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FOREWORD

Rocketdyne, a Division of North American Rockwell
Corporation, has prepared this interim report which
documents the work performed in fulfillment of the
program, “Thermodynamic Improvements in Liquid
Hydrogen Turbopumps,” during the period from 17 June
1966 to 17 June 1967. This program is sponsored.by
the National Aeronautics and Space Administration
under Contract No. NAS8-2032L4. The work was per-
formed by the Advanced Turbomachinery Unit of the
Turbomachinery Department and by the Heat Transfer
Unit of Advanced Projects Department. The program
was administered by Mr. J. Suddreth of NASA Head-
quarters and by Messrs. T. W. Winstead, J. Vaniman,
L. Gross and R. R. Fisher of Propulsion and Vehicle
Engineering, NASA Marshall Space Flight Center.

Mr. R. R. Fisher, as technical Project Manager, pro-

vided overall technical direction for the study.

ABSTRACT

Analytical and experimental results are presentéd of
an investigation to develop engineering criteria to
analyze and improve liquid hydrogen turbopumps for
rocket engine applications from the standpoint of
alleviating the constraints of extensive puﬁp thermal

preconditioning and a narrow starting region envelope.
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INTRODUCTION

Advanced cryogenic oxygen/hydrogen rocket engines for present and future
mission applications must incorporate rapid start capability free of com-
plex start and preconditioning sequences., To achieve this goal, the turbo-
pump, as well as other related engine components, will require development
of designs which allow rapid conditioning or chilling to cryogenic tempera-
tures or which allow ingestion of vapor without serious loss in performance.
Factors influencing rapid chilldown are numerous and include vehicle mission,
space environment, engine design, and the basic structural configuration and

hydrodynamic design of the turbopump.

The problem of chilldown of the 1iquid hydrogen pump arises as a result
of the extremely low temperature to which the pump must be reduced before
the pump can develop the required pressure and flow for an engine start.
If the pump were insufficiently chilled, large vapor formation would
result at subcritical pressures and large density changes would occur

at supercritical pressures. Because of the inability of the pump to
develop the required pressure with vapor, and the large vapor resistance
downstream of the pump, the pump will stall, cavitate or surge and will
prevent rapid engine start., An outline of the approach taken in the
study program just completed to develop thermal design criteria for
liquid hydrogen turbopumps is described below and is delineated into

four task study areas.

For all applicable missions where single altitude start and restartable
vehicles are involved, the primary problem to be considered is the degree

of pump chilldown and conditiéning required. Upon development of design
and environmental criteria under Task I (Pump Thermal Design) and Task III
(Preconditioning and Thermal Protection), alternative pump design approaches
are established and a basis for design of an optimum pump is obtained. Dur-

ing Task I and Task II (Materials) both the severity of the heat transfer

R-7138 1



problem (in terms of vapor time-rate generation), and the pump vapor swallow-
ing capability are explored. This analysis provides the criteria for estab-
lishing start time required by various pump configurations associated with
different start sequences and permits the effect of turbine drive cycles

to be evaluated. Strength and chilldown capabilities of materials, includ-
ing both metal and nonmetal coatings,are compared under Task II. Task IIT
develops alternative and "system" solutions for alleviation of the pump
chilldown problem either through preconditioning by hydrogen bleed through
the pump before start or through external thermal insulation for environ-

mental protection.

With the definition of the severity of the problem combined with develop-
ment of the approach-solutions, either as redesign or system solutions,

a critical examination of existing and proposed LH2 turbopump designs is
made during Task IV (Study of Existing LH2 Pumps). Both a gross examina-
tion on the basis of average thermal scaling factors and detailed thermal
network computer simulation are completed on several turbopumps. Where
existing experimental data on chilldown are available, they are compared

with analytical results.

The study of thermodynamic improvements for LH2 turbopumps provides results
that can ‘be used for evaluating the chilldown problem for a range of engine
thrust and chamber pressure, Specific improvements can be directed toward

the following existing and advanced liquid hydrogen turbopumps:

J-2, J-2X, and J-28 NASA
Advanced Engine Design Study, AFA NASA
Advanced Engine Design Study, AEB NASA
RL-10 NASA
M-1 Engine NASA
Breadboard 5500-psi LH2 Pump NASA
Advanced Development Program (ADP) Engines Air Force

2\ R-7138



During Task IV of the study, detailed analysis of several of these pumps

is provided. Since several current engine programs have provided some

experimental and analytical study data, the results from these programs
were also applied.

R-7138
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SUMMARY

The analytical study effort reported in the content of this volume is
directed toward development of criteria for examination of the thermal

problems associated with a liquid hydrogen turbopump. Delineation of

the separate study areas a35001ated with the pump and turhine.and the...

respect1ve aspects of start, shutdown, coast and restart were accompl1shed §

[N et AT R ———

during this study. By neceeelty, due to the numerous ‘facets of the overall

w“undertaklng, the approach used was to develop basic criteria and to pro-
vide supporting analysis which can be applied to a specific turbopump design.

Development of |[general nondimensional parameter and ratlng groups was made

wherever possible and thrust scallng approaches w1th proportlonalltles were

provided. The thrust base assumed is representatlve of H /O fueled eng1ne

oo, I

systems and application to nuclear “and HQ/UQ propelledengine systems can”

be as a consequence obtained by a simple flowrate conversion.

Wherever possible, application of specific existing experimental data is
made to compare with analytical values and trends. Moreover, a wide range
of literature was surveyed to support the indicated representative experi-

mental cases outlined in this report.

The complexity of the turbopump when analyzed by closed form heat transfer
and fluid dynamic analysis approaches results in the use of two'specific
techniques. These were the employment of numerous simplifying assumptions
for the closed form analysis cases and geometrical discretizing approaches
for computer solutions. In the latter the wide variety of geometrical
sections inherent in a turbopump design, coupled with computer case time

limitations, resulted in a less than ideal flow network for some analysis

circumstances,

A summary of results for four definitive tasks is shown below. The tasks

outlined in the summary and report include:Task I.— Pump Thermal Design;

R-7138
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Task II.- Materials; Task III.— Pump Preconditioning and Thermal Protection;
and Task IV.— Analysis of Existing Turbopumps. A capsule view of programs

undertaken is shown in Fig. 1.

TASK I. PUMP THERMAL DESIGN

Task I of this study developed the critical relationships for heat transfer
coefficients, limiting flow and temperature relationships, critical time
factors involved in engine start and application, and an evaluation of the

two-phase flow pumping problem.

Analysis of the wide range of hydrogen temperature’and pressure conditions
led to the review of the relationships for all modes of convective and
boiling heat transfer. Selection of appropriate equations indicative of
boiling and/or forced convection was based on currently available litera-
ture. In the circumstance of subcritical-pressure LH2 film boiling with
forced convection, further examination must be made due to apparent film

coefficient sensitivity to wall temperature,

Limiting hydrogen flow mass velocity conditions for chilldown or at pump
start were shown to be based on a choked vapor limitation or a liquid to
kinetic energy conversion. As a result, enlargement of areas throughout
the critical flow components coupled with higher tank or initial local

pressures was seen to be advantageous.

A study of engine system and vehicle time factors developed the relative
importance of the soakback of turbine heat and compared the time for radia-
tion of the turbine heat content to the environmment. Large thrust turbines
were shown to result in a longer radiation cooldown due to the smaller ratio
of surface area to mass. Additionally, the greater length of the larger
turbopump designs results in a longer period for turbine heat soakback to

the pump inducer. Several earth orbit and lunar and Mars excursion mission

6 R-7138
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Figure 1. Program Itemization
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time cases were postulated with large variances noted in the time elapsed
between the successive restarts. As a result, it was seen that the general
approaches for thermal conditioning employed must be suitable for a wide

time range.

An investigation into two-phase flow ingestion in the pump was made. The
case of vapor entering the pump impeller through the inlet line was examined.
The two types oi flow processes that were developed and analyzed were

for hydrogen with constant quality and equilibrium flow. An analysis to
determine the quantity of vapor generated on the pumping surfaces was in-
itiated. Although shock wave effects were not considered in the analysis,
they were studied along with their possible effects on pump performance.
This study also provided background as to how a pump should be modified
to handle two-phase flow, and provides mathematical descriptions of the
two flow processes that form the boundaries of the actual flow process.
The lack of adequate experimental data made it impossible to select the

actual flow process,

TASK TI. MATERIAL

An evaluation of both metals and nonmetals was made during this study from
the standpoints of strength to density ratio, thermal shock capability,
and chilldown time behavior. The results of analytical study were favor-

ably compared to experimental tests on tubes of various materials.

Consideration of both the strength and shock characteristics of the various
materials was made. Titanium and Inconel were shown to be the highest
strength to density ratio materials with titanium greater at low tempera-
tures., The high strength character of the titanium would appear to allow
a good thermal shock characteristic providing the thermal stresses remain
below the yield value. A poor rating based on plastic behavior reflects

a poor ductility at lower temperatures.
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Consideration of partial and complete chilldown of the materials was made

by both closed form analysis and numerous computer runs. For slow chill-
downs where a minimum of coolant flow is to be used, a lightweight pump

of high conductivity aluminum is the most suitable. For this circumstance
the entire pump body was assumed to be reduced to the final cryogenic
temperature. For more rapid chilldowns where the heat content is removed
from the wetted surfaces only, the low conductivity of titanium or stainless-
steel materials appears to offer advantage. TFor this latter case the pump
heat content is bottled in the interior regions of the pump and allowed to

bleed in at a tolerable rate during mainstage operation.

Computer examples were studied for both insulated coated surfaces and for
surfaces of finite length. Flexible low conductivity insulating coatings
such as Kel-F can be used for reducing the coating surface rapidly to the
nucleate boiling temperature where heat transfer film coefficients are
large. This results in a rapid metal chilldown. Alternatively, the coat-
ing can act as a thermal barrier to prevent the base metal heat from enter-
ing the coolant; Selection of these cases is provided by a stipulation of

the coating Biot number,

Pumps with long passage length to hydraulic diameter ratios were shown to
cause a considerable coolant bulk temperature rise which delays the cool-
down of the downstream regions of the pump for fast chilldown circumstances.
For maximum utilization of a slow chilldown flow with a minimized pump mass,
the alternative of long pump passage length to hydraulic diameter ratios

allows the greatest wetted surface area in relation to the pump weight,

Transient cooldown test data for K-monel, stainless steel, aluminum, titan-
ium, and copper tube elements was reviewed. Confirmation of the time
period required and heat transfer film coefficients correspondent to two-

phase liquid hydrogen flow were verified.

R-7138 9



TASK III., PRECONDITIONING AND THERMAL PROTECTION

External insulation type and thickness requirements for storage of a chilled
turbopump in space were established. Superinsulator application was shown
to provide a substantial improvement over foam insulation matrices, Sensi-
tivity of the multilayer insulation to penetrations and appendages and in-
stallation approaches is to be expected. Complete thermal isolation of the
punp and turbine to eliminate heat soakback after shutdown appears to present
a problem for both (1) pump mechanical isolation and (2) for pump insulation
approaches. Designs for minimum contact between the pump and turbine and
isolation by cooled turbine to pump supports were devéloped. Radiation of
turbine heat content by improved surface area appeared attractive. Design
concepts for a regeneratively cooled turbine to lower turbine heat content
and to provide for a lower weight, less mass flow turbine indicated future

promise.,

Minimum chilldown flow solutions for complete pump chill were favorably
compared with M-1 and 350K chilldown flow requirements. Coolant total
weight flow for slow chill conditions was shown to be directly related

to the pump weight-heat capacity.

TASK IV. STUDY OF EXISTING LH, PUMPS

During Task IV study, application of the analysis derived for the preceding
tasks was made to existing LH2 turbopump designs. Examination was made

of the thrust scaling of turbopumps on the chilldown time required. It

was developed that the proportionately greater mass of large thrust pumps
resulted in a longer time period required to provide a completely chilled

pump .

Study of the J-2 MK-15 turbopump both in orbit and for ground conditions

was accomplished. Good agreement of simplified analytical approaches for

10 R-7138



orbital preconditioning and turbine cooldown with experimental Saturn AS203
flight data was noted. A detailed chilldown and heat soakback study of the
MK-15 pump was also made. Critical areas within the pump for varying periods
of soakback and prechill were analyzed. A similar analysis was performed
on an LH2 350K pump to provide heat soakback and cooldown criteria. A favor—.
able comparison of analysis with experimental test data for preconditioning

was also shown,

For existing pump configuration limits, prechill flow tests for maximum flow
utilization were studied. Allowable prechill flowrate percentages for low
thermal conductivity titanium pumps were shown to be substantially below
those for aluminum pumps. Higher pump inlet pressures and better pump geo-

metrical characteristics were also explored.
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TASK I: PUMP THERMAL DESIGN

Task I study analysis was aimed at establishing guidelines for the subse-
quent task studies. It endeavored to provide the basic criteria for hydrogen
heat transfer coefficients as a function of the hydrogen thermodynamic state
and heat transfer rate intensity. Additionally, partial definition of the
time periods involved in engine and pump startup, shutdown, orbiting,

etc., to establish the time bounds necessary was developed. The effects

of pump inducer and impeller geometry were comprehensively examined during

Task I and the pumping ability for two-phase flow situations was determined.

HEAT TRANSFER COEFFICIENTS

There are numerous possible heat transfer coefficient regimes that may
occur during transient turbopump operation during startup until the rela-
tively hot components reach thermal equilibrium with the hydrogen. The

possible flow regimes and heat transfer conditions are listed below.

Boiling (Subcritical P and T)

Pool BoiliEgA(Zero Velocity)
1. Nucleate

2., Transition

3. Film

Forced Convection with Boiling

1. Nucleate (local)

2. Transition (local)

3. Film (local)

4. Bulk Boiling: In order of increasing gas content -
a. Bubble flow (vapor bubbles in liquid stream)
b. Slug flow (alternating slugs of vapér and liquid)
c. Annular flow (vapor core, liquid annulus)

d. Mist flow (liquid droplets in gas stream)

R-7138 - 13
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Forced Convection

Boundary Layer Flow (Short Lengths)

Fully Developed Channel Flow

During the course of turbopump startup periods, a series of sequential
events occur at a given location in the pump which may be outlined as

follows:

1. Large quantities of gas are generated, decreasing with tiwme as

the metal cools and hydrogen flow increases, which tend to retard
the rise in hydrogen flowrate. During this phase of operation
local film or transition boiling, and possible bulk boiling, are

the more likely flow regimes.

2. As the metal surface continues to cool down to a value within

20 to 40 R above the saturation temperature, the heat flux will
increase as the flow passes through the transition flow regime

into nucleate boiling. If the hydrogen pressure or temperature
has increased above the critical values, boiling will cease and

only forced convection cooling will occur.

3. The final phase of the transient operation occurs when the forced-

convection regime is encountered and ultimately cools the surface
of the metal down to the hydrogen bulk temperature. The forced-
convection regime may be reached by either passing through the
boiling regimes, if the hydrogen pressure and temperature are

below the critical point, or by virtue of a supercritical tempera-
ture or pressure condition. The film coefficient regime will vary
at different locations in the pump since the hydrogen pressure and
temperature rises and the component temperatures change as the flow
progresses through the various components. In addition, the geome-
try presented to the flow changes from location to location in
turbopumps. Thus, it is evident that the problem is a function

of both time and geometry, and is extremely complex to treat

practically.
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Pool Boiling

Pool boiling will occur in transient turbopump operation during the initial
phase of startup if the hydrogen velocities are low and passage lengths are
long. The three regimes of boiling, namely, nucleate, transition and film
boiling, are shown in Fig. 2 at atmospheric pressure as an illustrative
example. All three regimes are plotted in Fig. 3 for the bulk boiling case
(TB = TSAT)’ that is, without subcooling. The nucleate boiling regime is
characterized by the formation of many isolated vapor bubbles, which maintain
the wall temperature within about 20 R of the saturation temperature by an
increase in boiling agitation when the heat flux is increased. The peak
nucleate boiling heat flux marks the onset of transition to film boiling
which results in the formation of a gaseous film at the surface of the

wall. Once the maximum nucleate boiling heat flux is reached, the heat

flux capability of the fluid is drastically reduced and the wall tempera-
ture is forced to increase to a very high value, well within the stable

film boiling regime. Physically, nucleate boiling can accept a wuch larger
heat flux, for a given temperature difference (Tw - TB), than the film boiling§
case because of the detrimental insulating nature of the gaseous film that
occurs during film boiling. Figure 2 represents the simplest case for a
boiling liquid since it is possible for the liquid bulk temperature to be

at a value below the saturation temperature (subcooled),which results in

local boiling only at the wall surface.

Figures 3 and 4 diagrammatically show the behavior of boiling hydrogen
with subcooling. When a subcooled condition exists, the boiling is
localized at the heated surface and the vapor collapses once it migrates
into the bulk. It may be seen in Fig. 3 that the nucleate boiling regime
extends over a very narrow range of subcooling, which indicates that the
majority of turbopump operation will be in the film boiling regime at sub-
critical pressures. The effect of elevating pressure, and consequently
the saturation temperature, is quite marked although the film boiling

heat flux capacity is relatively low.

R-7138 15
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Figure 2>. Typical Pool Boiling Heat Flux
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Forced Convection with Boiling

The same boiling regimes exist in a moving fluid as in the case of pool
boiling. Some data are available (Refs. 24, 41) for forced convection
with boiling. Figure 5 is a plot of some data for the boiling case. The
100 percent quality point data appear to be somewhat higher than the two-
phase flow data. In general, the influence of fluid velocity is to raise
the heat flux capability considerably above the pool boiling values, and
use of pool boiling data for predicting hydrogen film coefficients would

provide low values for this circumstance.

The selection of the dimensional correlating parameter shown in Fig. 5
(th'Q/GbOO'S) was made for simplification purposes in the near critical
temperature region due to the strong fluid property variation with varying
wall to coolant temperature ratios. Confirmation of this selected parameter
was seen under Task II study where cooldown studies of individual metal tubes

were examined.

Within the critical temperature region a substantial lowering of the
Stanton number (based on freestream properties) is noted. Whereas for
highly supercritical pressure and temperature at a reasonably high Rey-
nolds number, a value of =.002 is representative, for film boiling with
forced convection, reductions of 4 to 5 can occur, Further analytical
study is necessary to compare experimental Stanton number behavior with
both wall to bulk temperature changes and fluid quality in the near

critical temperature region.

Boundary Layer Flow

Boundary layer theory can be used to calculate hydrogen heat transfer
coefficients on a body with varying pressure gradients in short length-

to-diameter passages. Figure 6 illustrates the cross section of an
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Figure 6. Illustration of Boundary Layer Growth and
Critical Regions of Pump Impellers
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impeller blade for typical axial and centrifugal LH2 pumps. The boundary
layer forms at the leading edge of the blades with an initial finite
thickness and grows along the length of the blade. The boundary layer
growth depends upon the contour of the blade surfaces and on the fluid
velocity and pressure distributions. Although exact solutions of boundary
layer equationsare associated with mathematical difficulties, approximate

integral methods of solution have been developed for practical applications.

The solution which is obtained from the boundary layer energy equation
(Ref. 19) is based upon the Von Karman integral energy equation for laminar
or turbulent boundary layer flows with a pressure gradient. This equation
is valid for incompressible or compressible fluids with a nonadiabatic wall
temperature., Its application requires an empirical description of the

Stanton number behavior with energy thickness-based Reynolds number.

The integral energy equation can be written as:

=

|

(1)

[=%

s

do Taow Ty 1 df, d(pu) 1 d
as - Ce\T 1 - |- “ds © pU Ty

+
H TO—Tw TO—TW ds pU ds
where CH =1 (NRe¢’ NPR) (la)

An empirical equation for the Stanton number (CH) with the integral energy
equation will permit the energy thickness and heat transfer coefficients

to be determined at the wall boundary.

After evaluating the integral energy equation, the smooth surface Stanton

coefficient is known. A recent thesis by Dipprey (Ref. 14) for pipeflow

led to the equation for heat transfer in terms of heat transfer coefficients

for flow in rough pipes:

ST~ oV Cp +\/CH [f Zs*, No.) - 8.48] (2)
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= N \/C‘H‘ (£) (2a)

where the value of f (¢¥*, Nfr) is dependent on surface roughness ¢*. High
hydrogen Reynolds number conditions encountered over the blade surfaces can

result in strong surface roughness effects.

Fully Developed Channel Flow

Extensive data exist on fully developed channel or pipe flow, which allows
accurate prediction of hydrogen film coefficients in the liquid-and single-
phase forced-convection regimes. Typical coolingrcurves are shown in Fig. 7

and 8, which encompass a wide range of bulk temperatures and pressures.

The following table summarizes the conditions required for the possible

boiling and nonboiling hydrogen flow regimes.

