure 3.5.

Equation (3.14) can be solved numeri-

the results transformed back to the

(3.14) depends on a relationship between the fluid
Y, and known pump inlet con-

The energy cquation for a steady flow fluid system

(3.13)

(3.14)

Equation (3.10) can then be integrated

and
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h+——=h_ +Uu (1.15)

where
h = static enthalpy/lb
V' = absolute fluid velocity
ho = total enthalpy/lb at the pump inlet
u
W = work dgne on the fluid per pound of fluid/unit time

Equation (3.15) expressed in terms of componcnts of the absolutc

velocity is

1 2 2
h +2g (mr+V6> +VM = h + W (3.16)
But the rate of work addition between a station, u, upstream
(where all flow properties are known) and the station being

considered is equal to the rate of change in moment of angular

momentum between the stations or

r(rm + V0> - ru<rum -+ Vou) (3.17)

i » +
The quantity ru(ruu VG

W =

o |e

) is commonly referred to as the pump
u
prewhirl, which is either specificd for the problem or is

obtained from 4 viscous flow solution to the upstream flow
problem. If it is assumed that the flow in the impeller
undergoes isentropic changes of state and that for cavitation
conditions the vapor and liquid phases arc in thermal and
velocity equilibrium, a relationship between pressure and
average fluid density, p, can be obtained from a state diagram
for the working fluid. Referring to Figure 3.6, which repre-

sents a temperature-entropy diagram for a typical pump fluid,



the isentropic compression proccess might be represented by the
vertical line CAB, Assuming the inlet properties of the fluid
correspond to Point A, the fluid experiences a decreasing
pressure as it enters the pump and ultimately reaches conditions
corresponding to Point B in the vicinity of the blade leading
edge, Cavitation is fully developed at this point., Downstream
of the blade leading edge region, the work input to thc pump
goes into compressing the fluid that exists from the pump having
propertics corresponding to Point C. Using oxygen as the pump
fluid and assuming that the flow process in the pump is isentropic
and that velocity and thermal cquilibrium exist throughout, the
variation of demsity with pressure is shown in Figure 3.7. The
data of the figure is basecd on a saturation temperaturce corres-
ponding to 15 psia. The data from which the curve was derived
were taken from Reference 35. Similar relationships can be
obtained for different saturation temperatures as well as dif-
ferent fluids. Combining Equations (3.16), (3.17), and relating
h to P/p yields

2
h (P/p) - %L + z_lg— <V02 + vi): CONST (3.18)

where CONST = inlet cnergy conditions. Upon application of
Equation (3.6), (3.7), (3.10) and (3.11), Equation (3.18) is

transformed to its final form
2

1/ 1 Y

h (p/p) + 2% (pbr> <3F>

3.4 Solution Technique - In order to define the turbopump

2 2
(X4 (o)™ _
+'(8E> - Zg = CONST (3.19)

cavitation flow field, Equations (3.14) and (3.19) must be
solved throughout the field between two blades of the pump and

for a number of streamtubes sclected from the meridional planec.



The results are tlen integrated throughcut the pump to obtain
the total cavitation cempliance. The solutinng of Fquations
(3.14) and (:,19) is accompiished in a finite difference form

on the CDHC 6000 series computer. The problem is initiated by
transforming the pump blades from the plivsical plane (Figure 3.4)
to the I, F plane (Figure 3.5) through btyuations (3.19) and (3.11).
Next, a gridwork is established between the blades as shown in
Figure 3.5. FEguations (3.14) and (3.19) are written in f{inite
difference form at each grid point and a relaxation method of
solution emploved. Solution of the preblem is accomplished by
specifying the upstream and downstream boundary conditions,
assuming values of ¢ at each grid point within the boundaries,
and checked to see if Equations (3.14) and (3.19) are satisfied
at each point, If it is nct, the left hand side of Equation
(3.14) will be equal to a residual R. Then, values of |y at each
grid point are systematically adjusted until the residuals are
reduced to an acceptable level. Once this condition 1is reached,
a solution is achieved. This initial solution may not corres-
pond to the correct angular velocity on the upstream boundary.

A scheme is included in the program for adjusting the upstream
boundary and reapplying the relaxation solution until the
correct value of angular velocity is obtained. A complete dis-
cussion of the relaxation method of solving systems of partial
differential equations is given in Reference 36. The equations
and solution technique described above have been developed into
a computer program known as the turbopump cavitation flow pro-
gram, User instructions for the computer model are given in
Appendix D, and program listings are given in Appendix E. The
analysis of the computer results required toe obtain the cavi-
tation compliance of the total turbopump is given in Section

5.1.
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3.5 Model Applications - In addition to cavitation com-

pliance, the turbopump model is capable of generating other
information which is of interest in the analysis of turbo-

pump response and the design of turbopump blades. Turbopump
discharge dynamic pressure gain can be determined as a function
of inlet pressure (pump gain, OPd/OPs), exit flow (pump resistance,
APd/dwd), and blade speed (speed gain, dPd/ON). These parameters
are also important in POGO stability analysis. Unlike cavitation
compliance, there are currently methods available for estimating
these parameters; however, the use of a cavitating turbopump
model may result in a significant improvement. This model can
also be used for design analysis of turbopump blades. This

could include blade pressure loading, and the influence of blade

shape on cavitation, separation, etc.
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4, EMPIRICAL CAVITATION DATA

4.1 Test Data Analysis

4.1.1

are:

Objectives - The objectives of the test data analysis

Determine the true cavitation compliance from
all available test data on as many different
turbopump configurations as possible;
Considering turbopump and propellant paramcters
which influence cavitation, attempt to present
all the test data in a nondimensional correlated
form;

Provide test results of specific turbopump con-
figurations for verification of the analytical

model.

Completion of the first objective will provide all currently

available turbopump cavitation data in a single document.

An empirical evaluation of the data, in terms of nondimensional

parameters, is a parallel approach to the purcly analytical

turbopump cavitation model. The pump configurations selected

for verification of the analytical model should mecet the

following requirements:

a.

Accurate determination of cavitation compliance
from test data;

Controlled and known test conditions;

The turbopump should be typical of those of

interest in POGO analysis;



1

De consistenl with the

(9

The curbopuny shooid

asswuptions wi the analvtical codel,

Consicering these requirements, the J-2 LOX and F-1 LOX turbo-
pumps were originally selected for modol serification. In
addition, the il-1 LUK and LR87 oxidizer pumps were selected
for less detailed studv., These selections wore based on both

compatibility with the analytical mode!

contidence in

existing test data, us discusscd in the tolloviag sections,

4.1.2 Data Sources - 1able 4.1 shows ail the ditferent

turbopump configurations {or which cavitation data is kncwn
to exist. In all of these cases, cavitar;on data was derived
from tests whose objectives were to deluermine Lhe natural
frequencies of the propulsion iced svystem for use in POGO
analysis. Although turbopump cavitation vsually has an im-
portant influcnce on feed svstom froquency, testing and data
reduction was cnly concerned with determining an equivaient
cavitation coupliance. TFor determination of feed system
frequency it was not required to scparatc the true cavitation
compliance from other sources ol mechanical compliance in the

vicinity of the Lurbopump,

Table 4.1 Turbopump Contigurations

Vehicle Stage Engine Oxidizer Fuel
Saturn S-18 H-1 LOX RP-1
Saturn S-1C F-1 LOX RP-1
Saturn §-11/S-1VB J=-2 1.OX LHZ

Titan 1 LR87 .\'70!4 Aerozine 503
Titan 11 LRI91 :\',)O4 Aerozine 507
Thor 1 MB-3 L.OX RP-1

sn
’

507, Hydrazine and 507 UDMH



Test data

sources:

a.

d

related to this study comes from one of the following

System tcsts with flowing propellant and an
operating turbopump;

Feed system tests with non-flow propellant in
the absence of an operating turbopump ;

Feed line component tests on segments whose
compliance can not be accurately calculated;

. Flight data.

lmost all of the available ground system test data is pulsed;

i.c., the system response is measured relative to some known

forcing function. The only test results which include the

offects of turbopump cavitation are the flow system tests and

the flight data. Thesc test results required separation of

the cavitation effects from other compliance effects. Some

flow system tests have flight feed systems while others have

facility fced systems; and some have hot firing engines while

others are "bobtailed" (turbopump is driven in normal mode of

operation but propellants are not mixed and burned in the main

thrust chamber).

4.1.3 Determination of Cavitation Com

pliance From Natural

Frequency - Cavitation compliance cannot be measured directly

during a turbopump test and must be determined through use of

analysis.

follows:

A typical procedure for this determination is as

39
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a. Run a flow systems test ;
b. Assume an analytical model of the test configuration;
c. Calculate, estimate, or determine from separate

tests all model inputs exXcept cavitation compliance ;
d. Determine value of cavitation compliance for which

model best fits test data,

Since cavitation compliance has its strongest influence

on feed system natural frequency (as opposed to gain, damping,
etc.) the above procedure is normally reduced to a correlation
between test and analytical natural frequencies. These fre-
quencies are a function of the inertance and compliance of

the total system. For those unfamiliar with these hydraulic
terms an analogy with a spring mass system is given in Figure
4.1. 1Inertance can be accurately calculated from the geometry
of the feed line., The system compliance includes the distri-
buted compressibility of the fluid and the radial flexibility
of the suction line, axial flexibility due to a feed lipe area
change, local flexibility of a line joint or bellows, and the
compressibility of the cavitation vapor bubbles in the turbo-
pump. Only the combined effect of all the system compliances
can be determined from a dynamic systems test; thus, the line
and fluid compliance must be known before cavitation compliance
can be accurately determined. The distributed fluid and line
compliance can be calculated fairily accurately, Local flexi-
bilities can be determined from analysis, component tests, and/
Or system tests without the turbopump operating. Suction line
bellows are local flexibilities which often represent a signi-
ficant portion of the feed system compliance but cannot be
determined accurately due to insufficient test data and a lack

of analytical methods. A current technology contract (NAS8-25919)
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should result in improved analytical methods for determination
of all suction line eclements. The exact cquations relating
cavitation compliance to natural frequency arc a function of
the analytical model used. The more representative the model
the more accurate the derived cavitation compliance. Two
computer programs which were devcloped for Titan and Saturn V
POGO analysis were modified for general test analysis in this
study., These programs consist of: 1) a modal analysis program
(Reference 37) for determination of natural frequencies for any
distribution of line inertance and compliance; and 2) a transfer
function program (unpublished) which utilizes the modal data to
generate the transfer function of suction pressure pcr excita-
tion as a function of excitation frequency. For a lightly
damped system with negligible feed line and fluid compliance

the cavitation bubble compliance, Cb’ can be approximated by

¢, = 1/(v%) (4.1)
where I is the feed system inertance and ©q is the first natural
frequency of the feed system. For a uniformly distributed
suction line and fluid compliance, which yields an open-closed
organ pipe frequency (mo), and a lumped duct compliance near

the pump inlet (Cd), the cavitation bubble compliance can be

approximated by

0)(1)2 \
c. = 12{(1/ 0)-1} - ¢, 4.2)

Z_
1 (Dl (u)l/ZwO)
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4.1.4 Determination of hatural Frequency From Test Data -

A fairly standard procedurc for determinin: “eed system
natural frequenc. from test data is as Lollo.e:
a. Conilgnre a test sot up which resembles the

Elipbt tceed sestem as closel- as possible

b. Excite the feed system dvnamic response with a

measured forcing function;

c. Genurate trequency domain pertarbation transfer
tunction famplitude ratio and rhase) of response

per excitation from the measnroed results g

d. Natural frequency occurs near frequency of

: . : . . 0
maximun amplitude ratio and phase shift of 90°,

For most ol the rest results aclveed herein, the excitation
has been some tvpe of near sinusoidal wave pulsing of suction
flowrate. 1In this case the pulser frequency has been changed
in steps (or in very slow ramp) and the resulting pressure
oscillarions rocorded ar each srequency itcrement.  This,
together with the mcasuvred excitation, vicids a perturbative
transfer function ot turbopurp inlet presecure per excitation.
Another type of cxcitation which has been successfully used
(Reference 38) is the random neisc associated with the engine

combustion process.  In this case auto- and/or cross-spectral
analysis is required to determine the frequency domain response
of the system. In nmost feed system configurations the first
natural frequency is verv near the frequency at which the

amplitude ratio is manimum simultancous vith a phase shift of
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\

90" for an appropriate feed system transfer function. In POGO
analysis the most important transfer function is turbopump
inlet pressurc oscillation per turbopump acceleration perturba-
tion (8Ps/agp). Any transfer function which has the same
natural frequency as BPS/ agp is an appropriate transfer func-
tion. Pulser acceleration and flow acceleration are legitimate
oxcitations whereas transfer functions with respect to pulser
pressure can vield significant errors in natural frequency.
This effect is shown in the analysis of the J-2 test results.
1f additional information besides natural frequency (e.g. static
gain and damping) are desired from the test results, it is
required that a best fit between an analytical and test trans-

for function be obtained.

4.1.4.1 Test Frequency Correction - In reviewing test data

two possible situations were recognized which could cause small
orrors in the test results. First is the determination of the
system natural frequency from a transfer function of suction
pressurc per pulser pressure (BPS/BPP) in lieu of suction
pressure per pulser flow (BPS/BWP). Second is the presence of
facility lines which do not exist in the flight configuration.
Both of these conditions oxisted on the S-II LOX line tests and
cach represents an error in frequency determination of about

5% in opposite directions. The effect of using the aPs/aPp
transfer function is shown in Appendix C for a simplified
system and results in a frequency which is 5% too high. The
§-11 LOX line test set up had a facility line running from

the sump to the facility tank. This line was isolated from

the suction line by a large accumulator at the sump; however,

the residual effect of the facility line yields a system
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natural frequency which is 5% too low. A model of the test and
flight configuration is shown in Figure 4,2, A comparison of
the aPS/aPp transfer function for the test sot up with the
correct bPS/agp transfer function for the flight configuration
is shown in Figure 4.3, Neither of the two possible discre-

pancies are known to exist in any other test data.

4.1.5 Test Results - No attempt has bcen made to duplicate

previous analysis of pertinent test results. However, in many
cases the analysis had to be extended in order to separate
cavitation compliance from other sources of compliance. Also,
in several instances independent tests on the same configura-
tion produced conflicting results. 1In thesc cases, 1If a review
of both results could not favor one over the other, the discre-
pancy was carried through the analysis and vields a tolerance

on the results. Cavitation compliance is a function of many
propellant and turbopump parameters; however, for a given con-
figuration at a fixed operating point the only significant para-
meter which undergoes a planned variation during tests is turbo-
pump inlet static pressure (PS). Thus, the cavitation results
presented in the following paragraphs are given as either a

function of PS or a non-dimensional form of Pq detined by

k= P - B (4.3)
1/2 Py 2
r

where K = cavitation index

PV = propellant vapor pressure
P = propellant mass density
V_ = inducer relative tip velocity



This is a convenient parameter since it has been found that
for most turbopump configurations cavitation compliance is a
linear function of a constant raised to a power which is pro-
portional to K, i.e., a straight line on scmi-log graph paper.
whenever the scatter in the test data allows, this functional
relationship will be observed in the presentation of the
following test data. The data nccessary for calculation of

cavitation index is presented in Table 4.2,

4.1.5.1 F-1 LOX Cavitation Compliance - The F-1 LOX turbopump

was tested with a S-IC outboard feed line and an outboard
Arrowhead PVC (Pressure-Volume Compensator) duct. The feed
line properties were taken from Reference 39. A LOX compress-
ibility of .135 x 106 psi (T = -296°F) was calculated from
velocity of sound data given in Reference 40. The compliance
of the main line area change (above the prevalve) was investi-
gated and found to be negligible. The PVC compliance was cal-
culated from component test by Aerrowhead, MSFC and Boeing;
and from non-flow system dynamic tests by MSFC and Boeing.
These data were then used in a model in which cavitation com-
pliance was varied to match Bobtail (Reference 4l) and Singlce

Engine (Reference 42 tests results.

4.1.5.1.1 F-1 LOX PVC Component Test Results - The total PVC

compliance, CPVC’ includes the combined effect of the fluid

compressibility and radial expansion (C.) and axial flexibility

of the upper and lower annulus arca (CX).

45
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o v =y 4.4)
o ab b
.. 2 .
where C = raA dn = pAT/K (4.5)
= AP
and (q;;*"/fki,_ + AJdr (4.6)
dP dP

C[ was calculated to be (G111 in” and Is inciuded as part of the
distributed vouptionee of the Food 1 a0 todel. The results of
the component test arce summari .o in Table 4.3 and discussed
below. Figurcs 4.4 and 4.5 contain unpubljshed results,
suppiicd by MSFC, of PyQ compornvnt tests run by Aerrowhead,
From Figure 4.4 total pve compliance can be calculated from
dV/JP; however, this result ig Cconsiderabiy pog large compared
with all other dat i, This cay crdy bo eiptained by the pre-
sence of air in the svotem. g obstrvations can still be
made from these rosylis. 1Y VAP appears to be nonlincar
with respect to pressare . and 2) dv/dP g approximatel the
same whether or not the PVC ends are restrained (this agrees
with an analvsis of the arcas and spring rates). A more
reliable estinate o1 pye compliance can e ade using Kquation
(4.5) and the reguite EIven in Pigure .50 This result is
independent of th. dmennt of trapped air i the system,
Component tests run at MSFC (Reference 43) vave a value of
dX/dP of .U056 (2 x .0028 for both the upper and lower annulus)
for an Aerrowvhead inboard PVC, and 007 for Plesonics outboard
PVC. The results were very linear over the pressure range
of 40 to 130 psig. The corresponding values of ¢ are 060

9 X
and .075 1in respectively.  An cquivalent v spring rate of
K = 34250 Ib/in was determined from Boeing component tests on

a Aerrowhead outhoard PVC (anvrcn01>3®, and this was also
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fairly linevar over the pressure range of 50 to 125 psia. This
yields (“quation 4.5) a Cx value of .081 inz. An analysis of
the flexibility of supporting structure used in the Boeing
water tests (Reference 39 showed that for the PVC installed

in the line CX could increase to .096 inz; however, it could
never decrease below 081 (a completely rigid mounting of the
uppor spool and lower flange). Component tests (AX/3P) show
that the outboard Aerrowhead and Flexonics PVC's have approx-

imately the same compliance while inboard Aerrowhead PVC has

about 25% less compliance.

4.1.5.1.2 F-1 LOX PVC Systems Test Results - Analytical feed

system natural frequencies as a function of the sum of the
cavitation bubble compliance (Cb) and the PVC annulus compli-
ance (C_) are given in Figure 4.6. Since these two compliances
are located fairly close together, the frequencies are practi-
cally independent of the distribution between Cb and CX. The
second resonance of a pressure/pulser flow transfer funcrion

is shown to be a function of the location of the pulser line.
Figure 4.7 gives MSFC dynamic test data with the turbopump
isolated from the feedline. Some non-flow tests were run with

a Flexonics outboard PVC and some with an Aerrowhead PVC;
however, since the component tests indicate they have essentially
the same compliance no attempt was made to differentiate between
the two. A similar method of obtaining CX from the Boeing Water
Tests (Reference 39) yielded a Cx of .125 in2 at 80 psia and .086
at 140 psia. This compliance is high enough to suspect that
there may be some air trapped in the system, which is always

a possibility in non-flow tests,
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4,1.5.1.3 PF-1 LOX Cavitation Compliance - Figure 4.8 shows

MSFC dynamic test results (References 41 and 42 with the
turbopump running. Also shown is the sum of the cavitation

and PVC annulus compliance, C_ and CK, required to make the

b
analytical results match the test results., The resulting
cavitation compliance is shown in Figure 4.9 for two different
CX functions. One is the maximum CX variation as derived from
a best fit of the MSFC non-flow tests (Figure 4.7). This
variation is much more than can be justified by anv component
tests, and also results in a cavitation compliance which shows
less variation with pressure than is expected. The other C
function used is a constant value of ,081 inz, as derived from
some of the component tests. Since some of the component tests
indicate some variation in CX with pressure, a constant value

is probably conservative., The true cavitation compliance should

lie between the limits shown in Figure 4.9.

4.1.5.2 F-1 Fuel Cavitation Compliance - The Rocketdyne

evaluation of fuel pump inlet compliance (Reference 44) from

the F-1 Bobtail Test recsults (Reference 41) are presented in
Figure 4.10, Also shown are cavitation data derived from feed
system frequencies obtained from the F-1 Bobtail tests and the
S-IC Single Engine Test (Reference 42). The results of this
analysis yield higher values of pump inlet compliance than were
obtained by Rocketdyne. The variation in test {requency data
presented in Figure 4.11 accounts for the lower values of pump
inlet compliance analytically derived from the S-1i{C Single
Engine Tests. The only differences between the Bobtail and Single
Engine Test are that the Bobtail Test configuration had an out-

board PVC and used discharge pulsing, whereas the Single Engine
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Test configuration had an inboard PVC and used suction pulsing.
Discharge pulsing should vield the same regults as suction
pulsing; however, obtaining good reliable feed system frequen-
cies by discharge pulsing usually presents severe data reduc-
tion problems. The differences in results are larger than the
anticipated differences due to changing PVC ducts. 1t was
concluded that the 5-1C Engine Test data was morc reliable
because it was derived from suction line pulsing, it is more
recent data, and it showed less scatter. Since compliance de-
rived from the S-IC lnginc Test is less than that derived

from the F-1 Bobtail Tests it should contain less PVC duct
compliance. Since no PVC duct compliance was available it is
assumed that turbopump inlct compliance derived from the

F-1 Engine Tests 1is equal to cavitation compliance.

4.1.5.3 J-2 LOX Cavitation Compliance - Dynamic test data

exists for four different J-2 LOX feod systems. They are the
5-1I inboard test facility feed system, the S-11 outboard test
facility feed system, the S-1VB test facility feed system, and
the Rocketdyne turbopump test facility feced system. These
tests were run for a range of turbopump inlet pressurcs and
three different PU (propellant utilization) scttings. As
expected, the feed system natural frequencices (and thus turbo-
pump cavitation) varied greatly with inlet pressure; however,
the effect of PU setting was within the scatter of the data.
Thus, for a given inlet pressure, reduced test results from
all the different J-2 LOX feed systems should yield the samc
cavitation compliance. Two independent detailed analyses of
test results have been performed. Brown Engineering analyzed
the results of the S5-I1 and S-1VB feed system tests (Reference

45) and Rocketdync analyzed their test facility results
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(References 46 and 470, Boh analyses vicld approximately the
saves predoito At pes s nn L e e retar b common feed svstems.
This i showm in Fioenwye 5000 for the o1 - S~IVH M light

fecd systems (vhiol e comewhat differont than the test facility
Fevd systems ., Jrowm Prpdncering assosod g single compliance
turbopump mode ]l vhercas Rocketdyne derived a turbopump flow
impedance trapsfe: function, G(S), fri thoir test data which
implies a duat compliance turbopusmp modc i, Fer the same test
results (ioe,, the sane predordndl s food Svesreon frequency ) the

two difirent Lo hootenp modeTs 41] vicld diiferent values of

cavitation comp b iance,

4.1.5.201 0 J-2 LOY Duct Complinree - Also of importance is

the amount o y14id and duct cempliance present in the suction
line. The Browa cngincering analveis dorived g Tumped com-
pliance from dviumic tests vhicn had tne suction line isolated
from the pusp.  roc CLAYI L G Bne olher hand, coupled their
test derived turhoniop impedance function ta flight suction
line models and added suction line compliance until the
analytical Ifruquincics agreed with flight observed resonances.,
These reswlts ar compared T Table 4.4 aad in both cases
represent cauivatent lomped values at, o+ npear, the turbopump
inlet., Both of thesc appreaches are valid and should vield
approximate lv the same vesults, whereas, the differences shown
represent a very significant portion of the total feed svstem

compliance.




4.1.5.3.2 J-2 LOX Turbopump Model - The single compliance model
(sve Figure 4.13a) uscd in the Brown Engincering analysis has
a tlow impedance given by
P [L_5+1] 4.7)
G(s), = o =R _LR '
oo KL 82+Qb+1
K K
P P

1n this casce the resistance, R, and inertance, L, were calcu-
lated; and the pump gain, K), and the cavitation compliance,
¢, were derived from test dgta. This impedance function and
Brown Engincering duct compliance shown in Table 4.4 yield
cavitation compliances shown in Figurc 4.14.

The Rocketdyne analysis fit an impedance function to test

data. The form required to give good correlation is given

2 2
S 2
) K[<w2> wz) S+ l} (4.8)

p
S = =
Wo <f—— + 1) ;‘ +{—= 15 + 1
“1 3 “3

Onc possible physical representation which gives this type of

by

responsce is given in Figure 4.13b. In terms of the physical

paramcters, the impedance functions become

) ) <L(,2R2 >32 +<L + R1R2R2> .. 1] “.9)
G(S)9 = o = R R

0o [(E5% Vs® + & (mmoroc, Js? 4f 1t + R, |5 H1
p —_— g 17272 X 22

K
p p %
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Equating coefficients of Fquations (4.8) and (4.9) will vield
the physical model parametors ia tecms of Che frocnroacy and
damping parameters. ‘Table 4.5 sives Lhese results for the
latest frequency and damping data given in References7. In
this model, C1 is the main inlet cavitairion compliance. 1t is
the most important turbopump parameter in determining the
predominate feed system frequency and is independeont of pump
gain (Kp). To illustrate the effect of the other turbopump
parameters consider the case where the inpi-dance beyond the
cavitation compliance is very high. Then both of the abovye
turbopump models approach an impedance function given by

G(S), = L

Cs

where C is the cavitation compliance. Using Rocketdvne feed
system frequencies (Figure 4.12) and duct compliances (Table
4.4) cavitation compliances for both G(S)Q and G(S)3 arc shown
in Figure 4,15, Although G(S)3 is not a good pump model, the

effect of different turbopump models is illustrated.

4.1.5.3.3 J-2 LOX Test Cavitation Compliance - The difierence

in the Brown Engineering and the weketdyne derived cavitation
compliance can be attributed to different suction duct compli-
ances and different pump impedance functions. There is con-
siderable test data which indicates that a doublec compliance
model, G(S)z, is a better representation oi the turbopump than
a single compliance model, G(S)]. From this point of view

the Rocketdyne data should be more accurate; however, the
Brown Engineering analysis is a more conventional approach

which has been used on several other turbopump configurations.



For purposes of this study, both of these results (as shown in
Figure 4.16) are considered to be equally valid., It is thus
assumed that the true inlet cavitation compliance can be any-

where between these limits.

4.1.5.3.4 S-1I Flight Data - AS-509 S-II Stage flight data

(Reference 48) were reviewed and the observed LOX feed system
oscillations compared with test results. Two things were
evident from the flight data. First, the observed S-11 out-
board feed system contourgram frequency was higher than antici-
pated; and, second, there was an observed frequency change at
engine mixture ratio (EMR) shift. Prior to EMR shift, the
observed outboard frequency was approximately 33% higher than
the predicted value which was based on S-II "bobtail' and

J-2 test results for inlet NPSH in the vicinity of 60 ft.
Furthermore, if the 65 to 75 Hz inboard suction pressure oscil-
lation, observed during and after accumulator fill, represents
a response of the second inboard line (""short stack') mode,
this result is approximately 28% higher than would be analyt-
ically predicted. The following theories have been advanced

by different Saturn V POGO analysts as to the reason for thesc

apparent frequency discrepancies:

a. The observed oscillation is not a natural
frequency of the feed system but a 1/3 sub-
harmonic of a 90 Hz turbopump self-induced

oscillation;

53



. il celion Bt strecture i osuch Chat Lhe
i e b e0se in the lesvasomt o we ot ion does
pob arreer the feed sveten [reauency on the
Phiont comfivuraton :

CooPor sorn anknown reason loas Larropump cavitation

exists dn tiw flight vehiicle thar in the ground

The true cause vognins unreee bved s

ohowowor

v

it is due to
reduced cavitation conpliance ((;)), the o lignt results for

i
both the S-11 inhoard and ontboard Lecd svstems imply that Cb
Is at least 7070 tower than predicted Yrov tose data.  This
possible discr vave wust e considered when ciilizing the
test resuils,  In the later portion of 5-11 burn, the engine
misture ratic (920 changed from 5.5 to 4.8, This results in
Aopredicted dooro e e (1 T coettieronr (o) of 10Y. A
reduced Clow coviticiont results in the turbopump inlet flow
entering the indacor bilades with a targer angle of attack.
This should produce increascd cavitation compliance and result
ina lower Feod svsrom fregquerncy. The oboorved flight results
were just Lhe opposic. . When Lhe HMR chaoved from 5.5 to 4.8
the S-11 outboard contourgram frequency appeared to increase

Lrom 200 Co 23, . i reason for this contradiction is unknown.,

4.1.5.4 J-2 Fuel Cavitation Compliance - Turbopump cavitation

compliance for the -2 axial low fuel pump is shown in Figure
4.17. This data was Jorived from a Rocketdvne single compli-

ance math model (Retorence 46) . Since thes tests were run at
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a Rocketdyne test facility it is assumed that rigid suction
lines were uscd, and thus the results do not contain any pump
inlet duct compliance. An analytical model of the S$-11 out-
board feed system was used to determine J-2 fuel pump inlet
compliance from a frequency data point (9.5 HZ) supplied by
MSFC for Saturn POGO analysis. Although present available
data on fuel bellows compliance is incomplete, a value of

. 004 in2 was assumed after a review of the J-2 oxidizer con-
figuration and inlet duct compliance test values. The result-
ing pump inlet compliance derived from this datum falls within
the scatter of pump compliance data derived by Rocketdyne as

shown in Figurce 4.17.

4.1.5.5 H-1 LOX and Fucl Cavitation Compliance - Brown

Engincering and Rocketdyne derived values of pump inlet
compliance (Reference 49) based on S-1B Bobtail Tests (Reference
50) are shown in Figure 4.18. The mathematical models differed
only in the suction line representation while turbopump and
discharge line representation were comparable. The character-
istic resonant frequencies derived from the test data by

Brown Engincering and Rocketdyne also differed since the method
employed by each in the intcrpretation of the test data varied.
Both suction linc and discharge line pulsing data were available.
The usc of spectral analysis of the test results by Brown
Engincering has shown that discharge line pulsing did not

give the correct characteristic frequencies (Reference 51).

Lack of data points for the fuel pump inlet compliance in the
Brown Engincering analysis is due to the inability of their

data reduction procedure to always determine values of feed



56

system frequencics,  Since Roeletdone i not indicate this to
be a probiem, by Procedere wan cons ido cod mare e iabe and
will be used vrelusively in this analredis . The Bobtail test cop-
figuration does not have any suction line bellows located at the
pump inlet. Since there are small Tinc ballows located at
several points in the fuel and oxidizer lincs, it is assumed

that their compiiance is accounted tor in the distributed com-
pliance of the suction lines. Thus. for the H-1 feed systems,
the derived pump inlet compliance shunm in Figure 4,18 is

assumecd to result exclusively from rurbopump cavitation.

4.1.5.6 MB-3 LOX and Fuel Cavitation Compliance - MB-3

cavitation compliance data was obtained tfrom an Acros ace
I

Corporation ¢valuation of fced s¥sbom {roquencies on the THOR
vehicle (RcfcrcnccSZ). These data are shown in Figure 4,19 as
a function of cavitation inde: (K). Ihe: are presented in thig
report for reference only, as MB-3 turbopunp geometry and

operating parameters were not available 1o permit cvaluation

of the data.

4.1.5.7 LR87 and LKYI Oxidizer and fucl Cavitation Compliance -

Cavitation compliance of the Titan Stage | oand 11 turbopumps is
shown in Figurc 4.20, This daca was determined by combined
Martin Marietta Corporation and Acrospace Corporation analysis
of pulsed and/or non-pulsed hot firing cngince tests, bobtailed
turbopump tests, suction linc non-tlow tests, and f{light data.
The final results have evolved over several cvaluations
(particularly in the case of the LR87 data) and no concise

documentation cxists. The Martin results, presented here,

agree closely (vxcept for a density scalc factor) with the
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Aerospace results given in Reference 31. The LR87 oxidizer

feed system contains the largest amount of non-cavitarion
compliance. In this case the suction line distributed com-
pliance was calculated and compared with non-flow test results
(unpublished results of Martin Marietta Corporation tests). These
results indicated that the line bellows located near the pump
inlet contain very little compliance. This 1is assumed to be

true for the other Titan lines which use similar line bellows.

4.1.6 GCeneral Test Data Assessment - The preceding cavitation

compliance test data generally have large uncertainties associ-
ated with the results. In most cases this can be related to the
fact that the objective of these tests was to determine feed
system frequency, not cavitation compliance. In scveral cases the
results even show large dispersions in fced system frequency for

a given test series and unexplained disagreement between results
of different tests of the same feed system, Assuming the feed
system frequency is accurately known the following error sources
exist for determining cavitation compliance.

a. Unknown feed line compliance;

b. Frequency insensitive to cavitation compliance,
conversely cavitation compliance is very sensitive
to frequency dispersions;

c. Unknown turbopump model (test data will not fit
a physical model).

In addition to dispersions in the results there are unknowns
associated with parameters which affect the amount of cavitation

which occurs. Some of these unknown factors are:



e v lociry distrinution at the turbopump inlety
so P Tlmee hack rlow into v suction lineg
CLo U ope it proswir: dt Lhe oot

d. Aeont of absorbed gas in th propellant

o, ract prepetlant temperature at the turbopump

1. kifect of P (Propellant Ucriiization) recirculation

—
<

The accoumulatod eltect of all the unknowns must be carefully

considoced wher i ing the mericvs of either an empilrical or
i & P

analyrical prodiction technigue.

o

4.2 bwplirical bData Evaluatiou

4.2.1 Influentia! Parameters - In order Lo evaluate all the

different turbopump cavitation compliance test data one has to
postulate aq Lo wbhol are the Jwportosc variables, and attempt
to group tihwese into non-dimensional paramclers which will yield
the same cavitation compliance tor all ¢xisting turbopump con-
figurations., 1t this could be accomplished with some degree

ol success, Jtoeould provide a method for predicting the amount
ob cavitation compliouce that will occur on a new turbopump
design,  The tuarbopamp operating and geometry parameters, and
propellant variabtes which could artect rhe amount of turbo-
pump cavitation arc:

P = pump inlet stdatic pressure

praopoilant flow rate

H

H, = ionducer head rise

e
11

inducer speed

o, = inducer angle of attack



n, o= number of inducer blades

b, = induccr tip diameter

D; = induccr hub diameter

ﬁi = inducer tip radial clearance
PV = propellant vapor pressure€

p = propellant density
= propcllant latent heat of vaporization

The ideal method of assessing the effect of these variables 1is
to conduct cavitation tests where only one parameter is varied
at a time. The available test results are for different turbo-
pump configurations (all geometry parameters changed together),
cach run with a single propellant, at normal operating conditions
(usually only inlet pressurc is varied). This approach does not
give specific cmpirical dependence of cavitation compliance on
parameters other than PS. The other parameters do vary for
different turbopump configurations, but the effects cannot be
scparated. Thus, only a qualitative empirical evaluation of
the results can be performed. This is accomplished by comparing
non-dimensional cavitation compliance against non-dimensional

turbopump and propellant parameters.

4.7.2 Non-Dimensional Parameters - Ideally there exists a non-

dimensional combination of parameters which uniquely describes

a cavitation paramcter as a function of operating and configura-
tion parameters for all conditions and configurations. The

most generally used non-dimensional cavitation parameter is

cavitation index, K (Equation 4.3), which combines PS, P,

\Y
and Vr' The data required to compute cavitation index is

given in Table 4.2 for several turbopump configurations. All
of the available cavitation compliance data is shown in Figure

4.21 wvs cavitation index. When two sources of equally valid

59
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data exist, av aviraze of the twe valuce

n

Wit assumed for com-
parisen it SRR ST Lt I A S £ R ST LR

the same trerm’ Sad 1ios within on ovde 0 oof T L

~de banu, the

variation is much too large to climinate the nced for obtai

I

cavitation test Jara on a new Lnrbopure confipnration.  Turho-
pump size can b casily accounted ror By wen-dinensionalizing

cavitation complianes (‘Ci ) owith respect o size variables,

J

C./u.D.7 vs K is shown in Figare 4,220 This in gencral narrows
8] 11 ’

the band of data cxcept for the 1R-9] oxidizer data, The in-

ducer leading »duc angic of attuek, Gssusiig no propeifant poe-

swirl at the pump inlet, can be calceulated by
- - _—1 /
x = /O, - tan @ (

where B, is the inducer blade angle and 9 is the flow coef{ficient.
i
Comparing the valucs of o, givea in Table 4.2 with the
i
tion data given iu ¥igure 4,210 and 4,27 wlious no particular

cavita-

correlation. This may be partly duc to the fact that all of
the LR serics turbopumps have cambered inducers which operate
at near zero leading cdge angle of attacks., A1l Lhe ather
turbopumps have flal inducec blades hich require a leading
edge angle of attack ro gunerate a pressurc risc,  Thue, e
is not a good universal cavitation redsurement parameter,

A turbopump performance parameter, pump specific speed (88),

defined in non-Jdimensional form as

s D ‘ 3¢
S$ = 8136 | 1 - _h 0 [} 4
I i
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(Reference 31), was considered as a means for correlating

cavitation compliance. Figure 4.23 shows non-dimensional
cavitation compliance (related to inducer inlet area Di‘~ - Dh“)
as a function of 1/SS. Comparison of Figures 4.22 and 4.23

shows that 1/SS is not significantly better than K. Thor (MB-3)
data is not shown because the necessary geometry parameters werc
not known. Information on other influential parameters given

in the preceding paragraph was not obtained for cnough turbo-
pump configurations to permit non-dimensional evaluation of

their affect. However, it is doubtful if the existing spread

in data shown in Figures 4.22 and 4.23 can be significantly
reduced. Simple non-dimensional parameters cannot account for such
important affects as blade shape, flow separation, and propellant
phase change. The non-dimensional data presented here could be

used to predict an order of magnitude cavitation compliance on a

new turbopump configuration.

4.2.3 Effect of Inlet Pressure - It is of interest to note

what the functional relationship is between inlet pressure (P )
s
and cavitation compliance (Cb) as observed from the test data.

Assuming that

C, = Constant/P o
b S
then
n = -~ E_S_ a(Jb = - (K + Pv/q) a(‘b
C AP C 3K
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where K= (p - pv)/q
and aqa = pV - "2;{

Heasuring averaye vajues of K, Cb’ and Hﬂb/QXK from the test
results (Figure 4,21, values of "n" were calculated (see
) r

Table 4.6)., The results show that for the Aerojet turbopumps,

11 11

n" fall in the range of 2 to 4. For several other turbopumps,

1 1

n'' falls in the range of .5 to 1. Due to scatter in the test
data, there is a fairly large tolerance associated with BbeésK;
however, if the trend is correct, these results imply that
cavitation compliance, in different turbopumps, 1is proportional
to different powers of P . This indicates that an analytical
derivation of cavitationrcompliance, in terms of average flow
field parameters, cannot vield good agreement with test results
for all configurations. The work of F. Ghahremani (Reference 31)
indicates that hilade cavitation is inversely proportional to
PSZ, while backflow cavitation is inversely proportional to PSB.
For the Aerojet turbopumps, this formulation should show good
slope agreement (which it does) with test results: however, poor
slope agreement could result for some of the other pumps.

Current studies are heing performed under Contract NAS8-27731
to evaluate this approach with respect to additional turbopump

configurations (Reference 56).
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Y bt .
PAaae w7

3
PVC Annulus Compliance (Cx ~1in")

Test Conductor Source

(Aerrowhead Inboard PVC)
Aerrowhead AX/ AP

MSFC OX /AP

MSFC @

(Aerrowhead Outboard PVC)
Aerrowhead AX /AP

Boeing AX /AP

Boeing @
Boeing (:) (:)
MSFC €Y

(Flexonics Outboard PVC)

MSFC AX/AP

Press=80psia

.073
.060

.062

.085
.081
.096
125

.068

075

(:) Match to no flow dynamic test results.
(:) AX/AP results plus mounting flexibility.

(:) Possibility of air in the system.

Press=140psia

.046
.060

.060

.060
.081
.096
.086

.025

-075



Table L.4

J-2 LOX Suction Duct and Fluid Compliance

Compliance (inz)

Feed System Brown Eng*
(Reference 45)

Rocketdyne**
(Reference 47)

S-I1 Inboard .0112 .0031

§-I1 Outboard .0077 .0055

S-IVB .0055 .0015

* Located approximately 10" above turbopump inlet

x*x  Located at turbopump inlet

Table 4.5
J-2 LOX Physical Model Parameters For G(S)2

NPSH Ps o C,Kp Rl/Kp RZ/Kp L/Kp
40 33.7 .0189 .0158 418 3.47 .016
45 36.2 .0175 L0173 .371 3.18 .014
50 38.1 L0142 .0163 .376 3.29 .014
55 41.1 .0134 .0140 . 346 3.22 .014
60 43.6 .0123 .0119 .318 3.15 .015
65 46.0 .0102 .0112 .304 3.23 .014
70 48.4 .00813 .0105 .327 3.22 .014

65
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Turbopump
Configuration

LR87 Fuel
LR87 Ox

LR91 Ox

o

-1 Fuel
-1 0Ox
-2 Fuel
-2 Ox

oG

~1 Fuel
-1 Ox

T

MB-3 Fuel
MB-3 Ox

Table 4.6

Suction Pressure Power

.019
.014

027

.088
095

.019
011

.012
.014

.3023

027

Average Test Parameters

k
.08
.07
.10

.06
.07

.036
.044

.26
.13

.21
.048

BCb/Bk Pv/q
-.54 .004
-.37 .018
-.90 .035
-.94 .000
~-.95 .013
-.40 .041
-.30 .035
-.023 .000
-.075 .039
-.011 .000
-.60 .02

n
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-1

m o % W= pAx

spring-mass system

(m SZ+dS+k)x=F (2)

Substitute (1) into (2) or (3) gives:
Inertance, I = m/p A? = .Q/AgC
Resistance, R = d/p A2

()Az/k

]

Compliance, C

where A = line area,

line length,
gravitational constant,
fluid density.

t

4
gC
P

67

I
I
IW
N
R C
fluid system
(ISZ+RS+%)W=P (3)

Figure 4.1 Comparison of Spring-Mass and Fluid Systems
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Figure 4.2
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Analytical Model of S-II LOX Test Suction Systems
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Volume Change ~ millileters X 10-3

70

_~_~_4» Aerrowhead Test Data
| i B
O Inboard PVC (Restrained)

3 Inboard PVC (Unrestrained)
A Qutboard PVC (Unrestrained)

i { ' [ [ R

J

!

12 i

|
|
L
|

|

[‘ I
Conversion: 16.39 millileters/in3 |

|

10

- -

™

o

Iy

E o
'ﬂ\

Figure 4.4

80 100 120

Pressure Change ~ psi

S-IC LOX PVC Volume Change With Pressure




Length Change ~ in
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I
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Aerrowvhead Test Data

i

Inboard PVC
Outboard PVC

O\

N
e
7 /r_J

o

L

60

Figure 4.5

80 100

Pressure Change ~ psi

S-IC LOX PVC Length Change With Pressure

120

140
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Hz

~

Frequency of Ps/Wp Transfer Functions

28

24

20

16

12

S S .
pulser line
below PVC

! 1

pulser line between!

prevalve and PVC

S T

A2

Cavitation and PVC Annulus Compliance (Cb & Cx) A/Inz

Figure 4.6

5-IC LOX Feed System Frequency Variation



Frequency of Ps/Wp Transfer Function . Hz

X

PVC Annulus Compliance (C )mJinz

26
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| © Dynamic Test Data
e — Analytical - Best Fit —
S e s Analytical - Constant Cx
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Figure 4.7

Pump Inlet Static Pressure ~ psia

§-IC LOX Non-Flow Feed System Data
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Frequency of Ps/Wp Transfer Function .. Hz

Cavitation & PVC Annulus Compliance,winﬁ
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S5-IC IOX Feed System Data
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Cavitation Compliance (Cb),~ in
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Figure 4.9

Pump Inlet Static Pressure ~ psia

F-1 LOX Turbopump Cavitation Compliance
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i

O Analytically Derived From Bobtail Test Data

513 From Rocketdyne Model Based on Bobtail Test Data
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F-1 Fuel Turbopump Cavitation Compliance

Figure 4.10
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Figure 4.13 J-2 10X Analytical Turbopump Models
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5. EMPIRICAL - ANALYTICAL CORRELATION

5.1 Analytical Results - The turbopump cavitation model

described in Section 3. was used to analyze the J-2 LOX, F-1
LOX, H-1 LOX, and LR87 oxidizer turbopumps. These four con-
figurations were selected because they are typical of those of
interest in the determination of cavitation compliance for POGO
analysis. Also, considerable test data exists for these con-
figurations and their geometry and operation are in reasonable
agreement with the assumptions of the analvtical model. Be-
cause of the large pressure rise which occurs through the in-
ducers (for example, 100 psi through the J-2 inducer and 300
psi through the F-1 inducer) it is assumed that any mismatch
between the inducer exit flow and the impeller blades is not
sufficient to produce a significant amount of cavitation in

the impeller. For this reason only the inducers were analyzed.

5.1.1 Blade Section Analysis - The complete analysis of

an inducer requires that the computer model be run for different
streamsheets corresponding to different blade cross sections at
different inducer radii. These results are then interpolated

and integrated to yield the total cavitation compliance for all
the inducer blades from the hub to the tip. Initial analyses
performed for the J-2 and F-1 inducers employed the blade
sectional data as tabulated on the inducer design drawings
(Figures 5.1 and 5.2, respectively). This data defines the blade
geometry for a constant distance off the inducer hub, and is
normally only given for a few blade sections. The turbopump
cavitation compliance program was thus restricted by both the
limited amount of input data and the fact that the data supplied
for a given blade section was associated with a constant distance
of f the inducer hub, and not a fixed percent of the distance

between the hub and the feedline wall. The results of these
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analyses indicated significantly different behavior of the
cavitation phenomenon between the hub and blade tip, and did
not agree favorably with test data. Recent analyses performed
for all four inducers have utilized a different form of input
blade geometrical data. A computer program was written to
interpolate the supplied data and calculate blade geometrical
data for five hlade sections located at 107, 30%, 50%, 70%, and
90% of the blade span. Details of this computer program are
given in Appendix F. This simulation improvement resulted in
an order of magnitude reduction in predicted cavitation.

5.1.1.1 Figures 5.5 through 5.8 show the blade sectional
data derived from the inducer design drawings (Figures 5.1
through 5.4) for the J-2 LOX, F-1 LOX, H-1 LOX, and LR87 oxidizer
turbopumps. It is noted that this data has been normalized to
the trailing edge. Figures 5.9 through 5.12 show the results
of interpolating this data to five blade sections, each at a
constant percent of blade span. As shown by these figures,
AZ/A8 1is constant and independent of r for the J-2, F-1, and
H-1 inducers. These inducers are a constant pitch helical
screw design and are symmetrical about the chord. In contrast,
the LR87 inducer is a twisted flat plate cambered in the vicinity
of the leading edge.

5.1.2 Calculation Procedure - Because most of the inducers

analyzed exhibit a linear relationship between blade coordinates
Z and O, the most suitable transformation from the inducer
coordinates (r, ©, Z) to the streamsheet coordinates (E, 2) is
simply
E =12 (5.1)
F=6 (5.2)



This transformation is used in lieu of the logarithmic spiral
transformation, Fquations (3.10), which is more suitable for
the impeller portions of a turbopump. For channel flow the

streamsheet width varies as a function of Z and is defined by

b(Z) = b(ZO)(rt(Z) - rh(Z))/C (5.3)
where: rt = the blade tip radius
r, = the hub radius

b(Zo) = gelected streamsheet width at ZO

C=( () - r, (Z.))

The feedline axial velocity, U, can have any radial distri-

bution provided that continuity is satisfied, i.e.,

r
~ €

W=2 N?Z_/ U r dr (5.4)
rh

where /Z is the inlet fluid density. For a uniform inlet fluid

velocity distribution the flow in a streamsheet annulus is

given by

= 2= , 7, )
wss r(7o) b(?o) Pg U (5.5)
For this analysis, a constant value of b(Zo) was used for all
streamsheets in each inducer, causing Wss to vary as a function
of radius. Other local angles such as the blade angle, 3, the
inlet flow angle, #, and the angle of attack relative to the

upstream undistrubed flow, «, are defined by

93
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8 = tan™* (% f.g) (5.6)
¢ = tan™? ( %— ¥'> (5.7)
a = 3 - (5.8)

In the (E, F) cocrdinate system the blade angle is 1Z/iA0 and
the flow angle is 1//w » both of which tend to be independent
of the radius or of which streamsheet is under consideration.
All of these parameters are given in Table 5.1. Each pump in-
ducer was analyzed for two inlet flow angles, U/w, and a range
of inlet pressures, PS, for the streamsheets described above.
Each calculation produced a description of the flow field in
the particular streamsheet in terms of the streamfunction, V,
pressure field, P, and the weight of propellant in the stream-
sheet, wss‘ Figure 5.13 shows a computer output plot of the
streamlines in a J-2 LOX inducer streamsheet which corresponds
to a 30% blade section. For the purpose of calculating cavi-
tation compliance the prime model output is WSS, which is

computed by

Nss =22 1 Ap by (5.9)
i
where Py= density of the two phase fluid at grid point i

fog
]

area between grid points

o
f

streamsheet'width at grid point 1{

From Equation (1.2) the cavitation compliance in a streamsheet



between two blades is given by

AW (5.10)

An example of CSs derived from computer output is shown in

Table 5.2. The total turbopump cavitation compliance for N

blades is given by

t
NG 5
C - N (1(,55 d!.' (v-ll)
b ——
A
ry St
where AC C (5.12)
ss  _ SS
Sr b

Since most of the cavitation occurs near the inlet; b = b(Zo)
which was chosen to be the same at each radius section. Equation

(5.11) thus becomes

r
N t (5.13
Cb = J— C_ dr )
. ss

5.1.3 J-2 Results - Analytical values of WSS were obtained
from the computer model for inlet pressures from 32 to 50 psia,
values of U/w (inlet flow direction) of .33 and .20, and five
blade sections. The resulting streamsheet compliance is shown
in Figure 5.14 for five inlet pressures and the nominal flow

direction of U/w = .33. These results are relatively well be-
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haved and exhibit the expec
pressure. Also, the variation along th

reasonabie in view of the tollowing factors-

ted trend with variations in inlet

e blade appears to be

a. For constant streamsheet inlet thickness the tip

streamsheet has a larger fluid flow (Equation 5.5);

b. The blades are thinner at the tip which results in

a sharper leading edge;

c. The blades are thinner at the tip wi

iich also results

in less venturi effect hetween the blades;

d. The angle of attack

hub (Fquations 5.6, 5.7, and 5.8),

at the tip is lower than at the

The first two factors would tend to produce higher streamsheet

compliance at the tip than at the hub while the last two

factors have the apposite effect,
L14),

an inlet flow direction of U/w

of these results (Figure

(5.13) give the following

5

The graphicél integration
along wirth similar results for

.20, according to Equation

values of cavitation compliance.