TABLE 1

COMPARATIVE HEAT TRANSFER REGIMES

V T T P

Mode | Q/A H Bulk We B B
I Pool Boiling
1. Nuclgate High 0 ?;1%12% TwC =:TSAT TB < TSAT
2, Transition Low 0 B "SAT TwC > TSAT Sub-
3. Film High 0 ?gngéiélng .TWC > TSAT Critical
B SAT
II Boiling and Forced
Convection
1. Nucleate High |Finite TW >~ TSAT TB < TSAT
2. s g
Transition Low ?;1;12% TWC > TSAT
3. Film High B "SAT TWC > TSAT Sub-
4. Bulk Boiling High f?n;?iélng TWC > TSAT Critical
. B USAT
III Forced Convection | Low to|Finite|Nonboiling | —=—=—=—- -—— Super-
High Critical
Low Finite|{Nonboiling | T, . < T T, <T Sub-

wC SAT | B SAT Critical
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LIMITING FLUID VELOCITY AND TEMPERATURE CONDITIONS

During the pump initial start period when the pump surfaces are warm and
the pump pressures are at tank head value, an evaluation of the maximum
liquid and vapor mass velocity (péym) is required for determination of
local heat transfer coefficients. For long fluid passage circuits within
the pump (as illustrated in Fig. 9)at the beginning of flow onset, the
pump fluid outlet temperature can he greater than 50 percent of the warm
wall to coolant temperature difference. As a result, for pumps subject
to restart in a warm condition, initial coolant outlet temperatures may
approach 520 R. A limiting flow mass-velocity condition for the pump
with a vapor state is the choked condition. Figure 10 illustrates for
inlet pressure conditions of 14.7 and 40 psia the stagnation density
acoustic velocity product., Over the temperature range the local static
to stagnation density ratio may be determined from Fig. 11. The local

maximum gas mass velocity may be evaluated by the relationship

1
(Py V. chotcea = (PC) (%‘3> - (—ﬁ—1> X (3)

o

Evaluation of the maximum liquid mass velocity was accomplished by assuming
a conversion of the inlet pressure head to a velocity head as shown in

Fig. 12; A range of coolant mass velocity which might be expected for a
40.psia inlet condition would be 0.5 1b/in.2sec (200 R gas) to 6 lb/in.gsec
(42 R liquid). Evaluation of local maximum mass velocity condition within
the pump at start can be calculated from the minimum flow area location
(pump, thrust chamber or injector) and local Stanton number and heat
transfer coefficients may be thgs determined.

| Chilldown in the pump to the temperature value consistent with the NPSH

and pump performance is required during the course of a specific chilldown

study. For suppression of nucleate or film boiling, wall surface and coolant

temperature at locations of pressure'beldw the critical (Pcr' = 188 psia)

it
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must be below 60 R (Fig. 13). For initial tank head pressures of 40 psia
wall surface temperatures must be reduced below 43 R. As a result any

preconditioning or chill that is prescribed must be fairly complete before
a condition of no vapor formation is provided. Tolerance of the LH2 pump
to large and small vapor flowrates is provided in a later section of this

report.

CRITICAL TIME FACTORS

In evaluation of the transient operating period for a cryogenic pump, a
number of critical time constants affecting its thermal response must be
thoroughly considered. These are: (1) engine start time, (2) lower time
limit of pump start, (3) coolant transit time through the pump and line
plumbing, and (%) line plumbing and pump body time response. In addition,
for an engine restart, the following time factors must also be considered:
space storage time, space radiation time, and time between starts for
turbine heat soakback. The evaluation of relative critical time constant
allows an immediate stipulation of the relative importance of each factor

on the pump overall mechanical and hydrodynamic performances.

Engine Start Times

The goal for engine startup is to achieve minimum time from initial to
mainstage thrust with present target times for typical 02/H2 engines being
in the range of 1 to 5 seconds. Limitations to this minimum value are
encountered if either pump cavitation or stall is initiated. Absorption
of heat by the cryogenic propellants from the warm line, valve, pump, and
thrust chamber surfaces can result in an evolution of high volume of low-

density gas during the initial time period when flow and pressures are low.
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The pump is only one of many components in the engine system that is
involved in a warm start; therefore, it must be studied only in terms
of its performance as it influences the start cycle. It should be kept
in mind that the ultimate objective is to attain a rapid and efficient
start that is not penalized by the initially warm engine. The inter-
related effects of all the engine components on the engine start are
illustrated by the combined engine and pump operating lines (Fig. 14).
The high system resistance line shown in Fig. 14 can control the flow
if the pump, tube bundle, and other engine parts are all warm., The
reason for the high resistance is that flow passages are sized for dense
liquid and are too small for the large volumes of gas generated by the
warm surfaces. This high system resistance is undesirable since it
reduces the flowrate and prolongs the start cycle. Moreover, the pump

also operates inefficiently at off-design conditions.

A low system resistance at start will accelerate the warm starting cycle
because it permits the flow of a large quantity of fluid in a short time.
This can promote rapid chilling of the pump. Low system resistance can
be obtained by bypassing flow directly to the injector instead of through
the high resistance tube bundle.

The curve labeled "desired start transient" is representative of a rapid,
efficient start cycle, The turbopump operates in an efficient region of
performance and will accelerate rapidly. During a design study, turbopump
parameters should be investigated that will permit operation in a desirable
'region during warm starting. The engine starting dynamics are typically
shown on the performance map of LH, turbopump in Fig. 16 with time intervals

2
indicated. The time sequence of events is summarized in Table 2.

Turbopump Start Time

The start time of “dry! turbopumps, where acceleration is limited only by

the inertia of the turbine rotor assembly, is shown in Fig. 15. This sets

~
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Figure 16. Typical Hydrogen Pump Start Transients for an

LOQ/LHQ Engine
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TABLE 2

TIME SEQUENCE OF EVENTS FOR A LOQ/L'H2 ENGINE

Time of Event, seconds

Tank Head Start

Gas Spin Open

LO2 Tank LO2 Tank 102 Tank
Event Aft Forward Forward

Gas Generator Fuel Valve Starts to Open 0 0 0

Gas Generator Oxidizer Valve Starts to Open 0 0 0

Gas Generator Fuel Primes 0.04 0.04 0.01
Gas Generator Oxidizer Primes 0.04 0.0k 0.01
Gas Generator Fuel Valve Full Open 0.10 0.10 0.10
Gas Generator Oxidizer Valve Full Open 0.10 0.10 0.10
Main Fuel Valve Starts to Open 2.15 2,14 0
Main Oxidizer Valve Starts to Open 2.15 2.14 0
Igniter Valve Starts to Open 2.15 2.14 0
Igniter Primes Thrust Chamber 2.16 2,16 0.03
Oxidizer Primes Thrust Chamber 2.16 2.17 0.03
Fuel Primes Thrust Chamber 2.17 2.19 0.04
Igniter Valve Full Open 2,20 2,19 0.05
10-Percent Thrust 2.25 2.24 0,042
Main Fuel Valve Full Open 2,45 2.44 0.30
Main Oxidizer Valve Full Open 2.45 2.44 0.3%0
Igniter Valve Closed 2.65 2,64 0.40
90-Percent Thrust 3.98 3.97 1.04

R-7138
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the limit of the fastest start time for the sfudy of the transient chill-
down problem. Actual start times for some existing turbopumps are shown
in Table 3 and, except for geared turbopumps, the start timeé of LOQ/LH2
turbopumps are on the order of two or three seconds. The start transient
for a prechilled J-2 lﬂé turbopump is shown in Fig. 17. (Since the engine
system gas generator, mixture ratio control, ete., influences the start

time to a large extent as shown in the following section, a typical refer-
ence value of 2.5 seconds was used for most of the ensuing analysis). The
engine start time will be one limited by system considerations which include
the pump downstream resistance, pump inlet flow conditions, and pump cavita-

tion or stall criteria.

The ability of a warm turbopump to develop pressure during the first few
seconds of a warm start cycle will be primarily a function of the heat
input to the fluid from the warm metal surfaces. For thick or uninsulated
surfaces, the controlling parameter will be the relative amount of surface
the fluid will contact before pump pressure can be generated. For example,
for a given metal temperature, if a pump impeller can generate pressure
faster than the vapor pressure can increase due to heat addition, the pump
will develop substantially full design head and will not reduce the warm
start capability of the engine. In other words, warm starting would then

be essentially an engine system rather than a pump problem.

Turbine Drive and Start Method Effects

In order to evolve an engine starting sequence or to study the transient
characteristics of major components, a complete engine analysis must be
conducted. Examination of whether the start is powered, or tank head

start based on a timer or on level of engine operation, must be specified.
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COMPARISON OF

TABLIE 3

TURBOPUMP STARTING TIMES

F-1

Atlas H-1 J-2
MK 10 MK3 - MA5 MK 3H MK 15-F
Direct Geared Geared Direct
Turbine Turbine Turbine Turbine
Drive Drive Drive Drive
Parawmeter LO2 + RP1 LO2 + RP LO2 + RP1 LO2 + LH2
Angular Velocity 581.9 3103.6 34873 .2 2717.5
(Design Point) Wy rad/sec
Start Time T 2.50 0.60 0.60 2.35
(W =10 to Wy Test Data), sec
Average Acceleration, 232.8 5172.7 5805.3 1156.8
2
rad/sec
Mass Moment of Inertia (Wet 250. 14 0.5%0 0.636 2.89
Rotating Parts), lb—seCQ—in.
Turbine Pitch Diameter 34.9 9.0 9.0 12.5
D , inches
m
Turbine Nozzle Area, in. 17.040 2.9286 2.214 2.353
Turbine Pressure Ratio 16.7 15.7 19.3 6.9

R~7138
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LH2 engines can be classified in general categories for start transients.
The first is one which uses cold liquid or gas to chill the hardware and
uses auxiliary power for turbine starting (J-2 Basic). The second type
(J—QS) uses a more powerful source for starting the engine, allows for
mixed-phase propellants at the pump inlet but still requires some hardware
chilling prior to start. The third type (J-2X) uses main tank pressures
to start with no auxiliary power supply. In order to achieve start the
engine is well chilled both prior to start and during the long start tran-
sient itself. Rather high main tank pressures are required. A fourth
approach employs only main tank pressures to start but is designed to
start without chilling prior to the start signal. In any of the four
systems the start sequence allows for sufficient chilling during start

to avoid pump stall or surge. In addition, a typical engine must have
additional chilling and additional tank pressure so that it can produce
excess pump torque at any operating point while. avoiding adverse tempera-

tures at the thrust chamber wall and on the turbine blades.

Hydrogen readily changes phase and’will always experience a significant
density reduction in flowing through the cooling jacket. At full thrust
the density entering the thrust chamber jacket will be near 4.4 lb/ft3
and decrease perhaps an order of magnitude before passing through the
injector. During start the density will be even more variable, dropping
as low as 0.05 1b/ft3. The start density variation is a function of
early mixture ratio, initial thrust chamber temperature and absolute
pressure levels. Variations in the density show up as injector and

tube bundle pressure drop and can reflect back to the fuel pump pres-

sure to force the fuel pump into stall or surge.

Basically a high-energy start simplifies the feedback controls required
in the engine system. Critical problem regions can be traversed quickly.
A low-energy start, such as tank head, requires a more sophisticated feed-

back control system. Nevertheless, a great advantage in overall capability

R-7138 k1



such as multiple restarts and long noncritical coast periods can be
realized. Start studies conducted on a typical 30K engine énalyzed a

start system which has the capability of achieving satisfactory starts
under a wide range of fuel pump and thrust chamber initial temperatures.
The initial temperature of the pump was found to be much more significant
than the temperature of the thrust chamber. The time transients of chamber

pressure are shown in Fig. 18.

Starting an engine with gaseous hydrogen and a warm thrust chamber presents
the problem of high mixture ratio excursions and potentialiy high turbine
temperatures. For quick restarts a fuel-rich cutoff will lower the bulk
thrust chamber temperature and alleviate the above problem. J-2 experience
with a 400-millisecond fuel valve closure shows final thrust chamber tempera-
tures below ambient. Studies of the J-2X engine using chilled hardware also
show that the time to mainstage is also a very strong function of fuel tank
pressure and that by varying the tank pressure from 100 to 30 psia, minimum

starting times from 3 to 15 seconds could be achieved.

Although it is yet to be shown in detail, it appears that the long start-
ing time is also dependent on the time required to precondition the tur-
bine power supply system. It is first necessary to chill the pump, or

to provide a design so that even lew speeds can produce a pressure rise
through the pump. It is then necessary to chill the system that feeds
liquid to the combustion device which supplies gas to the turbine. In a
gystem start, both chill times are equally important., These chill times
may be controlled by controlling heat transferred to the propellant, or

by controlling the amount of fluid flowing through the warm hardware.
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Vehicle Mission Time

The study of heat transfer in LH2 turbopumps depends upon an analysis of
the turbopump application and a definition of the turbopump environmental
influences. A variety of uses currently exists for cryogenic propulsion
gystems, and more are expected to arise in future missions. Missions and
vehicles must be reviewed to specify the operational requirements for
turbopumps in terms of starts, length of operation, and the environment
for each operation. Typical missions representing these considerations
are described below for establishing criteria necessary for overall

thermal analysis as a function of time.

Apollo Mission. The mission profile portion for landing on the moon is

shown on Fig. 19 and the associated propulsion system operations during
flight are described on Table 4. Flight prior toythird—stage operation is
deleted for brevity on Table 4 and only space operations are depicted.
Thermal analysis in determining turbopump temperatures has already been
conducted considering prelaunch and boost flight to orbit. These
representative temperatures are shown on Fig. 20. Continued analysis

for the complete mission will then determine temperatures resulting at

any time for the propulsion modules required for mission accomplishment.

As conditions for thermal analysis depend greatly on active or passive
thermal control, interrelation with spacecraft and other component influ-
ences, engine operations, spatial location, sun exposure, and material
thermal properties, a complete heat balance is required. For example,
material thermal characteristics and surface exposure can dominate
resulting temperatures as shown on Fig. 21, These temperatures result

in near earth space that would be experiencing a solar heat flux of

Lk Btu/hr—ft2. Other locations in space will require changed solar

heat fluxes as shown on Fig. 22. Single surface temperatures can be
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TABIE 4

APOLLO MISSION PROFILE
(14-Day Mission)

Propulsion System

Module Function Operation Starts Remarks
S-IVB Third-Stage 145 Seconds at Full 1 Vehicle remains in orbit
Boost to Low |Thrust (100 n mi) for 1.5 to
Earth Orbit 4.5 hours after cutoff
Translunar 325 Seconds at Full 1 Cutoff at approximately
Injection Thrust 1,029,000 feet followed
- by 1l-to 3-hour coast
where transposition and
docking maneuver performed
and 8S-IVB jettisoned. SM,
LEM, and command module
(CM) continue to moon
Service |Midcourse Short~Interval Multiple | Periodically operated
Module Corrections |Thrust Bursts during 60-hour coast
(SM) period
Lunar Orbit Main Engine Burn 1 Establishment of 80 n mi
Insertion for 5 Minutes for lunar orbit and then
(also return |Lunar Orbit coast for about 2 hours
flight)
Lunar Iunar Descent|Retro Thrust 1 CM and SM remain in
Excursion| from Orbit Burn for Short lunar orbit
Module Duration
(LEM)
Lunar Land Descent Engine Multiple | Land and explore for

Firing for 8
Minutes

10 to 14 days on lunar
surface¥*

*Return flight will launch and rendezvous in lunar orbit, coast, transearth

inject, coast, and re-enter Earth corridor.
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estimated for other space locations by employing the equation

T I 1/4
space _ space (4)
Tearth Iearth

where Ispace/llearth is heat flux ratio from Fig. 22,

Mars Flyby Mission. Many Mars missions can be chosen for analysis and

will vary as a function of mission purpose and launch date. Mission
durations can vary from fast trips (450 days) to as long as 1000 days
depending upon stay time at Mars. The mission trajectory shown oﬁ

Fig. 23 represents a fast-trip powered flyby of Mars. From a thermal
analysis standpoint the trajectory flown involves varying solar heat

flux inputs relative to vehicle and sun position. For the trajectory
flown the vehicle return flight will pass close to a Mercury orbit and
receive fairly high solar heat flux values due to nearness to the sun.
Possible propulsion system operations for this mission profile are shown
on Table 5. Temperatures‘will require overall heat balance determinations

as a function of time.

An analysis will also require the determination of effects of turbopump
preconditioning, possible propellant loss in preparing for engine start,
and thermal protection methods on the capability of the vehicle and
propulsion system to complete the mission successfully. This evaluation
will identify the advantages or penalties of the various methods of elimi-
nating or reducing turbopump preconditioning requirements. The effect of
preconditioning time on the initiation and completion of the mission must

be weighed against any component weight or propellant penalty.
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Figure 23. Mars Powered Flyby (1973 Time Pefiod)
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TABLE 5

MARS POWERED FLYBY MISSION PROFILE

(450-Day Mission)

Propulsion Systenm

Module Function Operation Starts Remarks
Midcourse Trajectory 10K thrust for 160 seconds 3 Outbound Flight
and Power Orientation| or 50K thrust for 32 seconds
Turn Stage every 50 days

Power Turn 10K thrust for 3200 sec- 1 | Flyby at Mars
onds or 50K thrust for 640
seconds at 160-day trajec-
tory point
Trajectory | 10K thrust for 60 seconds 6 |Return Flight
Orientation]| or 50K thrust for 12 seconds

at 50-day intervals

52
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Coolant Transit Time

The heat input from the warm metal surfaces to the coolant (propellant)
are greatest during the coolant transit time through the pump and line
passages in the initial pump priming period. Comparison of coolant tramsit
periods can be derived from a summative relationship through a j number of

passages of length ¢ as:

It (p)
E ”

For long passage lengths and low coolant mass velocity, the coolant
transit time will be long and will result in high heat input to a unit
of flow. Coolant transit times through the pump were evaluated during

Task III study and found to be small as reported in a later sectiomn.

Turbopump Wall Time Response

The critical thermal time response period for the turbopump body structure
can be developed from the transient heat-conduction equations for three
extreme cases using one-dimensional heat conduction, constant film coef-
ficient assumptions. These limiting cases are for (1) a finite wall
thickness (t) with an infinite thermal conductivity (k), (2) an infinite
wall thickness with finite thermal conductivity, and (3) an infinite

film coefficient. The evaluation of the wall response is comprehensively

covered under Task II discussion.

Heat Conduction Critical Time

Penetration of heat from the turbine housing to the colder pump body

during orbital flight after initial start was examined on a simplified

R-7138 53



basis assuming no isolation of the pump from the turbine body. For this

case the solution of the Fourier conduction equation becomes

T _ x 1
T -1 - °rf = erf 1/2 (6)
T pi 2 var 2 NF
[¢]

For a temperature rise at a distance x of 1/e of the total temperature

difference of the turbine to pump value

T, - T
T - = e (7)
Tp = Tps

the above solution becomes

o 2
N, = =-%— (conduction time) (8)

It is seen that the length of time for heat penetration from the turbine
to the pump inducer section becomes a function of the pump length squared
and the material thermal diffusivity. Aluminum pump housings in this
respect are seen to allow a conduction time of 10 to 15 times shorter than
an equivalent Inconel, nickel or titanium pump body. It would appear as

a result that the isolation requirements of the puanp from the turbine are

considerably more severe with the aluminum pump body selection.

Figure 24 illustrates a summary of the pump rotor lengths for various
axial and centrifugal flow machines listed in Table 27. Approximate
agreement with the square root with thrust scaling rule is shown although
in general the centrifugal flow pumps will have a shorter rotor conduction
length and pose a more severe problem in this regard. Referring to Eq. 8

it is seen that as a result the critical time dependence for conduction
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of heat from the turbine to the pump inducer section is

Ty (H |
=\F (conduction time) (9)

with the critical conduction time linearly dependent upon thrust.

Orbit to Conduction Time Comparison

Earth orbit periods were compared to the time of heat soak through the
rotor or pump housing length. Earth orbital times may be expressed in

terms of the orbit and earth radii as
T 3/2
T, = 1.4l = (hours) (10)

The ratio of orbit to conduction time then becomes

r 3/2
1.41 o = o
T r
[9) e (11)

Te e2 &2

where ro is the radius of the orbit measured from the earth center, o is
the thermal diffusivity, and 4 is the length of the pump. A comparison of
this time, required for heat penetration from the turbine to the inducer
séction, with the period of a 200-mile single orbit is shown in Fig. 25.
This indicates that a large-thrust pump will net come to thermal equilib~
rium within the period of a single orbit and, for missions where restart
occurs within the time period of a single orbit, any preconditioning
requirements for the pump could be minimized if external thermal insula-

tion to prevent environmental heat input is employed.
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The above analysis represents the shortest time period for heat conduction
through the pump. In reality exhaustion of the turbine heat through radia-
tion to environment, conduction tov the inlet and outlet turbine ducting,
and the absorption of the turbine heat content by the heat capacity of the
pump, will, combined with pump to turbine isolation, lengthen the period

of thermal conduction as described under Task III. Writing the heat

balance equation

L eF AT T dT
e ") FToo% (12)

4
T > CeFATT 3
8) «1.0 - s .+ 1o (L (13)
(T Wp Cpp 3 T,

It is seen that the turbine chilldown time in space becomes directly
proportional to the weight heat capacity product, inversely as the
emissivity and surface area and inversely as the cube of the specified

final temperature,

Integration of the exact solution to Eq. 12 yields

3 3
CeFATT 1 (_'1_‘_1_> can-1 (l_\) s (T_1> .
WT CPT 2 Ts Ts Ts
1 T + TS 1 Ti + TS
7 log \7C T ) "2 log, T, - T - (14)
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An expression for the achievement of a near equilibrium temperature can

be made by the following relationship

T-T, :
T. -T e (15)

For Ti/Ts - o the 1/e equilibrium temperature value of the turbine can be

developed in terms of the time function as

3
L eF AsTc Ti e3

-1 ’
= = 6.33 . (16)
¥y Cpr 3

An expression of the function B for other finite ratios of T‘i/Ts may be

seen in Fig. 26.

Criteria for turbine and pump scaling,as develobed in a following section,
indicate that large-thrust turbines require a greater chilldown time (every
thing else being equal) due to a higher compactness factor, i.e., higher
weight or volume to surface area ratio. This results in a turbine chilldown

due to radiation along the approximate scaling rule
T
c F.\1/2
1 1
T (F2> (17)
)

An example of the approximate time required for turbine chilldown may be

expressed from solution of Eq. 14 for the following conditions for a J-2

turbine
W
= = 0.53% 1b/in.2
]
€ =0.8
F = 1.0
Cpp =0.12 Btu/1b-F
Ti = 1600 R
4 = 3.31 x-1077 Btu/in.QSec R
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A value of 10.%4 hours is computed for a O-degree sink condition. In
reality conductionof heat to the cold pump body and to turbine inlet and
exhaust ducting will reduce required radiation times below that predicted
analytically. A comparison of the predicted J-2 fuel and turbine chill-
down time with Saturn flight data is made in a later section of this

report.