(};ﬂn (in/rad) .33 .20 Inlet Press (psia)
0044 . 0063 33.
0033 L0053 36.
avitatlon o 1 5023 L0039 40.
Compliance Tin
.0012 .0023 44,
.0005 L0014 48,

5.1.3.1 The sensitivity to inlet filow direction requires

consideration of the factors involved,

The actual analytical

inlet flow direction is determined from the slope of the com-

puted streamlines upstream of the blades,

The upstream boundary

conditions are then automatically adjusted until the computed

slope matches the desired slope calculated with respect to the



undisturbed tlow. Computation of the potential flow solution
at different distances into the suction line (Figure 5.18)
showed that propogation of blade disturbances extend approxi-
mately one inch upstream. This was found to be true for all the
inducers analyzed. The pressure field upstream of this point
remains essentially constant (+1 psi). An additional error
source, not included in the model, is fluid prerotation produced
by fluid viscosity (Figure 5.19). As stated previously, all
flow was assumed to be inviscid. An upper bound of viscous pro-
duced prerotation of 677 of the turbopump speed (mr = 2/3w) was
assumed for analytical evaluation. This yielded a new inlet
flow direction of U/0~+u%), or 60% of the nominal U/e computed
without considering prerotation. This effect is not intended
to be representative of actual prerotation values, but is only
used to demonstrate the influence on cavitation results.

5.1.4 F-1 Results - Analytical values of streamsheet
fluid weight, wss’ were obtained from the computer model for
inlet pressures from 60 to 140 psia, U/e values of .86 and .52,
and five blade sections. For the nominal value of inlet flow
direction (U/o = .86), computed without consideration for
viscous induced prerotation, the model predicted no cavitation
at any of the blade sections for the range of inlet pressures
considered. That is, the minimum pressure predicted by the
potential flow solution was always greater than the LOX vapor
pressure. Reducing the flow direction to 60% of nominal to
account for neglected prerotation resulted in small amounts
of blade cavitation for inlet pressures below 100 psia. As
shown in Figure 5.15 cavitation was observed at the 30%, 50%,
and 707 blade sections. Reasons for variations at different
blade sections are the same as discussed in Paragraph 5.1.3,

Initial predictions, based only on the two blade sections

97
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defined on the drawing (Figure 5.2),

assumed that the amount

of cavitation increased toward the blade tip. ‘"hece results

indicate that was a bad assumption,

Loczl conditions can

produce cavitation at a mid section, while for the same inlet

conditions none occurs at either the hub or the hlade tip.

Applying Equation (5.13) to the resul

ts in Figure 5.15%, and to

the computed results for U/o = .86, gives the following values

of cavitation compliance.

U/e  (in/rad) .86 .52 Inlet Press. (psia)

0 0020 65
Cavitation in2 0 <0009 75
Compliance 0 -0005 85

0 L0002 95

0 0 105

5.1.5 H-1 Results - Analytical

fluid weight, qu, were computed for

values of streamsheet

inlet pressures from 40

to 90 psia, U/w values of .42 and 25, and five bLlade sections,

The results showed that essentially no cavitation was predicted

for the nominal flow direction of U/.

= .42, and very little

cavitation for the flow direction reduced to account for

possible viscous pre-rotation effects, Figure 5.16 shows the

minimum pressure obtained in the -1

LOX inducer which occurs

at a grid point near the blade leading edge of the 30% section.

For non-cavitating conditions the pressure increment between

the inlet static pressure and the minimum pressure grid point

is essentially constant for fixed flow conditions. This is

reasonable since compressibility effects should be minimal if

there is no cavitation vapor present.,

Figure 5.16 shows that
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cavitation starts at an inlet pressure of 46 psia for nominal
U/w and 59 psia for U/~ reduced to 60% of nominal. However,
even for pressures below these values, so few grid points
reach vapor pressure that no significant cavitation is pro-
duced. At blade sections other than the 30% sections no cavi-

ration was predicted.

5,1.6 LR87 Oxidizer Results - The computer model generated

values of streamsheet fluid weight, WSS, for inlet pressures
from 40 to 90 psia, U/« values of .32 (nominal) and .19, and
five blade sections. The results showed no measurable change
in wss implying no blade cavitation. For the nominal inlet
flow direction the potential flow solution predicts that the
minimum pressure grid point 1is only 17 psi below the inlet
pressure (Figure 5.17). This means that the inlet pressure
would have to be reduced to 31 psia before the minimum pressure
reaches the vapor pressure resulting in cavitation. This com-
puted pressure reduction from the inlet to the minimum pressure
point is considerably less for the LR87 than the other inducers.
These values, along with some of the influential parameters,
are shown in Table 5.3 for comparison. Not all of the para-
meters are in the right direction (lower angle of attack,
thinner blade, and lower dynamic pressure); however, the com-
bination could justify the smaller pressure increment for the
LR87. For the inlet flow direction reduced by 607 (Ufo = .19)
to simulate a worst case viscous pre-rotation, the minimum
pressure point is 36 psi lower than the inlet pressure
(Figure 5.17). In this case cavitation just begins for an in-
let pressure of 49 psia. For the lowest pressure case analyzed,

40 psia, no significant cavitation had developed.
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5.2 Comparison With Test Data - The first task performed in

the comparison of the analytical and test results was to compare the
predicted inducer Pressure rise with available test data. Figure
5.20 shows J-2 LOX inducer head rise test data (Reference 53) using
water as the test fluid. This indicates a head rise of 172 ft (75
psi for water) for the nominal operating flow rate of 2540 gal/min
(U/o = .33 in/rad). Figure 5,21 shows the corresponding pressure
profiles predicted by the computer model at the 50% blade section
for an inlet pressure of 100 psia (230 f¢ NPSH). This shows a
predicted pressure rise of greater than 60 psi, and it could easily
be 75 psi depending on where the measurement is taken. The model

predicts slightly greater Pressure rises at a hub blade section (10%)

‘and slightly less Pressure rises at a tip blade section (90%). 1In

the actual case, radial mixing will occur and tend to give a uniform
pPressure rise (in the radial direction) through the inducer. Thus
the 50% blade section is felt to be most representative even though
the pressure measurement is assumed to be taken on the pump housing
nearest to a tip blade section. The J-2 10X inducer head rise test
data was the only pressure data available for comparison with ana-
lytical predictions. This single point comparison tends to confirm
the overall accuracy of the potential flow equations used to compute
pPressures through the inducer blades, Analytical—empitical corre-
lation of the cavitation compliance is obviously not ag good as the
pressure correlation since little or no cavitation was predicted in
three out of the four inducers analyzed. o0n the other hand, test
data (Figure 4.,21) indicates that a significant amount of cavitation
occurs in all turbopumps. Figures 5.22 and 5.23 Present a comparison
between test data and the cavitation compliance predicted by the
analytical model for the J-2 and F-1 1LOX inducers, respectively,
Since no cavitation was predicted for either the H-1 or LR87 inducers,
comparative plots are not Presented. Plots of test data for these

inducers were presented in Figures 4,18 and 4.20, respectively,
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No model assumptions have been identified which could account
for the lack of correlation ohserved., Reascnable variations in
iniet flow direction to simulate viscous prerotation tended to
improve predictions but failed to yield adequate correlation.
Also, since no cavitation was predicted in some inducers, the
analytical results can not be simply scaled to agree with test
data. The entire results of this analysis indicate that some
other mechanism besides blade cavitation contributes significantly
to total turbopump compliance, Other mechanisms presented
(Section 2.) as having potential significance are: blade tip
clearance flow, circulation flow within the turbopump, and
circulation flow back into the feedline.

5.2.1 Since the effect of cavitation compliance on feed
system natural frequency is of prime interest, it is important
to determine how uncertainties in one propagate into uncertain-
ties in the other. The first feed system natural frequency,

@, can be defined by

w = 1
1 T (5.14)
I (Cb + Cﬁ)
where I = suction line fluid inertance
Cy, = cavitation compliance

"

C equivalent total suction line and fluid compliance
l (except pump cavitation) related to the pump inlet.

Differentiating Equation (5.14) yields

du)l Cb dCb

oy " ’“2‘(‘6[ +7C)) —E; (5.15)

which shows that the percentage change in wy is at most 1/2
the percentage change in Cb’ and may be much less if gﬁ is
large relative to Cp. For the S-II/J-2 LOX feed system, C£
is .003 to .005 in.2 (Rocketdyne results, Table 4.4). Using



102

these values of 9[ and test values of Cb in Equation (5.15), it
may be concluded that for a maximum uncertainty of 10% in S-II
feed system natural frequency cavitation compliance must be known
to within 25%. A similar evaluation on the other systems of
concern results in the following required accuracies in cavi-
tation compliance for a 10% accuracy in frequency: 70% for
S-IC/F-1 LOX; 25% for S-IB/H-1 LOX; and 35% for Titan/LR87 Ox.
As previously stated, an objective of the cavitation model
development is that it be capable of predicting feed system
frequency to within a 10% accuracy. The results predicted by
the current model clearly do not meet this objective. Although
additional refinements and extensions to the existing model
framework could be recommended, it is felt that none of them
have a high probability of resulting in adequate correlation
with'test data,



Table 5.1 Inducer Streamsheef Pararete

Inducer J-2 LOX F-1 LOX
No. of Blades 3 3
Flow Rate (Q) 1b/sec 386, 3765.
Pump Speed (») rad/sec 841, 581,
Inlet Velocity (U) in/sec 275. 497,
U/o in .33 .86
Chord AZ/A8 1in .59 1.25
Inlet Thickness (b(ZO)) in 323 L3131
Tip Radius (rt) in 3.375 7.875
Tip Blade Angle (3) deg 9.0 9.9
Tip Flow Angle (®) deg 5.6 6.2
Tip Angle of Attack («) deg 3.4 3.7

rs

H-1 LOX

4
514,
706.
294,
.42
.76

.317

3.80

11.3
6.3
5.0

Table 5.2 Streamsheet Cavitation Compliance

J-2 LOX Inducer, 50% Section, U/e = .33
PS wSS AWSS AP
50 .17938
43 L0O0015 4
46 .17923
44 .00026 4
42 .17897
40 .00042 4
38 .17855
36 .00056 4
34 17799
33 .00038 2

32 17761

@]

SS

. 00004

.00007

.00011

.00014

.00019

LR-870X
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Table 5.3 Faciors Affecting Minimum Inducer Pressure

—

Inducer Otip "y b Blade Thickness(l) 1/2er2 PS—Péfi
(des) (deg) (% of channel) (psi) (psi)

J-2 LOX 3.4 15.1 32 433, (3)

F-1 LOX 3.7 9.4 18 1120. 59

H-1 LOX 5.0 14.5 26 388. 30

LR87 O0x ) 8.9 19 655. 17

(1) At the 50% blade section

(2) Nominal inlet flow direction
(3) Pmin

= vapor pressure
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6. CONCLUSIONS AN RECOMMENOATTONS

o

the analysis of available test data, the turbopump cavitation
model development, the analvsis of the model results, and the

correlation hetween test data anl medel predictions,
1

a. Llarge uncertainties exist In most cavitatinn
compliance values derived from test dats. This
is because the objective of the tests was to de-
determine natural frequency, and cavitation com-
pliance must usuallyv be derived from an assumed
relationship.

b. Cavitation compliance test results for all avail-
able turbopump configurations do not correlate with
any simple nondimensional combination of turhopumps
and fluid parameters.

c. Compliance derived from a plase change process is
a function of the local flow conditions and, unlike
compressibility of a gas, is not necessarily directly

proportional to the wvapor volume.

d. The turbopump pressure field, derived from a potential

solution, will not predict a large enough blade sur-
face cavitation region to vield apreement with test
results.

e. Mechanisms other than blade cavitation contribute
the major amount of total turbopump compliance.

f. Turbopump pulse tests, using accurate inlet and
outlet dynamic flow meters, should be conducted for
the purpose of investigating cavitation compliance.

These tests should varv the following parvameters

, . . . o .
e following concinsions and receomrendacicns are bascd o

wd
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one at a time: test fluid, dissolved gas,
operating conditions (pressure, speed, and flow),
tip clearance, natural frequency and oscillation
amplitude (effect of nonequilibrium phase changes),
etc.,

g. Precise analytical simulation of the cavitation
process can not be obtained until a dedicated

test program (item f£,) is performed,
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APPENDIX A

Equations of Motion in Impeller Meridional Plane

For a (r,9,z) coordinate system (Figure .1, the eguations
of relative motien for a turbopump impeller rotating with angular
velocity « about z (Reference 5%) are:

WV v Vv W (v, + ey
J—=+v £+ 2L+ Lo /
it r r i) A r
: 1 T =
= - = - T (r Po o = A )
St r oo ( Lr) r ¢ r 8o : ©y (4
WV ‘V& Vb AV vV VR
4
iy 2+ 2 _E4y 24+ =242
B r r r o9 z iz r T
1 P 1 (2 1 es “‘Tez)
) s & 4
N A R B ol LA T el i + pu .2
r 20 r2 3r rd r od Jz Léb (A.2)
wVZ GV VH VVZ :\Z
\—%+v —+——+V
e} r Jr r 6 PV
N AT ST
P 1l 3 1 7 6z Tz
=== | == (x1 + = =+ + oy .3
Jz r Jr ( rz) r Slel Jbz (A ))

2

where & V;//r is the centrifugal force. It gives the etftective
force in the r direction due to fluid motion in the ¢ direction.
The term o ° Vr : V,/ r is the coriolis force. Tt is the ctiec-

[wd
tive force in the & direction when there is flow in both the r
and & directions. For stecady inviscid flow in the absence ot
gravity equations (A.1) through (A.3) can be written

2 Z

dv V, + wr Vv V. oV 2V V o+ owr

T _ ( & ) - _ _l_ P =V 1 + 4 : Vf r _ ( ) ) (.A.“‘)
dt T o or r 'r r Y z .z r
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Figure A.1 Fluid Element Cocrdinates
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I \I Ly
[¢RY
i L “P
Sl E L
it r r Sroot
W VooV iV (Y
. t g Ty r &
SRl B A i VARV (A.5)
ror r PN r r
dv Lo SV 9 V oV
z ‘ z z z
—S .- ==y === ==y == (A.6)
dr oLz r r r g ARV,
Yhavnn . Che vaoes of the dimpeller guide the fluid or that chanuel
Plow coisis appraximately, @ stresm surface may be constructed

hali way between blades (Figure A.2). The stream surface S can
te described by

S = S(r, ¢, z) (A7)
Solving tor o,

o= C(r, z) (A08)

The slatic pressure in a turbopump is generally a function of r,
and z:

P =P(xr, v, 2z). (A.9)

on S

p

P(r, & (r,z), z) (A.10)

since & on the surface is specificd by Equation (A.8). The rela-
tion between the partial derivatives of static pressure in the
throo-dimens Lonal Lield to that on the stream surface "S" is:

&

L SANIES) SRS

= + N .
T Jro &E Or (A.11)
JPF P UP O
Pl (A.12)
2 2z Jg oz
Substituting Equations (4.11) and (A.12) into (A.4) and (A.6),
v (Vo + oy’ . )
L. = ) L (2P” e 1 0P
T RN T T (4.13)
dt r o Jr ar r Jg
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dv vV V.
L8 oy = L E
dt b or oE
e _L(@’P* SR R )
dt p \oz Sz O
Stream Sheet
Figure A.2 Axial View of Impeller
. . , ) 1 uP L
The circumferential pressure gradient T T can be eliminated from
Equations (A.13) and (A.15) by (A.14)
2
+ = . dv, v
A I e ( o, 1o, ,)
- = - =1= = _ 20V
dt T ¢ Lor T dt e
2
dv V', . N .
_£__6_=_*Q1)__+rp£ l_ vl
dt r p |Lor e\ oo (F 6)
where V! = V + or and dr/dt = V

6 6

(Alh)

(A.15)

(A.16)



1V e JV Voyo
i.\_i - Lpoes + r,';_‘:: (_-;l RS v, \\i
at nloz G Ad r A ':,«f
dv -
Z 1 Jp” ipd 1 d , )
= - === 4 P (= = (v L
dt p Loz bz (r dt (1 w) (8.17)

If the flow is restricted to a streamline on the stream sheet
and the streamline is projected on the meridicnal plane (Figures
A.3 and A.4), the tangent to the projected streamline at any point
makes an angle a with the impeller axis.

Stream Sheet Streamline

VAV AV AV ANV
Projection of Stream
Sheet on Meridional

i Meridional Plane

Stream Sheet

Figure A.3 Projection of Stream Sheet on Meridional Plane
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Projected Stream Sheet
Streamline

L —C ____— Hub

Shroud

Figure A.4 Meridional Plane of Impeller

Figure A.5 Meridional Streamline



The wveloeity components Vr and V of the stream shect streamline
i z
Pooad Lo oo owolocity Wq iy the meridional! plane where:
1
i Z
v =V +V
m 2
VvV =V sin
r m
vV =V cos
z m
Dith runidativg,
dv dV
s Mmoo+ v, 2 cos o
~— = T S1 R - 3
dt dt M dt
dv dV
z M S v da sin
- = —— ¢cos i~ — sin
dt dt M dt

roelated to the radius of curvature of the
Line by

s

dM = r du
C
Wl
do
1 de_de 1 do
v AT M
dt
4o _ M
dv ~ x
C
Combining Equations (A.16) through (A.25),

dv

dt r

projected stream-

)
Vo - N )
M M 1§ op¥ 36 [1 d(rVyg ]
cCOos o= T §1n i« = - - + = - T
o vz yz L r
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(A.18)
(A.19)

(A.20)

(A.21)

(A.22)

(A.23)

(a.24)

(h.25)

(A.26)
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2 2
dv. Y \ "
M sin + —M'cos -2 1 St +
dt i - r t T g
C
dp 3 ;P 2o, P
dN v ON z N
%i = cos and %— = - sin
LP* = P cos S Sin
dN i ) o
d . . . .
where aN s the derivative with respect to the

streamline.

1€

)

normil to the

Multiplying Equation (A.26) by sina and substituting Equation
(A.30)
dv V. sin ,)“

Mo M )
. S1n c0os s - =
dt r

C
] l.[vP* cos . - BT o (L G
lor ) N z \r dt

Multiplying Equation (A.27) by cosa

2

dv V. cos 4\ AW
N G Vi) N LU
dt r r
c
. ry!
1] P poo [ 1L (r &') ,
- TS cos o+ =l = ———2 ) g
ol 2r T r 't

Subtracting Equation (A.31) from (4.32)

V2 V% ;

M & 1 op” 1 pt pY
T - T CcosS U4 o= - = = + = \r"— sin « - (P
rC r ¢ N or : e

)

d(rV;)

dt

(4.27)

(A.28)

(A.29)

(4.30)

)Sill (—1] (A-}l)

(A.32)

) s

From Figure A.3 the velocity along the stream sheet streamline V
is related to the projected velocity VM and the velocity Vg by



VM =V cos [ (A.24)

'\/q =V sin '} or \j; = YV osin ‘:‘) 4+ oy \""‘3\4/)

Equation (A.33) becomes

‘) ’

(Vcos 2)°  (Vsin g + wr)

_ L. _+,{y cos pl

cos U = -

T r o oN \ f
( p. o 29 )(‘W" V osin g sin ¢ \
L= PR < I Cos G = Sin b sin 7t b s : |
ce sin G rt=C cos O\ g + - + 22 sin ) (A.36)
Multiplying Equation (A.4) by V_=SE, Equation (A.5) by V, =r3s
pLy . r 4t ] at’

. dz . .
and Equation (A.6) by vV, =g; vields:

2)
dv \Y (V + u;r)“ ,
r r\ v 1 P
\Y - - . 222 )
r dt r e *t (A 37)
d 2
Y VvV "~
2 r © 1 P
vV, ot + 20V Vo= - = =
g dt r ry & it (A-BB)
SV
2 _ 1R
.o T T (A.39)
Adding the above three equations,
dVr erzrz dv% dvz 3 ap
Vr dt T + Ve ac T VZ ac ~ T 0 Tt (A.L0)
2 2 2 2 ‘
VeV Ve Y (A.41)
r ] VA
and
2 dv dv dav
dv r g .
av_ _ S S )
aw a0 TP @ YA a (A.42)
L dVv v Wl = . 3 dp (hb3)

C 2 de T et - pode
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Integrating Equations (A.42) and (A.43) along a streamline between

a station in the yrump inlet, i, and a point in the pump

2

Lfo2 2 w 2 2 dp
- (M - V.) - = (r - r,) = -3 —
2\ i Z i o
i
But
! ‘ 7
v o= v T o VZ + v
£ r b
V=V o+ or
2z 2 2 2 2
V7= VT + VT + VT 4+ 2urV, 4+ wr
T Z s}
VT e VT o+ 2quVd + w2r2
i 2 2
‘\‘, ' = "-“v + Z wr V t: - Wr
and along a streamline Bernoullis equation is
2
P =P + = o \%
C Z
Il .. = const: Fqguation (A,44) can be written
q
) s 2er6 3PL
V T i i 3P
T T + . - A
2 2 2 o o]

(A b44)

(A.45)

(A.46)

(A.47)

(A.48)

(A.49)

(A.50)

(A.51)

(A.52)
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Substituting Equation (A.52) into Equation (A.36)

A . .
v COb p] [l
R (rp -

Equation (A.53)

s o 5
3 1 3(V cos By _3(\/ sin Ao wr)

o \ p

V) + = =t - cos W

o . 3 N r r
L C

oB v, Vsin g sin ¢
rP= cos © =~ + sin P SN L 9 gin u) (A.53)

sin & -
Jr (M T

combined with hub and shroud boundary conditions,

inlet conditions, and the continuity equation in the form:

dg - dN (A.54)

i

<
9

L

where: W = total pump flow rate

I\

N
.
2
s

N

i~

- P

= gtreamline numbers
= g on pressure surface of blade
= H on suction surface of adjacent blade

= number of blades

provides a solution to the incompressible flow problem in the
meridional plane. The solution involves the numerical integra-
tion of Equations (A.53) and (A.54) from streamline to stream-
lirne in the meridional plane.
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APPENDIX B

Growth of a Thermal Cavitation Bubble

A thermal cavitation bubble appears in a turbopump when the
local static pressure drops below the vapor pressure of the lig-
uid. The bubble growth begins either on & small gas nucleus
lodged in the walls ot the fluid container, on dust and colloidal
matter suspended in the media, or on a small bubble ¢f contami-
nant gas free in the tluid. Bubble growth is duc to cssentially
three mechanisms. First, additional contaminant gas can diffuse
into the bubble; second the bubble grows because of a decrease
in ambient pressure; and third, growth results from a phase change
occurring at the bubble wall.

The initial nucleus is composed solely of contaminant gases
or a mixture of contaminant gas and liquid vapor. The effect of
the initial contaminant gas and the additional contaminant gas
that diffuses into the nucleus during its growth is important
only during the initial stages of growth. Duc to the large sur-
face tension force, the initial growth of tiie bubble is slow.
However, once the bubble radius has increascd by an order of mag-
nitude, the presence of the contaminant gasces is relatively un-
important.

The flow of fluid surrounding a single bubble can be treated
as incompressible and irrotational and, hence
by a potential function, 7

, van be described

o\
5 .

- =+ = p N
T (B.1)
where r is the radius from the center of the bubble to any point
in the fluid and r is the velocity of the fluid at that point.
The boundary conditions r = R at r = R, where R is the bubble

radius, and t = 0 at r = = establish the poteuntial function to be
Z .
L =R R (B.2)



Since the fluid is considered incompressible with waravita-

el

tional offeats neglipgible, the work done by oaoooving,
pears only as a change in kinetlic cnergy oL the tiaod survounding
the bubble.,  The increment of work doae by the bubbic in cupund-
ing from R to R + AR is

AW =P 4w - RTO-UR (B.3)
where
"R o

In terms of the rate of change of work with respect to R

% = (B - P) 4R (B.4)

The kinetic energy of the fluid between R and r is

r

~

=
]

[N
<
]
[N

2.2
4ﬂer r dr (B.S)
R

where P, is the mass density of the liquid.

But from Equation (B.2)

2

r = - T; = 5= (B.6)
o r
r
4 d
KE = 210 R 'R = (8.7
T

or

- %) (B.&)

P T

letting r — w
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The rate of change ol kinetic energy with respect to R is:

d d (322
I s = 1ty —
R (KE) = 2mp o2 (r7R%)

Sctting Equation (B.b4) equal to Equation (B.10)

5 oL
(PR - Pm) HTRT = ZHpL §§ (RJRZ>
But

do_de od L d
R dt

R (e .’
L ()
"L JR7R
Equation (B.12) therctore, is the equation of motion governing

bubble growth. The same results can be obtained starting with
the Bernoulli cquation

.
b PJ L2 RUE
= %5 r + —
QL ot

The temperature at the bubble wall will be controlled by the

evaporation process. Jf it is assumed that the pressure in the

bubble is uniform and at the vapor pressure, P |, of the liquid
\Y

corresponding to the temperature at the bubble wall, then PR is

related to P by

\

where o is the surface tension of the fluid

d 32 23
- %. f% (Rth)z fL (P -P_ - ﬁ;)
SRR Lo Y ‘

It the boiling curve of a fluid is linear or nearly so over
the region in which bubble growth takes place, the saturation
pressure Ps can be related to the saturation temperature T by

s

(B.10)

(B.11)

(B.12)

(B.13)

(B.14)

(B.15)
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p‘ = f - T + B (8.16)

t 1 e cressoed as

Poom P o= AN = T ) F AT =T (B.17)

v = ( R o 0 P(
where L iy the tluid temperature a great distance from the

O
babb Lo and T is the saturation tzmperature corresponding to
i

St =de e ndont b iont pressuce.