Table 6 illustrates a summary of approximate pump and turbine weights and
external surface areas for existing turbopumps and for some detailed paper
designs. It is seen that larger-thrust turbopumps in general have a larger
weight to surface area. 1In general, if the characteristic dimension of

the pump increases by the square root of the thrust and the percentage of
void within the pump remains the same with scaling, the volume to surface-
area can be translated to a weight to surface area as (with reference to

Table 7)

pCV

W v
He T, e S
s s v characteristic

Agreement with the above relationship and Table 7 results were found to

be good.

As a consequence from the radiation relationship shown in Eq. 14, small-
thrust turbines will chill more rapidly and small-thrust pumps wili warm
to an equilibrium temperature more rapidly than large-thrust turbopumps.
Consequently a greater pump insulation thickness is required on small

turbopumps to prevent warming from a prechilled or final-state condition.
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TABLE 6

VOLUME TO SURFACE AREAS FOR VARIOUS SIMPLE GEOMETRIC SHAPES
APPROXIMATING PUMP AND LINE SURFACES

Geometry . V/As

Cylinder (L = «) D/k

“Cylinder (L = <) L/% (L/D + 1/2)
Sphere D/6

Slab /2

Long Hollow Cylinder t

Figures 27 and 28 illustrate LOQ and LH2 pump and turbine weights from
Task IV study, respectively, without regard for pump material or operating
pressure. A near linear correspondence between pump and turbine weight
with thrust is shown. High-pressure pumps and lightweight titanium pumps
would be expected to fall above and below a specific weight reference line.
The greater weight of the larger-thrust turbines and pumps coupled with a
greater weight per unit surface area results in a more difficult chilldown

problem for the larger-thrust turbopumps.

Radiation to Conduction Time Comparison

Analysis was performed of the comparative time period for conduction along
the pump length to the inducer section and the time period for radiation
from the turbine body without significant turbine temperature deterioration
due to pump soak of the turbine heat. For this analysis a simplified
radiation chilldown relationship was chosen representing a near zero
temperature sink and a high initial turbine temperature. The radiation

time from this expression was compared with the conduction relationshjip

T 2 3 .2 | (19)
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Figure 29 illustrates a typical solution of this relationship for aluminum,
K-monel and titanium pumps with a turbine of Inconel (CPT = C.ll Btu/1b F).
For the example chosen it is shown that appreciable chilldown of the turbine
has occurred through radiation before conduction has occurred through the
length of the pump for pump materials of low thermal diffusivity such as
titanium and K-monel. Aluminum on the other hand conducts the heat too
rapidly to allow appreciable radiation chilldown of the turbine. The above
analysis assumes no isolation of the pump and turbine and as a result repre-
sents the worst case for heat conduction to the pump. Pump to turbine

isolation techniques are reviewed in Task I11I.

TWO-PHASE FLOW PUMP ANALYSIS

The objective of this study was to maximize the pump discharge pressure
during initial mixed-phase operation. If the pump can deliver mixed-phase
propellants satisfactorily, the problems of inlet line chilldown and of
propellant settling can be greatly alleviated. In order to fulfill these
objectives the pump discharge pressure must be related to the pump geometry,
rotational speed, flowrate, inlet pressure, inlet quality, heat transfer
coefficient between the impeller and the flow, flow passage temperature,
time from start, etc. Such a prediction approach can then be used to
determine the pump geometry and the operating conditions that will

provide the optimum performance during mixed-phase operation.

During this study the pump impeller performance was related to the impeller
geometry and to the operating conditions for the external vapor source case,
(i.e., the case in which any vapor that exists enters the impeller through
the inlet line). Other pump components downstream of the impeller, such as
the diffuser vanes and the volute, were not treated. Since the propellant
was hydrogen, the neglecting of the vapor generated on the suction surface
of the inducer leading edge (an internal vapor source) may be reasonable

due to the large thermodynamic suppression head properties of hydrogen.
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However, for any other propellants, this inducer vapor would have to be
considered in order to obtain a realistic prediction. Since inducer vapor
generation must be treated, approaches to analysis of the quantity generated

were made.

The two types of impeller flow processes that were developed and analyzed
were the constant quality and equilibrium cases. Shock wave effects were
neglected and the impeller temperature was assumed to be equal to the flow
temperature, thereby neglecting the vapor formed by heat transfer from a

hot impeller (the other internal vapor source) .

This study gives insight into the two-phase pumping problem, provides
approaches to pump modifications for two-phase flow, and provides descrip--
tions of the two flow processes that form the boundaries of the actual
flow process. The lack of adequate experimental data made it impossible
to select the actual flow process. Although shock wave effects were not
considered in the analysis, they were studied (Ref. 17) and are discussed
along with their possible effects on pump performance. Subsequent studies
will have to include shock wave analyses because they can have a large

effect on performance.

General Characteristics of Mixed-Phase Flow

One of the two basic reasons why a pump will develop less pressure rise
under two-phase flow conditions is that the pressure rise is directly
proportional to density. For an inlet hydrogen quality of 5 percent,

for example, the two-phase flow density is only 1/4 the liquid density

(Fig. 30) and therefore the pump pressure can be only approximately 1/k

of that obtained with liquid. The other reason for the low-pressure rise

is that the flow velocity in the pump can be much higher than the acoustic
velocity of the two-phase fluid. Since the pump is a liquid (incompressible)

device which converts kinetic energy to static pressure by increasing the
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area of the flow passages, a flow condition above acoustic velocity will
increase the kinetic energy of the flow, thereby decreasing rather than

increasing the static pressure rise across the pump.

The two-phase flow process is also quite important to pump design and
performance. The two types of flow processes which provide the boundaries
of the actual flow pfocess are equilibrium and constant quality. The
difference hetween the two processes is in the assumption of the vapori-
zation and condensation rates with the equilibrium process assuming that
these rates are high enough to maintain equilibrium between the vapor and
the liquid phases. Conversely, the constant-quality process assumes that
these rates are very low and no vaporization or condensation takes place.
Therefore, the quality of the flow is assumed to remain constant as it

passes through the pump.

Acoustic Velocities

To determine the conditions under which acoustic velocity can be exceeded
in a constant-quality, two-phase flow, the acoustic velocity relationship
for a constant-quality process was derived and evaluated as a function of
vapor to liquid volume ratio and compared to that for equilibrium two-
phase flow. The constant-quality acoustic velocity relationship

(Ref. 28) is expressed by Eq. 20,

. C, (1 + B) (20)

<f&;B + £> l-r(;?;>2 BL B
4! v/ Py

The density ratio (Eq. 21) was obtained by empirically correlating the

saturated hydrogen data in Ref. 38. The correlation and comparison with
data are presented in Fig. 36 and 37. The liquid to vapor density may

be expressed approximately by

PL _ 805
pv_ P
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The acoustic velocities of the liquid and the vapor phases were obtained

from Ref. 38 and are tabulated as follows:

T, R | P, psia ft/sec ft/sec

CV’
36.8 14,7 3610 1140

CL’

The equilibrium acoustic velocity relationship is shown in Eq. 22, 23,

and 2k, 5
[ox (G- ) ve

Vi) () (e (B

(22)

P (HV—H_L) [1+X(%— 1)} - T (%I;—- 1) [(1—)() %I;-IiJngT}

T 5 (23)

and

X = —=— (24)

The acoustic velocities for constant-quality and equilibrium processes
in two-phase hydrogen were obtained as a function of vapor to liquid
volume ratio by solving Eq. 20 and 22, respectively. The results are

presented on Fig. 31 and 32.

A two-phase flow with a constant-quality proceés presents legs of an
acoustic velocity problem in a pump than if it followed an equilibrium
process as illustrated in Fig. 31 and 32. For a constant-quality process

the acoustic problem will be encountered in existing pumps between a
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vapor to liquid volume ratio of 0.1 and 10. Operating a pump in this
region would require reducing the inducer tip speed to stay below the
acoustic velocity, or a low tip-speed preinducer can be placed upstream
of the main inducer. If the flow in the pump follows an equilibrium
process where the acoustic velocities are even lower in the same region
of vapor to liquid volume ratios, a rather severe acoustic problem will
exist even at low quality operation (Fig. 33 relates quality to vapor

to liquid volume ratio).

The acoustic velocity can be increased by increasing the inlet pressure,

as indicated by comparing Fig. 31 (14.7 psi) with Fig. 32 (48.0 psi).

General Hydrodynamic Equations

To relate impeller performance to impeller geometry and operating condi-
tions, the following one-~dimensional equations for impellers were derived.
Since they have heat addition, these initial equations include internal

vapor source terms,

1. Energy equation

T da,
W U W
NSTH(T -1> T dU-gJ dw = dH : (25)

2. Momentum equation

d
weap . w By U W
==+t f5- ——=—dU - —dw 26
P 2g A g g (26)
3. Continuity equation
W

74 R-7138

LY



sdrysuorge(ey uoigoevay xodey usSoapAg ~¢¢ eandig

X ‘A37Teny
G2*0 02°0 ST*0 0T°0 600

75

3\

wn

Q
()
g ‘otTgwy sumyop PInbyT of Jodsp

n
~

114

R-7138



In applying these equations to the external vapor source, two-phase flow

case, the following assumptions were made:

The flow is one dimensional.

The two phases are homogeneously mixed.

The two phases are at the same pressure and velocity.

The impeller wall temperature equals the flow temperature.

The fluid friction losses are negligible.

[« NS T B N\ B (R

The flow is shock free.

Therefore, the following are the general hydrodynamic equations that
were used to analyze the impeller flow characteristics during operation

with external vapor source, two-phase flow:
1. ZEnpergy equation

U W -
i = o5 dU - -5 dW (28)

2. Momentum equation

144 dP

5 aw (29)

Ty ¥
g g

3. Continuity equation
W
W= : (30)

oA

Constant-Quality Analysis

For the constant-quality analysis, the hydfogen properties were obtained
from Ref. 38 by assuming an isentropic compression of each of the two

individual phases beginning on the saturastion line at atmospheric pressure.
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In this flow process the quality remains constant while the temperatures
of the two phases differ. A comparison of the empirical hydrogen property
equations derived (Eq. 31 through 34) with data obtained from Ref. 38 are
shown on Fig. 34. These correlations are similar to the classical rela-

tionships of incompressible flow for liquid and of perfect gas law for

vapor.
pp, = %5 1b/ft3 (31)
144 P 144 P
= = = -110 + —= 2
HL u+PLJ +pLJ (32)
By = C, Ty = 2.28 Ty (34)
R

y="73 - 1.685 (35)

1-F¢

p

The final constant-quality flow process equations which relate the discharge
static pressure to the discharge to inlet area ratio (mormal to the relative
velocities) for given values of inlet flow condition, geometry, and tip
speed were obtained by simultaneously solving Eq. 28 through 38 and are

presented below,

The continuity equation is

p./p
= w;/wi (36)

bléﬁ

1
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The density ratio is

1
1-X, +X1RT1 (5_>7
A
Py Py, 18 Py \Py

Po1-%X xRT
+
Py, 144 P1
and the relative velocity ratio at the pump mean diameters is
y-1
d,\2 o) 144 P P P
2 1 1 2 2\ 7
=] + = ————-—(1—X)<———1 +XCT<—-—> -1
yg.z <dl> 2 ) JpL 1 P1 > 1 7p 17 Pl
¥y 1+ ¢12 (1 + ¢12) U12/2gJ
(38)
d2
Note that == , ¢., W,/W,, and U, are at the rms diameters.
d1 1’2 72771 1

Equilibrium Analysis

For the equilibrium analysis the hydrogen properties along the saturation
line were obtained from Ref. 38, The empirical hydrogen property equations
(Eq. 39 throﬁgh 42) are compared with the data from Ref. 38 in Fig. 35
through 37. These relationships are not similar to the classical relation-
ships for vapors and liquids. Clapeyron's equation was used to obtain the
vapor pressure vs temperature relationship (Eq. 45) from the enthalpy and
density correlations. This relationship is compared with the data from

Ref. 38 in Fig. 38.

B, = -232+3.32 7T (Fig. 35) (39)

H, = 8 (Fig. 35) (40)

P, = 4.6 - P/100 = 4.4 (Fig. 36, approximatien is for (11)
T < 45 R)

py = B/175 (Fig. 37) (42)
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1/p =~ 0.227 + 175%X/P  (For T < 45 R) (43)

H = =232 + 3.32 T + X (314 - 3.32 T) (%)
10 10
_ 14.7 (1/36.8)"" _ 0.001303 (T/10) .
P T/10 - 3.68 _1/10 (Fig. 38) (45)

For this flow process the vapor-liquid mixture is compressed isentropically
beginning at atmospheric pressure and temperature. During the compression
the quality varies while condensation (or vaporization) occurs to keep the

temperatures of the two phases equal.

Assuming that the temperature never exceeds 45 R, which is a satisfactory
assumption as long as the inlet quality never exceeds 10 percent at a vapor
pressure of 14.7 psia, the following equations were obtained by simulta-
neously solving Eq. 28 through 30 and 39 through 45 and were used to

relate two of the most significant parameters, the static pressure and

the discharge to inlet area ratio. The discharge quality is related to

the inlet properties and the discharge temperature by

T 2
x, (2 _5.30)_ 3.32 1n (2 )+ 12 dp
L\T, Ty dpgy Jy o1
X, = (46)
314/T2 - 3.32
where the last term in the numerator is
9 M=8 M
5 1 (T,/10) (T,/10)
__.—_144 _d_P = 0.216 10 8' - _t_—-—- -
1 e M=0

(1,10 & (r,/10)"
Ti/lO 18! ':E: 1M! (47)
e M=0
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The static pressure and the mixture density relationships are expressed
by Eqg. 45 and 43, respectively. The relative velocity ratio at the

impeller mean diameter is

2

a, \ 2
6 2
;_2_ i (dl> * 21 i 3.32 [T, (1- 2) ; T, émcl)] + 31k (XQ—Xl) (48)
1 1+<;’>1 (1+¢1)U1/2gJ

and finally, the impeller area ratio (normal to the relative velocities) is

4 P W
= = (49)
A b, W, .

The values of dg/dl’ ¢&, Wé/wl, and U1 are at the rms diameters,

Analysis of Results

Flow calculations were made for both processes at inlet qualities of 0
(liquid), 0.01, 0.10, and 1.0 (vapor) and at inducer tip speeds of 1000,
600, 300 and 100 ft/sec. The geometry analyzed was a constant rms diameter
inducer, as éhown schematically on Fig. 39. The computed results consist
of inducer discharge static pressure vs inducer discharge to inlet area
ratio. These parameters were chosen because they indicate the magnitude
of the effect of both the pump geometry and the operating conditions on
the acoustic phenomena and on the resulting low density. To provide a
comparison, the 1iquid analysis is presented in Fig. 40 and 41. Figures
42 and 43 are constant-quality processes at inlet qualities of 0.01 and
0.10, respectively. Figures 44 and 45 are for equilibrium processes at
inlet qualities of 0.0l and 0.10, respectively. The high-pressure rises
and subacoustic velocity characteristics of inducers while operating in

a liquid are shown in Fig. 40. The subacoustic velocity characteristic

is indicated by the positive slope of each curve at an area ratio of one.
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Figure 41 illustrates how a liquid would perform if the flow process

were equilibrium. The portion of the curve that is above the inlet
static pressure of one atmosphere would be similar to the same region

in Fig., 40. The region below one atmosphere in Fig. 41 indicates that
equilibrium flow is above the acoustic velocity at tip speeds above

100 ft/sec. However, test data at inlet static pressures of one atmos-
phere indicate that the constant quality case illustrated in Fig. 40

is the most accurate and that the flow process is either constant quality
or, if equilibrium, never gets into the above acoustic velocity region

indicated in Fig. 41.

For a constant-quality process Fig. .42 and 43 show how increasing the
inlet quality decreases the static pressure rise aﬁd causes above acoustic
velocity operation at tip speeds above 500 ft/sec; This condition is
indicated by the negative slopes of the 1000~ and 600-ft/sec lines at

area ratios of 1. Therefore, if the flow is constant quality the usual
design with diverging flow passages will cause a static pressure decrease
if operated at a tip speed greater than 500 ft/sec. However, a slight
area contraction at these high tip speeds could convert the flow to a
below acoustic velocity condition. Such a converging-diverging approach
would limit flexibility by choking and would interfere with cavitation
performance during normal operation with a liquid. Variable geometry

is also a possible solution. Another possible solution would be to
provide a high head-rise, low tip-speed preinducer at some distance
upstream; This preinducer could raise the static pressure by operating
below the acoustic velocity of the two-phase flow and the separation
between its discharge and the main inducer inlet would allow time for

the flow to condense to a pure liquid before entering the main pump.

This solution would have the additional advantage of satisfactory

operation during the normal pumping of a pure liquid.
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For an equilibrium process Fig. 44 indicates that the flow is always
above the acoustic velocity of the two-phase flow if the tip speed
exceeds 100 ft/sec and if the quality is 0.01. A possible design that
could handle this case would be initially to contract the flow passage
to convert the two-phase flow to liquid and then diverge to recover
static pressure. However, as with the constant-quality case, this

would result in decreased flexibility due to choking and would seriously
penalize cavitation performance during normal operation with a liquid.

Again, a possible solution would be a variable geometry pump.

For an equilibrium process with an inlet quality of (.10 the flow would
be above acoustic velocity at tip speeds greater than 300 ft/sec and the
static pressure rise at tip speeds less than 300 ft/sec.would be exceedingly
small due to fhe low density of the flow, as shown in Fig. 45. The area
contractions required to convert the two-phase flow to liquid at tip speeds
greater than 500 ft/sec would be so great that even variable geometry would
be a questionable solution. Constant-quality and equilibrium processes
with saturated vapor (quality = 1.0) at the pump inlet are illustrated in
Fig. 46 and 47, respectively. These curves indicate that both processes
would be below acoustic velocity over the entire tip—spééd range investi-
gated, and the flow densities are so low that the pressure rises obtainable

in a pump would be quite small.

Due to the lack of test data, the question arises of whether two-phase
hydrogen followg an equilibrium process, a constant—quality process, or
a process somewhere in between. References 22 and 29 tend to support
the constant-quality approach because acoustic velocities in boiling
water agree with constant-quality theory. However, finite amplitude
pressure wave testing does not simulate the high velocity flow situation
that occurs in a pump impeller. In addition, water may not be similar

to two-phase hydrogen behavior.
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The two-phase hydrogen pump testing conducted at NASA Lewis tends to
support the constant-quality case because the test pump produced a
pressure rise with l15-percent vapor by volume at the inlet. However,
the same result could probably have been obtained in equilibrium flow

if a shock wave had occurred at the right location.

It may be concluded that the type of flow process and, consequently, the
optimum two-phase pump design cannot yet be established. However, the
two most likely flow processes have been mathematically described ané,
if no severe shock waves occur, the upper and lower limits on impeller

performance can be established.

Inducer Experimental Results

In order to study the effect of mixed-phase flow on engine start, the
effect of vapor ingestion or vapor generation on pump performance must
be ascertained. In the case where the effects of vapor are assumed
gimilar to the effects of cavitation on pump performance, a study was
initiated to correlate vapor volume with inducer cavitation performance.
For this mixed-phase flow approach the cavity theory described in Ref. 1
was used to correlate the experimental data obtained from three experi-

mental inducers.

From the relationship of the cavitation coefficient s with blade cavitation

number ke,

ek, +1) @ +1) -1 (50)

W

The relative velocity ratio R = Wg-can be obtained from the following
1

equation based on cascade geometry and flow continuity:

(L/R + R) - 2 cos & (51)
cos & - R + sin & cot (B-m)
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From cavity theory the cavity height hc can be obtained from the following

expression:

sS1in

h =4 sinﬁ{l—RSin. '0‘] (52)

If the éssﬁmption is made that the amount of vapor, in percent of the
total volume, passing through the inducer is hc/h‘, then the percent of
vapor by volume can be computed for a given inducer design and correlated
with its experimental performance. Also by assuming that the inducer can
be represented by a one-dimensional analysis, the critical point (corre-
sponding to a given head-loss as a result of cavitation) can be related

to a critical vapor volume or flow quality passing through the inducer.

The experimental performance of three cylindrical hub and tip helical
inducers was briefly studied and the results are shown in Tables 8
through 11. The effect of cavity volume growth on inducer head-loss

ig also shown in these tables. Figures 48, 49, and 50 indicate the
various points at which the head was related to the NPSH for inducers
A, B and C, respectively. For these performahces in water the computed
critical vapor volume was taken at the 10-percent inducer head-loss

point (defined as the critical point).
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TABLE 8

EXPERIMENTAL TEST RESULTS, INDUCER A (8, = 0.153)

Héo

T e [

Point Y T e inches |percent
1 0.12% 10.37 0.340 0.252 21.8
2 0.124 [0.185 10.159 0.325 28.2
3 0.122 0.148 (0.123 0.349 30.2

L 0.1178 j0.111 0.0866 | 0.378 32.8 °
5 0.1197 10.074 (0.0504 | 0.420 36.4

6 0.1148 [0.0629 |0.0395 | 0.438 38.0 ‘
7 |0.1053 |0.0592 |0.0359 | 0.444 | 38.5
8 |0.061 |0.055 |0.0381]0.453 | 39.3

TABLE 9
EXPERIMENTAL TEST RESULTS, INDUCER A (¢, = 0.168)
HQO

. | h_, hc/h',

Point )] T e inches |percent
1 0.1067 {0.37 0.333 0.169 14.7
2 0.1054 [0.185 {0.152 0.261 22.6
3 0.1041 {0.148 |0.1167| 0.282 24,5
L 0.1002 |0.111 |0.0808 | 0.309 26.8
5 0.1028 | 0.0925 |0.0628} 0.327 28.4
6 0.1043 {0.08325(0.0538 | 0.338 '29.3
7 0.1035 | 0.074 ]0.0448 1 0.350 30.4
8 0.1017 | 0.0703 ] 0.0412 | 0.358 | 31.0
9 10.0971 0.0666 | 0.0376 | 0.362 $2£i2
10 0.0897 | 0.064%75| 0.0378 | 0.365 31.7
11 0.074 0.0629 0.0340 | 0.368 31.9
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TABLE 10

EXPERIMENTAL TEST RESULTS, INDUCER B (¢t = 0.0955)

HQO

. hc, hc/h',

Point )] T e inches | percent
1 0.0668 |0.179 |0.168 | 0.149 18.1
2 0.0676 |0.119 |[0.109 | 0.167 20.3
3 0.0648 {0.0994 {0.0895| 0.175 21.3
4 0.0662 [ 0.0795 {0.0697| 0.185 22.6
5 0.0621 {0.0596 {0.0500| 0.198 24 1
6 10.0599 |0.0398 |0.0304| 0.215 26.2
7 0.0608 [0.0338 {0.0245 | 0.222 27.0
8 0.0547 {0.0328 {0.0235| 0.223 27.1
9 0.0298 {0.0326 |0.0233| 0.223 27.2

TABIE 11
EXPERIMENTAL TEST RESULTS, INDUCER C (¢t = 0.116)
HQO

] h, [ b /b,

Point Y T e inches | percent
1 0.1063 | 0.370 (0.350 | 0.138 16.5
2 0.1058 | 0.204 1{0.186 | 0.176 21.0
3 0.1082 {0.148 |0.131 { 0.196 23.3
L 0.1082 1 0.111 ]0.0955! 0.208 24.8
5 0.1045 | 0.0925 |0.0766{ 0.223 26.6
6 0.1017 | 0.0740 [0.0583| 0.236 28.1
7 0.1032 | 0.0462 |0.0310 | 0.262 31.2
8 0.1008 | 0.0426 [0.0273| 0.266 31.8
9 0.0936 | 0.0407 0.0255 0.269 32.1
10 0.9841 | 0.0388 |0.0237 | 0.272 32.4
11 0.0693 { 0.037 0.0219] 0.275 32.8
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A brief study on the experimental pérformance of a tapered-hub, cylindricaI-
tip model MK 15 fuel (J-2) inducer is shown in Table 12. Both water and

LH2 data are shown for this inducer. Its corresponding points for which

the inducer head coefficient was related to the cavitation coefficient is

shown in Fig. 51.

The critical vapor volumes of these inducers were plotted against their
respective incidence to blade angle ratio (0/B) and are shown in Fig. 52.
Maximum inducer suction specific speed (Sé) values have been obtained
experimentally when the 0/8 ratio is equal to about 0.426 (design flow
coefficient equal to B x 10_2). From the limited data examined +the
critical vapor volume of about 36.5 percent was obtained at’ the maximum
inducer Ss (Fig. 52). Also shown in Fig. 52 are the corresponding SS of
these inducers. Note that the critical vapor volume is not dependent on

the inducer SS but is a function of the inducer o/f ratio.

Shock Wave Effects

Reference 17 has shown experimentally that both normal and conical shock
waves occur in mixtures of gaseous nitrogen and water (effectively, this
is a constant-quality mixture) and, given the flow conditions upstream of
the shock, has accurately predicted the shock losses and the downstream
flow conditions. Since this verifies the existence of shock waves in
two-phase mixtures and since in many cases a two-phase mixture will
exceed its acoustic velocity when passing through a pump, some sort of
‘shock waves are probable and, depending upon their type, can further
complicate the two-phase pump analysis. For example, if a normal shock
wave occurs somewhere in the diverging impeller passage, the location of
the shock and, consequently, the impeller discharge stétic pressure is
dependent upon the static pressure at the impeller discharge. If a stable
normal shock can be established, it would be of great benefit because it
would raise the flow density and thereby increase the static pressure rige

between the shock wave and the impeller discharge.
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EXPERIMENTAL TEST RESULIS, MODEL MK 15 FUEL INDUCER

TABLE 12

(¢, = 0.0935)
H20
) h, | h_/u,
Point P T e inches | percent
1 0.233 0.12 0.111 0.353 22.5
2 0.231 0.08 0.072 0.331 25.0
3 0.227 0.04 0.032 0.298 28.8
s 0.225 0.03 0.022 0.286 30.2
L,
1 0.233 0.103 0.0933 | 0.0931 11.9
2 0.231 0.063 0.0536 | 0.1769 22.6
3 0.227 0.023 0.0140 | 0.2152 27 .4
e 0.225 0.013 0.0041 | 0.2486 31.7
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Conical shock waves may occur at other locations within a pump. For
example, even if the relative velocity leaving the impeller is subsonic,
the abgolute velocity approaching the volute vanes may be supersonic,
particularly if the impeller is centrifugal. This would cause a conical
shock wave and some total pressure drop at the vane leading edges. If
the flow enters the inducer supersonically, a conical shock wave will
form at the inducer leading edge, thereby altering the downstream flow

conditions and, consequently, affecting the pump performance.

It is apparent that any complete analysis of pumps during two-phase
operation must include an analysis of shock wave losses and effects.
This can lead to severe complications, particularly if the pump perfor-

‘mance is dependent upon the system back pressure,
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TASK II: MATERIALS

The gelection of a candidate LH2 pump material must be based on a myriad

of constraints including strength, weight, ductility, modulus, heat capacity,
thermal conductivity, etc. The purpose of Task II is the comparative evalua-
tion of the material candidates from a structural standpoint followed by a
comprehensive evaluation of the thermal response characteristics of the
materials under a wide range of chilldown conditions. The confirmation

of the analytical closed form and computer predictions is followed by experi-

mental test results provided by a related study.

MATERTAL CHILLDOWN PHILOSOPHY

The philosophy of material chilldown can be considered as composed of two
alternative possibilities. For engine start situations where litile or no
preconditioning has been provided, a minimum propellant flow and minimum
time period of start are indicated. For this circumstance the question of
complete chilling of the pump vs chilling of only the wetted surface arises.
For the former condition a high material conductivity and low-density heat
capacity product are indicated. In addition for this condition the surface
coatings which enhance the boiling at the wetted surface without providing
a strong insulating influence for the base material will be optimum. For
rapid chill situations where only the pump wetted surfaces are chilled,

the interior of the pump material remains warm and bleeds a tolerable heat
level slowly into the pump during the mainstage portion of operation. For
this condition the use of thermally insulating surface coatings will prevent
the heat content of the pump from entering the chilldown fluid. In this

latter case an increased insulation thickness can provide increased benefit,
From a thermal shock and required strength standpoint comsideration of start

with the main interior of the pump in a warm condition must be assessed.

Since materials generally increase in strength at low temperatures, the
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desirability of a completely cold pump or a warm pump with a chilled surface
must be evaluated. During the course of a design study consideration of
both cases must be ascertained from these standpoints. The analysis under-
taken during this study included both slow, moderate, and fast chill

circumstances,

bDesign of a pump from a chilldown standpoint regardless of material type
should be toward a lighter weight pump except under the singular case where
turbine weight is large and a resultant high pump equilibrium temperature
results prior to a restart condition. For conditions where a long period
of preconditioning is allowed and where maximum utilization of the prechill
flow is available, the spreading of the minimized LH2 pump weight over a
long flow passage length (1arge length to hydraulic diameter L/D) is desir-
able, If the rapid start with only a chilled surface §ondition present is
acceptable, the pump weight should be toward obtaining a small flow passage
length to hydraulic diameter ratio. In this latter approach the pump heat
capacity will be isolated from the hydrogen wetted surfaces. In accordance
with this method, materials with low thermal diffusivity and thermal con-
ductivity are to be selected. Materials of this type are titanium-nickel
alloys and stainless steel as opposed to aluminum or high conductivity

nickel materials.

Material Strength to Density Ratio

Minimization of the pump mass by employment of minimum thickness sections

is a primary requirement to promoting a rapid chilldown. A study review

of maximum yield strength to density ratio indicated titanium and Inconel
718 provide the highest values as shown in Fig. 53. The effect of material
strength increase with decreased temperature results in a necessary compéri—
son to be made of the desiraﬁility of (1) completely chilling a lightweight
pump for strength factors or (2) partial chilling of a heavier pump which
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does not require the temperature-dependent strength. Under the assumptions
made a consideration to what extent minimum thickness sections governs the

pump weight must be included.

Thermal Shock Characteristics

The thermal shock character of materials studies was analytically assessed
from the standpoints of allowing thermal strains to remain within the yield
stress value or from a standpoint of allowing yielding due te thermal strain.
For the former a high density to modulus ratio is desired; for the latter

a high fracture ductility and plastic strain absorption capability is neces—
sary. The rating employed used the following relationships for assessing

material desirability. Table 13 illustrates the comparative parameter

ratings,
(o AT . .
NB = (?;7ﬁi> (elastic rating parameter) (53)
AT 2
ND = <B(I:ﬁ7> (plastic rating parameter) (54)

Further comparison of thermal expansion differences of proposed insulating
coating to base material properties and coating plasticity is necessary

prior to final selection.

MATERIAL TIME RESPONSE

The critical thermal time response period for the turbopump body structure
can be developed from the transient heat-conduction equations for three
cooling limit cases using one—dimensional heat conduction, constant heat

transfer coefficient agssumptions, These limiting cases are for (1) a
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finite wall thickness (t) with an infinite thermal conductivity (x), (2)
an infinite heat transfer coefficient, and (3) an infinite wall thickness
with finite thermal conductivity. The equations for heat conduction may
be expressed in terms of a nondimensional temperature ratio, a Biot number
(a measure of coolant-side film coefficient), and a Fourier number (a
measure of time). By arranging the solution of Ref, 21 in terms of these
dimensionless parameters, the equation for heat conduction in a finite

thickness slabk (k — ©) becomes:

-N. N..

o - e Fo Bi (55)
TW B TC

@ =T T (56)

c

ht

Npi "k (57)
oT

Npo = .2 (58)

where the subscripts w, ¢, and i are for wall, coolant, and initial values,

respectively.

A critical time constant can be defined as the time when the wall-to-
coolant temperature ratio (or heat flux) reduces to 1/e of its initial

value, i.e.,

Gppip = (3) = 0.367 (59)

crit
Solving the two above equations results in:

N

ro Np; = 1.0 (Case I slow chill) (60)

A comparison of typical materials may be made by comparing density, heat

capacity, and thermal conductivity factors defined by the time constant

equations as will be shown below.
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Under conditions where very vigorous boiling is combined with forced con-
vection, the wall surface and propellant interface is reduced to the local
bulk temperature in a very short period of time. Comparisons of wall thick-
ness regponse for an infinite coolant heat transfer coefficient may be

approximately expressed by rapid chill relationship:

2
Ny, ™ (i—) (Case II rapid chill) (61)

begr = <{—ﬁ>< %%> (62)
P

Similarly, for the case of the infinite thickness slab, the dimensionless

form of the heat conduction equation becomes

-1/2

1
o = erf 5 (Nfo) +
2 -1/2
[N .+ N,.” N ] N,
ol Bl Bt "ol g -Fo N . X 1/2 (63)

2 Bi "Fo

For this case the solution may be developed for Copi

i, With Np. Np > 1.0,

F
and the result is

NF01/2 N, = (—"—) (Case III moderate chill)  (64)

Bi vﬂ;

In terms of critical time the limits for two cases become

pC t
T = _Lhc finite slab K—>® (Np. o) (65)
82 t2
T =—_ = infinite film coefficient (66)
c T (N _—a-w)
Bi
e2 pC k
T, =2 —P—h B finite slab (Ny. Ny = 1.0) (67)
c
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A comparison of the first and third time bounds with the exact solution

to the heat—-conduction equation is shown in Fig. 54%. For the time con-
ditions (Fourier number) representative of rapid pump and enginé startup

time without prechill, the infinite slab solution time constant is most
closely representative of the actual time for chilldown. For most turbo-

pump materials of reasonably large wall thickness and small times(pf approxi-—

mately 1 to 5 secondé), this solution is approximately correct.

Slow Chilldown Time Material Response

For conditions of low heat transfer coefficient with a long time period
(slow chill) or thicker wall (Nbi‘< 1.0, NFO > 1.0), the thermal conduc—
tivity of the wall is of secondary importance as shown by Egq. 65. For
long chill periods the total heat capacity or enthalpy indicates the time

for heat removal,

Two material chill situations were examined for a range of materials

(Table 14). These were a chilldown from ambient to 36 R and a chill from
180 to 36 R, An examination of the results based upon the material prop-
erties of Ref. 8 and 18 show that the largest fraction of heat content is
in the temperature range of 540 to 180 R with only 10 to 15 percent remain-
ing in the 180 to 36 R due to a drastic reduction in thermal heat capacity
at low temperatures. A comparison of the chilldown characteristics over
the entire temperature range indicates the light metals such as magnesium,
beryllium, titanium, and aluminum indicate the best slow chill character-
istics. In the nommetals the Teflon (and Kel-F) materials have the lowest

heat content,

Moderate Chilldown Time Material Response

From Eq. 67 where the chilldown of the cooled surface is considered, the

product of density, heat capacity and thermal conductivity is the controlling
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TABLE 14

RELATIVE TIME FOR CHILLDOWN (N <<1L,N, >>1.0)

. 1180 to 36 R 540 to 36 R
Material pAH Material pAH
Beryllium 0.131 Magnesium 5,60
Chromium 0.668 Beryllium 6.68
Magnesium 0.711 Titanium 7.20
Aluminum 0.74% Aluminum 7.25
Molybdenum 0.828 Mo lybdenum 7.62
Titanium 0.852 Tantalum 8.2
Steel 0.97 Tungsten 8.5
Tungsten 1.11 Chromium 8.8
Nickel 1,12 Steel 10.1
Manganese 1.23 Manganese 10.3
Tantalum 1.44 Nickel 10.7
Copper 1.51 Copper 11.1
Carbon 0.38 Teflon 5.77
Teflon 0.68 Carbon 6.6
Polyethylene 0.78 Polyethylene 8.95
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influence. Table 15 indicates this product for a range of materials at ~250
and 60 F. It is shown that titanium is substantially better than K-monel
and stainless steel due to a low thermal conductivity preventing heat soak
from the pump interior, For normal forced convection circumstances this

moderate chilldown criterion is controlling.

Minimum Surface Chilldown Time

For conditions where the applied heat transfer coefficient épproaches a
high value (NBi-ﬂ ®, NFo < 1.0) the thermal diffusivity controls the dif-
fusion of heat to the chilled surface., A comparison of the thermal diffus-
ivity values at temperatures of 400, 60, and -250 F is shown in Table 16.
for a range of pump materials. For this condition the common pump materials
of Inconel, stainless steel, K-monel, and titanium appear about equal.
Materials with high thermal conductivity are shown to have substantially

higher thermal diffusivity values.

Table 17 compares the candidate pump metals on a qualitative basis from
the previous charts. From fast and moderate surface chill standpoints
the titanium is excellent. From a very slow chill standpoint it also

appears good. Materials such as aluminum exhibit good slow chill char-

acterigstics but poor fast chill characteristics.

Pump Internal Coating Materials

From a materials study of thermal properties it appears that for the pro-
vigion of insulators on the pump internal wetted surfaces, ductile materials
with a low thermal conductivity appear useful, From a comparison of the
thermal properties groupings it was indicated that Teflon and Kel-F materials
have low thermal conductivity, density, and heat capacity with good low-

temperature ductility. A comparison of Kel-F and Teflon for a range in
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CHILLDOWN THERMAYL FACTOR FOR MODERATE

TABIE 15

FIIM COEFFICIENT

pC K [Btuz/(hr e R2)]

Material at 60 F at -250 F
Titanium 139 37.3
Manganese 333 102
K-monel 534 273
347 CRES 4h] 262
Inconel 559 365
Magnesium 1,170 532
Aluminum 2,350 778
Beryllium 6,530 817
Tantalum 1,030 980
Nickel 2,930 1,520
Chromium 3,360 1,790
Molybdenum 3,410 2,430
Tungsten 3,790 3,050
Copper 11,300 10,000
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REIATIVE CHILL PENETRATION FOR FIIM COEFFICIENT

TABLE 16

S
o ft2/hr

Material |at 400 F| at 60 F |at -250 F
Manganese 0.115 0.12
Inconel 0.140 0.132 0.150
347 CRES 0.161 0.160 0.179
K-monel 0.217 0.191 0.190
Titanium 0.18 0.21

Tantalum 0.933 1.25

Magnesium 2,00 1.74 1.27
Nickel 0.%10 0.678 1.33
Aluminum 2.50 2.03 1.86
Molybdenum | 1,74 2,07 3.73
Chromium 1.46 4,22
Tungsten 2,38 L,72
Copper 4.35 6.75
Reryllium 2.21 27.5
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TABLE 17

CHILILDOWN CHARACTERISTICS

RETATIVE COMPARISON OF MATERTIAL

Fast Chill | Moderate Chill| Slow Chill

Material | (LOW K/p Cp) (Low p CPK) (Low p Cp)
Titanium Excellent Excellent Good

Beryllium | Poor Poor Excellent
Aluminum Poor Fair Good

Magnesium | Fair Fair Excellent
Inconel Excellent Good Fair
347 CRES Excellent Good Fair
K-monel Excellent Good. Poor
Nickel Fair Fair Poor
Copper Poor Poor Poor
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chilldown circumstances is shown in Table 18. For moderate chilldown times
the table indicates that Kel-F coatings require approximately 50 percent

of the thickness required for Teflon. Comparative evaluation of other non-
metal coating candidates such as aluminum and zirconium oxide, etc., is
shown in Table 19. Adherence of the coating and pump ingestion of flaked
coating would apparently limit selection to flexible soft materials and
those which are easily applied to the line or pump part. Discussion of

the promise of applied or surface treating techniques for‘pump rotating

and stationary parts is provided under Task III discussion.

Limiting Critical Chilldown Time

The critical time for wall material chilldown was shown by solutions for

slow, moderate, and fast chill conditions by the expressions:

p, Cp t

w
W .
T, = ——1;;—— slow chill (Nj —>0) (68)
e2 pw CPw Kw
Te = 7 ———;:75——— moderate chill (NBi NFO== 1.0) (69)
C
o [P, Cp
T, = ;— ——I—(‘i———— fast chill penetration (70)
W (NBi-——>ea

In the latter case with high film coefficients where the surface chills
extremely'rapidly, the penetration of the chill through the body thick-
ness becomes a function of the thermal diffusivity and thickness. For
the finite film coefficient cases the film coefficient directly affects
the time to chilldown.

It can be shown that the maximum flow mass velocity (gw Vé) may be expressed

for a gas condition based on the choked vapor condition and for a liquid flow
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COMPARISON OF KEI~F AND TEFLON
HEAT TRANSFER EFFECTIVENESS*

TABLIE 18

K
T, R vap P CpK (5_6;)
Teflon
500 27.6 | 4.06 0.00532
500 24.8 | 3.6 0.00584
300 20.7 | 2.9 0.00677
200 14.5 1.96 0.00932
100 8 0.99 0.0154
50 4.8 1 0.92 0.0225
Kel-~F
500 26.8 | 1.96 0.00272
400 2k, 1 1.76 0.00303
300 20.1 | 1.47 0.00363
200 14,1 | 0.92 0.0046
100 7.7 | 0.39 0.0065
50 k.65| 0.19 0.0086

*Values in Btu/hr-ft-R units
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based on the conversion of total pressure to a velocity head. The expres-
sion for the film coefficient in terms of a relatively insensitive Stanton

number becomes

h
Nop = v ¢ (71)
ST Py Vo CP
This may be related to a choked gas flow condition and a maximum liquid

flow velocity

f (v, R) P
P AL T (gas) (72)

VT

(4]

Ao Ve = V2 PP (liquid) - (73)

An expression for the limiting minimum critical chilldown time for H2
liquid and gas is as shown in Table 20, For conditions of fixed pump

geometry the stagnation pressure becomes the strongest influencing factor
for reduction of prechill time. Higher pump inlet and tank pressures will
proportionally decrease the chilldown time, For rapid starts without pre-
conditioning the influence is seen to be proportional to the square of the
inlet pressure. It is indicated that the lower pressure, small flow area

gsections of the pump such as the inducer can provide the limitation during

early pump speedup due to existing low-pressure conditions,

MATERIAL CHILLDOWN TIME EXAMPIES (ANALYTICAL COMPARISON)

Comparisons of low typical material surface chilldown times as a function
of film coefficient are shown in Fig. 55 to 58 for titanium, stainless,
copper (reference) and Kel-F insulator. For these examples the time to
achieve a temperature ratio with l/e of the final value were compared

using the previously described limiting conditions for a finite wall
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LIMITING CRITICAL TIME (x =

TABLE 20

1/e) DEPENDENCE UPON

MATERIAL, PRESSURE AND TEMPERATURE PARAMETERS

T
c
Parameter Liquid Flow Gas Flow
. . pwcpw ’ pr W " TH
Thin Wall (slow chill) o,y 5 . NSTC PH f(VrR7
ST pyy V€ P
p.C Xk (e2/m) p.C_ Kk T (e2/m)
. ( ) WP W w Py H
Thick Wall (rapid chill
2 2 2 2 2
2N gpC Py €05y N28TC p Py 1(7:R)
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thickness with a high thermal conductivity

for a thick wall.

an average between ambient and -210 F (g
conductivity materials a wide difference
thin and thick wall surfaces.

small thickness (<0.1 inch) acts similar

Material properties for

For

I

1/e).

lower

and a finite film coefficient

this analysis were based upon

It is seen that for high

exists between the solutions for
conductivity wall materials a
to a thick wall due to the small

chill penetration depth over the start time period. A comparison of the

chilldown times to ¢ = l/e may be seen illustrated below for a low film

coefficient case (LH2 film boiling at 5 atm pressure) and a high film co-

efficient (choked vapor) case.

Time, seconds
A - -3
Material at h = 1.5x 10 |at h = 1.4 x 10

Titanium (0.1 inch) 9.5 1
Titanium (t = «) 120 1.5
Stainless (0.1 inch) 18 2
Stainless (t = =) 500 6

Copper (t = 0.1 inch) 17.5 1.75
Copper (t = =) 12,000 150

Kel-F (t = 0.1 inch) 1.2 0.1
Kel-F (t = =) 1.2 0.1
NOTE: Surface chilldown ambient to 210 R

It is shown that the material comparison charts previously shown are in

agreement with the above results.