Equation (B.15) then becomes

i d ( 3 ﬁ‘.) A g, . \ R 20
v R7” - R = r - T + /T - 7T - (B.18)
SRR L k R o) ( © Pm)] o R

1t it ts assumed that the temperature a great distance from
the bubble, To, remaing constant during bubble growth the quantity

FR - I «an be obtained from the solution to the problem of non-
]

steady heat ditiusion with boundary motion of Plesset and Zwick

(Reference 16). The equations will not be derived here. However,
the firal results can be expressed by the following equation:

. opt 2 \
5 R™(x) - (UT/or) 1opex
o - (2) () ax (B.19)
K O b ] L
t
0
4
R™(y)dy
X
wheve D Is the thermal ditfusivity of the fluid and the variable
v Is associated with a translation of the time axis. The deriv-
ative (JT/vr)'is the temperature gradient at the bubble wall,
Fquation (B.18) is then
Lt R? .
do( g2y oA , A (D)2 R™(x) (aT/Br)r=R(x) 20
TS (rR7R = (lo - I) ) - \3 r  dx - — (R.20)
kI, lo&‘ ’JL ’ o t 2 L)LR

/,
R'(y) - dy
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The temperature gradient at the bubble wall can be obtained

from a mass and heat balance o Loltows. T
bubble wall per unit vtime is:

. N } T
Q = 4ﬂR’k(ﬁ%)
) r=R

where k is the thermal conductivity.
This heat goes into vaporizing liaguid at

dm

dt L

where L is the latent heat of vaporization.

gl traaster oat the

(B.21)

A rate

(B.22)

The rate at which liquid is evaporated is cqual Lo the rate

of mass addition tc the bubble:

d
dmL B mV

dt dt

where m = mass of vapor
v

but
w, = (4/3)7R3gv
and
dm
v o_ Lod /3 B e [and
ac - (4/3) dt(R pv>— (4/3)x (BR R
< 4Rk (¢T> /) (5R W
L or
r=R
or

i L L LR
( ]’) B - k .JV R + 3k 'JV
r=R

The growth of a vapor bubble under conditions

(B.23)

(B.24)

(B.27)

of variable ambient

pressure and variable vapor density is described by a solution to

Equations (B.2C) and (B.27,.



APPENDIX C

Simplificd Togt Ford System Transfor Punelions

A simplified
suction linc with
C.l. Solution of
functions:

analytical modcl of the 5-IT inboard LOX
the by-pass pulser line is shown in Fipure
these cquations give the following transter

dPs _ _Il
(l + 2= + =7 )
I I
aPs  _ ( 1p/ p) (C.2)
dpp g 52 a
< 1 + 2(131 + ‘m—'2>
1
ar 2
1 dPs 5
3 _aPp < 1+ “)02> (C.3)
where I = ‘[/Agc
2 .
o = /e (ay + 1]
2 e )
o = 1/[c (Ilp +1,)
2 _
MO = l/CI2
L, = LI/ +1)

9ud
dPs

1/2 o (11 + 12)
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. gwd
Q] - ]./2(1)1 (Il + 12) aPS

engine flow transfer function

The truce system transfer function of suction pressure with
respect to pump accceleration is:

s - ('il + IZ) p Agc

PUN 8 ] (C.4)

and, thercfore, the only test transfer function that has the
right dynamics (correct natural frequency) is dPs/ dWp. However,
since pulser flow acceleration is not easy to measure accurately,
frequency can also be determined from dPs/9Pp if the proper cor-
rection is applied., For the S-IT inboard LOX line, the natural
resonance of the dPs/3dPp transfer function will be approximately
57 too high, This is independent of where the line pressure is
measurcd except as the pressure transducer moves up the line an
anti-resonance will approach the resonance from above.

For other test configurations, the 9Ps/dPp transfer function
will give approximately the correct natural frequency provided
that the pulser line inertance (from the suction line to the
pressure transducer) is large relative to the inertance in the
suction lince boetween the tank and pulser line.
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APPENDLX D

Turbopump FProgrvas Usors Instrocions

The turbopump cavitation flow program has been written in
the Fortran IV program language ior the CHC G000 serics com-
puter. The program is made up ot a main controlling program
and seven subroutines. The main program controls the scquence
of solution steps and the adjustment of boundary conditions
to meet propetr inlet and exit tlow conditions.

The first subroutine cmploved (Phisi: reads fa che input
data, scts up the grid system, and csrvablisiues {nitial esti-
mates of the strearfunction at cach grid point. SsSubroutine
RELAX is used next to solve the low and cnergy cquations
throughout the ticld., This solution is accomplished by apply-
ing relaxation tcchniques to a finite ditference torm of the
equations. The first serics of relaxation solutions is donc
with the density throughout the field sct eqgual to the liquid
density. This solution is referred to as the incompressible
or uncoupled solution. The relaxation solution is then con-
tinued with the completely coupled two phase flow equations.
Following this solution, boundary conditions are checked,
adjusted, and the relaxation solution repeated until the pro-
per inlet and exit conditions arc satisticd. The last oper-
ation of the program preparcs and prints oot the oatpot data,

Subroutine TABL is an interpolation subroutine uscd by
the main program and many of the subrountines, Subrontine
PREWRT prepares the output data for printing uhile subroutipe
SETUP preparcs the output data For computers plotting.  Sub-
routines WRTOUT and PLOTT respectively de the writing and
plotting of the output.

A flow diagram lor the program is given in Figure D.1.
With the exception of the plotting capabilitivs, this program
should be compatible with any computer which has a FORTRAN [V
compiler. The plotting routines arc documented in Reference
55. The routine ALTFILLE is required on the CDC 6000 computer
so that the TAPE9 buffer arcva mav also be used Tor TAPELO
through TAPE99,

The problem solution is initiatced by plotting the inducer
or impeller blade scctions (Figures 5.3 and 5.4) and the

s
relationship between density and pressure for cquilibrium



phase changes (Figure 3.7). All input variables are defined
in the prograwm listiang of subroutine PEER (Appendix i), Toput
dimensions and internal program variables are showr ir Pigures
D.2 through D.4,

Parts of a sample output from the turbopump cavitation {low
program are prescnted at the end of this Appeundix., The first
data printed is the input data. Next is a tabulation of thue
iterations required for solution along with the value of the
maximum residual (RESIM) throughout the field {for each itera-
tion. Following the last iteration, which corrcesponds to the
uncoupled sclution, the pressurce and density is printed out
at cach grid point in the system.  The next item to be printed
(volume) is the weight of propellant in the streamsheet analyvzed.
Finally, for the uncoupled solution the values otf the stream-
function, ¥, theta,§, potential [unction,®, circumfrential
velocity, V, and meridional velocity, U, are printed for in-
crements along the E axis. At this point the solution is con-
tinued on a coupled basis and the pressure data printed out
for each iteration. After the final iteration of the coupled
solution the pressure field, the weight of fluid in the stream-
sheet, and the streamfunction - velocity fields are printed out.

16
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KKL = 27 INPUF = 0 BN = 3.0000 KWW = 842,0000
VTHIN = 1000.,3003 VNOIN = 274.,8000 PS = 15.0000
RHOT = «0000 HT = 0. PT = « 0150
RHOTY = «0000 HT = De PT = « 0300
RHOT = «0000 HT = 0. PT = e 0740
RHOT = «0000 HT = 0. PYT = . 1320
RHOY = «0000 HT = 0. PT = « 2650
RHOT = «0001 HT = 8. PT = e &700
RHOT = «0001 HTY = 0. PY = « 8090
RHGT = 0002 HT = 0s PT = 1.3380
RHOT = «0003 HT = g. PY = 201020
RHOY = «0005 HT = O PT = 3.1900
RHOT = +0008 HY = 0. PT = 4e 7040
RHOT = +0015 HT = 0. PT = 6e 7330
RHOT = «0032 HT = 0. PT = 9. 3930
RHOT = «0105 HT = Oe PT = 12. 81290
RHOT = « 0409 HT = 0. PYT = 17. 1260
RHOT = « 0409 HT = O PT = 25,0000
RHOT = «0409 HT = D. PT = 30,0000
RHOT = o 0409 HT = 0. PT = 360000
RHOT = « 0409 HY = 8. PT = 57.0000
RHOT = + 0409 HT = De PT = 100, 0000
RHOT = 2009 HT = g. PT = 150, 0000
RHOT = ¢ 0409 HT = O PT = 175, 0000
RHOT = « 0409 HT = 0. PT = 200, 0000
RHOT = « 0409 HY = 0. PT = 300, 0000
RHOT = «0L09 HT = 0. PT = 500, 0000
RHOT = «0409 HT = 0. PT = 700.0000
RHCTY = « 0409 HT = De PT = 1000.0000
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BEGIN MAIN PROGRAM INCREMENYT YHETA AND THEN E
STEP NO. ONE COMPLETE TINCREMENT E AND THEN THETA

ITERATION NUMBER = 1 RESIM = 11.5183
TTERATION NUMBER = e RESIM = 2e6713
ITERSOTION NUMBER = 3 RESIM = «9615
ITERATYION NUMBER = 4 RESIM = 6371
ITERATION NUMBER = 5 RESIM = 4649
ITERATION NUMBER = 6 RESIM = «3882
ITERATION NUMBER = 7 RESIM = «3439
ITERATION NUMBER = ] RESIM = «3052
ITERATION NUMBER = 9 RESIM = 2712
ITERATION NUMBER = 10 RESIM = « 2415
ITERATION NUMBER = 11 RESIM = + 2154
ITERATION NUMBER = 12 RESIM = +192%
VIHTA = L40.59
ITERATION NUMBER = 13 RESIM = «2308
ITERATION NUMBER = 14 RESINM = 2106
ITERATION NUMBER = 1€ RESIM = «1729
VIHTZ = 477.00
ITERATION NUMBER = 16 RESIM = 19332
ITERATION NUMBER = 17 RESIM = 1.2643
ITERATION NUMBER = i8 RESIM = «8813
ITERATION NUMBER = 19 RESIM = «6690
ITERATION NUMBER = 20 RESIM = «5466
ITERATION NUMBER = 21 RESIM = 4789
ITERATYION NUMBER = 22 RESIM = 4181
ITERATION NUMBER = 23 RESIM = «3659
ITERATION NUMBER = 24 RESIM = 03219
ITERATION NUMBER = 25 RESINM = 02852
ITERATION NUMBER = 26 RESIM = 2607
ITERATION NUMBER = 27 RESIM = «2377
ITERATION NUNBER = 28 RESIM = «2166
ITERATION NUMBER = 29 RESIM = «1974
ITERATION NUMBER = 30 RESIM = 1801
VITHT2 = 683.58
ITERATION NUMBER = 31 RESIM = 1.4799
ITERATION NUMBER = 32 " RESIM = «9777
ITERATION NUMBER = 33 RESIM = «6876
ITERATION NUMBER = 34 RESIM = «5268
ITERATION NUMBER = 35 RESIM = i3t
ITERATION NUMBER = 36 RESIM = «3907
ITERATION NUMBER = 37 RESIM = e 3433
ITERATION NUMBER = 38 RESIM = 3025
ITERATION NUMBER = 39 RESIM = «2680
ITERATION NUMBER = 40 RESIM = «2430
ITERATION NUMBER = 41 RESIM = 02230
ITERATION NUMBER = 42 RESIM = 2043
ITERATION NUMBER = 43 RESIM = «1871
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m

4e6675T02E+ 01
~3.,4023753E+02
=3.4023753E+02
-3,4023753E¢02

3.0468643E+01

3.0468643E+01
6.4769333E¢01

€.1914359E+ 01

5.5674399E+ 01

542196 9S4 E+ 01

5.2196954E+ 01
~3.6635503E¢ 02
~3.6635503E+02
-3,6635503€+02

7.1561888E+ 01

8.8397838E+01

7.2384835E¢01

640701 382E+01

5.5440809E+01

5.5440809E+ 01
-1,0906847E+03
-1.0906847E+03
-1.0906847E+03

1,4466197E+01

1.4466197E+01
1.4466197E+01

7.5372255E+ 01

6.7070811E+ 01

548513096E+01

5e4855696E+ 01

5.4855696E+01
~1,3379538E+03
~1.3379538€+03
-1,3379538E+03
“7.7274892E+01
«74727L B92E+ 01
-7.7274892E+01

1,2876837E+ 01

3.2876837E+01

4+8862768E+01
4,8862768E+01
5.0418879E+01
5.0983057E+01
'5,0983057E+ 01

RATION NUMBER =

VOLUME =

IN
IN
IN
IN
IN
IN
IN
IN
IN
IN
IN
IN
In
In
IN
IN
IN
IN
IN
In
IN
IN
IN
IN
IN
IN
IN
IN
In
IN
IN
IN
IN
IN
IN
In
IN
IN
IN
IN
IN
IN
In
IN

4

R R NN O O I O LU O LI I O T T YO T T [ T L T T T I L T I O (2 T D T L T L L H oo H N

55
50
50
50
51
51
52
53
54
55
5%
50
50
50
51
52
53
S
55
55
50
50
50
51
51
51
52
53
54
55
55
50
50
50
51
S1
51
52
52
53
53
b4
55
55

RES IM

1.,55393t-01

JC
JC
JC
JC
JG
JC
JC
JC
JC
JC
JC
JC
JC
JC
JC
JC
JC
JC

JC
JC
JC
JC
JC
JC
JC
JC
JC
JG
JC
JC
JC
JC
JC
JC
JC
JC
JC
JC
JG
JC
JC
JG
JC

TR (I O L O I LU L OO LN LN L L TUNN T UN LU T TN T L T T A T T O O (O T VT LR T L H oo 0o

23
24
24
26
24
24
24
24
24
24
24
2%
25
2%
25
25
25
25
2%
25
26
26
26
26
2€
26
26
26
26
26
26
27
27
27
27
27
27
27
27
27
27
27
27
27

RHO
RH O
RHO
RHO
RHO
RHO
RHO
RHO
RHO
RHO
RHO
RHO
RHO
RHO
RHO
RHO
RHO
RHO
RHO
RHO
RHO
RHO
RHO
RHO
RHO
RHO
RHO
RHO
RHO
RHO
RH O
RHO
RHO
RHO
RHO
RHO
RHO
RHO
RHO
RHO
RHO
RHO
RHO
RHO

T VI LI | O L LI L L I O L (O VIO (I T (O T (IO (T T T L A T L T O T T T N T J TR T R | NN VIR T B T N [

4.1000000E-02
4.1000000E-02
4.,1000000E~02
6.00000C0E~-06
4.1000000E~-02
4., 1000000E~0Q2
4.1000000E=-02
4.10000C0E-02
4.1000000E-02
%4.1000000&-02
4.1000000E~02
4.1000000E-02
4.,1000000E-02
6.0000000E-06
4e100Q000E~-02
4.1000000E-02
4.1000000E-02
4,1000000E-02
4.1000000E-02
4.1000000E-02
4.1000000E-02
4.1000000E-02
6.0000000E-0CE
4,1000000E-02
4.1000000E-02
2+2156833E~02
4,1000000E-02
4L.1000000E-02
4.1000000E~02
4,1000000E-02
4,1000000E~-02
4.1000000€-02
4.1000000E-02
6.0000000E~06
4.1000000E-02
4.1000000&-02
6.0000000E-06
4.1000000E-02
4.1000000£~02
4.1000000E-02
4.1000000E~-02
4.1000000E-02
4.1000000E-02
4,1000000E-02



PEER - Bead Input
Transtormation
- CGrid Scet U

Initial Guess

'

RELAX - Uncoupled Iterative
Solution (Compute Pressure Por
No Cavitation and Get Density

From Figarc 3.7)
PREWRT

WRTOUT
SETUP Output
PLOTT

RELAX - Coupled Iterative

Figure D.1

Solution

PREWRT
WRTOUT

SETUP OQutput
PLOTT

Turbopump Program Computation Sequence
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APPENDIX K

Turbopump Program Listing
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OO0

OO0

o000

100

150

200
250

300

399
400

¥

« & 4 & & & &

PROGRAM MAIN ( INPUT, CUTPUT, TAPES = INPUT, TAFE®6 = CUTPUT,

TAPEQ, FILMPL )

COMPRESSIPLE - INCOMPRESSIBLE FLOW TURBO PUMF PROGRAM

CO MNON ISIL(150), IPIB{150), W(150), X(150), Y(150), Z(150),

JTHL(150), JTHB(150), PSI (100,100},

RS{108}, RP{(100), ES1(100), RC(100),

£0(150), RD(150), BO(150), SIAD(150), MNM, IL,
11, By, DELTA, RESIM, OPSIP, KK, DEX, ACC, JLE,

PSIPR, RHO(100,100), G, WDOT, WW, KKL, RHOIN, POIN,
RCINy VTHIN, VMOIN, PS, RR(150), BZ2(150), SIA(150), RT,

INPUF, RRL,ITRIP,POEL,JOPL

ZERC OUT ARRAYS
ITRIP=0
00 100 JWJ
Wi JJ)
Y(JJ)
CONTINUE

1, 150
0.
0.

([ LT

00 150 II
XXID)
Z(11)
CONTINUE

1, 150
0.
Ce

DO 250 JJ 1, 100
00 200 IX i, 100
PSI(IIy,JJ) = 0.
CONTINUE

CONTINUE

Hou

CALL PEER TO READ INPUT DATA AND SET UP GRID

G

CALL PEER
ER

ACC

38644

PSIPR/ 70.
ER

([ 1)

OBTAIN FIRST RELAXATION
CALL RELAX

JEPSI==PSIPR/S0.

ILMI=IL~-2
VIHTA=(PSTI(ILMIZ1)-PST(IL,1))/DELTA
VIHTA=VTIHTA/ (RHOIN*BZ (IL)*RR(IL))
WRITE(E,395) VTHTA

FORMAT(10X,* VTHTA = * F10.2)

IF (ABS(VYHTA-WHW)oLT,15.,0) GO TO 900
JTB=UTHB(IL)

JIL=JTHLTIIL)

JJ=10

00 B00 JUN=JYB,JTL

Jd=JuJd+l

JL, 118,



800

839

900

389

1000

PSI(IL,JJ)=PSI(IL,JJ)+DEPSI
CONTINUE
CALL RELAX
IL MI=IL -2
VIHT2=(PST(ILMI,1)-PSI(IL,1))/0ELTA
VITHT2=VTIHTZ/ (RHOINYBZ (IL)}*RR(IL))
WRITE(E,898) VvIHTZ2
FORMAT(10X,® VTHT2 = *,F10.,2)
DVTHO=(VYHT2=-VTHT A) /DEPSI
DEFSI=(WH=-VTHT2)/3VTHD
VIHTA=VTIHT2
GO TO 400

WRITE OUT FIRST RELAXATICN

ITRIP=1

DO 1000 JDELP=1,JDPL
POIN=PCIN-FPDEL

KRITE (6,989) POIN
FORMAT(10X,* PCIN = *F10,.3)
CALL RELRAX

CALL PREWRT

CALL WRTOUT

CONTINUE

GO TO 300

END
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SUBROUTINE TARL ( Al, BDy CI, CG, My Jp K )

c

Ce MONO=-VARIANY TABLE LCOK UP ROUTINE

C. EXTRAPOLATICN = LINEAR BASED ON FIRST OR LAST TWO POINTS
Ce INTERPOLATICN = LINEAR, QUADRATIC, OR CURIC

c

C. SUBROUTINE ARGUMENTS

Ce. AI = GIVEN INDEPENDENT VARIABLE
c. BD = DESIRED DEPENOENT VARIABLE
Ce CI = SETY OF INOEPENJENT VARIABLES
C. 0D = SEV OF DEPENDENT VARIABLES
Ce M = ORDER OF INTERPOLATION (1,2, 3)
Ce J = FIRST POINT IN TABLE (USUALLY 1)
Ce K = LAST POINT IN TABLE
C
DIMENSION CI(iy, OD(1)
c
8001 FORMAT ( * UNSUCCESFUL TABLE LCCK UP * )
C
Cs IS AT INSIDE RANGE OF TABLE
c
IF ( AT «GTe CI(K) ) GO T0 100
IF ( AT +LT. CIC(J) ) GO TO 2090
G0 TO 300
C
C. EXTRAPOLATE IF AI OUTSIDE TABLE RANGE
c
100 8D = DDU(KY ¢+ ( DD(K) - DO(K-1) ) * ( Al - CI(K) ) 7/ (CI(K)
. - CI(K-1) )
60 TO 1700
200 8) = J30(J) ¢ ( J20J#+1) = J0(J) ) * ( AL - CICJ) ) /
. { CItu#1) - CIC(Y) )
G0 TO 1700
c
Cs JOES AI = POINT IN TABLE
C
300 00 400 IN = Jy K
I = IN

IF ( ( ABS ( AI = CI(I) ) ) +LTe. 0.00001) GO YO 500
400 CONTINUE

GC TO €00
500 8D = DO
G0 TO 1700
C
Ce LOCATE POSITION IN TABLE
C
600 20 700 I0 = Jy K
I = I0
IF ¢ CI(I) .GT. AI ) GO TO 800
700 CONTINUE
WRITE (648001)
CALL EXI¥
C

800 GO TO ( 900, 1000, 1300 ), M
C



C
c

C
C
c

c
C
C

AT - X1 ) * Dyi 7/ DEX

GO TO 1100

AT - X2 ) * ( AI -
X3 ) )
Al - X1 ) * (Al -
X3 ) )
Al - X1 ) * ( AT =~
X2 ) )
+ B3

GO0
J) 60

e LINEAR INTERPOLATION
900 vi = DD(I-1)
Y2 = g0 (D)
X1 = CI(I-1)
X2 = CI (D
OE X = X2 - X1
Dy 1 = Y2 -~ Y1
80 = YL + (
6C TC 1700
e« GUADRATIC INTERPOLATICN
1000 IF (I EQ. K )
Yt = 0D(I-1)
Y2 = DD (1)
Y3 = 0D(I+1)
X1 = CI(I-1)
) ¥4 = CI(I)
X3 = CI(I+1)
GO TO 1200
1100 Y& = JJ(I-2)
Y2 = DDtI-1)
Y3 = 00D
X1 = CI(I-2)
X2 = CI(I-1)
X3 = CI(D)
1200 Bt = Y1 *
* ( X1 -
82 = Y2 ¥ (
* ( x2 -
83 = Y3 *
» ( X3 -
8J = BL + B2
G0 TO0 1700
o« CUBIC INTERPOCLATION
1300 IF (I .EQe K )
IF ¢ ( T - 1) .EQ.
Y1 = OD(I-2)
Y2 = J0({I-1
Y3 = 00(I)
Y4 = DD(I¢d)
X1 = CI(I-2)
X2 = CI({I-1)
X3 =z CIC(D)
Xl = CI(I+}1)
G0 TO 1600
1400 Y1 = DD(I-3)
Y2 = 00(I-2)
Y3 = 0D(I-1)
Y4 = J0(I)
X1 = CI(I-3)

T0
T0

) / € ( X1 = X2 ) *

y /

) /

1400
1500

(

¢

( X2 =

(

X3 -

X1 )

X1 )

»

¥

177
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c

X2
X3
X

GC TC 168

1500 Yt
Y2
Y3
Yo
X1
X2
X3

Xe

1600 80D

€ & & 4 ® & &

1700 RETURN

END

=
-
=

[T L I T T I 7 I TR ]

CI(i~2)
CI(l~-1)
CI(n

£0¢(I=-1)
oot

JJ)(I+1)
DD(1I+2)
CI(I-1)
CI(I)

CICI+1)
CI(Ie¢2)

YL * (
X3 -
yz ¢
X2 -
Y3 *
X3 -
Yy *
X4 =

-~ g o G o P o

Al
X2

( AL

X1

( al

X1

( Al

X1

)

)

)

)

« ) &« ) &« «Xx

2 ) *
( Xt
X1i)
{ X2
X1 )
« X3
X1 )
( Xk

I &1 €« 0 ~

Al -
X3 )
t Al
X3 )}
( Al
X2 )
( AI
X2 )

1 &1 &) 4aXx

3 )
( x1
X3 )
( X2
X2 )
( X3
X2 )
( X4

t « )8 s} « 0 -~

Al -
Xs )
{ AI
X )
( AX
X4 )
( AI
X3 )

- | w ) w § e X

¥
~r

b3
&
-

>
»
~

bl
(7]

~

-
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SUBROUTIME PEEH

INPUT AND SETUFP ROUTINE
SETUP INCLUDES INITIALIZATION, TRANSFORMATION, GRID SET UP, AND
FIRSYT GUESS AT STREAM FUNCTION AND JENSITY VALUES

INPUT CEFINITICON

N

L

K
NN
LL
MNM
B

0

RT

ENC
RP(I)
RS(I)
RC(I)
THETS(I)
THETP(I)
THETC(I®
RO(I)
BO(I)
SLAD(I)

EDLI)

{2 T T TR TR T I TR

L1 I T T T I A 1 B T O T TR

NOTE #ses»

K KL

INPUF

BN

W W
WOoOoT
ROHIN
PCIN
HOIN
VTHIN
VMOIN
PS
RCIN

RHOTA(I)
HT(I)
PT(I)
PST(I,Jd)

L T O T T I T T T T T T S T B TR T 1

[T IO T I VIR (I T T}

MO« OF INPUT BLADE COUROINATES (SUCTIUN SURFACE)

N0« OF INPUT BLADE COORJINATES (PRESSURE SURFACE)

NO. OF INPUT BLADE COORDINATES (CORD LINE)

NOT USED

NOT USED

NO. OF INPUT STREAM TUBE COORDINATES

ANGLE BETWEEN BLAJES (RAD) = 6.28/8BN

NOo OF F (THETA) GRID INCREMENTS FRCM TRAILING TO

LEADING EDGE OF BLACE

BLADE TIP RADIUS (IN)

LENGTH OF FLOW FIELO INFRONT AND BEHINE BLADE (IN)

R OR Z COORCINATE OF PRESSURE SURFACE (I=1,L) (IN)

R OR Z COORDINATE OF SUCTION SURFACE (I=1,N) (IN)

R OR Z CGORDINATE OF CORD LINE (I=1,K) (IN)

THETA COORJINATE OF SUCTION SURFACE (I=1,N) (DEG)

THETA COORDINATE OF PRESSURE SURFACE (I=1,L) (DEG)

THETA COORDINATE OF CORD LINE (I=1,K) (DEG)

RADIUS COORD. OF STREAM TUBE CENTER LINE(I=1,MNM) (IN)

WIOTH COORJ. OF STREAM TUBE RADIAL DIR.(I=14MNM) (IN)

SINCA) COORDe OF STREAM TUBE CENTER LINE(I=1,MNM) (ND)
A = ANGLE BETWEEN IMPELLER Cels AND STREAM TUBE C.