The critical time relationship equa-

tions can as a consequence be used for approximate estimate comparisons.

MATERTAL CHILLDOWN FOR ZERO LENGTH SURFACES

A more exact computer analysis considering variable material properties

of conductivity and specific heat was performed using the Tap II program

‘130

R-7138



(Ref. 48) with varying material properties with temperature and a variety

of imposed coolant film coefficients, Chilldown was assessed from ambient

to a chilled condition of -420 F with a coolant bulk temperature of —-426 F.
Figures 59 and 60 compare titanium with stainless material under a low film
coefficient circumstance (pool film boiling at 5 atm pressure,hc =1.5x 10_1i
Btu/in;Q—sec), Comparison of the titanium with the stainless steel indicates
a more rapid surface chilling to -420 F, For a 0.l-inch material thickness
15 seconds are required for titanium compared with 60 seconds for stainless
steel., Figure 61 compares titanium chilldown with a higher film coefficient.
As expected, the time for chilldown -is substantially reduced. In addition,
it is indicated that the back side wall temperature lags the more rapid
chilldown of the cooled surface. A comparison over a range in coolant film
coefficients is shown in Fig. 62. The shorter time periods associated with

higher film coefficients are shown.

Material Coating Study

Applications of insulating surface coatings such as Kel-F and Teflon over
the base metal were examined with the aid of the Tap II program (Ref. 48)
for transient heat transfer analyéis. Wall thicknesses of 0.1 and 1.0 inch
were evaluated with surface coatings of 0.010, 0.050, and 0.100 inch with
film coefficients ranging from pool film boiling to strong forced convec-
tion conditions. Figures 62 to 68 illustrate the effects of surface coat-
ing thickness and film coefficient on the chilldown time for a 1.0-inch
titanium wall.. For low values of film.coefficient (pool film boiling) the
effect of coating thickness is pronounced; however, within an acceptable
time period the surface is not reduced to near the coolant bulk tempera-
ture. For higher film coefficients (forced-convection LHQ) the surface
temperature decrease is quite marked. The surface is shown to bleed into
the coolant a low heat rate after the initial surface temperature reduction,.
The effect of increasing the forced convection coefficient is seen to pro-

vide a quicker surface chill and to require a smaller coating thickness for
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Figure 59. Wall Surface Chilldown vs Time
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Wall Surface Chilldown vs Time

Figure 60.
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(Pool Film Boiling)
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a given time period. Comparable figures for 1,0-inch thickness stainless
material is shown in Fig. 67 and 68. For the higher applied film coeffici-—
ents and thicker surface coatings the effects of the metal base material
properties are minimized. Figure 69 illustrates a graph of surface tempera-
ture vs heat transfer coefficient after a 5-second period. Benefits of
increased coating thickness above 0.050 inch (Teflon) are seen to be bene—
ficial only for low film coefficient values (<0,001 Btu/in.g-sec—F). For
the pump and line surfaces as a consequence it is seen that the requirement
of a small coating thickness on high fluid velocity surfaces and a large
thickness on low fluid velocity surfaces is indicated. As a result, thin

pump blading need only be coated with a minimum thickness insulator.

MATERIAL CHILLDOWN FOR FINITE LENGTH SURFACES

A further computer investigation of the chilldown characteristics of long
pump fluid passages was made with several candidate pump materials, wall
thicknesses, film coefficients and wall coatings to complete the previous
(I/D = 0) work just described. A section of fluid passage typical of a
hydrogen pump was analyzed to determine the wall and fluid temperatures

as a function of passage length to equivalent hydraulic diameter ratio
(I/D). The developed fluid passage is assumed to typically have a nominal
equivalent diameter of l/ﬂ inches, This is shown in the sketch of Fig, 70.
The thermal analyzer computer program was modified to include the effect

of bulk temperature rise along the passage length and was employed for this

parametric analysis.

The various parameters were expresgssed in terms of the Stanton, Biot, and

Fourier numbers listed below:

Stanton number = ——7 ' ' (7%)

142 ’ R-7138



1USTOTII00) IoJSURI] 3eof SA exnjexedma] oovyang Jurqe0) UOTISL 69 aanlt g

J-08S~_‘UT/n3g ‘3ua8I0OTIF80) I8JSUBL] 3B

c
900°0 G00°0 ¥00°0 €000 200°0 100°0 0
T 1 M 1 I T
ol
< |
00T°0 ol ]
050°0 \%
0T0°0 O
YouT ‘ssaudoTyy
Sut3eo) uUOTI9Y ‘pusle -~
2988 0°¢G aumT], UMODPTITITUD
oo.Om sanjexadwa], TeTIelell Hmﬁpmnu
o0 Ger- sanjexadway] JIng “HI
YSut 00°1 SSaUNOTYY Te}oW 9ssf
miIuel Tl Te3eN @sBg

00Yy—

00~

00z~

00T~

d ‘eanjexedwe] 80BJING UOTIAL

143

R-7138



pInig otusdola) ® UYITA BPIS Mmo 0l eTdLL
uo peTITU) ITBM oFesseg jueloo) ® Jo uorroeg [eOTIdLy -0 I

777

(30 g

R-7138

144



Biot number = —E_E (75)
w
Fourier number = g—% (76)
. !
w

These nondimensional parameters allow a degree of generality in the results
by which moderate changes in some parameters may be predicted and compari-
song made for differing conditions., A typical value for the Stanton number
in the hydrogen-cooled passage was taken as 0.00218 with the hydrogen prop-

erties evaluated at an average temperature of 200 R.

The film coefficient was varied by an order of magnitude from 0.00l repre-
‘senting forced convection down to 0,0001 Btu/sec-in.Q—R representing pool
film boiling. A typical case chosen for consideration was a hydrogen-
cooled passage through an aluminum wall of 0.6-inch thickness. In all
cases the wall was assumed initially at ap ambient temperature of 530 R.
The coolant enters at 60 R and experiences a bulk temperature rise along
the passage, At 10 seconds after start of chilldown the wall temperature
at an L/D of zero near the inlet has reached 225 R and, due to a higher
fluid temperature, rises rapidly with L/D to near the initial wall tempera-
ture as shown in Fig., 71. Within 2 minutes time the wall has completely
chilled to an L/D of 150 and within 50 degrees at an L/D of 300.

The corresponding bulk temperature of the coolant is plotted in Fig. 72.
For the high film coefficient of 0.001 +the hydrogen bulk temperature has
a dominant influence on chilldown with the wall temperature following

closely the fluid temperature with increased time,
The wall surface temperature drops rapidly at an L/D of 300 and rather

slowly at L/D values above approximately 100 due to this rapid rise in
the accompanying bulk temperature.
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This indicates that an L/D of 100 to 150, modeling hydrogen pump and line
passages, may require a considerably longer chilldown period. The predicted
chilldown times by a transient analysis of the wall without considering the

. bulk temperature rise through the passage (L/D = O) will be shorter,

The O.l=inch aluminum wall shown in Fig. 73 chills much more rapidly at
low L/D values but only slightly faster at high I/D values, The chill is
almost completely down to bulk temperature at an L/D of zero within iO
seconds and throughout for an L/D of 300 within 2 minutes. This indicates.
the thin wall is of considerable advantage in chilling short passages but
of little benefit in chilling long passages, Similar curves are plotted
for 347 CRES in Fig. 74 and titanium in Fig. 75. The 0.6-inch CRES wall
chills somewhat less than the aluminum at high Fourier numbers and L/D
values since its heat content p Cp is appréximately 50 percent greater.
The titanium surface chills more rapidly at low L/D values, due to low
thermal diffusivity (o), and at the same rate as aluminum at high l/D
values since they have approximately the same total heat content (p Cp).
These wall temperatures are also controlled largely by the bulk tempera-—

ture which is similar to Fig. 72 for high film coefficients.

For the same thickness of wall and high film coefficient the material selec—
tion has little bearing on chilldown rate at high L/D and Fourier numbers

and a moderate effect at an L/D of zero and low Fourier numbers.

Decreasing the Biot number or film coefficient by a factor of 1/10 in-
creases the chilldown time appreciably as may be seen for an 0.6-inch
aluminum wall in Fig. 76. This indicates under low coolant flowrates and
£film coefficient the chilldown will be very slow with high bulk tempera-
ture persisting throughout a long chilldown period as in Fig. 76. This

condition is to be avoided for a rapid LH2 turbopump start.
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A logical alternative when a rapid chilldown is not possible for low flow-
rates and large metal masses, is to retard the heat input to fluid through
use of a high thermal resistance coating., To determine the effect on a
long fluid passage, a Kel-F coating of 0.050 inch applied to the 0.6-inch
aluminum wall was analyzed, This resulted, as seen in Fig. 77, in a sub-
stantial drop in wall surface temperature at low L/D values and only a
slight decrease at high L/D and intermediate Fourier numbers as compared

with no coating case in Fig. 71.

The optimum coating thickness for the operating conditions of Fig. 77 is
indicated by the variation of wall surface temperature with coating thick-
ness plotted in Fig. 78. For low L/D values from 0 to approximately 100{
coating thickness of 0,010 to 0.020 inch (h.= 0.001 Btu/in.z—sec—R) appear
to yield most of the benefit available from a coating. It appears that
coating a high L/D passage is of little advantage due to the large fluid
temperature rise encountered. The coating is of considerable benefit in
providing a rapid surface chill with low film coefficienﬁs and coolant
flow. This is seen in comparing the surface temperatures of Fig. 79 with
those of Fig. 77.

The thermal analyzer program employed did not include the effect of varia-
tion in hydrogen specific heat with bulk temperature. A brief hand calcu-
lation including the change in specific heat serves to show its effect is
small and diminishes rapidly with time, The coolant initial bulk tempera—
ture distribution along the wall for an 0.6-inch CRES wall is shown in

Fig. 80 as calculaﬁed within the program. If each bulk temperature rise

is corrected for Cp’ the resultant curve will be shifted a maximum of
approximately 8 percent higher in bulk temperature at the lower L/D values
as shown in Fig. 80. This diminishes the heat transfer rate only slightly
at the initial time period. At 20 seconds the differences in bulk tempera-
ture becomes negligible, thus introducing little error in the time for chill-
down. The effect of Cp variation will be damped out earlier with a smaller

time increment for bulk temperature change.
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TRANSIENT TWO-PHASE HYDROGEN HEAT TRANSFER

Under an associated program study, experimental transient two-phase hydro-

gen flow heat transfer data were obtained for uncoated tubes made of the
candidate pump materials; CRES 321 stainless steel, titanium (5A1-2.5 Sn),
aluminum alloy (Tens 50), and K-monel, with OFHC copper used as a reference
material (Table 21). A total of 87 tests waé run with tank pressures vary-
ing between 25 and 150 psig and initial tube temperatures ranging from ambient
to 30 R. The chilldown was considered complete when steady liquid flow was
obtained at the exit of the tube test section. A minimum of two tests was

run for each test condition. A test summary is shown in Table 21. (The
thickness of each tube chosen was such that the amount of heat dissipated
"when the tube cooled from ambient to liquid hydrogen temperatures was apprdxi—

mately the same for all five tubes.)

A drawing 6f a typical test specimen is shown in Fig. 81. Photographs of
a typical test specimen, test apparatus, vacuum chamber, and flow schematic

are shown in Fig, 82 to 85.
The experimental data collected during the tests included:

1. Temperature histories obtained from nine chromel-constantan thermo-
couples located on the outer surfaces of the tubes and three chromel-
constantan thermocouples located in l/8—inch—deep wells for the
steel and the K-monel tubes

2. Temperature of the liquid hydrogen in the reference junction pool

measured by a Rosemount platinum resistance thermometer

3. Bulk temperatures of the hydrogen flow immediately upstream and
immediately downstream of the test section (These were measured
by chromel-constantan thermocouples fabricated from 0,003-inch-

diameter wires.)

158 ' R-7138



TABLE 21

SUMMARY OF TEST CONDITIONS, JANUARY 1967
TEST SERIES

Initial Temperature

Tank Pressure

0.500-inch ID
0.850-inch 0D
L/D = 24

Test Specimen (Nominal*), (Nominal¥)
(tubes) Run No. R
Steel(CRES 321) 4 to 12 500 25 to 150
0.500-inch ID
0.750-inch 0D
L/D = 24
| Copper ( OFHC) 13 to 23 500 25 to 150
24 to 29 160 25 to 150
0.500-inch ID
0.750-inch 0D
L/D = 24
K-monel{29-Percent Coppey| 30 to 40 500 25 to 150
41 to 47 160 25 to 150
0.500-inch ID
0.750-inch 0D
L/D = 24
Titanium(S—Percent Al) 63 to 82 500 25 to 150
8% to 87 160 25 to 150
0.500-inch ID
0.850-inch 0D
L/D = 24
Aluminum(Tens 50) 40 to 57 500 25 to 150
58 to 62 160 25 to 150

*Nominal temperatures and pressures are the target test conditions.
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Vacuum Chamber Installation of Test Section

Figure 83.
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k. Pressures records from Wiancko and Statham transducers located
in the liquid hydrogen tank, upstream pressure and pressure drop
in the liquid hydrogen flow venturi, orifice inlet and orifice
pressure drop in the hydrogen gas flow downstream from the test

section

5. Gas temperature upstream of the orifice measured by an iron-

constantan thermocouple

6. Pressure variations in the flow channel immediately upstream
and immediately downstream of the test section recorded by

Kistler transducers
The above measurements permitted calculation of hydrogen flowrates, Reynolds

mmbers and temperature-time curves for the hydrogen flow and for the test

specimens,

Experimental Test Results

Figures 86 through 91 show the chilldown rates for typical test runs of
various tube materials and reflect transient backwall temperature histories.
A trend of chilldown rate with hydrogen pressure is shown and a higher pres-
sure condition, indicative of higher hydrogen mass flowrates, resulted in

a rapid cooling of the test specimen. For the cases shown the controlling
resistance for heat diésipation was the effective boundary layer resistance
(N'Bi < 0.1). As expected the entrance thermocouple (No. 15) recorded tem—
peratures that show a slightly quicker chilldown rate than did the other
two thermocouples, No. 18 and 21. Thermocouple No. 18 and 21 were located
at the tube midpoint and exit point, respectively. These differences in
chilldown rate can be attributed to the higher heat trénsfer rates at the

entrance region and lower coolant bulk temperature.
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Figure 91. Cooldown of an OFHC Copper Tube in Hydrogen Flow
Backwall temperatures vs time; nominal tank
pressure, 100 psi; run 14)
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Table 22 illustrates the selected seven film coefficient test runs based

on slow chill (NBi < 1.0) conditions. Calculated low Biot numbers indi-

cate that the wall responded as an entity for these tests.

Further testing with higher Biot numbers, longer L/D’s and with coated test

sections is presently in progress at the Rocketdyne research laboratory.
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TABLE 22

TYPICAL TUBE CHILLDOWN PARAMETERS FOR LH2 TESTS

Pl ? P2 ? s ezgnds Gc; X

Material Run No.| psia |psia |at ¢ = (1/e) | 1b/in.“=sec Bi
CRES (321) 1 115.8 | 97.3 8.3 0.154 0.273
CRES (321) 11 163.3 | 144.8 8.3 0.228 0.273
CRES (321) 6 69.8 | 56.8 13 0.0905 0.137
K-monel 31 123.3 | 97.8 11.0 0.186 0.182
Tens 50 49 123.8 | 101.3 10.4 0.195 0.041
Titanium 64 123.8 | 102.3 1% 0.177 0.22.
(5A1-2.5 Sn)
Copper (OFHC) 1% 119.8 | 86.8 8.5 0.187 0.0078
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TASK III: PRECONDITIONING AND THERMAL PROTECTION

During the Task III study, development of pump criteria for external in-
sulation requirements and thicknesses as well as other isolation methods
to restriet heat input to the pump from sources including the turbine
after shutdown was accomplished. Additional studies included pump chill-
down requirements and a pump inlet feed line chilldown evaluation. Al-
ternate preconditioning approaches considered, other than those employed
presently with the J-2 engine system, included the evaluation of idle mode

conditioning and continuous tank to pump venting.

EXTERNAL INSULATTION

In addition to coatings for internal wetted-surface insulation, external
coatings are required for the LH2 pump to maintain shutdown temperature
or ground chilldown conditions. Prevention of heat radiation from sur-—
rounding turbine, vehicle structure, solar, and earth heat inputs is im-
portant between restarts and for long orbital or space storage periods.
In addition, for ground prechilled pumps, the natural convention and
radiation during ground hold and forced convection during ascent make

external insulation mandatory for nearly all IH_  pumps and missions.

2
The controlling influences for coatings on pump surfaces were examined

by equating the heat gain of the pump to heat conducted by external in-—
sulation and heat radiation from a source condition. A heat balance was

made as follows:

heat gain of pump + heat gain of insulation = conduction

of insulation = radiation from source

The heat content of the insulation was allowed to be small with respect

to the puwmp heat content, and the pump internal thermal resistance was
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assumed negligible due to the long time periods examined. Denoting the

pump, source, and insulation conditions by p, s, and i subscripts,

respectively,
(d T ) Ai Ki L I
W cpp ———P—d ) = X (T, - Tp) = A, 0cF (1 -1.") (77)

The solution after integration with respect to time and temperature

Ti Tpo
OeF A, TTS3 Y AU
—_— = 1/ loge S :

becomes

(T >4

T 3 -1

T, p 0X, €F T T

1 -1 -1

5( tan <T1>- tan (———9> -t log ( - 2 ?(78)

The temperature Tp in this expression represents the pump and insulation
)

temperature at time zero. The two dimensionless controlling parameters
are seen from the above equation as the relative insulation resistance

parameter:

R (79)
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and the nondimensional time parameter:

v = W C J (80)

Figure 92 illustrates the relationship of @ and ¥ for insulation outside
surface temperature approaching 0.9 of the equilibrium temperature (TS).
The case of § = 0 represents the uninsulated case. Figure 93 represents
a conversion chart of the pump temperature from the insulation tempera-
ture with various values of @. Tor large relative insulation thicknesses
Fig. 94 was developed. Tor a time period for the pump to achieve a tem-
perature within 1/e of its final value, approximate values of the con-
trolling parameter requirements may be developed. For rough estimation

purposes to warm the pump to within 1/e of the final value,

c 1.5 0<f# <1.0 (81)
W C ~ lightly insulated case
P p
p
KT ~ 2.75 g > 1.0 (82)
w Cc_ X, heavily insulated case
p Pp 1

It is seen that the time required becomes directly proportional to the
pump heat content and inversely to the insulation surface area. As a
result LH2 pumps which most closely approach a spherical shape will warm
up the slowest from a prechilled condition. For lightly insulated cases
the time required to warm is inversely proportional to the third power
of final equilibrium temperature. For the heavily insulated case the
time required becomes directly proportional to the insulation resistance
(§>1.0). Values of the pump weight to surface area are shown in

Table 7 from the empirical study of existing pumps (Table 27) and from
the analysis of geometric shapes (Table 6).
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Insulation Thickness Requirements

Analysis of insulations for the pump and lines from heat sources indi-
cated a wide range in thermal conductivity for available superinsulations
under ground and altitude vacuum conditions. Insulators employed in
ground environments and subject to atmospheric conditions generally be-
come limited by the air conduction within the insulation matrix. As a
result, most ground hold (non-evacuated type) insulators approach (as a
lower limit) the conductivity of air or about 1.5 x 1072 Btu/hr-ft-F.
Insulators for vacuum conditions become radiation or material conduction
limited and superinsulators for this purpose are generally composed of
multiple thin layers of closely spaced aluminized Mylar separated by
16w—conducting glass mesh. Insulators of this type approach conductiv-
ities of 1.0 x 10"5 Btu/hr-ft-F but are Very sensitive to small loading
pressures which can inerease conductivity 25 to 50 times the nominal
value, and also to penetrations into the insulating material by struts,
supports, etc. A number of insulating materials of interest and their

conductivity values are listed in Table 23.

Two materials that could be considered for use as effective turbopump
external insulation are polyurethane foam, which has a thermal conductiv—
ity of k = 1.3 x 1072 Btu/hr-ft-R (ambient value), and Linde S.I.-91,
with k = 1.0 x 10_5 Btu/hr—ft-R (vacuum value). A general curve relating
required insulation thickness for a given time and pump surface area <o
weight ratio, for any insulation material, is shown in Fig. 95. The
basis for this curve is the solution to the equation for heat balance
between gain of the pump to heat conducted by external insulation and
heat radiation. The two dimensionless controlling parameters are seen

from Eq. 78 as the relative resistance parameter

CeFT X,
S

§=—x . (83)

1
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and the nondimensional time parameter

Ai g€F TS3 T
Y= T (8%)
P

Pp

The insulation thickness required for corkboard and Linde as a function
of time is shown in Fig. 96. For example, if Linde S.I.-91 is used for
the liquid hydrogen pump for a Mars trip (24,000 hours), a typical insu—
lation thickness of only 0.130 inch would be required if the final pump

temperature is allowed to approach to within 1/e of its final value.

THERMAL ISOLATTION OF PUMP FROM TURBINE

An approach to increase the turbine heat radiating capability by (1) bet-
ter isolation of the pump and (2) increasing the heat radiating capability
of the turbine inlet and exhaust ducts was analyzed by using a closed-form
solution for radiation and conduction heat transfer in the ducting. The
resulting increase in turbine heat-radiating capability, over an unisolated
turbine with minimum ducting, was found to be quite large. Tor a typical
duct thickness of 0.080 inch an improvement in capability of 14 percent
was obtained for a turbine temperature of 1600 R, and 60 percent was ob-
tained for 600 R. At the lower temperature there is a greater tendency
for heat to be conducted into the duct, which would subsequently be radi-
ated. Both the turbine inlet and exhaust ducting can be modified by de-
sign to obtain a significant benefit in heat rejection, through conduction
and radiation at the lower turbine temperatures, to reduce substantially
the problem of pump chilldown time. A tradeoff between dueting weight
increase and hydrogen flow required to chill a warm pump, however, must

be evaluated for a specific pump design.

A typical analysis of the heat transferred to a long turbine shaft com-

pared to the heat radiated from the turbine body is illustrated in Fig. 97.
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Heat transferred by conduction along the shaft compared to heat radiated
from the turbine body after shutdown can range from 5 to 11 percent at
turbine temperatures of 1600 and 1000 R, respectively. The equation de-
rived for the ratio of shaft heat conduction to heat radiation from the

turbine body was determined as

(85)

Figure 98 illustrates. a typical (60MM) turbine shaft heat dissipation
rate. Figure 99 illustrates short turbine shaft heat conduction rates.
Further increases in percentage heat conduction are shown for lower tur-
bine temperatures. Soakback of heat from the turbine to the pump by con-
duction through the shaft and supports represents the major turbine heat
input for insulated pump conditions. For short and intermediate mission
times, where the pump insulation is of benefit, the isolation of an unin-

sulated turbine from pump supports and pump shaft becomes important.

Turbine Isolation Scaling Studies

Scaling studies of shaft and ducting influences on heat diversion to and
away from the pump were conducted. Turbine diameter and shaft size as a
function of thrust were examined on the basis of bearing DN, pump NPSH,

turbine tip speed, and shaft stress.

The relationship derived for heat radiated from the downstream ducting

of the turbine compared with turbine body surface radiation was

mTD.,t
dduct _ Vﬂiﬁ; AZ V2/5 (%?

Yoty VoeFT3t VoD t
0 k

R~7138 ' o 7 187
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Tt is shown that the greater the ducting thickness (t) is in relationship
to the pump body length (L), the greater the percentage heat radiated by
the exhaust ducting. Figure 100 illustrates the heat transferred by
downstream ducting compared to the heat radiated from the turbine surface.
Substantial percentages of heat can be removed by the ducting at lower

surface temperatures.

Cases where the turbine was isolated from the pump body by a standoff
housing illustrated in Fig. 100 were also investigated during the concluded
study. Typical analysis shown in Fig. 101 for a 0.l-inch-ihick housing-of
various materials indicates an increase in isolation length and a choice

of a low conductivity material such as Inconel or titanium can result in

a considerable radiation from the housing and an isolation of the heat

from the pump body. The resultant increases in turbopump weight and the
disadvantage of long shaft connections between the pump and turbine re-

quire further detailed study for specific design cases.

Scaling of shaft heat conduction area to turbine surface heat radiating
area were conducted for three specific cases where imposed limitations of
(1) shaft stress limits, (2) pump NPSH limits, and (3) turbine tip speed-

limited designs. The scaling results with thrust were as follows:

A ,
( KE ) o F° (shaft stress limited) (87)
s
A
(2) F/2  (NPSH 1imited) (88)
s
A 2
( KE-) « F (turbine tip speed limited) : (89)
S .

For other than shaft stress limited designs, it is seen that small thrust
turbopumps will suffer less from shaft heat conduction. Very large turbo-
pumps with a large shaft conduction area (Ac) to radiating surface area

(As) will,as shown above, require proportionately better isolating approaches.
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TURBOPUMP THERMAL EQUILIBRIUM CONDITIONS

The case for turbopump equilibrium temperature achievement without benefit
of the turbine heat radiation to environmental surroundings and where the

turbine and pump unit are isclated from the surroundings was examined. A

heat balance between the pump warming and the turbine chilling to the

final equilibrium temperature Tf became

W, Con (T, ~T,) =W_C (Tf—Tp) (90)

g was finally expressed as

0 TT + T WT CPT ’
E BCE S ey o
p

The equilibrium temperature T

As would be anticipated a lighter turbine to pump weight ratio and lower
turbine housing and rotor temperature will contribute to a reduced equi-

librium temperature.

A more exact heat balance by employing enthalpy values in an iterative
solution to allow for variable heat capacity was performed for existing
pumps and design layouts, and the results are illustrated in Table 24.
It is seen that turbine to pump weight ratios vary from 1.0 for lower
pressure pumps to 0.25 for higher pressure pumps. As a result where a
greater pumﬁ mass ig present the equilibrium temperature is reduced. LH2
pump equilibrium temperatures are illustrated in Table 24 to range from
-120 to +378 F. Effective isolation of the pump and turbine sections will

result, of course, in much lower equilibrium temperatures due to the allow-

ance for turbine radiation and duct and structural support heat conduction.
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TABLE 24

COMPARISON OF ISOLATED TURBOPUMP LEQUILIBRIUM TEMPLRATURES

Thrust .Pump Equilibrium
Data : Chamber D1?;h§rge Weight, pounds Temperature
Reference Thrust, Pressure, D’ : After
Code 1bs X 1073 psia psia Pump Turbine | Shutdown, F
LH2 Turbopumps
I 15 292 920 - — -
II 30 1000 1530 37 18 35
ITT 200 630 1200 180 151 378
v 250 1500 2550 253 196 235
v 280 1000 1530 364 175 35
VI 350 3000 5950 533 122 -120
VIiT 350 3000 5950 103 122 =75
VIIT 365 1000 1530 180 151 255
IX 1500 1000 1800 2660 2110 225
X 1500 1000 1530 2400 1900 255
XI 3000 1000 1530 4700 3900 255
XII 6000 1000 1530 9400 7800 255
LO2 Turbopunmps
I 15 292 L35 —- — —
IIT 200 630 885 156 129 67
v 250 1500 2090 88 199 575
VI 350 3000 6420 271 299 227
VII 350 3000 6420 178 299 353
IX 1500 1000 1520 1400 1240 113
194 R~-7138




Turbopump Transient Heat Conduction

This problem was analyzed to determine the effect of general pump geometry
on the time to reach a given equilibrium temperature. Tor this case the
turbopump assembly was assumed to be totally insulated with no heat con-
duction to other parts of the engine through appendages. It was further
assumed that the pump and turbine have infinite conductances within each
body such that the resulting temperature will be uniform throughout the
turbine and pump at any given time. The shaft was also assumed to have

no heat storage capacity. A simple sketch of the turbopump arrangement

is shown in Fig. 102, and a heat balance equation between the pump and

turbine is given‘by

T Cm

When Eq. 92 is integrated and the limits ‘are substituted, the following
solution is obtained in terms of a nondimensional time and heat content

parameters as

t, P.

AT o1 i i

X, ¢ ~T+% M|(T+m) T, -~FT, -1 (93)
Py £ i Py

where the pump temperature at any given time is given by

T =F (T, -T, )+T (94)
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Under specialized conditions of varying F values the above equation may

be simplified to

T, - T
T, P.
I F—0 Q2 =1n TL—T_I (96&)
T -
£ Py
1T Fa 1.0 Q=0.5 (96b)
III F—> 00 Q-—0 , (96¢)

It can be seen that the time for heat conduction can be varied both by a

variation of turbine heat content and by resistance control in the following

relationships.
T ot Wy Cpp (97)
X
T o« T (98)

The solution represented by Lq. 93 is graphically presented in Fig. 103

for an initial turbine temperature of 1700 R and pump temperature of 40 R
for various values of the turbopump parameter F. The results are shown

in terms of the lefthand member of Eq. 93 and the ratio of pump final tem—
perature to turbine initial temperature, Tpt/Tti. From the curves a small
pump temperature rise is obtained if the distance between the pump and
turbine (X) is large, the thermal conductivity (k) is low (or good insula-
tion between pump and turbine), and the cross—sectional area for conduction
(A) is low. Thus, if X/kA is large the time (7) to reach any given tem-
perature or the time for the pump to warm up due to turbine heat soakback

would be long.
Since it takes an infinite time for the pump turbine temperatures to equal-

ize, dotted curves are shown in Fig. 103 to indicate points of near-equilibrium

temperature (1/e) and points where there would be only a 10-degree difference
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between the final pump and turbine temperatures. In general, minimum
pump temperature is obtained if the turbopump parameter F is small or

approaches zero.

A detailed heat soakback analysis of typical existing LH_, turbopumps using
digital computer analysis was undertaken under Task IV study to correlate
with analyses developed under the Task III study. Good order of magnitude

agreement with the more complex analysis was obtained.

ENGINE PRECONDITIONING

The J-2 engine requires two basic types of preconditioning. One is chill-
ing of the thrust chamber to reduce the rapid gasification which occurs
when at start the liquid hydrogen is heated as it passes through the con~
siderably warmer thrust chamber jacket. The second type of precondition-
ing required is propellant feed duct and pump chilling. This is required
for both the LOX and LH2 feed systems. Bleed valves below the propellant
pumps allow propellants to be recirculated from the stage propellant tanks
through inlet ducts and pumps and then returned to the tanks. The LOX
and LH2 recirculation systems operate before engine start to assure that
propellants at the pumps are cold enough at start to meet pump NPSH

requirements.

For each operation of the J-2 engine preconditioning is required. For
missions requiring multiple starts additional preconditioning requirements
exist. The thrust chamber prechill requirement is met by GSE cold helium
for a second-stage single-burn application; however, for a restart the
cold helium must be supplied by a stage cold helium system. After a coast
(zero g) phase the stage ducting is warm and filled with all gas—-—a more
severe condition than that for the first burn. On the S-IVB stage the
inlet ducting and pump chilldown is accomplished by settling the propel-
lants using an auxiliary propulsion system and then using the same recir-

culation systems used for the first burn. The J-2S eliminates the auxiliary
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propulsion system by incorporéting idle mode capability in the J-2. The
idle mode operation moves enough propellant through the feed systems so
that, with a SPTS system, start recirculation systems are not required.
For each restart, however, an addition SPTS cartridge must be added to

the engine.

For applications of the J-2 where neither stage coast or stage restart

are required the J-2 thrust chamber is chilled before launch using GSE
supplied helium, and consequently no stage preconditioning hardware is
required. Applications of this type are use of one J-£ in the S-IVB stage
when it is used as the second stage of a S~IB, and use of five J-2's in

the 85~I1 stage as the second stage of a S-V.

In the same type of application, however,‘stage hardware is required for
the preconditioning of inlet ducts and engine pumps. On the S-TVB stage
similar recirculation systems are used for both LOX and LH2. Each system
has a tank-mounted centrifugal pump driven by an a-c electric motor. In-
verters are required to convert the stage battery d-c power. From the
pump the recirculation propellant is piped into the inlet ducting just
below the stage prevalves. In this line between the pump and inlet duct
are a shutoff valve, flowmeter, filter, and check valve. Returning from
the engine the recirculation propellant is returned to the tank through

a stage line and check valve.

On the S-II stage with five J-2 engines the LH2 recirculation system uses
five recirculation pumps driven by a-c electric motors. As in the S-IVB,
inverters are used to convert battery d-c power. From the recirculation
system pumps, bypass lines pipe the recirculation propellant into the en-
gine inlet ducts below the prevalves. After flowing through the inlet
ducts and engine pumps the LH2 returns to a stage LHQ recirculation system
manifeld and from there by a return line into the LH2 tank. For LOX recir-
culation five recirculation duct systems are used on the stage but no pumps

are required.
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Fngine Modifications to Eliminate Preconditioning

In the J-2S program engine improvement features were incorporated to elim-
inate the need for engine preconditioning. To eliminate the need for
chilling the thrust chamber a duct and valve were provided to bypass fuel
around the thrust chamber jacket directly to the injector until turbopump
speed has been built up. The buildup of back pressure from LH2 gasifica-
tion in the jacket will then no longer cause turbopump stall. The elim-
ination on the J-25 of the requirement for LOX and LH2 recirculation is
primarily made possible by a solid-propellant turbine starter (sprs).

The SPIS provides about three times the energy for start as the J-2 hydrogen
start tank bottlé. The SPTS duration is such that a large portion of the
propellant in both ducts has been evacuated and burned in the engine by '
the time the SPTS burnout occurs. At this point the propellant conditions
at the interface are such that steady-state NPSH has been obtained. The
elimination of the recirculation requirement on the J-25 is also aided by

the use of a thrust chamber tapoff cycle and idle mode start.

Effect on Weight by Fliminating Preconditioning

Elimination of thrust chamber cﬁill requirement adds about 100 pounds to
each J-2 engine because of the addition of the thrust chamber bypass sys-
tem. No engine hardware is deleted by this modification. The SPTS system,
which is added to the J-2 engine to eliminate the recirculation systems,
weighs about 114 pounds. It, however, eliminates the start tank system
and the two propellant bleed valves—a total of about 153 pounds. This

modification, therefore, reduces each engine's weight about 40 pounds.

No change in stage hardware results from the thrust chamber prechill elim-
ination. LOX and LH2 recirculation systems are eliminated from both the
S-IVB and S-I1 stages, however. These systems on the S-IVB weigh about
230 pounds. A stage weight reduction of over 2000 pounds would result
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from the use of J-25 engines in place of J-2 engines. Most of the stage
hardware deletions result from the elimination of the propellant recircu-—
lation systems. A value of 80 percent of the total weight reduction
(1600 pounds) can therefore be assumed to result from the recirculation

system elimination.

CLOSED-CYCLE SYSTEM PRECONDITIONING FLOW REQUIREMENTS

Closed cooling cycle system analysis was undertaken for the development

of the required LH_, coolant weight flow relative to the pump weight 1o

2
achieve a conditioned pump. A closed-form analytical solution was de-
veloped for the case of a slow bleed through the pump where equilibrium .
of the hydrogen and pump body occurred. An equated heat balance on the

pump heat transferred and the LH2 coolant temperature rise becomes
-0 C t A [T . -7 =W, C aT (99)
wop, wow v Tl By P H,

Integrating this results in

C
WH2 PH2 .
W _C = T -1 .\ "% (100)
Pw w2 HQZL
In 1 -
e T , -T. .
wi Hél

For a chilldown to 1/e of the initial temperature difference
R = - 1/1ne (1 -1/e) =2.2 (101)

From this analysis the weight heat capacity product of the hydrogen cool-
ant flow becomes approximately 2.2 times that for the pump. Therefore,

to reduce the amount of the coolant required to chill the pump, the size

or weight of the LH2 pump must be reduced,
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OPEN—-CYCLE SYSTEM PRECONDITIONING FLOW REQUIREMENTS

A second definitive case considering a high wall thermal conductivity may

be developed from the relationships

h da_ (T
S w

- TH) =¥ C AT

hdr {T -T
w

0

Integration of the first equation above yields
< % >
_ s
w. C
o H pH

which can be reduced to

The Biot Fourier product may be expressed as

NBi NFo

Ty - THi . - ((4 Nern (L/D))

T .
wi

T

H,

1

WH

Noi Npo = i1

W

e

C

Py

C

Neg (4L/D)

Inserting in the above results in
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As illustrated in Fig. 104 the coolant flow required to chill the pump
to a given temperature becomes a function of the Stanton number LL/D
product. Values of this product much less than one result in a coolant
which is dumped overboard without full usage. Values greater than one
would appear to imply an excessive coolant temperature rise resulting

in a diminished efficiency of cooling due to a decreased coolant to wall

temperature difference.

Further work comparing the chill condition for surface temperatures

brought to the minimum temperature and for complete chilling with finite
wall thermal conductivity was conducted under Task II study. Some com-
parative experimental preconditioning test results are illustrated in a

fdllowing section.

Results of Ref. 42 were translated into average flows and average weight
heat capacity ratios for M-1 slow prechill test results and shown in
Table 25. Chilldown weight flow for chilldown to 1/e and to the final
temperature are indicated. Chilldown required flows were seen to be

approximately twice the simplified equation values.

Integrated weight heat capacity ratio values for the P-W 350K long pre-

chill study (outlined in a later section) were approximately

WHQ (CP)H2

). = 2.0 which agrees more favorably with simplified theoretical
P PP

predictions.

CHILIDOWN OF FEED LINE COMPONENIS

Assessment of the time required for chilldown of pump feed lines was
developed by considering the heat input to the transiting coolant. A
heat balance on the coolant neglecting change in phase and assessing a
constant heat capacity becomes

h, dA (Twc ~T)=w ¢ ar (108)

c [¢]
pC
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TABLE 25

M-1 PUMP CHILLDOWN FLOW REQUIREMENTS

Chilldown Chilldown
to -420 F to & = 1/e
. . *
y W, C W_ C
. W H,'p H, p
iy H, 2 “H, 2 “H,
2 (total), T, WpCp W5Cp
Test No. 1b/sec pounds hours P P
1 0.51 3860 2.1 27.2 -
2 - —_ — — —
3 0.14 2080 4,25 14.7 7.6
L 0.29 950 0.9 6.7 5.1
5 0.46 1780 1.08 10.5 -
6 0.52 1480 0.80 10.5 -
7 0.36 1130 0.88 7.95 -
Py
2) = 18 (Data from Ref. 42)
Pp
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where the wall temperature is considered at an average value within a time

period. Defining the nondimensional values
Twc — Tc.
“=\T -7 (109)
wi c
h A
N = —¢
ST W cp (110)

the above relationship becomes

AS ch

a(A.) dT ‘
ST _ __c :
Nsr A " (T ~ T > (111)
w C

[

If the ratio of surface area (AS) to cross—sectional area (AC) is consid-

ered for a cylindrical line component

b>|h>
w

m
- _Dds _ L (ds)

c mh D2 ) D (112)

D

Integrating the above relationships results in

L Twi — Tco Tco ~ Tci
by Nsr = tn \g mw ol e \U-\F T (113)

wi i wi ci

A graph of this relationship for a Stanton number of 0.0025 is shown in
Fig. 105. It is seen that at time zero (e = 1.0) the coolant temperature

outlet value is maximum and diminishes as a function of time (& <1.0).

The controlling influences on a component chilldown are consequently seen as
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a (Fo, Bi), L/D, (11%)

NST

where the Stanton number is a relatively insensitive function of flowrate

(Reynolds number).

Computer approaches aimed at discretization of the components, both in
length and thickness, were outlined under Task II study. This approach

is also wvalid for feedline’study.

Experimental line cooldown data of Ref. 20 were reviewed and are shown typ-
ically reduced tq nondimensional temperature in Fig. 106. For the range
in coolant velocities chosen during this experimental study (LN2 coolant)
a low-wall Biot number condition was prevalent during the runs. Coolant
velocities chosen (5 to 9 ft/sec) were such that the film and nucleate
boiling effects predominated over forced convection effects resulting in
effective enhancement of the line chilldown with coating by reduction of
the coating surface temperature to the nucleate boiling range. Study
with higher film coefficient conditions with hydrogen or significantly
higher LN2 coolant velocities is necessary to produce the case outlined
in Task II where surface chill and coating insulation effects occur to

restrain heat input to the coolant from the wall surface.

In considering a rapid pump start condition, delivery of an LH2 flow with
a low percentage vapor to the pump inducer inlet is critical due to the
low flow area present in the inducer inlet and criticality of the inducer
to the pump start. Future engine designs should limit line L/D and heat

capacity and allow for internally coated insulation surfaces.

CONTINUOUS VENT SYSTEM BLEED CONDITIONING

In addition to the pump preconditioning approach currently employed by
the J-2 engine system (described under Task IV), two alternate approaches

to pump prechill prior to start are available. These include LH2 pump
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prechill by "idle mode conditioning" where a small LH2

through the pump and thrust chamber system for propellant settling or

bleed is opened

orbit correction purposes. A tank vent blowdown alternative approach can

also be employed. A feed system schematic of this approach is shown below:

EEES High-Pressure Vent
LH2
Tank {Egj Low-Pressure
Vent and
W Check

In this prechill system warm tank ullage gasés would be vented through a
low-pressure vent and check valve into the pump inlet. A high-pressure
vent valve would be employed for tank over pressure precautionary purposes.
Data from Saturn flight AS203 (Ref. 56) on the SIV stage LHé tanking indi-~
cated initial ground hold maximum and third-—orbit minimum heating rates

of 90 and 15 Btu/sec, respectively, corresponding to approximately 20 to
145 Btu/hr—ft2 (cylindrical tank area). During a 1.49-hour orbit approx-
imately 250 pounds of LH, were vaporized and vented due to solar and earth
albedo heating to the LHQ tank which corresponds to 168 1b/hr vaporization
rate. Based upon slow bleed requirements less than l-hour interval to
restart would be possible employing this preconditioning technique. Con-
tinuing improvements in insulation techniques and the lesser percentage
tank heat input for larger-thrust stages would indicate a possible prob-

lem employing this preconditioning approach for large~thrust stages.
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Assuming an equal insulation resistance approach for a comstant run dura-

tion scaling,

T .2

Vo € F * Vi =3 DL (115)

anpor o § o 7 DL (116)

W 1

W_‘@Pﬂl 1d (5) (117)
pump

It is consequently illustrated that the larger tank diameter attendant
with significantly larger-thrust engines will either require relatively
longer prechill periods by this technique or augmenting methods for sup-
plementing the tank vent gas chilldown approach.

DESIGN STUDIES

In support of amalysis efforts a number of design studies were undertaken.
These design studies included development of methods for reducing turbine
heat content by cooling and preventing heat soakback from the turbine by
thermal barriers, separations or joints., Additionally a review of internal

insulation coating progress to date is presented.

Effect of Turbine Cooling

Turbine cooling is an effective method of improving the chilldown char-
acteristics of hydrogen pumps and is also a means of increasing the tur-
bopump performance. By using turbine cooling the allowable operating
stress at the turbine blade roots which generally sets the limit to the
turbopump speed is increased; thereby higher design speeds can be used
to reduce pump flow passage L/D ratios and pump mass to be cooled. The

effect is a reduced chilldown time for the pump.
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Since the rotational speed, weight, and turbine flowrates of the turbopump
can be related to the amount of turbine cooling and the turbine inlet tem-
perature, the advantages of turbine cooling for a hydrogen turbopump for

a 250,000 pounds thrust,.1500—psia chamber pressure tapoff cycle, LOQ/LH2
engine was investigated for a no-loss turbine drive gas system. For a
given turbine inlet temperature, increasing the amount of turbine blade
cooling in the last rotor will increase the design rotational speed and
thus decrease the design weight of the turbopump. For example, at an
inlet temperature of 2000 R, cooling the last rotor blade to a tempera-
ture that is 1000 R below the uncooled blade will increase the allowable

design speed 40 percent and, consequently, decrease the weight 20 percent.