AXIAL COORD. OF STREAM TUBE CENTER LINE(I=1,MNM) (IN)

ALL BLAJDE AND STREAM TUBE COORDINATE DATA STARTS AT

AT BLADE TRAILING EDGE AND GOES ¢VE IN UPSTREAM DIR.

NO. OF POINTS IN RHO-H-P TABLE

CONDITICNS OR INTERIOR POINTS DEPENDING ON FLAG (INPUF

FLAG FOR OIFFERENT INLET AND EXIT BOUNDARY CONDITIONS

0 FOR STREAM LINES PARALLEL TO BLADE CORD LINE

1 EGQUIVALENY TO 2 AT INLET AND 0 AT EXIT

2 INPUT STREAM FUNCTION AT ALL GRID PQINTS

3 INPUYT BOTTOM STREAM FUNCTION VALUE

4 EQUIVALENT TO

NO. OF IMPELLER BLADES

PUMP SPEED (RAD/SEC)

FLOW RATE IN STREAM TUBE ANULUS (LB/SEC)

PROPELLANT OENSITY AT INLET (LB/IN**3)

STATIC FRESSURE AT INLET (LBZIN**2)

ENTHALPY AT INLET (FT/SEC)

CIRCUMFERENTIAL FLUID VELOCITY AT INLET (IN/SEC)

PROPELLANT LINE VELOCITY AT INLET (IN/SEC)

PROPELLANT VAPOR PRESSURE (LB/IN**2)

RADIUS OF CENTER OF STREAM TUBE ANULUS AT INLET (IN)

R (MNM)

PROP. DENSITY VALUES NEAR SATURATION (I=1,KKL) (LB/IN3

FROP. ENTHALPY VALUES REF, TO HOIN (I=1,KKL) (FT/SEC

PROP., PRESSURE VALUES NEAR SATURATION (I=1,KKL) (LB/IN2

STREAM FUNCTION VALULES AT GRID POINTS, BOUNDARY

CONDITIONS OR INTERIOR POINTS DEPENDING ON FLAG (INPUF)
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(o NoNe]

7997 FORMAT{(BAL10D)

7998 FORMAT(1H1,10X,8A10)
7999 FORMAT{19X,8A10)

8000 FORMAT(6I5,5F10.4)
8001 FORMAT(&4E10.3)

8002 FORMAT(3E10.3)

8003 FORMAT(3I5,97,(10E8.3))
8004 FORMAT(10F 8, 3)

8009 FORMAT(1XS5HRS = F10.4,10H THETS = F10.4,84 ES1 F10.4)
8010 FORMAT(IXSHRP = F10.4,10H THETP = F10.4,8H EP2 F10.4)
8012 FORMAT(IXSHRC = F10.4,10H THETC = F10.4,8H EC1 F10.4)

8011 FORMAT(5MON 12,7H L = I2,7H K = 1I2,8H NN
i IZ,BH MNM = 'IZ,//SH B = Fiﬂ.k,?H J = Flﬂ.‘o,&
2 BH ENC = ,F10.4,8H BNC = ,F10.4 /7/)

8013 FORMAT(1X S5HRD = F10.4,10H B8O F10.4,9 10K SIAD = F10.4,
- 10H ED = Fi10e4 )

8014 FORMAT(1IXBHDELTA = F10.4,9H THESL
110.496H JL = T4y6H IL = I4,7H I1IA

8015 FORMAT(BE10.4)

8016 FORMAT(IXBH KKL = 412,10H INPUF »12,8H BN = ,F10.4y7H HWW =
1 F10.4,94 WDOT = ,F10.4,10F RHKOIN = ,F10.4y9H POIN = ,F10.4,9H
2 HOIN = 4F10.4y//,11H VIHIN = ,F10.4y10H VMOIN = ,F10.4,7H PS
3 = ,F10e899H ROIN = ,F10e4,10H PSINU = ,F10.4410H PSIND = ,
b F10.4)

8018 FORMAT(//)

8019 FORMAT (1X4L6HBEGIN MAIN PRCGRAM INCREMENT THETA AND THEN E)

8020 FORMAT (1X4SHSTEP NCO. ONE COMPLETE INCREMENT E ANO THEN THETA)

2030 FORMAT(1XSHITI = I4,7H JUN = IL/€EH W = F10.4y€H X = F10.4,
16H Y = Fl0o4y6H Z = Fi0e4)

I12,8H tL =
RT = F10.4,

X U un

H

F10.495H E = F10s4y8H THUL = F
I4/7H 1IE = I4y7H JLE = I4)

Hou

8035 FORMAT{1XS5HJJ = 14,94 IPIB = I4,9H ISIL = I&/9KH ESLI = F1i0.4,
1 9H ESLII= F10.4y9H EPBI = F10.4,10H EPBII = F10e&)
8040 FORMAT(1X5KHJJ = T4,SH IPIB = I&,9H ISIL = I&/9H ESLI = F10.4,

110H ESLII = F10.4)

COMMON /ABC/

. RHOT(100), HT(100), PT(100)

COMMON 4%:1.v4
. ENC

COMMON /NOG/
. NNDG, LNDG, KNOG, ILNDG, THETMIN, THETMAX, EMIN,

«

EMAX, ICNT(99), THETS(100), THETC(100), THETP(100),
EC1(100), EP2(100), ESS1(100), KNT1, KNT2

COMMON ISIL(150), IPIB(150), W(150), X(150), Y(150), Z2(150),
JTHL(150), JTHB(150), PSI (100,100},
RS(100), RP(100), ES1(100), RC(100),
ED(150), RC(150), BJ(150), SIAD(150), MMMy, IL, JLy 118,
I1E, B, DELTA, RESIM, OPSIP, KK, DEX, ACC, JLE, BN,
PSIPR, RHO(100,100), G, WDOT, WW, KKL, RHOIN, POIN, HOIN,
ROIN, VTHIN, VMOIN, PS, RR(150), BZ(150), SIA(150), RT,
INPUF, RRL,ITRIP,POIEL,JIPL

«

¥ & & X & « &

READ INPUT DATA
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READESy 7997 1L giey I3 10518, {6y i7 1 ¥
1IF (ECF,5) 50,60

50 CALL EXITY

60 WRITE(6,7398 1191, I351I4,15,16,17,18
READ(597997) 11,12,13,I4,I5,16,17,18
WRITE(E,7599)11,X2,13,14,I5,16,1I7,18

READ (5,80800) Ny Ly Ky NNy LLy MNMy B, o3 RT, EMC, BnC
WRITE (648011) Ny Ly Ky NNy LLy MNM, B85 Dy, &Y, ENC, ONC
READ (£,800&) {RP(I)yI=1,1)
READ (5,8004&) (RS(T),I=1,N)
READ (5,8004) (RC(I),1=1,K)
READ (5,8004) (THETSII) 3 I21,N)
READ (5,8004) (THETP(I),I=1,L)
READ (5,8004) (THETC(I),1I=1,K)
c
READ (5,8G01) (RO(I)480(1),STADC(I)ZED(L} ,1=1,M4NM)
READ (5,8003) KKLy, INPUF ,JOPL, BN, WHW, ®WDOT, RHOIM,; POIN,
¥ HOIN, VTHIN, VMOIN, PS, ROIN, PSINU, PSIND,PDEL
READ (5,8002) (RHOT {I) 4 HT (L) 4PT (1) ,I=1,KKL)
C
C. TRANSFORM FRCM R,THETA PLANE TO E,THETA PLANE
Ce FOR THIS CASE BOTH ARE LINEAR TRANSFORMATIONS
C
DO 100 T = 1, N
ES1(I) = RS(I)
THETS(I) = THETS(I) 7 57,2958
100 CONTINUE
J0 2401 = 1, L
EP2(I) = RP(ID)
THETP(I) = THETP(I) /7 57.2958
200 CONTINUE
Jo 3001 = 1, K
€EC1(D) = RC(I)
THETC(I) = THETC(I) / 57.2958
300 CONTINUE
C
C. OVER RIDE 80 INPUT
c
CALL TABL ( ES1(N), RRL,y EDy RD,; L4y 1,y MNM )
DELTA = THETC(K) 7 D
C
C WRITE OUT INPUT DATA AND VALUES CALCULATED FROM INFUT
c
WRITE (6,8009) (C(RS(I), THETS(I) JESL1(I}) ,I=1,N)
WRITE (65 8018)
WRITE (6,8010) ({RP(I)yTHETP(I) SEP2(I)) ,I=1,L)
WRITE (648018)
WRITE (648012) {(RC(I), THETC(I) 4ECL1(I)) ,I=1,K)
WRITE (6,8018)
WRITE (6,8013) ((RD(I)yBO(L)ySIAD(I)ZEDU(I)) 411 4MNM)
WRITE (€458018)
WRITE (648016) KKLy INPUF, BNy WW, WDOT, RHOIN, PCIN, HCIN,
* VTHIN, VMOIN, PS, ROIN, PBSINL, PFPSIND
WRITE (648017 (RHOT (D) 4 HT L), PTLL) 121 ,KKL)



THESL 0" SELTA

JL = IFIX ( THETP(L) 7 DELTA ) + 1
THJL = FLSAT (JL - 1 ) * QELTA
13 = « FLOAT  IFIX { ENC /7 DELTA ) + 1 ) * DELTA
It = IFIX ¢ ( EC1{K) 4 ENC ) /7 DELTA ) + IFIX ( BNC /
. DELTA ) + 1
NN DG = N
LNOG = i
KNOG = K
IL NDG = IL
THETMIN = AMINL ( THETS(1), THETP(1), THETC(1) )
THETMAX = AMAX1 ( THETS(N), THETP(L), THETC(K) )
PS IPR = WDOT / BN
DELPS = PSIPR * DELTA / B
c
00 500 IJK= 14 N
ESS1(IUK) = ES1(IJK)
500 CONTINUE
G
IIB = IFIX ( ENC 7 OJELTA ) + 1
IIE = IFIX ( EC1(K) 7/ DELTA ) + IFIX ( ENC /7 DELTA ) ¢ 1
RESIM = 0O,
pPSIP = PSIPR / 20.
JPTE = JFIX ( B 7/ JELTA ) ¢+ 1
JLE = IFIX(D) + 1
PE X = ( FLOAT ( IFIX ( EC1(K) 7/ DELTA ) ) * DELTA ) +
¥ DELTA - EC1(K)
IILE = IIE ¢ 1
IF  PEX EQ. 0. ) GO TO 600
GC TC 700
G
600 PEX = JELTA
700 DEX = PEX / DELTA
IF ( THJL .EQ., THETP(L) ) G0 TO 84060
GO TO 900
c
300 A = Jt - 1
THJL = THJUL - CELTA
900 THETA = «DELTA
WRITE (6458014) JELTA, THESL, E, THJL, JL, IL, IIB, IXIE, JLE
WRITE (648019)
c

Ce INCREMENT ¥HETA AND CALCULATE E DIMENSION BETWEEN GRID POINTS AND
Ce BLAJE SURFACES

c
DO 2100 Ju= 1, JL
THETA = THETA + DELTA
IF ( ABS (1, = ( THETA /7 THESL ) ) - .0001 ) 1300, 1300, g000
1000 IF ( THEYA ,GT, THESL ) GO TO 1300
c
C. E INCREMENT NEXT TC SUCTION SURFACE = Z(JJ)
C

1100 CALL TABL ( THETA, ESLI, THETS, ES1, 2, 1, N )
ISTLC(JYY = IFIX ( ESLI 7/ DELTA ) + IFIX ¢ ENC 7/ DELTA ) + 1
ESLII = FLOAY ( IFIX ( ESLI 7/ DELTA ) ) * DELTA



c
1740

1800

C
1900
20040
2100

C
Ce
Coe
C.
c
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150 BRell LE3. £5LT S0 Td 1eo¢

GO YO 144G
TSTE L) = ISTLLOUY = 1
ESLII = ESLIT = DELTA

G T 104

siviedy = I« 8
ESLIL = Qe
ESLI = DELTA

IF ( THEVA ,GT. 8 ) GO 7O 1500

IPIR(JIY = 2

GC T2 te00

E INCREMENY NEXT TO PRESSURE SURFACE = X{JJ)

CALL TARL ( YHEYA, EPBI, THETP, EP2, 2y 1, L)

IPIR(JY)Y = IFIX ¢ EPBI / DJELTA ) 4 IFIX ( ENC /7 OJELTA ) + 2
EPBII = ( FLOAY ( IFIX ( €PBYI 7 DELTA ) ¢+ 1 ) ) * DELTA
P8 = IPIB(JJ)

ISL = ISTL (J4J)

X(JJn = 1.

2¢J.0 = 1.

DO 2000 IN= IPB, ISL

IF ¢ IN EGs ISIL (UJ) ) GO T0 1700

GO TO0 1800

I(JJ) = ( ESLI - ESLII ) /7 DELTA

60 70 2000

IF ( ( THETA oGT. B ) +AND. ( IN +EQ. IPIB(JJ) ) GO TO 1900
GC TC 2000 -

X(JJd) = ( EPBII - EPBI ) /7 DELTA

CONTINUE

CONTINUE

WRITE (£,86020)

00 3800 IXI=1, IL

W(II)
YeInm

E

CALL TABL
RR(II)
CALL TABL
BZ €I}

87 (1I1)

T BN [ T I 1

CALL TagL |
STALLITY =
IFL € 46T,

1e

1.

E + DELTA

Ey, RRR, ED, ROy 1, 1, MNM )

RRR

E, B2Z, E2, 83y 1, 1, MNM)

8117

(BOIMNNM)/ (RRR**2,))* (RD(MNM)**2,)
Ey, SI22y €3y STAJy 1, 15 MNM )
SIDD

0o ) GO TO 2800

AND 3)

INCREMENT £ AND 1) LOOK UP STREAM TUBE DIMENSIONS, 2) CALCULATE THET
DIMENSICN BETWEEN GRID PCINTS AND BLAJE SURFACES,
FIRST GUESS OF STREAM FUNCTION AND OENSITY AT GRIC POINTS

PROVIOE



Ce. REGION OOWN STREA# OF BLADES
c
THETA = =DELTA
c
C. EXTRAPOLATE BACK ALONG BLADE CORD LINE
c
CALL TABL ( E, iHEC, ECi, THETC, 1, 1, K )
JTHL(II) = IFIX ( B8 /7 DELTA ) + 1
BJL = FLOAT ( JTHL(II) - 1) * DELTA
JTHB(II) = 1
IF ( BJL .EQ. B ) GO TO 2200
GO TO 2300
c
2200 JTHL(IYI) = JTHL(II) - 1
BJL = B = JELTA
2300 IF ( ( ABSH(E) ) LT, 0.0001) GO TO 2400
GC 10 2500
C
24,00 THETA = Da
JTHB(II) = 2
2500 JTB = JTHB(II)
JTL = JTHL(II)
JJ =0
c
DO 2700 JN=JTB, JTL
JJ = JJ ¢+ 1
THETA = THETA + JELTA

PSI(II,JJ)= ( THETA - THEC ) * PSIPR / B
RHO(II,JJ)= RHOIN

IF ( UN +€Qs JTHL(II) ) GO T0 2600
60 TO 2700
c
2600 Y(ID) = (8 = BJL ) / DELTA
2700 CONTINUE
GC TO 3800
C
2800 IF ( E .GT. EC1(K) ) GO TO 3500
C
C. REGION BEWEEN BLADES
c
CALL TABe ( E, THEIS, ES1, THETS, 2, i, N )
c
C. THETA IRCREMENT NEXT TO PRESSURE SURFACE = Y(ID)
C
CALL TABL ¢ E, THEIP, EP2, THETP, 2, 1, L )
JTHLIII) = IFIX ( THEIF /7 DELTA ) + 1
THL = FLOAT ( JTHL(II) - 1) * DELTA
IF ( THL +EQ. THEIP ) GO Y0 2940
G0 TO 3000
c
2900 THL = YHL - DELTA
JTHL(II) = JTHLCOID) - 1
C

C. THETA INCREMENT NEXT TC SUCTION SURFACE = W(ID)
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C
3000 JTHBC(IIY = IFIX ( THEIS / DELTA ) + ¢
THB = FLOAT ( JTHB(II) - 1 ) * DELTA
THETA = THR - DELTA
DELTH = THEIP -~ THEIS
JTe = JTHBIII)
JTL = JTHL(ILS
JJ = g
C
00 3400 JUN= JTB, JTL
JJ = Jd ¢+ 1
THETA = THETA ¢ DELTA
PSI(ITI,JJ)= ( THETA -« THEIS ) * PSIPR 7 DELTH
RHO(ITI,JJ)= RHOIN
IF ( JUN .EQe JTHB({II) ) GO TO 3100
60 TO0 3200
c
3100 W(ID) = ( THB = THEIS ) / DELTA
3200 IF ( JUN oEGe JTHLI(ID ) GO TO 3300
GO 70O 3400
c
3300 Y(ID) = ( THEIP - TYHL ) / DELTA
3600 CONTINUE
G0 TO 3800
C
C. REGION P STREAM OF BLADES
C
3500 JTHL(II) = JL
C
Ce EXTRAPOLATE FORWARDO ALONG BLADE CORD LINE
c
CALL TABL ( E, THEC, EC1, THETC, 1, 1, K )
C J2 BLADE AND INLET FLOW SLOPE
JTOE = 1.7
DWHODOU = 3.0
DELD = DWDU - DTDE
IF( EoLTe (EC1(K) + o,5)) THEC = THEC + 1.*DELD®(E - EC1(K))**2
IF ( EeGEe (ECL1(K)*.5)) THEC = THEC +.25%0ELJ + JELD*(E -EC1(K)=45)
JTHB(II) = IFIX (D) ¢+ 1
THETA = (D= 1. ) * DELTA
JTeB = JTHB(ID)
JTL = JTHL(II)
JJ =0
c
DO 3700 JN= JTB, JTL
JJ = JJ ¢+ 1
THETA = THETA + JELTA
PST(II,JU)= ( THETA = THEC ) * PSIPR / B
RHO(II,JJ)= RHOIN
IF ( UN «ECe JTHL(ID) ) GO T0 3600
G0 70 3700
c
3600 Y(II) = { THETP(L) - THJL ) / DELTA

3700 CONTINUE
JLIM

"

JTIL = J1TR ¢ 1



1

O

86

3800

3300

4000

4100

4200

4300

4600

45090
4600

IF ( INPUF EQ. 1 + READ (5,8015%)
CONTINUE
IF { INPUF «GTe 1 «ANG. INPUF LT,

IF ( INPUF +GEs 3 )
GQC 70 4600
PSIUP = PSINU

DO 4100 Ju= 1, JLIM

PSIUP = PSIUP ¢ JELPS
PST(IL,Jd)= PSIUP
CONTINUE

GO TO 3900

PSIDN = PSIND

DO 4300 JJ= 1, JPTE

PSIDN = PSIDN ¢+ DELPS
PSI(1,JJ)= PSIDN

CONTINUE

00 4600 I = 1, 110

DO 4500 J = 1, 55
RHO(I,J) = RHOIN
CONTINUE

CONTINUE

RE TURN

END

( PSI(TII,0d)y JJ =
4 ) GO TO 4000
GO0 TO 4200

1, JLIM)
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SURRCUYINE REL &K

¢
C RELAXATION SUBRCUTINE ‘A\
P
8001 FORMAT ( 20H LTERATION NUMBER = , 14, 14H RESIM = 4, F10.4 )
eOG7 Fupysi (0* B =2 ¥, E1S .7, * IN = ., T4, * JC = %, 14, * RHC
T Ty Fiel " PLAL = ¥, E12.5 )
BUG3I FORMAT ¢+ % RHOCHM = *, E1245y * P = ¥, E12.95,y * IN = *, 15,
. . JC = %, I5 )
C
COMMON FPLY/
. R(10G,100), RESIO(100)
COMMON ISIL(150), IPIB(150), W(150), X(150), Y(150), 2¢150) ,
. JTHL{150), JTHB(150), PSI(100,100),
. RS{3i00), RP(100), E£S1(100), RC(100),
* ED(150), RO(450), BD(150), SIAD(150), MNM, IL, JL, IIB,
* {1E, B, DELTA, RESIM, DPSIP, KK, DEX, ACC,y JLE, BN,
» PSIPR, RHO(100,100), G, WJIOT, WW, KKL, RHOIN, POIN, HCIN,
* RCIN, VTHIN, VMCIN, PS, RR(150), BZ(150), SIA(150), RT,
. INPUF, RRLHITRIP,PDEL,JOPL
COMMON /7a8C/
A RHOT(100), HY (100}, PT(100)
DATA NUM 70/
C
c ARTITHMETIC STATEMENT FUNCTIONS FOR INTERPOLATION
C
AR (DEX) = ( ( DEX /7 3. ) + ( 0.5 * DEX ** 2 ) + ( ( DEX ** 3 )
. /7 Be ) ) * ( =1, )
BB (DEX) = ( ( 3. * DEX / 2. ) ¢+ ( 2. % DEX ** 2 ) + ( ( DEX **%
¥ 3)Y /7 24) )
CC (DEX) = ( 3, * DEX ¢ ( { 5, ®* DEX ** 2, ) / 2. ) + ( ( DEX
* "3.)/20))‘(‘10’
DO (DEX) = ( 1o # ( 11« * DEX /7 64 ) + ( DEX ** 2, ) ¢ ( ( DEX
e * 3, ) / Be ))
C
RESIZ? = 10000,
ILwMi = IL - 1
CKK = 1.
cCcC = 1.
100 DPSIE = ( =11e ™ PSI(IL,1) ¢ 18, * PSI(IL=-1,1) =9.
4 ¢ PSI(IL=2,1) + 2. * PSTI(IL-3,1) ) / DELTA
VTHC = = CCC * DPSI1 7 ( RHO(IL,1) * BZ(IL) * RR(IL) * 6. )
JENO = 1./ (RHOIN*BZ(IL)*RR(IL))**2,
BOIN = DENO * ( ( ( D1+ D2) 7 DELTA ) ** 2 + ( ( Ets E£2)
* / DELTA ) ** 2 )
c
20 3400 JJ= 1, JL
IPB = IPIBCJYI)
ISt = ISIL(JJ)
I = 0
c
DO 3300 TN= IPB, ISL
T = 11 ¢+ 1
K = JJ ~ JTHB{IN) + 1

JCIFL

JJ

JTHB{IN+1) + 1



188

200

300

kOO

500

600

700
800

900

1000

1100

1200

JC IM = JJd o~ HTHIUIN=-1) + |

IF ¢ C IN LT, I8 ) .0R. ( IN GVTe IIE ) ) GC T0 1100

IF { JJ +EQe JTHBIINY 3 GO Y2 3.0

60 TO 500

PSIJ = {

RHIJ = RHOCINyJC) * ( 1e # WOIN) ) = RHOCIN,JC+1) * W(IN)

IF ( IN «EQe ISIL(JUD ) GO TO 4900

G0 TO 2100

PSII = e

RHII = RHOC(IN,JC) * ( 1. + Z2(JJ) ) ~ RHOUIN=1,JCIML) * 2(JJ)

BIJ = BZ(IN}

BII = (le = Z0JJ)Y ) * BZUIN) + 2(JJ) * BZ(INt1)

GO TO 2200

IF ( IN LEQ. IPISTtJY) ) GO TC 600

G0 710 700

PSI(IN-14JCIM1)= PSIPR

BII = BZ(IN+1)

BIJ = BZ(IN)

RHOCIN=1,JCIM1)= ( L, ¢ X(JJ) ) * RHOCIN,JC) = X(JJ) *
RHO(IN+1,JCIP1)

PSIJ = PSI(IN,JC-1)

RHIJ = RHO(IN,JC~-1)

PSII = PSICIN®1,UCIPY)

RHII = RHOCIN+1,JUCIP1)

IfF ¢ IN +GT., IIE ) 60 TO 2100

IF ( JJ JECe JTHL(IN) ) GO0 TO 800

GO TO 900

PSI(INy,JC#+1)= PSIPR
RHO(IN,JC+1) = RHO(IN,JC) * ( 14 # Y(IN) ) = RHO(INyJC=1) * Y(IN)

IF ( IN JEQ. ISIL (JJ) ) GO TO 1000

IF ¢ IN +EGs IPIB(JJ) ) GO TO 2200

GO T0 2000

IF ( IN +GT. IIE ) GO T0 2000

PSII = 0,

BII = (1e = Z(JU)Y ) * BZ(IN) + Z(JJ) * BZ(IN+1)

BIJ = BZ(IN)

RHII = RHO(IN,JC) * ( 1, ¢+ Z(JJ) ) = RHOCIN=1,JCIML) * Z2(JJ)
RHIJ = RHO(IN,JC) * ( 1s + WCIN) ) = RHO(CIN,JC#+1) * W(IN)
PSIJ = FSI(IN,JC=-1)

GO T0 2200

IF ( JJ +EQe JTHBI(IN) ) GO TG 1200

GO TO 1600

JJL = JTHLOIN) = JTHBUIN)Y + 1
PSIJ = PSI{IN,JJL) = PSIPR

RHIJ = RHO(IN,JJL)

W{IN) = Y(1)

IF € IN LT, IIB ) GO TO 1300
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5C TG 1434

C
1300 DEX = 1.0
PSIJ = 4y * PSI(IN,JC+1) = 6, * PSICIN,JC+2) + L. *
» PSI(IN,JC+3) = PSI(INyJCt4)
RHIJ = L4, * RHO(IN,JC#1) = 6. * RHO(IN,JC#+2) + &4, *
. RHO(IN,JC#3) ~ RHO{IN, JCr&
1500 IF ( ( IN «EGs ISL ) «AND. C IN ot T. IIB 3 ) G0 Y0 15040
GO TQ 2t00
C
1500 PSII = O
RHII = RHO(IN,JC) * ( 1. 4+ Z(JJ) ) = RHO(IN=1,JCIM1) *2(JD)
BII = ( 1e = ZCJJY ) * BZ(IN) + Z(JJ) * BZ(IN+1)
8IJ = BZ (IN)
GO YO 2200
1600 IF ( JJ «EGe JTHL(IN) ) GO TO 1700
GO YO 2000
c