This effect is shown in Fig. 106-a. Since the pump design specific speed
is increased by 40 percent, the pump impeller L/D ratio is decreased and
the pump chilldown time is thereby reduced. Also, since the weight is
down by 20 percent while the propellant flowrate is the same, the propel-
lant flowrate to pump mass ratio is increased, thereby further reducing

the chilldown time.

An added advantage of turbine cooling is a reduction in the turbine flow-
rate with a consequent increase in engine specific impulse. Far the example
previously discussed, 1000 R of turbine cooling (ﬁ&iﬂz) reduces the turbine
flowrate by 5 percent. However, for the same amount of cooling raising

the turbine inlet temperature to 3200 R would reduce the turbine flowrate
by 13 percent relative to the case of the uncooled turbine, but the ad-

vantage of reduced turbopump weight would not be obtained.

From the results of the study illustrated in Fig. 106-b, the turbine flow-
rate is seen to reach a minimum with turbine inlet temperature and the
minimum points are seen to move to the right. This results from energy
and lower gas property variations with increasing turbine inlet gas tem-
perature and from a decrease in pump efficiency at low speeds. At low

turbine temperatures the effect of a higher available energy predominates,
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and for a given amount of cooling the turbine flowrate decreases with rising
inlet temperature. At high turbine temperatures the gas property varia-
tions begin to reduce the turbine gas available energy and since the pump
speed is low, the pump efficiency begins to drop off at a high rate.
Therefore, at higher temperatures the turbine flowrate rises with increas-
ing temperature. Finally, the reason why the minimum turbine flowrate
points occur, for higher amounts of cooling, at higher inlet temperatures
than those with less cooling is that the turbopump speed can be increased

with increasing amounts of cooling (see dotted curves).

From the above analysis it may be concluded that turbine cooling can lead
to pump designs that will have significantly better chilldown charactef—
istics. However, there is a tradeoff between pump chilldown performancé
for rapid engine start and high engine performance obtained for full
thrust operation. Turbine cooling can be used in an optimum manner to
maximize the pump chilldown performance and to obtain improved engine

performance.

Cooled Turbine Design

The operation of a hot-gas turbine in a cold environment can best be
solved with the regeneratively cooled turbine. All components (the hous-—
ing and the rotors)arelcooled by recirculation of a cryogenic fluid. The
housing is constructed similarly to a regeneratively cooled combustion
chamber whereby the housing is formed from a multiple stackup of tubes,
structurally reinforced. Cryogenic fluid is tapped off the pump and piped
into an annulus located downstream of the turbine housing. TFrom there
the fluid enters the tubes forming the outer wall of the combustion cham-
ber. It is then circulated through the hollow first-stage nozzle vanes
and returned through the tubes forming the inner wall of the combustion
chamber. The flow then enters the injector annulus from where it is in-

jected into the combustion chamber, then mixed with a propellant and
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ignited. The geometric contour of the combustion chamber indicates a
large L* which means that complete and uniform combustion can be achieved

before the gas reaches the nozzle exit.

The sketch of such a cooled turbine also shows a cooling method for the
rotor and turbine buckets as shown in Fig. 107. The rotor as shown is an
integral part of the turbine assembly and is connected to the pump shaft with
a ball-spline drive. Cryogenic fluid is introduced into the center of the
shaft, then transferred into the hollow discs and into the space between
both discs from where centrifugal force will push it through the turbine
buckets and the interstage stator. Seal rings on the tip of the inlet

and exit edge of the buckets which are continuous prevent to a large ex-
tent the escape of the cooling fluid, enabling recovery and the possible
injection into the turbine combustion manifold or ahother suitable point
within the system. Heat soakback into the pump from a regeneratively
cooled turbine would be at a minimum or nonexistent. The regeneratively
cooled turbine would have other advantagés; for instance it could operate
at a higher gas temperature and higher pressure which, for the same power
output, would mean smaller size and consequently allow higher rotational

speed, resulting in a smaller overall envelope and lighter weight.

Cooling of Critical Turbopump Components

A design in which the major turbopump components (such as the fuel inlet,
the volute and the turbine housing) are enveloped by liquid hydrogen sup-
plied from the tank is shown in Fig. 108. An installation is provided
whereby a sheet metal double wall is welded to the exterior of the fuel
inlet and volute. The double wall is not required on the turbine since
the reverse-flow configuration lends itself ideally to cooling. Liquid
hydrogen flows from the tank into the fuel inlet envelope and through a
crossover feedline to the volute and into the turbine filling the cavity
between the pump volute backplate and the turbine discharger liner. The

expanded hydrogen is then returned to the tanlk.
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Thermal Barrier

Heat soakback from the hot-gas turbine can be prevented effectively with

a thermal barrier (Fig. 109). Designed like a spacer, it is clamped be-
tween the turbine and the pump mounting flanges (Fig. 110). The thermal
barrier is a manifolding device with internal passages through which cryo-—
genic fluid is circulated. Generating a cold interface between the tur—
bine and the pump, the fluid is passed continuously through the thermal
barrier or after turbopump shutdown. Suitable materials for the construc-

tion of this bharrier are aluminum, CRES, K-monel or titanium.

Ball Spline Application

Separate shafts for the turbine and pump rotor are necessary if heat trans—
fer from the hot turbine into the cryogenic pump is to be prevented. Al-
though retractable spline couplings or face spline couplings could be used,
a ball spline coupling offers several distinct advantages. This coupling
(Fig. 111) is designed specifically for minimum surface contact during
operation and is capable of transmitting high torque and accommodates mis—
alignment due to thermal conditions. It is an ideal thermal barrier in
that the balls, fitted relatively loosely in the retainer grooves, separate
(fall away) themselves from the torgue-contacting surfaces when the turbo-
punp shuts down. The ball spline is constructed like a sprocket and can
be made from AST 9310 with the balls being similar to those in a ball

bearing and are usually made from 440C steel.

Thermal Separation of Turbine and Pump

In addition to the installation of a thermal barrier between the hot tur-
bine and a cryogenic pump, additional thermal protection of the pump can

be achieved by mechanical separation of the turbine and pump with a slotted
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cylinder. Such a slotted cylinder will increase the thermal resistance;
however it may increase the length of the turbopump assembly. Tigure 112

illustrates this concept.

Coating and Insulation Methods for Pump Passages

To prevent liquid hydrogen from flashing into vapor as it enters a turbo-
pump and contacts ambient—temperature metal surfaces, these materials may
be treated by surface oxidization or covered with organic or inorganic

low-conductivity coatings.

Metal surfaces may be treated by chemical or electrolytic oxidization, of
which the latter is an anodizing process. Aluminum and its alloys may be
anodized in chromic, sulfuric and oxalic acid electrolytes. A durable,
porous surface will form as the result of such treatment with a porosity
up to 20 percent and a potential unlimited growth in thickness. On the
boundary between the porous growth and the metal,a very fine glass-like
film forms which is of great hardness. The bonding strength of such an
oxide film is very high, and a separation of this film from the metal is
mechanically not possible. .Study of the insulation thicknesses obtainable

by this method is required.

The use of KX635 as an internal insulative coating had been evaluated in
the "instant start" RL10 turbopump (Ref. 43). Components such as the im-
peller housings and impellers were coated and evaluated by actual pump
tests. The capability of the coating material to withstand the initial
thermal shock and the resistance to peeling makes this material an excel-

lent candidate for further evaluation under full performance conditions.
The KX635 coating material (Fig. 113) has been extensively tested in the

Rocketdyne Chemical and Nonmetallics section. KX635 is a glass microballoon-

filled Kel-F dispersion material. Using KX635 as the coating material for
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KX6%3 Top Coat

- KX635

KX635

; KX635

- KX643 Primer

e pluminum Alloy

Figure 113, Photomicrograph (100X) of KX635 Coated Aluminum With Top Coat
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internal turbopump components, the development and evaluation included in

the following efforts:

1. Determination of the bond strength between KX635 and K-monel or

Tens-50 aluminum by the methods described below:
a. Flexural fatigue life of coated-metal specimens at -320 T

b. Static tensile tests of coated-metal specimens at elevated,

ambient and cryogenic temperatures

c. Cyclic thermal shock tests of coated MK~10 inlets from
ambient to -320 F

2. Determination of the thermal contraction and thermal conductiv— .

ity of KX635 from ambient temperatures to -423 F

3. Development and modification of coating processes that were
compatible with the limitations imposed by the types of metals

being coated

L. Detailed investigations into the causes for and the elimination
of the variation in the KX635 materials used during this period

of time

5. Investigations of the sensitivity of KX635 and its constituents

to reactions with LO2

The summary of the program and the information obtained during the inves-
tigation of KX635 as an internal coating for liquid oxygen and liquid

hydrogen turbopumps is described below.

Test specimens machined from K—-monel and Tens-50 aluminum ranging in
thickness from 0.065 to 0.140 inch with coating thicknesses from 0.020 to
0.180 inch were tested at ambient and cryogenic temperatures at 4300 cpm,
using a specially modified deflection flexural fatigue machine. Total
deflection ranged from 0.030 to 0.300 inch. Tge results of these fatigue

tests, whereby the specimens were cycled 1 x 107 at ambient temperature
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from 0.030 to 0.300 inch and cycled 1 x 106 at the cryogenic temperature

of -320 F, 0.100 to 0.200 inch, indicated‘hq separation between K-monel
and KX635 and Tens-50 aluminum and KX635. Tensile tests were performed

at 0.05 in/min at temperatures of 160, 75 and —320 F. The-average elonga-—
tion for KX635 or K-monel was 30, 26 and 12.5 percent, respectively.

There was no separation between the KX635 and the Tens-50 or K-monel at
any temperature. Cyclic thermal shock tests weré perforﬁed with MK-10

and MK-15 fuel pump components such as inlets and stators coated with
KX635. There was no visible indication of cracking or separation of the
coating from the substrate. Thermal contraction data for the KX635 from
70 to -423 F are 0.00675 in./in. compared to 0.0108 in./in. for Kel~F 81.
Thermal conductivity data for the KX635 from 150 to -400 F show that K
decreases from 1.01 to 0.360 Btu—in./ftg—hr—F2 over that temperature fange.

An alternative method of lining the pump passages is with the application
of a Kel-F and metal wire-enforced dispersion coating. The lining of the
passages is accomplished by spot welding the wire mesh to the passage and
then spraying the Kel-F with high pressure at elevated temperature. Final
machining is done after the spraying and depositing operation. Samples of

coatings of this type have been successfully fabricated.

Thermal Liner for Cryogenic Turbopumps

Lining the inlet line and the internal pump flow passages with a thin
metal shell should definitely improve the warm-start capability of a
cryogenic turbopump. The double-wall passage consisting of the outer
structure and sandwich-— or honeycomb—type construction of the inner liner
separates the flow from the heavier metal walls. The thin liner contacted
by the cryogenic flow will cool down very rapidly and because of its small
cross section transfer little heat into the cryogenic propellant, thereby
reducing the formation of vapor during start. Thermal exchange will take
place gradually with a more uniform formation of vapor until thermal equi-
librium is reached. The liner material should be titanium in combination

with either a titanium or CRES or K-monel outer structure.
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TASK IV: STUDY OF EXISTING'LH2 PUMPS

A detailed examination of. existing LH2 pump designs was undertaken under
Task IV study. This included charaeterization of the flow, geometrical

and heat transfer parameters for available pump designs. Moreover, the

J-2 MK 15 and a 350K pump were detailed and studied with the thermal analyzer
program for startup and shutdown behavioral characteristics, Study of exist-
ing data for pump and turbine chilldown in orbit and under ground conditions

was accomplished for the J-2 MK 15, M-1, and a 350K LHé turbopunp.

Existing pump limitations were shown based upon restrictive pump flow areas

and upon the choice of material for slow and fast chill circumstances. .

PUMP CHARACTERIZATION

Completion of characterization of both existing pumps and pump designs .for
geometric and flow parameters was accomplished during this study. In addi-
tion to tabulation of the operating conditions, the flow passage overall
length to hydraulic diameter ratio from the inducer inlet to the outlet
flange was determined for each of the pumps listed in Table 26. Discrete

examination of the individual flow passages throughout each pump was also

made.,

Analysis of the mean velocity weighted on a length basis and evaluation of
average pump Reynolds number, flow transit time, mean hydraulic diameter

and mass velocity was completed for 12 LH2 pumps and 6 LO2 pumps. A summary
of the characterization of the pumps for these parameters is listed in Table
27. The parameters were developed to provide an indication of the approxi-
mate average values for the pump nondimensional heat transfer parameters

of Stanton number, Fourier number, Reynolds number, Biot number, and passage
L/D ratio.
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TABLE 26

LIQUID HYDROGEN PUMPS

Data
Reference
Code Number Pump Description

1 Inducer plus two centrifugal impellers
(external preinducer submerged in propellant tank)
All data estimated. Model RI-10

2 Inducer plus one centrifugal impeller (scale model)

3 Inducer plus seven axial stages. Model J-2

4 Preinducer plus inducer plus hydraulic turbine
plus two centrifugal impellers (preinducer and
hydraulic turbine are integral in pump). Model 30X

5 Inducer plus one centrifugal impeller. Model 29X

6 External preinducer and hydraulic turbine, plus
inducer plus two centrifugal impellers (external
hydraulic turbine feed line omitted). All data
estimated.

7 Same as VI for main pump only.
Inducer plus two centrifugal impellers,
All data estimated.

8 Inducer plus four axial stages. Model 25X.

9 Inducer plus nine axial stages.
All data estimated. Model M-1,

10 Inducer plus four axial stages (scale model).

11 Inducer plus four axial stages (scale model).

12 Inducer plus four axial stages (scale model).
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TABLE 26A

- LIQUID OXYGEN PUMPS

Data
Reference
Code Number

Pump Description

1

Inducer plus two centrifugal impellers
(external preinducer submerged in propellant tank).
All data estimated. Model RI-10.

Inducer plus one centrifugal impeller. Model J-2.

Preinducer plus inducer plus hydraulic turbine
plus one centrifugal impeller (preinducer and
hydraulic turbine are integral in pump). Model 30X.

External preinducer and hydraulic turbine plus
inducer plus one centrifugal impeller
(external hydraulic turbine feed line omitted).
All data estimated.

Same as VI for main pump only.
Inducer plus one centrifugal impeller.
All data estimated.

Inducer plus one centrifugal impeller.
All data estimated. Model M-1.
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Analysis of the results illustrated in Table 27 illustrates that no spe- .
cific trend of coolant passage L/D ratio is shown. Length-to-diameter
ratio of the LH2 pump passages ranges from a low of 65 to a high of 205,
with the majority of pumps in the vicinity of L/D = 100, Mean pump veloc-
ity and fluid mass velocity were also seen to remain fairly constant over
a wide thrust range. Passage mean hydraulic diameter and Reynolds number
were graphed in Fig. 114 and 115 and illustrate an approximate square root
dependence with thrust increase. Coolant transit time values as shown in

Table 27 are quite small.

EFFECT OF ENGINE.THRUST SIZE ON PUMP CHILLDOWN

The characterization of existing pump designs into the nondimensional heat
transfer parameters of Fourier and Biot numbers was made based on mean pump
wall thickness values and on an average velocity in the pump during an
assumed 2.5-second start transient (50 percent of through flow velocity

at full design speed). The purpose of this study was to establish thrust
scaling rules with regard to pump thermal design. Figure 116 illustrates
the average pump Biot number obtained for pump designs listed in Table 27
during the start transient without considering either pump material or
operating pressure, The Biot number for all the pumps shown was found to
be significantly greater than one, thus indicating that the hydrogen film-
coefficient resistance is low with respect to the wall thermal conduction,
and a rapid surface chilldown of the pump would result assuming pump tolera-
tion of vapor at start. A square root rélationship of Biot number with
thrust was found. Figure 117 illuétrates the pump average Fourier number
during the assumed 2.5—second stért,and an inverse linear dependence of
Fourier number with thrust was found. In a 2.5-second start period all

but the smallest-thrust pumps are seen to have a Fourier number less than
one. This indicates that for large pumps complete chilling of the wall
will not occur during the start period, and heat Will continue to bleed

into the propellant during mainstage operation.
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The above analysis assumed neither a prechill prior to start nor a
"thermodynamic" stall during the start transient. Within the simplifying
constraint of using an average Fourier number, improvement in the pump
warm—starting characteristics, i.e., a reduction in the film coefficient
or Biot number, can be achieved by either enlargipg the pump flow area or

by reducing the length-to-hydraulic diameter ratios of the pump passages.

Pump Blade Scaling

In the examination of the chilldown time requirements for axial flow pumps,
attention was directed to the blading surfaces which provide the pressure
rise. Rapid chilldown of the blade surfaces is required as a result for

a nonprechilled pump in order to prevent blade stall induced by gaseous
hydrogen vapor formation from the warm blade surface. A scaling of the
following heat transfer related nondimensional parameters was considered

for the J-2 type blade profiles typically illustrated in Fig. 118:

NRe’ NST’ NBi’ NFo’ L/t
For the definition of the approximate value of these parameters a selec-—
tion of a typical axial flow machine blade was made. Velocity change of
the fluid with respect to the blade along the blade surface length was
assumed as shown in Fig., 119. For approximate analysis purposes 5 50
percent of rated-flow velocity was considered as representing the trans-
ient start period average velocity condition. For nonlinear pump start

conditions an alternative average-velocity weighting factor can be employed.

Blade Reynolds Number Scaling

For blade Reynolds number scaling the length dimension chosen was the half-

chord length. The reference viscosity chosen was a liquid value at inducer
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pressure conditions. The blade chord length for an axial flow machine is

found to scale according to the following relationship:

5 = JT (118)

As a result the blade Reynolds number can be shown to scale with thrust

as

PV, (2)

Nge m s (119)

For nearly all machines the free stream mass velocity remains nearly

constant with thrust.

Stanton Number Scaling

The Stanton number based on a chord length Reynolds number may be described

as

(120)

Fourier Number Scaling

Evaluation of the Fourier number variation with thrust was made consider-
ing an equal pump start time for small and large thrust pumps as a refer-
ence 5-second value, During further analysis, refinement of this assumption

will be made. Basing the critical dimension on the half-blade thickness,

' -
Npo = (4/2)2 (121)
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a variation of the blade thickness with thrust from above results in a
first order dependence as
~-1,0

N < T

Fo ’(122)

It may as a result be seen that larger axial flow machines will have a

slower blade chilling time compared to small thrust machines.

Blade &/t Ratio Scaling

The blade length to thickness ratio for axial flow pumps remains the same
with thrust scaling due to a square root dependence of both the length and
thickness with thrust. Therefore,

% = constant (123)

As a result the Stanton number dependence upon thrust becomes

Ngp p0-1 (124)

Biot Number Scaling

The Biot number represents the ratio of the applied film coefficient to

the blade internal conduction ability. For the analysis the characteristic

dimension chosen was the half blade thickness at the maximum thickness point
due to the fact that flow is occurring over the upper and lower surfaces

and because the thickest point in the blade chills the slowest. Describing

the Biot number as

Npi = (h - ) (125)
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and considering from the Stanton number and blade geometric relationships

hoe 77001 (126)

/2 « 102 (127)
the scaling of the Biot number becomes:

Ng; o 0% (128)

In summary the parameter dependences with thrust level is shown below:

0.5

Ng, =T (129) .
Nop & p0-1 | (130)
N = p0-% (131)
Np, & 710 (132)
L/t « T° (133)

Variations of these parameters with thrust level based on a J-2 reference
blade is shown in Fig. 120 and 121. Consideration of the degree of blade
chill accomplished within the start period can be categorized, in terms

of Bi(;t and Fourier numbers, into a slow and moderate fast-chill circum-

stance as illustrated below:

Np; Np, ~ 1.0 slow chill (134)
Noi NFol/ 2 o J ; moderate chill (135)
2
e . .
L rapid chill (NBi > 1.0) (136)
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From the large values of Biot and Fourier number calculated for the blading
it is apparent that rapid chilling of the axial pump blades occurs unless

upstream conditions result in low-density warm hydrogen flowing over the

surfaces,

Treatment cf the centrifugal flow pump impeller and pump inducers can be
made to indicate the severity of thrust scaling problem for the centrifugal
pump. A first examination indicates approximately the same Reynolds and
Stanton number behavior. Biot and Fourier numbers become strongly dependent
upon specific design impeller pressure wall thicknesses. It is expected
that in general the above scaling approaches for these latter two non-

dimensional parameters will apply for centrifugal pump impellers.

ORBITAL PRECONDITIONING OF J-2 TURBOPUMP

Telemetered data for engine J—-2019 during orbital flight AS-203 was examined
to determine the J-2 turbopump chilldown characteristics during flight. The
fuel side instrumentation and prechill flow circuit used in this flight are
illustrated schematically in Fig. 122, The electrically driven recircula-
tion pump circulates fuel ffom the tank, into the main fuel line {downstream
of the main fuel prevalve), through the fuel pump, into the return line at
the main fuel pump discharge, and back into the tank. The recirculation
pump is put into operation 5 to 10 minutes beforé engine start. During

the flight the conditions of the fuel and the fuel circuit components were

monitored by the instrumentation.

The telemetered data for the initial four—orbit, 6-hour period of flight

AS-203 are presented in Fig, 123 and 124, The instrumentation code shown
corresponds to that indicated in Fig., 122, During the first orbit, after
the J-2 second-stage shutdown, heat inputs by conduction from the warm

turbine and by solar radiation raised the LH2 pump discharge temperature
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Orbital Flight AS-203%
Engine J2019

Date: 5 July 1966
Recirculation
m Discharge to Tank Recirculation
Main Fuel Inlet
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) C373 =\ Pump
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czoo — R
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R R
¥
oL —
) 2 N——
EA—
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Figure 122, Orbital Flight AS-20% Code Schematic, Code: C = Temperature;
F = Flow, Fuel Side
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from 163 to 226 R, During the eariy part of the second orbit (at approxi-
mately 5600 seconds after liftoff), the fuel preconditioning recirculation
pump was operated for approximately 6 minutes and the LH2 pump discharge
temperature was returned to a temperature of 38 R. During the remainder

of the second orbit the LH2 pump reconditioning process was repeated, and

the temperature was returned to near storage tank temperature of 40 R. At
the end of the fourth orbit both the IH_ and LO2 pump discharge wall tempera-

2
tures were nearly of equal value at 280 and 260 R, respectively.

From flight results,the heating up of the turbbpumps, due to solar radia-
tion and turbine heat soakback of approximately 240 R temperature rise for
the LH2 pump and 100 R temperature rise for the LO2 pumnp,would require pump

preconditioning if the engine were to be restarted.

From additional telemetered data on the fuel and oxidizer turbine housing
thermocouples, a graph of the turbine temperature vs time is shown in Fig.
125. With a four-orbit period,radiation and conduction of heat accomplished
reduction in turbine temperature to nearly equilibrium temperature. Engine

gimbal area ambient temperatures were taken as the equilibrium temperature

(-90 F).

Figure 126 illustrates the radiation equation solution (Eq. 1%) of the chill-
down compared to orbital data. A longer period of time is predicted from
analysis due to conduction to the cold adjacent pump and conduction to radia-
tion from the turbine ducting. A comparison of the LO2 pump chilldown illus-
trates much closer agreement of the analytical and experimental chilldown
curve due to an apparent lesser heat conduction to the pump and lines

(Fig. 127).

Comparison of the ground operation cooldown temperature vs time for the
turbopump is shown in Fig. 128, A considerably shorter time period of
equilibrium results due to combined radiation and forced convection due
to air circulation. As a result it is apparent that ground simulation
studies of turbine chilldown would be inadequate for prediction of flight

conditions.
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MABRK-15 LHQ TURBOPUMP HEAT SOAKBACK ANALYSIS

The thermal analyzer described previously was utilized to determine the
temperature distribution in the Mark-15 turbopump after 500 seconds of

test firing.

In these analyses, forced convection heating of turbines blades and turbine
parts, forced convection cooling of pump parts, radiation from the turbine
hot casing, and conduction were considered. The results of these analytical
heat transfer studies were in very good agreement with temperature of var-
ious locations measured during a 500-second test. Using these initial
temperature distributions, the thermal analyzer was further used to study
the heat soakback condition Qf the Mark-15 LH2 turbopump. To avoid exces—
give computer machine run time, the complex geometry of the J-2 turbopump
was simplified by lumping small adjoining parts (using weighted average
thermal properties). For the larger parts, such as turbine wheels and
pump rotor, tables of physical properties covering the temperature range

of interest wefe used. Figure 129 shows the J-2 axial flow turbopump with
its nodal points as used in the thermal analyzer. Figure 130 depicts the
results of the heat soakbaék analysis for a period of 18 hours after turbo-

pump shutdown.

As it can be seen, the temperature gradient is very steep at the beginning
of the heat soakback, but as the time increases the temperature throughout
the turbopump tends to become uniform. After 18 hours of heat soakback
time, the temperattre variation is approximately 130 F (approximately

50 F at the pump inducer and rotor and approximately 180 F in the turbine
wheel regions). The heat soakback rate is very low after approximately

18 hours due to the low-temperature driving force. The highest final equi-
librium temperature is estimated to be approximately 100 F, As the shut-

down period increases above that required for the establishment of the
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equilibrium temperature, the temperature of the turbopump will decrease
through the radiation process to the surrounding surfaces. Therefore, the
maximum temperature attained by the inducer and rotor of the J-2 turbopump

is expected to be approximately 100 F.

- MARK-15 LH2 TURBOPUMP CHILIDOWN ANALYSIS

Following the heat soakback analyses studies, the boundary ¢onditions and
the initial temperature distribution of the turbopump were changed and the
chilldown analyses were begun using Fig. 129 as the model. In these studies
a 3-minute prechill followed by a 2.5-second start transient were considered.
The prechill conditions were varied while the start transient conditions

were assumed to remain constant. The prechill conditions considered were:

1. Zero percent of the total flowrate
2. 1.4k4 percent of the total flowrate

3. 5 percent of the total flowrate

Condition one assumes that the lines and the pump are filled with -420 F
LH2. Alfhough no LH2 is flowing through the pump, nevertheless the pump
parts will be chilled down by means of LH2 as the LHé goes through the film
and nucleate boiling processes. During the film boiling process, the heat
fluxArate is lower than during the nucleate boiling process due to a low LH2
film coefficient. As the film boiling converts to nucleate boiling, due to a
drop in temperature difference between the LH2 saturation temperature and
the warm pump surfaces, the heat flux rate will increase. The surface
temperature drops and the heat will flow from the internal segment to the
surface and from the surface the heat will be absorbed by the LH2.

The determination of the LHQ film coefficient for boiling conditions was

based on the work previously presented in Fig. 5. The results are plotted in

258 | - R-7138



Fig. 131 as temperature vs time from the start of chilldown., It is seen
that the temperatures of some nodes (25 and 26) are still fairly high after
3 minutes of prechill. However, after 2.5 seconds of start transients, the
surface temperature reaches almost that of the bulk temperature of the LH2.
Node 25 is an internal node connected to the surface node 26. Temperature
of node 25 changes very little at the start of chilldown, whereas the tem—
perature of node 26 drops quite sharply. After approximately 2 seconds

the temperature of the two nodes decreases in similar manner up to 3 minutes

of the prechill,

During the 2.5 seconds of start transient, the temperature of the surface
node 26 takes a sharp drop,whereas the temperature of node 25 does not
appreciably change. This is due to the resistance between the two nodes
caused by the low thermal conductivity of the metal. The results are plotted
on Fig. 132 and 133. These figures show that the temperature gradient be-
tween nodes 25 and 26 is fairly high during the early part of the chilldown,
but the two nodes' temperatures approach one another near the end of chill-
down period. The surface temperatures are generally close to the LH2 bulk

temperature at the end of the 2.5-second start transient.

Other areas where the rotor wall thickness is greater than the region in-
vestigated should be analyzed. Also,a great deal of the accuracy of the
entire study depends on the type of LH2 cooling taking place. It is very
important that the LH2 cooling process be isolated and a thorough investi-
gation be made. A detailed model which considers the very first drop of
LHQ coming in contact with the pump part (within a short time of the start
of the chilldown) to the time when the full flow is established should

be further analyzed.
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MARK 29 TURBOPUMP

The Mark 29 single-stage liquid hydrogen turbopump nodal distribution
(Fig. 134) and computer setup were initiated dﬁring the eleventh monthly
report period. However, due to lack of time, no further heat transfer
analysis was carried out for this turbopump. This work can be carried

out in the future,

350K LH2 TURBOPUMP HEAT SOAKBACK STUDY

The high~pressure, 5000-psi, 350K LH2—pump nodal distribution is showm in
Fig. 135. Attempt was made to isolate the different materials involved in
order to be able to use physical property tables for each material. In
areas where this isolation led to creating a small node, thus increasing

the computing machine time, two or more materials were lumped into one and
their weighted average properties were used. Since experimental tempera-
ture distribution for the end of 500 seconds test was not available, as

in the case of the J-2 turbopump, the initial condition of the high-pressure,
5000-psi LH2 pump was estimated based on the J-2 results, weight ratio of

the two turbopumps, turbine inlet gas temperatures, etc. The thermal ana-
lyzer program was again used and the heat soakback analysis was carried out
for a duration of 6 hours. The results are plotted in Fig. 136. It can

be seen that this figure resembles Fig., 130 which is the soakback tempera-
ture distribution for the Mark-15 turbopump. The equilibrium temperature

of this turbopump can be estimated to be approximately 50 F. Further detailed
heat transfer analysis can be carried out for this turbopump considering

longer time periods, and turbine isolation and pump insulation approaches.
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350K LH2 TURBOPUMP CHILLDOWN ANALYSIS

For the purposes of the chilldown analyses the nodal distribution shown

in Fig. 135 was modified énd the appropriate boundary and initial condi-
tions were used in conjunction with the thermal analyzer. The LHQ bulk
temperature was assumed to be slightly different at various locations of
the pump such as the inlet, impeller, and volute region. A 3-minute pre-—
chill followed by a 2.5-second start transient were considered. During
the prechill period three LH2 film coefficients were used which were based
on zero percent of full flow (the pump being just full of LH2), 1.44 and

5 percent of full flow. For zero percent flow the film coefficient was
determined based on the experimental data of Fig. 4. For other conditions

the film coefficient was based on experimental data of Fig. 5.

The results of these analyses are plotted on Fig. 137, 138, and 139. As

was explained previously the effect of different materials is quite evident.
For example, Fig. 137 indicates that the temperatures of modes 30 and 52,
which are internal node and surface node, respectively, are very close to-
gether., The material of these nodes is aluminum with high thermal conduc-
tivity. On the other hand the temperatures of nodes 29 (internal) and 15
(surface) are quite different even at the end of 3 minutes of prechill
period. The material of these nodes is titanium whose thermal conductivity
is very low when compared to aluminmum. A temperature difference of approxi-

mately 300 F exists between nodes 29 and 15.

Figures 138 and 139 essentially tell the same story as Fig. 137. The tem-
perature of nodes 30 and 52 (aluminum material) are only approximately 25 F
apart at the end of 3 minutes of prechill, whereas the temperature differ-

ence between nodes 15 and 29 (titanium material) is approximately 200 F.

From the results of the foregoing analyses it can be concluded that for

the purposes of a rapid chilldown a material with very low density, low

R-7138 ' 267
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specific heat, and extremely high thermal conductivity is preferred for
uniform chilldown. Since theoretically such material has negligible heat
content, the chilldown time is exceedingly short and the material tempera-
ture will be uniform at all times, thus causing no thermal stresses.

When conventional materials are used the selection should be based on low
heat content and very low thermal conductivity. In this case the wetted
surface temperatures drop rapidly to that of the LH2 bulk temperature,
and thus a short start transient time will be required. However, the
material must be capable to withstand the thermal shock which will be set

up due to transient temperature variations.

In order to eliminate the stress problem, two methods of chilldown seem

to be applicable., The first one is a very slow chilldown, causing a slight
amount of the boiloff H2 to pass through the pump. In this case the surfaces
and the internal part of the pump will chill down at a very slow rate. There-

fore, temperature gradient will be small causing no thermal stress.

The second method is to use a very low thermal conductivity material and
coat the wetted surfaces of the pump. The coating itself will chill down
very rapidly and will also resist the flow of heat from the base metal to
the LH2. Since the heat flux will be very low, there will be no large
temperature gradient established in the metal and thus no thermal stresses.
However, the coatings themselves might present problems such as peeling
off, cracking, etc., Coating application approaches were described in

5 through

the pump also appears advantageous even though a long prechill time is

Task III. The method of passing the required amount of boiloff H

necessary.

A further conclusion that can be drawn from these gstudies is that based
on the influencing properties (such as weight, specific heat, thermal con-
ductivity, yield stress, etc.) among the conventional materials, titanium

seems to be a better material than stainless steels and aluminum for LH2
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turbopump application for rapid starts., This is due to its low thermal
conductivity, light weight and low heat content when compared to other

materials under similar conditions.

The thermal anal&zer program which was used to determine the temperature
distribution in the above-mentioned turbopumps solves N-dimensional (Ref.
48) transient hedt tfansfer problems by the analysis of an analogous net-
work of nodes joined by conductors. A capacitance, C, a heat generation
rate, @, and a temperature, T, are associated with each conductor. In
order to analyze the temperature distribution of an object due to changes
of some boundary or internal condition(s), the pump under investigation

is divided into convenient volumes which are called nodes. Identifying
numbers are assigned to thése nodes. The required inputé to the thermal
analyzer are the initial conditions, the boundary conditions, the capaci-
tances (mass times specific heat), and the resistances (thermal conductivity
multiplied by the ratio of the heat flow area to the distance the heat
travels). The smaller the volumes the larger the number of nodes a part
can be broken into and thus the greater is the accuracy of the analysis.
However, as the number of nodes increases for a given part, the higher will
be the computer time consumption. Therefore, a compromise must be made
between the desired accuracy and the expenses incurred. Also, options

are built in the thermal analyzer that can make use of tables for variable
properties (specific heat, thermal conductivity, film coefficient). These

options were used in the analysis of the turbopumps discussed.

350K LH2 TURBOPUMP GROUND PRECHILL STUDY

A comparisbn of the analysis techniques and some existing test results was
accomplished. In an effort to determine the chilldown time of a 350K high-
pressure hydrogen pump, preliminary test results supplied by NASA are plotted
in Fig. 140 and were used in the current study to compare experimental data

with the developed analytical model.

272 R-7138



In the pump, hydrogen coolant passages were drilled tangent to the cylindri-
cal contour of a relatively thick-wall aluminum pump housing. The tangent
passageé intersected to form a circuit around the pump perimeter. Four
such circuits were then connected in series pairs by longitudinal passages
to provide two parallel flow paths as shown in Fig. 141, Measured wall
temperatures near the inlet and outlet are shown in Fig. 140. Operating
conditions from this test were input to the modified Thermal Analyzer
Program in an attempt to predict analytically this temperature distribu-
tion with time. Property values were based on the average value of the
inlet and outlet temperatures, assuming coolant and wall temperatures are
close for this slow-chill case. The coolant temperature and the corre-
sponding hydrogen heat capacity are plotted in Fig. 142, Coolant mass
velocity G was determined from the passage area and total coolant flowrate

given in Fig. 140 and plotted as a function of time in Fig. 143.

Assuming a typical average Stanton number of 0.002, a hydrogen film coeffi-
cient h was calculated as a function of chilldown time and plotted in Fig.
143. Integrated mean values of mass velocity, heat capacity, and film
coefficient were calculated to represent operating conditions during the
chilldown period. A mean coolant passage wall thickness was determined
for the entire passage length by summing the average thickmness of each
passage section weighted by length and dividing by the total length of

the entire coolant passage. This resulted in a mean wall thickness of
approximately 1.5 to 1.6 inches. The ratio of passage L/D from Fig. 141
is 400. The above values were input to the modified Thermal Analyzer
Program including bulk temperature rise to calculate the wall temperature
distribution with time. The results are plotted in Fig. 144 for a portion
of the chill period. The design examined involved a long network of pass—
ages in a thick wall pump housing. Aﬁalysis indicates the chilldown time
for the pump configuration could have been predicted, however, with fair
accuracy with reasonable approximations included. Improvements in mini-
mization of chilldown time for this configuration would include the addi-
tion of more parallel cooling paths, larger coolant inlet pressure, larger

diameter chilling passages, smoother flow passages, and a smaller pump mass.
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For the high-pressure prechill study a comparison of the choked-flow relation-
ship for hydrogen was compared with the flow actually obtained in the flow
passages shown in Fig. 140. In the described study a choked-flow pressure
ratio (3.5) existed during the entire 30 minutes of chilldown. The theo-—
retical value for an isentropic choked-flow for gaseous hydrogen is:

WIT 13 y = 1.k (137)

AP

inlet (isentropic)

A comparative value for the measured parameter based on discharge tempera-—

ture conditions and inlet pressure value becomes

Toutlet
5 = 0.032 (experimental (138)

inlet measured values)

or roughly 23 percent of the isentropiec value.

Consideration of the Fanno friction effects in a passage with L/D = 400,

temperature at the outlet value and f = 0.0022 resulted in:

v
v Toutlet

A Pinlet

(flow with friction)

0.0765 (4£L/D = 3.5) (139

From Fig. 145 it may be seen that the inlet, exit and drilled passage turn

losses result in a further flow reduction over that expected theoretically.

Figure 146 illustrates additional study data on tests conducted on a 350K
LH2 pump where a l-hour slow prechill (wall temperature reduced to 200 R)
was followed by a shorter period with the pump inlet valve open. Tests
6.01 to 9.01 represent successive tests where the cooldown period was

-reduced from an 80 to a 5-second period.
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M-1 PUMP CHILLDOWN STUDY

Data were taken from Ref, 42 on the M-1 pump cooldown study. This was
reviewed as partially outlined in Task III where flow requirements were
compared with theoretical values. Figure 147 compares test data for test
3 and 4 where average prechill flowrates were varied from 0.14 to 0.29
1b/sec. A substantial reduction in wall temperature with time was noted
for test 4 with about the same total flow expended to the 1/e chill point.

Further tests, however, were not conducted with larger chill flowrates.

SLOW-CHILL REQUIREMENTS OF EXISTING PUMPS

Examination of limiting prechill flow conditions to provide a suitable

. prechill state prior to engine start was made based upon the minimum flow
passage area for existing pumps shown in Fig. 148. An allowable choked
vapor flow relative to the mainstage liquid flow is shown for a selected
80 R vapor temperature condition. Improvements in the chill flow during
line blowdown of the hydrogen flow can result from increased tank pressure
verifying the pressure effect outlined under Task I. Limiting percentage
chill flows to provide entire pump chilling are noted in Fig. 149 for the
various pump materials. It is shown that a high stagnation pressure of
the prechill flow cannot be used-to- advantage with the choice of low thermal
conduction materials such as titanium and stainless steel. Figure 150 illus-
trates the thrust dependence upon the allowable prechill flow percentages.
It is shown that the larger thrust designs are somewhat limiting more in

regard to allowable chilldown flow.

Figure 151 illustrates a translation of the required minimum time required
for chill vs the percentage chilldown flow., It can be seen that if the
entire pump is to be chilled, a long time with a small chill flow percentage
is required for stainless and titénium pumps. A high flow with a shortgr

allowable time is indicated for the aluminum pump material,
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PUMP VAPOR TOLERANCE

Analysis of the pump vapor tolerance conditions was conducted under Task I
study. Based on the criteria of a limiting 35-percent volume vapor ingestion
by the pump, a solution of the equation derived for the relationship between
heat transfer from the wall surfaces and coolant heat absorption is given by
| L oe(X )

(Tgap = T3) + f(c )

N = — P 140
c T (T = Teym) (120)
W SAT

>1m>

Solution for the allowable wetted wall surface temperature Tw for typical
J-2 pump conditions is shown in Fig. 152. Allowable wall temperature at
start is shown to increase with start condition stagnation pressure; The de—
creased wetted surface area of the pump is shown to allow a proportionately
less prechill prior to pump start. For proposed future designs for limited
chill prior to start, the selection of configurations on these criteria is

mandatory.

A comparison of flow areas throughout the J-2 engine system (Table 28)
shows a limiting flow area condition existing in the pump inducer and
staging locations. As a result the pumb inlet is shown to provide the
greatest flow area restriction within-the feed system. Consequently both
prechill time is increased and start behavior becomes extremely sensitive
for obtaining liquid flow in the inducer and first staging sections of

the pump.
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TABLE 28

COMPARATIVE J-2 LH2 FEED SYSTEM FLOW AREAS

Ac Flow Area,

Mainstage G,

Location in.2 1b/in.2—sec

Pump Inlet (MK 15) 41.2 1.87
Pump Inducer k.96 15.6

Staging (Rotor) L. 45 17.3

Staging (Stator) 8.35 9.25
Volute Exit 12.5 6.17
Thrust Chamber Tube Inlet 13.4 5.76
Thrust Chamber Throat Tube 10.2 7.57
Thrust Chamber Tube Exit 19.1 L.04
Injector Orifice Area 25.8 3.0
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eff

erf

R-7138

NOMENCLATURE

area

vapor-volume to liquid-volume ratio
perimeter

acoustic velocity

skin friction coefficient

Stanton coefficient

internal node capacitance
coefficient of 1lift

meridional velocity

specific heat ratio

void coefficient

hydraulic diameter, diameter, ductility, blade spacing

exponential
effective
error function

elastic modulus

ghape factor for radiation, thrust, weight heat

capacity ratio

function, friction factor
mass velocity
acceleration of gravity

enthalpy, head

film heat transfer coefficient, cavity height

291



I indicates an internal node, dimensionless

i initial

J Joule constant (778 ft-1b/Btu)

ke cavitation number

K, k conductivity

L, length

M summation limit

M* critical Mach number

m exponent for velocity profile

N thermal shock parameter, speed

n distance normal to contour wall, number of blades
NPSH net\positive suction head

NBi Biot number .

NFo Fourier number

NPr Prandtl number

NRe Reynolds number

NST’ St. Stanton number

0 stagnation condition

P pressure, pump

Pd pump discharge pressure

Q heat rate, internal heat generation rate, volume flowrate
Q/A heat flux

R gas constant, relative velocity ratio
r radius
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s entropy, blade surface length

S distance along contour wall, inches, surface

SAT saturation

Ss suction specific speed

T temperature, thrust

t thickness, depth

Ti temperature at node i, F

Tj temperature at node j, F

IR, ‘ Eckert reference temperature

Tl ' fluid temperature, F

U local freestream velocity, tangential velocity of pump
impeller

u velocity in boundary layer, internal energy

v 'vapbr, velocity

W weight, flow velocity relative to impellerA

W weight flowrate

w wall

WG wall gas side value

Wb passage velocity

b4 distance, vapor fraction by}weight

y  radial distance of contour

GREEK LETTERS

o thermal diffusivity, temperature ratio, incidence angle
B blade angle
B* cavitation parameter
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SUBSCRIPTS
Aw

b

294

vapor energy to liquid energy ratio
specific heat ratio

pump heat content ratio, boundary layer thickness
displacement thickness

differential

surface emissivity, wall roughness
hub-to-tip ratio

momentum thickness

pump inlet hub-to-tip ratio
Viscosity, Poisson's ratio

density

Stephan Boltzmann constant

time, cavitation coefficient

temperature ratio, nondimensional resistance ratio, flow

coefficient, energy thickness

pump inlet flow coefficient at tip
nondimensional time parameter, head coefficient
nondimensional time parameter

freestream condition

adiabatic wall

bulk coolant

critical value, coolant, cross section, chord
earth

final

R-7138



h hub

H hydrogen, hydraulic
i initial, insulation
L liquid

m root mean square

o orbit

P pump

T radiated

8 sink or source, surface
T, & turbine, tip

v vapor

w wall

y yield

1 inlet

2 discharge

® freestream
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