1700 PSI(IN,JC+1)= PSI(IN,1) + PSIPR
RHO(IN,JC+1) = RHO(IN,1)

IF ( IN L7, IIB)) GO TO 18080
60 TO 1900
C
1800 DEX = Y(1)
PSI(IN,JE+1) = AA(DEX) * PSI(IN,JC-3) ¢+ BB(DEX) * PSI(IN,
¥ JC=2) + CC(DEX) * PSI(IN,JC-1) + ODD(DEX) * PSI(
. IN,JC)
RHO(IN,JC+1) = AA(DEX) * RHO(IN,JC-3) ¢ 8B (DEX) * RHO(IN,JC=2) ¢+
. CC(DEX) * RHO(IN,JC=1) + DD(DEX) * RHO(IN,JC)
c

1900 IF ( ( IN +EQ. IPIB(JJ) ) +ANDs ( IN 6Te IIE ) ) G0 TO 200

2000 PSIJ = PSI(IN,JC-1)
RHIJ = RHO(IN,JC=1)
2100 PS1I = PSI(IN+1,JCIP1)
BI1I = BZUIN+1)
B8IJ = BZ(IN)
RHII = RHO(IN+1,JCIPY)
c
2200 WWH = 1.0
XX X = 1,0
Yyy = 1.0
227 = 1.0
IF ( JJ +EQe JTHL(IN) ) YYY = Y(IN)
IF ( JJ «EQs JTHBI(IN) ) WWW = WUIN)
IF ( IN «EG. IPIB(JJ) ) XXX = X (JJ)
IF ( IN +EQe ISIL(JN ) 222 = Z(JJ)
c
D1 = 722 * ( PSIC(IN=-1,JCIML) = PSI(IN,JC) ) /
* ( XXX * ( XXX ¢ Z22Z ) )
D2 = XXX * ( PSI(IN,JC) = PSII ) / € 227 * ( XXX +
. 2z 1Y )
EL = YYY * ( PSIJ = PSICIN,JC) ) / ( WWW * { YYY ¢
» WHW ) )
E2 = WHW * ( PSI(IN,JC) = PSI(IN,JC+1) 1} /
. ( YYY ® ( YYY + HHWHHW D) )
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OO0

c

c

IF CCINGEQ. ISL) o ANDL (ISLEQe ILM1) oAND. {JCLEQe3)) GO TO 2210
G0 TO 2230
2210 BOIN = DENC® (D1 +02) /DELTA)**24+((E1+E2)/DELTA) *%2)
2220 IF ( ITRIP .fQ. 0 ! GO TO 2600
WR SO = ( WH * RR(IN) ) »+ 2
DENO = 1 7/ ( RHOIN * BZ(IN) * RR(IN)) **= 2,
IF (INJLTLIIE) GO TO 2300
COIN = BOIN - ((RR{IN)*WW)®**2,)
GO T0 2400
2300 COIN = BOIN = ( { RRL * WW ) *% 2, )
2400 JOIN = COIN ¢ ( POIN * 2, * G / RHOIN )
P = RHOIN * ( DENO * { ( ( D1 ¢ D2 ) /7 DELTA ) *% 2 &
. C CE1 ¢ E2 ) 7 DELTA ) ** 2 ) = WRSQA = DOIN ) * ( =1.
* Y /7 (24 % G )
WRITE(6,8002)P,IN,JC; RHO(IN,JC)
IF ({INLEQ.ISL) «AND. (ISL.EQ.ILM1))GO TO 2510
IF(P.LT.POIN) GO TO 2510
GO TO 2500
2510 WRITE(6,8002)P,IN,JCyRHO(IN,JC)
2500 IF ( P +Te. PS ) GO TO 2700
GO0 TO 3300
2600 RHIJ = AMAX1 ( RHIJy 0.,000006 )
RHO(IN, JC+1)= AMAX1 ( RHO(IN,JC+1), 0,000006 )
RHTII = AMAX1 ( RMII, 0,000006 )
RHO(IN-19 JCIML) = AMAXY{ ( RHO(IN=1,JCIM1), 0.,000006 )
AL = 0 2. * CRRUIN) #% 2 ) * yw *+ RZ2(IN) * RHO(IN,JC)
. * SIACIN) ) * DELTA * DELTA
Ct = ZZZ % ( ALOG ( RHO(IN=1,JCIML) * BIJ ) = ALOG ( RHOC(IN
. »JC) * BZ(IN) ) ) /7 ( XXX * ( XXX ¢ 22Z ) )
c2 = XXX * ( ALOG ( RHO(INy, JC) * BZ(IN) ) - ALOG ( RHII *
¥ BIT ) ) 7 ( 22Z % ( XXX + 227 ) )
R1 = ( PSI(IN=1,JCIM1) = PSI(IN,JC) ) 7 ( XXX * (
¥ XXX ¢ 222 ) )
R2 = ( PSICINGJC) = PSITI ) 7/ ( 2Z7 * ( 22Z + XXX ) )
R3 = ( PSI(IN,JC+1) = PSICINLJC) ) /7 ( YYY * ( YYY +
¥ WWKW ) )
RL = ( PSICINGJC) = PSIJ ) / ( WWHW * ( WKW ¢ YYY ) )
c3 = hHW * ( ALOG (RHIJ) = ALOG ( RHOCIN,JC) ) ) /7 ( YYVYY *
¥ C YYY 4 WWW ) )
Ca = YYY * ( ALOG (RHO(INy,JC) ) = ALOG ( RHO(INyJC+1) ) ) ¢/
* ( WHW ® ( YYY & WHW ) )
R(IIN,JC) == (A1 ¢+ (D1 ¢ D2)* (C1L+C2) * (CCC -2, * {( ( R1
¥ = R2Z ) * CCC + ( R3I = R4 ) * CKK ) + ( EL1 + E2 ) » (
. C3 ¢« C4 Y * CKK )
IF ( ITRIP .EQ, 0 ) GO TO 3300
IF{P.GT.POIN ) GO YO 3300
WRITE (65,8002) Fy INy JCy RHC(IN,JO)
GO TO 3300
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2rag Cabl TAEL C Py HeIF, PTy RHCT, 1, 1, KKiL )
IF (RHIP.L (4., 80060067 RMNIP=.,000006
WRITE(€,8002) PyINyJCHyRHIP
RERO(TIN, JGY = RHIP
Go TO 34300
GO Ty 2710

EE SRS R R NS X LR X pELB\}(

220 [FUA3IUIRNIP/RMOC(INGJCI =10 0) e T 2013 GO TC 2710
RHO(IN, JC) = S*(RHD (IN, JC) ¢RHIP)
RHOCM=RFHD (IN,JC)
DENO=1./(RHOCM*BZ (IN) *RR{IN)})**2

P = RHOCM * ( DENG * ( ( ( DL ¢ D2 ) / DELTA ) ** 2 & ( (
. EL ¢ E2 ) 7/ DELTA ) ** 2 ) - WRSQ = DOIN ) * ( =1, )
. / (2. %G
GO TO 2700
2705 WRITE(6,8002) P,IN,JC,RHIP
GO TO 2600
2710 WRITE(E,8002) P,IN,JC,RHO(IN,JC)
GO TO 2600
IF ( RHIP JLE. 0o ) RHIP = 0,000006
lEl‘l“‘#‘."l""‘¥' RELAX
2800 RHOCM = RHIP
IF ( ITRIP .€EQ. 1 ) RHO(IN,JC) = RHOCM
WRITE (6y8003) RHOCM, P, IN, JC
IF ( ITRIP o EQe 1 ) GO TO 3300
c
JENC = 1. / ( RHCCF * BZ(IN) * RRUIN) ) ** 2,
PC AL = RHOCM * ( DENO * ( ( ( D1 + D2 ) / DELTA ) ** 2 + ( (
. EL ¢+ E2 ) / DELTA ) ** 2 ) - WRSQ - DOIN ) * ( =1. )
. / (2. %6G)
IF ¢ ITRIP .€Q. 0 ) G0 TO 2960
WRITE (£;8002) P, IN, JCy, RHOCIN,JC), PCAL
c
2900 IF ( ( ABS ( PCAL / P ) = 1. ) 4LT. 0,0001 ) GG TO 3100
IF ( PCAL LT, PSAV ) GO TO 3000
RHO(IN,JC) = RHOCM
GC TQ 3200
3000 RHO(IN,JC)= RHOIN = 0,05 * ( RHO(IN,JC) = RHOCHM )
IF ( RHC(IN,JC) oLT. 0.00002 ) RHO(IN,JC) = RHOIN
GO TO 2600
c
3100 IF ( RHCCM o+LEe 0. ) RHOCM = 0.000006
3200 RHO(IN,JC)= RHOCM
G0 TO 2600

3300 CONTINUE
300 CONTINUE
IF(ITRIP.NE.0) GO TC 4800

3500 DO 4300 JJd= 1, JL
IPRB = IPIB(JY)
ISt = ISIL (JJ)
II = 0

DG 4200 Ins IPBy ISL
It = I + 1
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3600

3700

3800

39400
4000
4100

4200
4300

4400

WA W = 1.0

XX X = 1.0

YYyY = 1.0

222 = 1.0

IF ( JJU «EGe JUTHL(IN) ) YYY = Y(IN)
IF ( JJ +EQs JTHB(IN) ) WHY = W{IN)
IF ( IN +.EQe IPIB(JJ) ) XXX = X(JtJ}
IF ( IN +EQe ISIL (JJ) ) 227 = L{JJ)
JC = JJ = JTHB(IN) + 1

JC IPL = JJ = JTHB(CIN+1) + 1

JCIML = JJ = JTHB(IN-1) + 1§

DPSI = RUINGJUC) 7 € ( 1e 7 WHW ) + ( 1. /7 XXX )

) ¢+ (1. /7 222 ) )
G.
FSI(IN,JC) + OPSI

ROIN,JC)
PSI(IN,JC)

Wi

IF ( C IN .7, IIB ) LO0Rs ( IN GT., IIE ) ) GC T0 3600
IF ( ( JJ +EGQGe JUTHB(IN) ) .AND. ( IN EGe ISIL(JJ)

IF ( JJ «EQe JTHR(IN) ) GO TO 4000
IF ( IN ,EQ. ISIL (JJ) ) GO TO0 4100
GC TO 3900

IF ( JTHB(IN) .EQ. JJ ) GO YO 3700
IF ( JTHL(IN) .EQ. JJ ) GO TO 3800
GO TO 3900

JJiL = JTHL (IN) = JTHBU(IN) + 1

JB8 = JTHL(IN)

RCIN,JJILY = RUINyJJL) ¢ OPSI * (1, 7 YYY )

IF ( IN «EQ. ISIL (JJ) ) GO 70 4100
GO TO 4000

JJjB = JTHB(II)

RCIN, 1) = ROIN,1) ¢ OPSI

RCINyJC=2)=R(INy,JC=1) +DPSI* (1./hWH)
GO TO 4000

RCIN,JC-1)= R{INyJC=1) ¢ DPSI * ( 1, / WWH )

R(IN+1,JC0IP1)= ROIN+1,JCIFL) ¢+ OPSI * ( 1. 7 222 )

RCIN,JC+2)= R(UIN,JC*1) « OPSI * ( 1. 7/ YYY )

ROIN=1,JCIML)= ROIN-1,JCIML) + DPSI * ( 1. / XXX )

CONTINUE

CONTINUE

LM = IL -1
DO 4500 II= 2, ILM1
RESID(II) = 0.

JJ =0

JTe = JTHB(ID)
JTL = JTHLUID)

DO 4400 JN= JTB, JTL
JJ = Jd o+ 1

IF ( ( ABS (R{II,JJ) ) ) .GT. RESIOD(II}) ) RESIC(II)=ABS(R(II,JuJ))

CONTINUE

) GO YO 4100
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4500 CONTINUE

O 4600 XII= 2, ILM1

IF ( RESID(II) .GT. RESIM ) RESIM = RESID(ID
4600 CONTINUE

IF(RESIM«GT.RESI2) STOP

RESI2=2.0%RESIM

IF ( RESIM .GT. ACC) GO 1O 4700

GO TO 4800
4700 NUM = NUM + 1

WRITE (6,8001) NUM, RESIM

RESIM = O

IF (NUM,EQ.50) GO TO 4714

GO T0 100

4710 CALL PREUWRY
CALL WRTOUT

GC TC 100
LBOOD NUM = NUM + 1
WRITE (658001) NUM, RESIM
RESIM = 0.
RE TURN

END
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SUBROUTINE PREWRY

ROUTINE Y0 CALCULATE OPSIOO0, DPSIDU, AND PHI VALUES BEFORE
GCEING INTQ WRTOUT

QOO0

8001 FORMAT ( 77/7/% ++seeee  VOLUME = %, E12.5 )

[}

COMMON ISILC150), IPIB(150), W(150), X(150), Y(150), Z(150),

* JTHL(150), JTHBU(150), PSI(100,100),
¥ RS(100), RP(100), ES1(100), RC(100),
. €ED(150), RD(150), BD(150), SIAD(150), MNM, IL, JL, IIB,
. 11€, B, DELYTA, RESIM, DPSIP, KK, DEX, ACC, JLE, BN,
. PSIPR, RHO(100,100), Gy WDOT, WWy, KKL, RHOIN, POIN, HOIN,
¥ ROIN, VTHIN, VMOIN, PS, RR(150), BZ2(150)y SIA(150),y RT,
. INPUF, RRL,ITRIP,PDEL,JOPL
COMMON 7/ CBRA /
. ENC
COMMON INDG/
. NNDGy LNJIGy KNJOGy, ILNOGy, THETMINy THETMAX, EMIN,
. EMAX, ICNT(99), THETS(100), THETC(100), THETP(100),
. £EC1(100), EP2(100), ESS1(100), KNT1, KNT2
c
HOELTA = DELTA * 0.5
SUM = 0.
ILL = It - 1
£ = «( FLOAT ( IFIX ( ENC / DELTA ) ) * DELTA ) - DELTA
C
J0 3000 II= 1, ILL
3 = E ¢ DELTA
JTB = JTHB(II)
JTL = JTHL(ID)
JJ = 0
C
00 2900 JN= JTB, JTL
JJ = JJ ¢+ 1
c
2100 COSA = COS ( ASIN ( SIA(II) ) )
THETA = FLOAT (UN-1) * DELTA
IF ( TI +LE., 1I1IB ) GO TO 2200
IF ( UN JEC. JTB ) GO TO 2400
IF ( JUN +EQe JTL ) 60 TO 2600
G
VOLUME = DELTA /7 COSA * DELTA * RR(II) * BZ(1I)
G0 TOo 2800
c
2200 DELT = JELTA
DELE = DELTA
IF ( II +EQe 1) DELE = HDELTA
IF ( UN +EGe JTL ) DELT = HDELTA + DELTA * Y(1)
IF ( UN +EGe 1) DELT = HOELTA
VO LUME = DELE /7 COSA * RR(II) * DELY * BZ(II)
GO YO 2800
C
2300 DELE = DELTA
IF Il +EQ. ISIL(1) ) DELE = HDELTA « DELTA * 2(1)



24 00

2500

2600

2700

2800

2900
300¢

VOLUNE = DELE 7 COSA * RR{II) * HDELTA * BZ(II)
GC TO 28040 .

iIF ( 11 «GY. 11IE ) G0 T0 2500

Eus z £ + HDELTA
i = & = HJELTA

GaLE TaHE { Euly, THETUL1, ESSL, THETS, 2y 1y NNDG )
CALL TABL ( EL1, THETL1, ESSi, THETS, 2, 1, NNDG )
THETU2 = THETA + HJELTA

THETL 2 = THETA -~ HDELTA

CALL TABL ( THETUZ, EU2, THETS, ESS1, 2, 1, NNDG )
CALL TABY ( THETL2, ELZ2, THETS, ESS1, 2, 1, NNDG )
guLc = AMINL ( EU1l, EUZ2 )

THETLC = AMINI ( THETU1, THETUZ )

ERGT = ( EULC - EL1 ) / COSA

TUNGTH = ({ THETU2 = THETLC ) # ( THETUZ2 = THETL1 }) / 2.0
VOLUME = EHGT * RR(II) * BZ(II) * TLNGTH

GO TO 2800

VOL UME = JELTA 7/ COSA * RR(II) * HOELTA * BZ(ID)
GO YO 2800

IF ( I1 .GT., IIE ) GO TO 2700

EUL = E + HOELTA

EL1L = £ « HDELTA

CALL TABL ( EUL, THETU1, EP2, THETP, 2, i, LNDG )
CALL TABL ( EL1, THETL1, EP2, THETP, 2, 1y, LNODG )
THETUZ2 = THETA + HDELTA

THETL 2 = THETA - HDELTA

CALL TABL ( THETU2, EUZ2, THETP, EP2, 2, 1, LNDG )
CALL TABL ( THETL2, EL2, THETP, EP2, 2, 1y LNDG )
EULC = AMAXLt ( EL1, ELZ2 )

THETLC = AMAX1 ( THETL1, THETL2 )

EHGT = ( EUL - EULC ) 7 COc%A

TUNGTH = (¢ THETUL = THETLZ ) ¢ ( THETLC = THETLZ )) /7 2.0
VOLUME = EHGT * RR(II) * TLNGTH * BZ(ID)

GO TO 2808

DELY = HDELTA ¢ DELTA * Y(ID

VOLUME = DELTA 7 COSA * RR(II) * DELT * BZ(II)
VO LUME = VOLUME * RHOQ(II,JJ)

SUM = SUM + VOLUME

CONTINUE
CONTINUE

WRITE (658001) SUM

RE TURN

END
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8001 FORMAT ( 5H E = 4Fi0eb4,7H I = yI4,7H R = sF10el447H B =

SUBROUTINE WRTOUT

ROUTINE TO PROCESS AND PRINT QUTPUT

¥4,y 9H SIA = ,F1Q.4%)

8002 FORMAT(IX6HPSI = F10.,4,10H THETA = F1i0.4,y,8H PKI = F10.4,6H

*F10.4y,6H U = F10.4)
8003 FORMAT( * IJK IS GREATER THAN 2% * )

¥ & & & & &« &

L 3

»

™

¥
»

L 3

L

»

¥

yF10.

V =

COMMON ISIL(150), IPIB(150), W(150), X(150), Y(1%0), Z2(150),

JTHL(150), JTHB(150), PSI (100,100),
RS(100), RP(100), ES1(100), RC(100),
EDC(150), RD(150), BD(150), SIAD(150), MNM, IL, JL, IIB,
I1IE, B, DELTA, RESIM, DOPSIP, KK, DEX, ACC, JLE, BN,
PSIPR, RHO(100,100), G, WDOT, WW, KKL, RHOIN, POIN, HOIN,
RCIN, VTHIN, VMOIN, PS, RR(150), BZ(150), SIA(150), RT,
INPUF, RRL,ITRIP,PDEL, JOPL

COMMON /7FLT/
THTA(100)

COMMON /7cea/
ENC

COMMON /NDG/
NNDGy, LNDG, KNDG, ILNDOG, THETMIN, THETMAX, EMIN,
EMAX, ICNT(99), THETS(100), THETC(100), THETP(100),
EC1 (100}, EP2(100), ESS1(100), KNT1, KNT2

ARITHMETIC STATEMENT FUNCTIONS FOR INTERPOLATION
AA (DEX) = ( ( DEX /7 3. ) ¢ ( 0,5 * OEX ®** 2 ) + ( ( DEX ** 3 ) /

6.))‘(‘1.)

B8 (DEX) = ( ( 3. * DEX /7 2¢ ) ¢+ ( 2+ * DEX ** 2 ) + ( ( DEX ** 3
Y /7 2. ) )

CC (JEX) = (3, * DEX ¢+ ( ( 5, * DEX ** 2, ) /7 2. ) ¢ C ( DEXx **
3 ) / 24 ) * L =1, )

0D (DEX) = (1, ¢ ( 11, * DEX / 6. ) + ( OEX ** 2, ) + ( ( DEX **
3s ) / 64 ) )

E = -0 FLOAT ( IFIX ( ENC /7 DELTA ) ) * DELTA ) - DELTA

EMIN = E + DELTA

ECC1 = EC1(KNDG)

THETCC = THETC (KNJG)

THETPP = THETP (LNDG)

IJKNDG = 160

SIMIN = =1,05 * PSIPR

KNT1 = @

KNT2 =0

LF ILE =9

ILL = IL = 1

00 700 II= 1, ILL

£ E + DELTA

CALL TABL ( E, RPRNT, EJy R3Oy 3y 1, MNM )
CALL TABE (

Ey BPRNT, ED, 8Dy 3y 1y, MNM )



+ BB(DEX) * PSI(II,JJ=-2) +
* PSI(II,Jd)

GG TC 300

GO TO
GO 1¢

60 TO
GO TO
GO TQ

CALL TABL ( [, SIAPRY, €0, SI2, 3, 1. HNn
KK K = 40
LLL = 0
JTB = JTHBC(II)
JTL = JTHL(IT)
JJ z 9
MM =0
DO 500 JN= JTB, JTL
{H = I1 - IPIB(UN) + 1
JJ = JJ ¢ 1
MM = MM O+ 1
IF ( ( I1 oTe IIB ) JORe ( II 4GTe IIE ) )
IF ( UN +EQe JTB ) GO TO 100
GO 70 300
100 THYA(MM) = ( ( FLOAT(JN=1) ) =~ W(II) ) ¥ DELTA
DEX = W(II)
RC (MM) = AACDEX) * PSI(II,JJ+3) + BB(DEX)
» CC(DEX) * PSI(II,JJ¢1) + DDIDEX)
MM = MM ¢+ 1
G0 TO 300
200 MM = MM + 1
THTA(MM) = ( ( FLOAT(UN=1) ) + Y(IL) ) * DELTA
DE X = Y(II)
RC (MM) = AA(DEX) * PSI(II,JdJ=3)
. CC(DEX) * PSI(II,JJ-1) + DOCDEX)
GO TO 400
300 THTA(MM) = ( FLOAT(JN=-1) ) * DJELTA
RC (MM) = PSIC(II,JJ)
IF ( UN «EQe JTL ) GO TO 200
Loo K = MM
S00 CONTINUE
PSIP = SIMIN
JJIK =0
DO 600 IJK= 1, IJKNDG
PSIFP = PSIP + DPSIFP
IF « PSIP oL Vs -0.0001 «AND. E ol To ECCt )
IF ( FSIP «GTe PSIPR oAND. E o4GTe Oo )
CALL TABL ( PSIP, THETA, RC, THTA, 3, 1, K
IF ( THETA oLT. 0o oOR. THETA +6GT. THETPP )
IF ( E «6Es ECC1 <+ANJ. THETA .LT. THETCC )
IF ( € LEs ESS1(1) JAND. THETA .GT. THETP (1) )
IF ( MOD(IJUK,2) «EQ. 0 ) GO TO 600
IFILE = IFIX ( ( PSIP & PSIPR ) / ( DPSIP * 2.0 )

ICNT(IFILE) =

IF

(

ICNT(IFILE)
IFILE JEQ. 44 )

1

IFILE = 2

¥ PSI(II, JJUe2)
» PSI(II,JN

600
7060

600
600
600

+ 9,25 )
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CALL ALTFILE { LFTLE, IFILE, NOUM )
LF ILE = IFILE
WRITE (IFILE) Ey THETA, PSIP
600 CONTINUE
700 CONTINUE

C
CALL ALTFILE (LFILE, 9, NOUM )
EMAX = E
CALL PLCTT
KK =1
RE TURN

END
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SUBROUTINE PLOEYT
SURRCUTINE TO PLOT OUTPUT DATA

COMMON JRLT/

. €463, THETAC(200), PSI(200)

TN AWDG/

¥ HaIG, LNJGy KNOG, ILNOG, THETMIN, THETMAX, EMIN,

¥ EMAX, ICNT(99), THETS(100), THETC(100), THETP(100),
h £C1(100), EP2(100), ES1(100), KNT1i, KNT2

JATA XNYQ 7 0 /

IF { KNTO «NE. 08 ) GO TO 100

CALL INnITV280

KNTO = 1

100 CONTINUE

EMIN = AMINY ( EMIN, ES1(1), EP2(1), EC1(1) )
EMAX = AMAX{ ( EMAX, ES1(NNDG), EP2(LNDG), EC1(KNDG) )
THETPP = THETP (1)
CaLL SETUP
00 200 @I = 1, NNDG
ECT) = THEYS(I) + THETPP
200 E(I+100) = EMAX = ( ES1(I) - EMIN )
DO 300 X = 1, LNDG
THETA(I) = THETP(I) = THETPP
300 THETA{I+100) = EMAX - ( EPFZ(I) - EMIN )
JO 400 I = 1, KNJIG
400 PSILI) = EMAX = ( EC1(I) = EMIN )
00 500 I = 1, 2

CALL LINES ¢ E(101), THETS(1), NNDG )
CALL LINES ( THETA(101), THETP(1)y LNDG)
CALL LINES ¢ PSI(1), THETC(1), KNDG )
CALL LINES € E(101), E(1), NNDG )
CALL LINES ( THETA(101), THETAC(1), LNJG )
CALL LINE ( E(101), THETPP, EMAX, THETPP )
CALL LIME ( EMAX, THETFP, EMAX, THETMIN )
CAtL LINE ( EMIN, THETP(LNDG), THETA(LNDG*100), THETP (LNDG) )
CALL LINE ( EMIN, THETC(KN3G), PSI(KNJG), THETC(KNDG) )
500 CONTINUE

LFILE = 9

Jo 800 1 = 9, 99

IJK = ICNT(I)

ICNT(D) =0

IF ( IJK .EQ. 0 ) GO TO 800
1T =1

IF I ¢€Q. 44 ) IT =2
CALL ALTFILE ( LFILE, IXI, NDUM )}

LFILE = IT

REWINI IT

IF { TJK LEQ. 1) GO 10 800
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DO 600 J = 1, TJUK

READ (II) E(J), THETA{(J}, FSI D)

E(J) = EMAX - ( E(J) =~ EMIN)
600 CONTINUE

REWIND II

DO 700 J = 1, 2
CALL LINES ( E(1),y THETA(1), IJUK)
700 CONTINUE
C
800 CONTINUE
CALL ALTFILE ( LFILE, 9y NOUM )
CALL FRAME
RE TURN
END
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SUBROUTIRE Sgvur

SUBROUTINE TO SETUP GRID FCR PLOTS

COMMON INDG/

CALL
caLtL
CALL
CALL
CALL

CALL
CALL
DO

NNDG, LNOG, KNJIG, ILNOG, THETMIN, THETMAX, EMIN,
EMAX, ICNT(399Y, THETSU(100), THETL L1046 YREYPOIDQ),
€ECL(100), EP2(100), ES1(L00), KNT1, «KNIZ

CHAROPT ( 0y 0y 1y 0y 0
LINEOPT ( Gy 1)

ABSBEAM ( .15, «993 )
ABSVECT ( .15, +214 )
ABSYECT ( 4930, »214 )

LINEOPT ( 0y 0}
MAP ( EMIN, EMAX, THETMIN, THETMAX, .15; 930, 2214, oS93

100 K = 1, 2

CALL ABSBEAM ( «5, +15 )

CALL SYMBOL ( 3HES. )

CALL ABSBEAM ( 405, «6 )

CALL SYMBOL ( 3HF$. )

CALL ABSBEAM ( .4, .08 )

CALL SYMBOL ( 27HCOORDINATES IN E, F PLANES. )
RE TURN

END

201
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APPENDIX F

input Data Interpolation Program

For all of the turbopump inducers analyzed in this study,
blade geometrical data was derived from inducer design drawings.
This data is normally tabulated on the drawing for only a few
blade sections at a constant distance off the inducer hub. A
computer program was written to provide input data for additional
blade sections located at a constant percent of blade span.
Figure F.1 illustrates this procedure., Sections R, and R repre-
sent typical blade sections for which blade geometrical data is
supplied. This data is linearized to yield associated geometry
for blade sections at 10%, 30%, 50%, 70%, and 90% of the blade
span, shown as dashed lines in this figure.

Figures F.2 through F.6 show a typical sequence of data
manipulation for the J-2 LOX inducer. Figure F.2 is a plot of
the tabulated data given on the inducer design drawing (Figure
5.1). This data is normalized to the blade leading edge
(Figure F.3), non-dimensionalized (Figure F.4), and linearly
interpolated (Figure F.5) to yield the required input data for
the five blade sections (Figure F.6). The final form of the
data is then punched on computer cards for input to the turbo-
pump cavitation compliance program.

The following pages of this appendix present a listing of
the input data interpolation program. The liberal use of
comment cards makes the program operation self-explanatory.
Sample input/output listings are also provided.
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PRIGRAM BLADZIZ2(INPUT,0UTPUT,TARPES=INPUT yTARES=0UTPUT,FILMPL,PUNCH)BD2 2
C. PRIUGRAM TO INFERPOLATEI BLADE INPJT DATA FIR THWO SECTIONS BO2 s
FATLONE s nT o B2 e

FPe AN IO TID 148, FLTLZUAY,, K{30 s Y11(53, Y12(5)1, Y2L{531, Y2302 A
120300y ¥Y10UMCa0Y, Y29U4(50),y YIOUMI501, YaDUM(5U), X1(50), X2(50),B02 10
2 FEv{s), XLZOG(51s X35¢5438), YLEDG(3)y, XTU(51), YIL1(51), YT12(51)B02 12

S TSy WE220% 0, TEPALS,50), ASTREAMIII,y XLSG{(3), ¥YL5Q{2), RAIBDS 14
GiS) e YRLIEY, YR2U3), Y1U34951)y ¥Y2(32431), YCT(51), TRPAC(51), AX(31)8BD2 16
2y RX{x1Y, 20{oity 3DiB1Y, YZERI(51), YSLPLIS1), YZE22(51), YSLP2(58B02 18
oLt 502 2
Ca Do TINITION OF NPT DATA Bb2 2¢
e ARG 1 TITol = TITLE COMMOY TO ALl CASES (34121 FORMAT) 802 24
Ce SRR 2 TITL?2 = TIToZ PECJLIAR TO ZACH ZASE (8310 FORMAT) BD2 26
Coe LAR: 3 IPINCHy ANTZIRP 1015 FORMAT) BbD2 28
Ce LUUNCHT FLAG D JONTRIOL PUNCHING OF 0QUTPUT DATA 302 33
C. INYERP=z FLLAG TO ZONTROL INTZRPOLATION JF INPUT DATA BDe2 32
Coe GARD 4 ALF1,ALF23FSRyHL4HX (5F10.4 FIRMAT) BD2 34
Cs ALF L = HACLF=LINC ANGLE OF HJ3 {(DEG) gb2 36
e ALFZ = BNJLE OF BLADZ LIAJING EOGE LJCUS {OES) BBe 38
Cs b LR = FELBUINE UPSTREAM 2AJ1IUS {IN) Bb2 &0
Ce Hy = FOQRWARDL HU3 RADIUS (IN} BD2 42
Ce Hx = HJ3 CQUIVALZNT LENGTH (IN) 802 G4
Coe SARD B $1932,X3C0LFC (5F13.4 FORMAT) 802 4b
Co 51 = LOCATIIN JOF INNERMIST 3LADEZ SECTION (IN) B2 438
Ce S2 = LOZATIION 3F QUTERMIST BLADE SECTION {IN) B02 54
Ce. XSCLFT= FLAG TO CORRcCY INPUT DATA IF Z McASURED 8D2 52
Cos PARALLEL TO CINTIRLINE (ND) BDZ2 5S4
Coe SARJ B BNJMy OGS INCycNCyBNCySTHNOM (5710.4 FORMAT) BDZ2 56
Coe 3NUM = NUM3ER OF 3LADES BD2 58
Co DGINC = NUM3IEZR OF GSRID INCREMENTS BDo2 63
O tNC = UPSTRIAM EXVENSION OF FLOWFIELI SOLUTION BD2 62
Go B8NS = DIWNSIRIAM EXTENSIIN JF FLOWFIZLO SOLUTION BD2 64
Ce STHANOM= NOMINAL WIDTH OF STRIAMTUBE 802 ©bo
T CARD I Xy¥Lll,Y12,Y21,Y22 {5F1J.4 FORMAT) 302 o8
RIAD (54255) TIT.1 Bp2 70
10 READ (5,¢55) TIT.2 BD2 72
IF (TITLZ2.2Z32.5T0P) GO TO 205 BD2 74
R:AD (3,280) TIPUNCH,INTERP 802 76
Co b AL IN INJUCER GEIJIMETRY DATA Bpo2 78
READ (5,9260) ALFL AL~ 2Z,FER,HL,yHX BD2 8¢
RAD=57.29578 BbD2 82
ANGLI=ALFL/RAD BD2 84
ANSL2=LLF2/RAD 802 86
FMULTAN=AISCTANCANGLL)) gpe 88
TMLCSN=A3S(COS(ANSL1)) g2 90
FSL=FS5R=HL D2 92
HT =HX*¥TMLTAN+AL BD2 94
FST=F5R-HT BD2 98
e RIAD IN INJDUCZIR ANALYSIS DATA 3p2 133
RZAD (5452623) 3INUYy ISINCENC,yBNC,STWNIM 302 102
30 15 I=1,50 BD2 104
READ (S92b0) XLDVyYLLiDhe 1201 ,v2101),v22(1) BD2 106
IF X (D) oLTeds) 32 T2 22 302 1238
15 CONYINUE B02 110
20 4P fS=sl-1 802 112
e ALt INPUT COMP_ETE - PRODUCE ESHD PRINTOUT 802 114
ARITE (642053 TILTLL,TIT.2 B0Z2 116

ARITZ (6,273} 51,52 B02 118
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3

Co
C.
Coe

(@ N e N $)
L J L] L]

35

40
Cs

OO0
e o o

WRITZ (6,260) (XUI),¢LLi{I),Y12(1),vY21{L),Y22(I),I=1,N2T3)
IF {(XSCLFC.LE.D.} 30 T3 33

CORRECT INPJT DATA FOR Z MEASURED PARALLEL TO CENTERLINE
J0 25 I=1,4NPTS
131 =Y11 (1) /T _C5n
Y12(I)=Y12(I1)/TH_C3N
Y21 (I} =Y21(I) /TM_C5SN
¥22(L)=Y22 (1) /TM_C3N
SONTINUE
ARITZ (0,4265) TIM_L,T1IT.2
ARITZ (B,y210)
WRITZ (6,270) Si,32
ARITI (6492060) (X(I) 11 (I),yY12(I)yY21(I),Y22(I),I=1,NPTS)
CONTINUE
TP1=X(NPT3)
TYL=Y12(NPTS)
TP2=X(NPTS)
TY2=Y22(NPTS)
ARITE (6,275) TPL,IYL,TP2,TY2

£2+40 OF INPUT COMPLETE

LINEARIZE R/Z VIRSUS ANGULAR DOISPLACEMENT

RHAX=FSL/TMLCSN

RMIN=FST/THMLCSN

XLSQU1)=x(1)

XLSQ(2) =X(NPTS)

YLSQ(1) =RMAX

YLSQ{2)=IMIN

SALL vSQ1 (2,XLSQA,YLSQsRNAUTyRSLOPE,PE,SRSQ)
LINZARIZATION COMPLETE *¥¥* R(PHI) = RNAUT + RS_JIPZ*PHI

PLOT INPUT DATA NIN-NORMALIZED
SALL PLOTRL (Xy,Y11,¥12,r21,Y22,NPTS,TLTLL1,TIT.2,1)

NIRMALIZE ALL INPUT TD TRAILINS ZJGE COORIINATES
3C 35 I=1,NPTS
JEND=NPTS+1-1
XLLI) =X {NPTS) =X {JEND)
Y10UM(TI) =Y12(NPTS) -YL1{JEND)
Y2IUMIII=YL2¢NPTS) =YL 2 (JEND)
Y3DUMII)=¥Y22(INPTS) =Y21 (JEND)
Y4DUM(I)=Y22(NPTS) -Y22(JEND)
SONTINUE
00 40 I=1,NPTS
X{D)y=x14(I)
Yyi1(I)=y1DUM(I)
Y12(I)=Y2DJ4M(I)
Y21 (I)=Y3DUuM(I}
Y22(I)=YLDUMI(I)
SINTINUE
WRITE NORMALIZED INPUT DATA
WRITE (64265) TITLL,TITL2
ARITE (6,215)
WRITZ (69260) (X(I)yY11(I),Y12(I)yY21(I)yY22(1)yI21,NPTS)
NORMALIZATION COMPLETEL

PLOT NORMALIZED INPUT DATA
CALL PLOTRL (Xy¥11,v12,v21,Y22,NPTS,TITLL,TIT _2,2)
IF (INTERP.LELDO) 53 TJ 150

BD2
BD2
BDZ
BD2
$#o2
802
BDZ
B02
802
802
Bo2
802
BD2
802
Pp2
BDe
BDZ
go2
BDZ
802
302
BOZ2
802
BD2
302
BD2
BD2
B02
BD2
602
BDZ
802
802
BD2
B502
BD2
802
802
BDZ2
302
BD2
BO2
ade2
302
BD2
BO2
BDZ2
8D2
02
B02
BD2
BD2
8D2
BDZ
BD2
BDZ
bOZ
02
B0
BDZ



45
50

55
60

[N
e \N

70
Ce.

(@
.

OO0
e o o

75
8J

85
30

95

205

NON=-DIMENSIONALIZZ ALL INPUT DATA WITH RES2ECT TO CHORD LZINGTH BD2

6O 45 I=2,NPTS
IF (YL1(ID4EQ.Y12(I}) GI TO 53
CONTINUE
NPAIRS1=1
D3 55 I=24NPTS
IF (Y21(1).EQ.Y22(I)} GI TO 54
CONTINUE
NPAIRS2=1
DO 65 I=1,NPTS
X14I)=X(I)/X(NPAIRS1)
X2(I) =X (I) /X {NPAIRS2)
IF (X2(1).6T.1s) X2(I)=1.0
CONTINUE
STORE LZADING EDGE AXIAL COORIINATES FOR _ATER CURVE FIT
YLO51=Y11(NPAIRSL)
YLDG2=Y21 (NPAIRS2)

BD2
BD2
5l
B2
802
B2
802
s
SO0
BD2
Bo2
802
B2
HieZ
BDe

NIN=-DIMENSIONALIZZ ALL IN2UT DATA WITH R:2S2:zCT T) AXIAL CJORJI  BOZ2

30 73 I=1yNPTS
Y1) =Y11 (I} /7Y1LIN2ATIRSYL)
Y12(I)=y12(I) /Y12 (NPAIRS1)
Y21(I)=Y21 (1) /y2L (NPAIRS2)
¥22(1)=y¥22{X) /Y22 (NPAIRS2)
IF (v21{I).GT.1.) Y21 (TI)=1.
IF (v22(1).6GT.1,) v2e2(I)=1.
CONTINJUE

WRITE NON-DIMENSIONALIZEJD INPUT DATA
WRITE (by285) TITLL,IITLZ
WRITE (6,220)

802
BGZ
302
go2
Bo2
E02
BD2
BD2
6D2
BD2
802

NRITE (64225) {XLOI)yYLlL (L), YL2(I) yX2{L)yv21(I),Y¥22(1),I=4,NPTS) EO2

PLOT NON-DIMENSIONALIZED ODATA

BD2

CALL PLOTR2 (X1,v11,7124X29Y22,Y22,NPAIRSLyNPATRS2,TITL1,TITL2,1) BDZ

NON=-DIMENSIONALIZATION IS NOW COMPLETE

BEGIN INTERPOLATIJON SCHEME
YT11(1)=y11(1)
yTi2i1r=vy12{1i
yT2141)=y21(1)
YT220131=y22(1)

NSEX=51

DO 95 J=2,4NSEX

XINC=J=~-1

XT(J)=.0+.02%¥XINC

00 75 I=1,NPAIRS1

IF (XL{I).GE«XTI(J)) GJ TO 80
CONTINUE

YTLL (D) =YL {I- D)+ iYL (D) =Y 11 (T=2 D) ¥ (XT(J) =XL(I-L ) Z{(X1 (D) ~-X1(I~
YI12(J)=Y12(I-1) ¢ (v 1200) -y 12(I-10) *(XT(J) = X1 (I-1)) 7 (XA(T}=-XL1(]~

DO 85 I=1,NPAIRS2
IF (X2(1)e32eXTCI)) 53 TO 92
SONTINUE

Y7210 ) =20 (I-1) e (Y21 (D) =Y 24 (I-1)) *(XT{J)=X2(I=1)) /(X2LI)=X2(1~
YT22(J)=y22(I=1)#p{y22(0)~=y221(I-0)) *(XTLJ) =X2(I=1)) /7 (X2(I)=X2(I~

CONTINUE

WRITZ (06,265) TIILL,TIT.2

WRITZ (54230)

ARITZ 1642600 (XFLL)yvTL1CI)yYTL2(I) ¥ T210I) YT 2203)2aI=1,NSeX)
CALL PLOTRZ (XTofT1LlyvT12,XTaYT21,YT22yNSCXyNSIXsTITLL,TITi2y2)
J0 135 TI=1,4NSzX

RSTRIAM (L) =RNAUTHRISLIPEEXT (I) ¥ X INPAIRSY)

BDZ
802
802
BDZ
BDe2
802
BD2
BED2
uwh2
502
BD2
BD2
802
BG2
1))B0¢2
1))80D2
B02
302
B0Z
1))BD2
11802
BDZ
BOZ
Bo2
32
Bl
BDZ
(D2
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100
115

110
Ce
Ce

115
Ce

120
C.

125
130

135
140

RSTREAM(2) =RNAUTHRSLOPZ*XT (I)*X(NPAIRS2)

RAD(1)Y=S1/RSTREAM(1)

RAD(2}=S2/RSTREAM(2)

YLSAULY =YT14 (1)

TLSQE2) =vT214¢ 1)

CALL LSQL (2yR8D,YLS2,YER1,YSLPL,PZ,SRSQ)

YL3QLL)=YT12(1)

YLSQE2)=vT22(1)

CALL LSQ1 (29RAD, 1.SQ,yYZER2,YSLP2,PE,SRSQ)

00 100 J=1,%

RINC=J~1

RADIJUS=e1J+,20%RINC

Y1(JyI)=YZIR1+YSLPL*RADIUS

Y2 Jy T)=YZER2+YSLP2*%RAVIUS

CONTINUE

CONTINUE

NRITE (64265) TIfLL1,T]IT.2

ARITE (64,235)

DO 11J I=1,NSEX

WRITE (6424L2) (XTUD)y Y1 LUy 1)y Y2(Jy1I),J=1,5)

CONTINUE '
PLOT NON=-DIMENSIONALIZED JATA FOR INTERPOLATED BLADE SECTIONS

CALL PLOTR3 (XT,Y1,Y2,NSEXsTITLL,TITL2,1)
LSQ FIT TO LEADING £0GZ COORDINATES

YLSQ(L)=X(NPAIRS1)
YLSQ(2)=X{NPAIRS?2)
RSTREAM(1) =RNAUT+RSLIPE*X(NPAIRSY)
RSTREAM(2) =RNAJTERSLI>T*X(NPAIRS2)
XLSQ€1)=S1/RSTREAM(D)
XL3Q(2) =52/RSTREAM(2)
GALL LSQ1 (2,XLSQyY_32,YLIZ,YLES,PE,SRSQ)
30 115 J=1,5
XM=J-1
XINC=¢10¢.,20%XxM
XLEDG(JI=YLEZ+YLES*XINC
CONTINUE
LSI FIT TD LEADINS EJGI AXIAL COORDINATES
YLSQ(1)=YLODGY
YLSA(2Y=YLDG2
CALL LSQ1 (2,XLSQyYL35QyvLDZyYLUS,2E,SRSQ)
00 120 J=1,5
XM=j-1
XINC=.104+,20%xM
YLEDG(J) =¥LDZ+YLDS*XINGC
CONTINUE
COMPUTE INTER?JO_ATZID B_.A0Z SEZCTIONS
D0 134 J=1,5
00 125 I=14NS:zX
XBS(Jy I)=XT(I)*XLEDG(J)
CONTINUE
CONTINUE
00 130 J=1,5
DC 135 I=1,4NSZIX
YLUJ, DI=v1i(J, DD *Y L2360
Y2AUUs D) =v2(Jy 1) *¢L 23561 ))
CONTINUE
SONT INUC
ARITZ (6,255) TITLL1,TITL?2

BD2
BD2
BD2
8D2
8D2
BD2
BD2
BD2
BD2
BD2
302
BD2
BD2
BD2
BD2
BO2
BD2
802
BD2
BD2
BD2
BD2
BD2
BO2
BD2
BD2
8D2
BD2
BD2
BB2
BD2
BD2
B8D2
3D2
802
802
BD2
BD2
BD2
B02
802
802
BD2
BD2
BO2
BO2
BD2
BD2
BD2
BD2
BD2
BD2
302
BD2
802
BDZ
BD2
BD2
BD2
BD2

362
362
364
36€
368
370
372
374
I7¢
378
380
382
384
38¢
388
390
392
394
39€
398
4040
402
404
40E
408
410
412
bi4
41le
418
421
422
424
426
428
430
432
L3y
436
438
44
442
Ly
Lie
448
450
452
454
456
458
460
462
Lo4
46€E
L4oe
L7¢
L7¢
474
47¢€
47¢
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ARITE (0,245)
JO 145 I=1yN3EX
WRITE (092530 (XBSUJsIh YL (JyTYoa¥20J)21)50=143)
SR B SO S N

Poat NGeMb L YT Nt ReGLaTEDY N3TA
SALL ALOTRE (335, v 1,7 2 NSEX,TIT U1, TITLZ, 1)
SONT I wJE
TF flpoNTHenldt G5 13 10
NScX=NPTS

SR U8 STEMATSD TR IMATES

LINEARIZE 272 VERSJS AXIAL DISPLACEMENT
XL3Qe1l) =0,
XLSQ{2) =k«
YL3QEL) =FST
YLOALZ2E =7 50
GALL LS53Q1 (2,XLSQ,Y.SAyRAXZHyRAXS,PE,5RSQ)
LINTARLZATION SOMP_ETE *%% RQUAX)=RAXZ+RAXI*AX

SEV 0P ax MATRIX 3F OXTAL DISP_ASTMENTS
(~=33 2RCANT TD) +66 PRINT SECTIONAL SPAN)

AX{L)Y ==HX/ S,
AAINSoX) =3 ¥HX/T,
ANPY =NSLX-1
AXDE L T={AXINSEX)«AXtLi) ZUXNPT)
DO 155 [=2,6N5EX
AX{T) =AX{I-1)+AXDELT
CONTINUE

CIIPUTE RXx HMATRIX OF FRIESTREA4 RADIAL DIMINSIINS AS FlAX)
J0 160 TI=1,.N5:X
RX{IY =RAXZ4RAXS¥AX ()
ONTINUE

PINCH INPUT FIR CAVITATION PROSGRAY »¥#» Y1=PRESSU2EyY2=SUCTION

BRAU=2 . %75

NOUM=1

BANG=6,28318/2NUM

PUNCHZ295,TITL L

PUNCAHZ2L5,T 112

XSTPRI[=5

IF AINTZRP.GTLI)Y GO TO 170

KSTPR[=2

K=1

UJd 16% I=4{,m"1S

YLKy [V =v11i])

Y2 Ky [)=Y12(1)

XBS{K,y1)=xil)

CONTINUE

=2

JO 173 T2y NPITS

Y1 (K I) =250 (1)

Y2U(K, 1) =22¢(T)

CUNT TN

J0C U9 Tt kSTPRI

INC=1 0+ {r=~1)¥20

UMt ey LN

JUVL*?'J,N%EKpﬂSEX,NS&X,NDUM,NDUW,NSEX,BANG,JSINC,&QAD,EVC,BNC
PUNDH ProSSURE Ry SOORDINATES

PJN‘;J‘;“J‘),(Y.’L&’(, 1: ,[:l;NSE.X)

207
BD?2
BD2
gDz
Hn?
AR
802
8307
Bz
BNz
Bn2
1 0 N
302
BDe
802
B0z
B8l
BOZ
BD2
D2
BD2
B0z
BD2
BDZ
802
Bo2
BN2
BD2
BD2
BDZ
BOZ2
802
Bo2
BD2
BD2
BD2
802
B0O2
BD2
gnz
802
BD2
BD2
BO2
802
BD2
802
BO2
802
802
802
BO2
BDZ
BOe2
BD2
802
BD2
302
BD2
BD?
gne

480
482

“84
L4b
LES
490
492
494
496
498
G40
%12
504
506
5J8
510
512
514
516
518
520
522
Hh2u
526
528
530
532
534
536
538
5412
542
el
546
548
550
552
554
556
558
560
562
560k
506
568
570
572
274
576
578
580
582
584
586
588
5390
592
534
596
598



185
Ce

190

195
200

235
210
215
220

225
230

235

240
245

250
255
200
2n5
270

PUNLH SUCTION RyZ COORDINATES BD?2
SUNCH295, (Y2{KyI) 9 I=1yNSEX) 802
COMPUTE CHORD COURDINATES 802

30 175 I=1,NSZX 802
YSCOUI)=(Y1(KyI)4Y2iK,1)1/2, o2
SONTINUE BD2
PUNCH CHORD Jy2 COOIDINATES BD2
PUNCH235, (YCCHT) g I=1y NSEX) 302
PUNCH SUCTION THETA COORDINATES 302
BUNCH295, (X8S(KyI)sI=1,NSEX) 802
COMPUTE PRESSURE ANJULAR GOORDINATES 802

JJ 130 I=1,NSEX BD2
TPAC(I)I=XBS(KyI)Fr353.73NJM 802
CONTINUE B8D2
PUNCH PRESSURE TH:TA CIOJORDINATZ=S BDe2
PINCH295, (TPAC(I) yI=1,NSEX) D2
PUNCH CHORD THETA CIOROINATZS BD2
PUNCHZ235, (XBS({KyIdyI=1,NSEZX) Bo2
CIOMPUTE RD MATRIX OF STREAMTIUBI ADII FOR PRCNI BLADS SECTION BD2
XJ=K=1 RD2
XINC=+10+.20%XJ 302
03 185 I=1,4NSEX 802
RO(II=RAX(IDI¥XINCHH_+ (AX=-AX(I))*TMLTAN 302
CIONTINUE 802
COMPUTE BD(I) = STREAMTUBE WIUTH AS F(AX) A 802
NMID=NSEX/?2 8602
RMID=RX(NMID) 8D
00 130 I=1,NSIX 802
SD(I)=STHWNOM®*RX(I)/R11D BDZ
SONTINUE BD2
DYBETA=RO(1) =RD(NSZX) BD2
DXBETA=2,¥HX BO2
BETA=ATANZ(DYSETA,0X3:ZTA) 802
SIAD=SINI(BETA) 802
DO 195 I=1,NSIX 802
PUNCH3JIyRO(IN)4BI{(I)ySIA0,AX (1) BDZ
CONT INUE BD2
CONTINUE D2
GO0 T3 11 Bu2
STOP 802
BD2

FOIMAT (/72X51HCORRECTZD INPUT DATA FOR 2 MCASURED PARALLIL TO /L7802
1) BD2
FORMAT (Z2X4JHNORYALIZED INPUT DATA FIR SEZSTIONAL JATA,/76X2HX 421(8X302
12RYL1,3X24HY2)7) 302
“ORMAT (2X78HANON-JDIMENSIONALIZED INPUT DATA NJORMALIZED T3 TRAILINGRDZ
1 EDGE ~0R SECTIONAL INPUT,/2(8X2HX 48X2HY1,8X2HY2) /) BD?2
FORMAT (5F18.4) BD?2
FORMAT (2X45HINCREMZINTAL 2ERCENT CHIORD DIRIVED DATA POINTS,/78X2HX BDZ2
1,2(8X2HYL,8X2HY2) /) ED2
FORMAT (2XLBHBLADE SECTIONAL DATA EXTRAPOLATED FOR 5 SECTIONS,/5(5BD2
IXZ2HXT 3 5X2HY146X2HY2) /) BO2
“ORMAT {(15FB.0k) BD2
FORMAT (2X53HNORMALIZED INPUT DATA FOR INTERPIOLAT:ED 3LADS SECTIONSEBD2
19/5(6X2HK yB6X2HY Ly 5X2HY2) /) 802
FIRMAT (5(FB8e292F8,.4)) 302
FIRMAT (6A10) BD2
FOIMAT (5F13.4) 3p2
FORMAT (1H1,8A8137/7341)/7) BO2

FORMAT (GLXS53HINPJT JATA FOR TZONTINUOUS BLADE SECTIONS AT LOCATIONSED?

et e AR L AN AN o A o AN o AN A N « DR AN AYs SUa SRS A BOo oS0 Al o AT s AS AN SN0 AT o S o SO o A9 o 2N AN n BN 0 20s AN's 2s Ao 2N DN s SHPL NP SN ARPL SRIPC P NP N i 2 sl e 1 e i o L o)



15

‘80
285

280

235
300

10

1¢/1EX5HRLI = «F8.3¢10X5HR2 =
FORMAT CGX3LHT NPT TRABLILING
1CXeFl8a4)

FORMAT (1015}

FORMAT{UX3IZHINPUT DATA FOR BLADE SECTION AT

$L)
FORMAT(ETIS,5F10.4)
FORMAT(1GF 8.3
FORMATINELIUL2)
END

SUBROUTINE LSA1 (NeXeYeAsBsPEsSRSQ)
LINEFAR LEAST SQUARES SUBROUTINE FIT

R A 2FEHNLE.eeee NOVEMBER 1968
EQUATIGN ... YZA+BX
PROGRAM VARTABLES

N NUMBLR OF PAIRS OF DATA POINTS (XrY]
X ARRAY OF INDEPENDENT VARIABLES o
Y ARRAY OF DEPENDENT VARIABLES

rF5.3e/5X3IHPHI »2L8X2HY198X2HYZ2) /)
COORDINATUSe /P10 GUF 1500/ Gulte 7502

As3 CONSTANTS OF STANDARD FIRST CRLDER EJUATION
PE PROBAELE ERROR OF FIT OF DATA 70 CURVE

SRSQ@ SUM OF THE RESIDUALS SQUARED

DIMENCSION X(1)e Y1)

IF (N.LE.1) GO 71O 15
$X=0.

SXSG=0.

SY=C.

SXY=0.

SRS@=0.

DO 5 I=1sN

SYZSY+Y(TI)
SXYZSXY+X(T) =Y (I)
SXZSX+X{TI)
SXSQA=SXSAe+X{(Ihee2
DEN®SXSO-SX*SX
AZ(SXSQeSY-SXeSXY) /O
Bo(N+SXY~-SX*SY) /D

DO 10 TI=1eN
SRSA=SRSG+(Y(I)-A-EsX(I)})s»2
PE=.675¢«SQRTISRSA/(N-2))
RETURN

ERROR MESSAGE INDICATOR
WRITE (€£+20) N

RETURN

FORMAT {1X36HERROR IN INPUT TO LSG1

END LSQ1

N INPUT AS

e1IS)

209

BD2

Bo2

302

#I3v1X14HPERCENT RADIABDZ

502
BD2
a2
02

802

lLai

LQ1
1061
LGl
LQl
tal
LGl
LG1
LAal
LGl
La1
Lal
LGl
tal
La1
tal
Lal
LG1
La1
Lgl
LQ1
LG1
LAl
LGl
LAl
LG31
LAl
La1l
Lal
L@l
LG1
La1
La1
Ltal
Lal
La1

720

iz
TZb
728
730
132
744
T36

T4

LR~ WM E N
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[ =4

N

™
45

46
47

SUBROUTINE PLOTRIU(XeY11eY12+Y219Y2ZeNeTITLI»TITLZ2yIS)
DIMENSTION XU1)eY1101)e¥Y12{1)eY21¢81)0eY22(1)»

STITLICB) o TITLZIB)oTi 169)eTL2(9)

DATA 11Ty T 289V F T HSL 2 Z2HS e/

DATA XSYMBeVYSYMEZIITHLTA $.21CHAXTIAL 7 %o/
CALL TINITZS8O0

DO 1 T=1.8

TLILI»=TITLL(D)

TL20Y)CTTITLZ24T)

XMINZOC.

YMINZ-DO.

XMAX=X{1)

YMAXZ=Y12(1)

DO 2 I=2sN

IF(XII).0V.XMAX) XMAXZ=X(I1)

JFIY12C(I) 0T YMAX) YMAX=YL2(I)

CONTINUL

CALL MAPG (XMINeXMAXeYMINsYMAXt elreTrel5va9)
CALL LINLOPTICs1)

CALL CHAROPTUIOsCel1+3+01

CALL ABSBLAM{.0lr.98)

CALL SYM3OL(TLL)

CALL ABSBEAM(.01r.S4)

CALL SYMSOL(TL2)

CALL ABSBEAM{ .52 .07)

CALL SYMBOL(XSYM3)

CALL ABSELAM (.10¢.02)

IF 11S.£Q.1) CALL SYMBOL (36HECHD PLOT OF INPYT DATA SECTIONS
IF (IS.EG.2) CALL SYMBOL (36HDATA NORMALIZED YO TRLNG EDGE
CALL CHAROPT(OeCrele1+0)

CALL ABSBLAM{.01:.5)

CALL SYMBOL(YSYM3)

NST=N-1

DO 45 I-1eNST
IF((Y11(T)abEQeOe)aORtY11(I*+1).EQ.O.)) GO TO 44
IF{Y11(I)EQ.Y12(I)) GO YO 4y

CALL LINE(X(TIPoeYL1It¢I)eXEI+1)eY11(I+1))

CALL LINZUX(I)sY12(I)oX{Ie1)eV1211+¢1}))

CONT INUE

CONTINUC

DO 47 T=1.NST
IFt(Y21(I1)eEQa0a)eOR1Y21{I+1)eE£Q0)) GO TO 45
TF(YZ1tI)EQaY22t1)) GO TO 4B

CALL LINECXT{INeY21(I)eX(I#1)eY211I¢1))

CALL LINLUIX(I)eY22(I)oX{I+1)s¥Y22(I+1))
CONTINUL

CONTINUE

CALL FRAME

RETURN

END

PLT1
PLT1

!
f

PLT1

PLT1
PLTL
PLT1
PLT1
PLT1

!

PLTL

PLT1
PLT1
PLT1
PLT1
PLT1
PLT1
PLT1
PLT1
PLT1
PLT1
PLT1
PLT1
PLT1
PLT1
PLT1
PLT1
PLT1
PLT1
$.1PLT1
$.JPLT1
PLT1
PLT1
PLT1
PLT1
PLT1
PLT1
PLT1
PLT1
PLT1
PLT1
PLT1
PLT1
PLT1
PLT1
PLT1
PLT1
PLT1
PLTL
PLT1
PLT1
PLT1
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SUBROUTINE PLOTRZ2(X1eY119Y¥129X29Y219Y22sN1sN2sT1eT2+1S)
DIMENSION X1(1)eY11( 1o Y1201 )eX2(1)eY2101)272201)T1(8)T2(8),
V09T 209

sa VA
DATA
caLL
DL

TLAIT9I e TL213) 72 v 2HE L/

XSYMBoYSYME/IOHTHETA T2 10HAXIAL 2 %7

INIT280
I-148

TLI(IISTLATY
TL20T)2T247

FHTHR
¥YMKINC
XMAXZ

YMAXTY1Z(1)

0o 2

S
e

O

X1(1)

1=2e¢N1

TFUXI(T)CTLXMAX) XMAXZX1(I)
TEIYL2(1).GT.YMAX) YMAX=Y12(I) i
CONTINUE

CALL
catlL
caLy
CALL
capL
caLt
CALL
CALL
CALL
CALL

MAPS (XMIMNyXMAXs YMINeYMAXewuloaTrel5re )
LINEOQOPT{(L 1)

CHAROPT{D:C»1¢0+0)

ABSELAML.0U1v.98)

SYMBOL(TLLD

ABSOLAMU 01a e84}

SYMSOLUITL2)

ABSBEAM L% .07}

SYM3OL(XSYM3)

ABSBEAN (2109.02)

IF (1%.EQe1) CALL SYMBOL (36HNON-DIMEN DATA
IF (IS.EQ.2) CALL SYMBGL (36HNON-DIMEN DATA FOR 51 DATA POINTS $.)PLT2

CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL

CHAROPT(OeCslel 0}
AESBELAME o019 e5)
SYMBOLIYSYMA)
LINLESIX1eY11wN1)
LINES{XlsV¥12enN1)
LINES(XZ9YZ21eN2)
LINLES(X2sY22eN2)
FRAME

RETURN

END

211

PLTZ2
pPLT2
PLTZ
PLTZ
PLT2
PLYZ2
PLYZ
PLT2
PLTZ2
PLT2
PLT2
PLT2
PLYZ
PLT2
PLTZ2
PLT2
PLTZ2
PLTZ2
FLTZ
PLT2
PLTZ
PLTZ
PLT2
PLT2
PLTZ
PLT2
PLTZ

“OR INPUTY DATA PTS $.3)PLT2

PLTZ2
PLT2
PLT2
PLTZ2
PLT2
PLT2
PLT2
PLT2
PLT2
PLT2

o1
02
03
Cuy
05
Go
c7
D8
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39=»
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4y

60

SUBROUTINE PLOTR3I (XsYLleY2eNoTITL1eTITL2¢1IS)
DIMENSION Xt1)oYI(501)eY2(S5¢1) e XP(51)sYPLUS1)sYP2(51 )
STITLI(B) e TITLZ2(8)YeTLI(S)eTL2(9)

CATA TLI(S) +TL2(83/7HSas2HS e/

DATA XSYMBYSYMB/LUHTHLTA Pes IDHAXLAL 7 3a7
CALL TINITZ80

DO 1 I=1.8

TLICI)ZTITLACY)

TL2(IY=TITL2(Y)

XMINZ=Q.

YMIN=Q.

XMAX=X (1)

YMAXZY1(1.1)

DO 2 I=1¢N

IFIXIT)aGTXMAX) XMAXZX(I)
JF(YIC€1s])eGTaYMAX) YMAXZW1I(1+1)

CONTINUZ

CALL HAPG (XMINeXMAXyYMINSYMAXrele¢92.159.9)
CALL LINEOPT(O.1)

CALL CHAROPT(UO+091+0¢0)

CALL ABSBEAM({.01..98)

CALL SYMBEOL(TL1)

CALL ABSBEAM(.01s,94)

CALL SYMBOL(TL2)

CALL ABSBEAM{.50.07}

CALL SYMBOLtXSYMB1

CALL ABSBEAM (.109.02)

PLT3
PLT3
PLT3
FLT3
PLT3
PLT3
PLT3
PLT3
PLTZ
PLT3
PLT3
PLT3
PLT3
PLT3
PLT3
PLT3
PLT3
PLT3
PLT3
PLT3
PLT3
PLT3
PLT3
PLT3
PLT3
PLT3
PLT3

IF (IS.EG.1) CALL SYMBOL (36HNON-DIMEN DATA FOR INTERP SECTIONSS.)PLT3

IF (IS.EQ.2) CALL SYMBOL (36H
CALL CHAROPT(OsOs1v1+¢C)
CALL ABSBEAM(.01,.5)
CALL SYMLOL(YSYMB)

DO 60 J=1+5

00 44 I-1sN

XP(IV=X{I)
YPI(IIIZY1UtJoI
YP2(I)IZY2(JeT)

CONTINUVE

CALL LINESIXPsYPLleN)
CALL LINES{XPoeYPZ2eN)
CONTINUEL

CALL FRAME

RETURN

END

$.IPLT3

PLT3
PLT3
PLT3
PLT3
PLT3
PLT3
PLT3
PLT3
PLT3
PLT3
PLT3
PLT3
PLT3
PLT3
PLT3



44

45

48

49

50

SUBROUTINE PLOTRY4 (XeYLlo¥Y2sNeTITLL1eTITL2,1IS)
DIMENSTON X{5¢1)oY1(5¢1)eY¥205e1) s XP{S1)eYPLISE1)+YP2I51)y

STITLLILEY » TITL2I8) e TLLIS)TE2L DY

DAYA TLIUSY e TLZEG YA 0HS . v IHEa S
DATA XSYMBsYSYRL/ZLOHTHDTAR . LOHAKLAL 7 %7
CALL INITZ28C

DO 1 IZ1.8

TLICIYZTITLLICT)
TL2CDYZTITL2(T}

XMINTC,

YMINZC.

XMAXZX (1,11}

YMAXZY1(1el)

DO 2 TZ1N

TE(X{1eI) e0TLXMAX) XMAX=X(1+I)
TF(Y161oI) .6TLYMAX) YMAXZY1(1.I)
CONTINUC

CALL MAPG (XMIN»XMAXeYMINsYMAXr2ls29¢ea159.9)
CALL LINCGPT{Oe1)

CALL CHAROGPTI{Ge0v1e0:0)

CALL ABSGEAM{.O1r.98)

CALL SYMBOL(TL1!

CALL ABS3EAM(.0ls. 34)

CALL SYMBOLITLZ2)

CALL ABSIEAMILS5».07)

CALL SYMBOL(XSYMB)

CALL ABS3LAM (.10v+.02)

IF t1S.£Q0.1) CALL SYMEBOL {36HNRMLZD DATA FOR 5 INTRPLTD SECTS
CALL CHAROPT{GeOvlelsD)

CALL ABSBEAM(.0l1s.5)

CALL SYM3OL(YSYME)

DO 60 JZ1:5

DO 44 T=1eN

XP(TI=X(JeI)

YPL(INZY1 (U 1)

YPZ2(IIZY2(J»I)

CONTINUC

JL=1

KZJL+1
IF(LYPIEK)-YP1I(JL})GTDe) GO TO 48
JL=ZJL+1

GO T0 45

CONTINUC

NPZN

IF(JL.ERL1) GO TO 50

IKZI+JL-1

XP{IVZXP(IK)

YPFL(I)ZYPI1{IK]}

YP2{IYZYP2I(IK)

NPZT

I-I+1

IF(IK.LTN) GO TO 49

CONTINUC

CALL LINES(XPsYP1sNP)

CALL LINLSUXPeYP2sNP)

CONTINUE

CALL FPRAMC

RETURN

END

213
PLTH
PLTY
PLTY
TLIh
PLTY
PLTH
LTy
PLTY
PLTY
PLTY
PLYT R
PLTY
PiLT4
PLTY
PLTy4
PLTY
PLTY
PLTY
PLTa
FLTY
PLTY
PLTHY
PLTY
PLTY
PLTY
PLTY
PLTY
$.IPLTY
PLTY
PLTY
PLTY
PLTHY
PLTY
PLTY
PLTY
PLTY
PLTY
PLTY
PLTY
PLTY
PLT4
PLTY
PLT4
PLTY
PLT4
FLTH
PLTY
PLTY
PLTH
PLTHY
PLTH
PLTY
PLTY
PLTH4
PLTY
FLTU
PLTY
PLTY
PLTu

a1
02
03
Ok
05
n7
08
ns
ia
i1
1z
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
13
Iy
35
36
37
38
39
40
41
42
43
4y
45
46
47
48
49
530
51
52
53
54
55
56
57
58
59



214 Sample Input Data
TUR3JIPUMP INJUC:R CAVITATION ANALYSIS FOR NAS8-26266 F/0, 17 JAN 1972

F=1 LOXy 2 TNPUT SLAQE Y TANS INTERPILATYED 1) 10,30,50,70,90 PRCNT SECTION
INPUT DATA FOR CONTINUCUS BLADE SECTIONS af LOCAT IONS
21 2 W75 RS = 4,500
PHI Yi Y2 Yi \ 4
13. 0033 »32540 « 5250 O g
15.0000 «52933 «+5353 0. 0.
20.0000 «b305 « 8514 O 0.
25.0090 e 7243 1.0031 O 0.
30.0000 «B8224 L.1502 0 0.
35,0000 «3333 1.29327 Go 0.
40,0000 «93573 la4307 0. 0.
45. 0000 1.30%0u L5640 (1 J.
50,0000 1.1283 1.€327 0. 0.
5540080 121443 1.8165H O O
60.0000 13054 1.9359 Oe 0.
65. 0000 1.4015 2.0505 Je 0.
70,0030 1.5022 2eal1502 1.3300 1.8340
75. 0000 1.6081 242580 1.8806 1.9973
80.0000 1.7154 243750 1.9489 2.1462
85. 00300 1.8257 2. 4343 2e«0280 2+2841
90, 0000 13350 245330 21181 2el114
95. 4000 240445 2.7013 242196 245263
100.0000 261543 28111 2+.3289 2.6304
105. 0000 2e2543 2.9206 2.4397 2s740H2
*20. 0000 2+5953 3.2508 2.7699 3.0773
135.0000 243309 3.5838 3.1037 Jelk111
1500000 3.2582 3.3197 3ol 37476
165. 0000 3+.0043 4e 2583 3.7797 L.0870
130.04000 3.)513 4.6000 Lel2280 Lhoel233
195. 0000 ba2972 LaL4L7 Le4B73 4e774b
210. 0000 4,6463 5.2926 44,8158 5.1231
225.0000 4.3386 5.6439 5¢1676 S.4749
240.,0030 563543 %.9985 5.5228 5.83400
255. 0000 57135 he 3569 5.8816 be.134343
270.0000 661765 Be 7190 bel2bll 6.5514
285. 0000 Beuts 3D 7.0853 be.6108 6.3180
300.0000 beSL U7 744545 6.9817 7.2830
30%5. 0000 5.3433 7.5701 7.1063 741306
310.,0000 7.3311 7.6779 72320 7.5379
315.0000 72286 7.7778 73634 7.6503
320.0000 7.3700 7.8699 75100 77433
325.0000 75150 7.950¢0C 76350 78550
330.G000 7.5350 3. 0150 77600 7.95010
335.00040 7.3504 3.0750 7.9000 8.0300
340.000 80500 8.1250 8.0600 8.1151
INPUT TRAILINS E0GE SO0ORDINATES
340,0000 31250

340.00080 81150



Sample Output Data For 1 Blade Span 215

TURGCGEIME THNDUCEE CaAvITATION ANALYLIS TUR HNALL-20206 F/0e 17 JAN 1272
TLAXe 7OINPJT Sl DT STCTTIANS TUHTTRCGLATLY TO 1093345047030 PRONT SECTIONS
|GRTFANNTIN ST A SR SR I SO S O P A Lo PTEDERT RALTAL
Sl ! i PR R ey s L3 0d s 2000 MEPRERSRARY
176 o U3 N Wil A DR G 1.317 Jebold l.047 1.810
. 173 .17 P a4 PRI Ja G 2.532 3«04 Je24%1 Jo4700
R e 10 e ol Yo A0 a1 Ne ST G L5179 heb sl 4,701 £ 232
s 1731 e 220 ve 170 .04 Tl De3d22 G969 welll G261 G.8060
Tl (N M PN Te M170 ferl8 T.779 TLIUH LBy 7.549
. O e 41 I e 271 . 503 53 AR .383 1.1K5
, 337 1,37 oot 1.037 Le U5 24146 Dalb 2dUZT 28176 24751
RETRTN SN Lad b Se D hd RIS Setnl 3.602 3,662 Yelud 4.252
, 4] B, 8540 1.0 G 1e 017 4 42370 Jelldb Seddld 3420 2e571 5.715
, A7 5 007 Lesul Gl IR Ge632 6.812 b.24% T.15%3 7395
60
L1130 L 0T e 50 009 R A1 2 G225 «987 I 4151 1.315% 1.478
LGS L.an? PP RPN Told T2l Jetiy 2 le3E 24155 24912 3.0017
RN 1.37¢ w1 se ity se 32 3,589 4,340 4,292 b,442 4 .5¢2
L Tu ad 3 5.1 00 T e 333 .79 .29 23.771 54256 6.061
GRS (o287 Lot Leboh wa tLC eSS {045 7.185 7.3298 7472
3
(o L7 Lled st 30.N28 AR I N Joed dh 39.850 40 <449 53.1 12 59.785
nr? 13,278 7Tie 742 3o 305 IR R 334641 1094284 112.927 1174559 126.212
CASES 130,499 LG, 140 150783 19044876 lolW.008 172.711 175,354 185.897 182.638
232 209,379 7120559 219,710 T2542%7% 232,435 2394139 245,181 252.424 259,067
71 PTTLROD 276090 RN, 202,82 24984923 I05.560 212,209 21£8.851 325.494
137
120,607 123,207 139,975 1454571 14524214 159,856 100 .4%2 173.142 1719.785
173,370 192,707 2254150 126700 Ti%endl 2254234 2324327 239.5539 240.4212
2HA,UCH 2CCLIHD 2706782 270,420 28040 b% 292.711 299,354 30%.997 31Z2.039
75,375 3370000 3334700 40092 25 .425 359,139 268954741 372.424 373.051
3O, TND IO L 0N G0N 033 G10.781 410.905 KI5.506 432,205 438.8510 445 .4CY
e LUHT 13.25% 17,4000 RVIRRTIY I 2oec il 2.8685%0 Lo L,498 53.142 59.7185
421! 737270 73,713 104356 D223 J9%.bhl 1064234 1124927 1194549 126.212
205 139,808 160,180 192,752 157,420 130.008 172,711 173.3594 185%.997 192.633
23T 20840700 2170050 203,71 I734%9 7 2324436 334139 245,700 252474 233,057
T10 2723592 T7 0. 0% 2000038 202,051 TYUC L2 305500 Jid.208 216,851 325.498
1317
9+ 30 1.7 00 -00 Ji=Cl. +L0
27400 1210 -11 N 1-2.257230+03
1060 1.8277-70 1,.07°%0~-0G1-1.8510(0+00
22407 134T -01 1513 0-31-1e6450+10
TCLCLO 1.9 =71 1L.80190-0i-% L2300 0L
NTe 0D YO0 (e TTI-UI-10T127 7400
SEM0U 1L AET -0 1.87C0-0i-T.1370-01
170 1.3070-00 1,27 2-ad1-9.10710-01
£C400 L -0 Ten Tl -0I-2 00 TN-01
VT eun TLI31U-01 D00l 20053001
GE+CG Te{1nZr =00 18130 -0U1 a1l or-01
17«00 7LaN67 -0 1. YT v T-ul Y2l
AR 3 SRS HERA A S GRS SIS Y OO SVOR DA SN
RS A N R N O A R U1 Y SR ARG A SR
LU« TL100 -0 TeR Tl LT T
£, Tl 2 T T i ! A
IR U N N N N S
Pooe i ot t.T 2 ; I I
SR ST LT PSR A R
T Taoih Cat . s T T
17+ - - - N . [



216

2.9037+30
C.BULT AT
2.718%2+30
2.7267+C0

2.667-+017
2.6ULET+(00
2.5407+C0

L4CS0TC+00
2.4312+002
2.372C+00
2.3147+39
2.255C0400
2.1936Z+03
2.137F400C
2.,79;+bﬂ
2.018C+00
1.9002+30
1.9017+G0
1.3422+310
1.7830+00
1.724-+319
1.665%C+00
1.68072+02
1.5487+00
1,483 +3C
1.4Z20E+350
1.271Z 40

212€8+00
142532433

J

ra
.

.3
]

E T o T R S T T SO T o S T )
& & & v & & & 9 »

)
.

LI TS L B O )
e & ¢ s ¢ & e o

/N I N SR B 0 OO B 3 PR Y I Y (S R
e 8 o o & &

4533C7-31
Yol -0 1
SA00-01
531E-01
56522-211
SAGL -1y
5292-11
G500 -0i;
&637E-301
71¢C -1
I50L-01
751E-01
2128-11
auai -1
8157-21
angL -0l
2331F-014
TR
15e-01
azic-n.
1670-21
gcuyf-rj
12°¢C-4.
15GC-01
137C-21
210001
250E-903
231C-C1
312e£-11

lo87%0-412
1,973

-Ji

1.?73--”1
l.a718r~40z
1.3722-31
l1.87111-2

hi
-

1. 17”2-
l-"?l‘r
1. )l ,'
1.8791-
1.37““

CJCJ(_JC_JL_JC‘LJ(
s—d;.ab-;.‘klg.ab—-;. LEINS

[ Biatd
-
o]
-
[Xe] v
r‘\
G

Ne2030 400
1 LI TUHDID
We XD L0 sl
_;-¢.2 {'up
JedbLl T e
el G4 Hr'

60970 +0.
L.:Bf[*ﬂﬂ
He0l 30+
£.981E+00
7.239E+UJ

970400
7.934L+1“
Nel13E400
J.921E+0C
$.82°0+07
3127040
T4 nEs
B BVINRER ST
1.50u0+01
1.2370+01
1oL+ 31
1.0%30+01
1.1256401
1eluJdi+v0l
1.19174+401
1.2220+01
1.2520+01
1.28310+31



Feedline wall

—

lade Sectional Data

2] %)

1orlied by Drawing

7
7

Additionsl 3laae
Sections Derived
From ZSupzlied Data

Feedline wall

Figure F.1 Typical Inducer Showing Blade Sectiouns
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320

240
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Input Blade Sectional Data

Figure F.2
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(uty 7 TYIXY

THETA (deg)

Input Data Normalized To Trailing Edge

Figure F.3
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.00

(ut)

THETA (deg)

Figure F.4 Non-Dimensionalized Input Data
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Figure F.5 Non-Dimensionalized Data For 5 Blade Sections
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300

240

180

120

60

THETA (deg)

Figure F.6 J-2 LOX Data For 5 Blade Sections Normalized To Trailing Edge



