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FOREWORD

This report is tne culmination of a |6-month Liquid Hydrogen Pump
Program conducted by AiResearch Manufacturing Company, a division of The
Garrett Corporation, Los Angeles, California, under Research and Technology
Division Contract No. AF33(657)-10680. The program was designated Task
No. 306603 under Project No. 3066, and covered the period from | March 1963
through 30 June 1964.

The project was administered for the Research ana Technology Division,
Wright-Patterson Air Force Base, Ohio. At AiResearch, the project was
under the administrative control of R. L. Schinnerer, chief of environmental
control. J. W. Meermans, senior project engineer, prepared the overall
research plan, consisting of the schedule of tasks, facility sizing and
procurement, obtained and assigned manpower to the various duties, and
assisted the project engineer in the performance of his duties J. F.
Schwimmer was project engineer, responsible for overall guidance and coor-
dination. Major AiResearch contributors were N. Van Le, chief of aero-
dynamics, G. Chessmore, systems dynamics chief, and A. D. Meshew, chief of
facilities. Acknowledgment is made to L. Nagyszalanczy, W. W. English,

D. S. Ko, and Dan Rau for analytical studies, to W. N. Hall, J. L. Sanders,
and G, Kasabian for the mechanical design,fabrication, and experimental
work, and to P. M. Hildebrand for the analysis of the experimental results.
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Special acknowledgment is given to the AiResearch New Products Project,
Phoeni::, Arizona, for preparing the liquid hydrogen facility for the pump
test evaluation.
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The AiResearch Document Number for this Program Report is AAC-4788-R.
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ABSTRACT

This report describes the design., fabrication, and
experimental investigation of a centrifugal liqu.d hydro-
gen pump capable of 1700-gpm and 800-psi operation at

low net positive suction head (NPéH).

The conceptual design of a liquid hydrogen fuel
transfer system using this pump is presented, complete

with system dynamic analysis.,
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SECTION

- N 5 PROBLEM STATEMENT

)

PROGRAM OBJECTIVES

%

The primary objective of this research effort is to develop the technology
necessary to provide a variable capacity fuel transfer system with a high rate
of response for a hydrogen-burning turbopropulsion system. Secondary objectives
are:

7 |

I. Weight and volume reduction of the fuel transfer system

@

2, Reduction of heat rise and turbulence losses within the pumping
sys tem

s
5it§3 85

3. Increase of the high-temperature environmental capabilities of
the system

a4, Elimination of fuel recirculation by speed control

5. Attainment of a high degree of reliability through design simplicity

-
s

The research program calls for the performance of a hydrodynamic design
study leading to the design, fabrication and experimental investigation of
a liquid hydrogen centrifugal pump capable of a flow range of 20,000 to 60,000
Ib per hr. Optimum efficiency is required at maximum flow with a minimum net
positive suction head (NPSH) of 10 ft and a pressure rise of 800 psi.

3

i.‘.ﬁ'f"‘

Development of analytical methods to esteblish off-design performance
is also required to provide the characteristic curves of the pump to permit
the study of proper turbines to drive the pump.

f‘.‘"

Preliminary investigation of the conceptual designs of a '", iue! trarsfer
system using the present pump is needed, aimed at bringing out the control
requirements and response characteristics of the fuel system.

5
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SECTION 2

SUMMARY

ACCOMPLISHMENTS

This report presents the results of a theoretical and experimental
investigation on the problems encountered using a centrifugal pump in a
liquid hydrogen fuel transfer system for advanced propulsion engines.

Analytical Studies

The hydrodynamic design studies lead to the selection of a centrifugal
pump with 45° backward blade angles and a swept-back inducer to handle the
cavitation problems associated with low NPSH operation. The pump is designed
to deliver a flow rate of 1700 gpm at 800 psi and is capable of operating
with a suction specific speed of 300,000, It operates at a tip speed of
1260 ft per second. The Iimpeller is a shrouded wheel designed with sufficient
strength to carry the forward leading edges of the swept-back design. Inducer
tip speed is 830 ft per second. The centrifugal pump incorporates a series
of five separate channels used to improve the overall performance.

The work carried out In this investigation led to the development of
2 calculation procedure to predict the performance of various pump configu=-
rations over a complete range of speeds. The procedure has been computer
programmed to expedite calculations.

Investigation has been accomplished to determine the most suitable
means of driving the pump serving an airbreathing propulsion engine. An
attractive approach is found in a hot turbine driven by a fraction of the
delivery flow of the pump which has been heated to a typical temperature

level of 2000°R. A conceptual design of a liquid hydrogen fuel transfer system

has been formulated. This, together with the pump characteristics derived from
analytical studies, has been used in an investigation of the dynamic response
of the fuel transfer system.

Fuel Transfer System Dynamic Analysis

The function of the fuel transfer system is to transfer LH; fuel from
a remote tank to an operating engine with throttle capabilities. System
configuration was determined and components were sized to meet steady state
requirements. A dynamic analysis was conducted to determine the open loop
dynamic characteristics between throttle area change and fuel flow response.

A mathematical model or set of simultaneous system equations was derived
from which an analog computer model was developed. The computer model was
used to generate system dynamic response information.
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Computer simulation has shown the system to be quite stable and heavily
damped throughout its operating range displaying smooth dynamic response
characteristics. System gain between throttle area and fuel flow increases
by a factor of 25 with increased throttling over the operating range, because
of a nonlinear steady state relation between throttle area and fuel flow.
System response is consisderably slower in a heavily throttled condition.
Fuel flow response to a smail-magnitude step change in throttle area at
five operating conditions covering an operating range between 14.5 and 1.9
Ib per sec fuel flow showed an increased rise time from .0 to 7.5 sec with
increased throttling., Percent oveishoot also increased with increased
throttling from 15 to 65 percent, but maintained a high degree of damping.

A large magnitude step change would produce a rise time of about 2 to 3
seconds because of the nonlinear relationship between rise time and operating
condition. The increase in response time with increased throttling was

shown to be primarily a result of the slope of the system operating torque
speed curve. System response at the heavlly throttled conditions could be
significantly improved with proper closed loop control functions.

»

X e ﬁ;  Eort
=

Ry

Pump Deslgn and Performance

A liquid hydrogen pump containing the hubfless inducer impeller was
designed to meet the specified conditions. One pump, including spares,
was fabricated. A total of seven test runs were made; six runs on one con-
figuration (total run time 43 minutes 45 seconds) and one run on an alternatd configur-
ation (run time 2 minutes 38 seconds). During these test runs, the liquid
hydrogen pump demonstrated the mechanical Integrity of the pump design.

Results of these runs are presented in Figure I.

Test data were obtained in the range of 40 to 85 percent of design speed
and showed that pump pressure delivery closely follows calculated perform-
ance. At 85 percent design speed, or 33,500 rpm, a pressure rise of 560 psi

‘was demonstrated at a flow rate of 1340 gpm. This data, close to design
speed, indicates that full pressure and flow would be within the practical
achievement of the pump at the design condition.

Cavitation performance of the backward-swept inducer has been obtained &t
62.5 percent of design speed, or approximately 25,000 to 26,000 rpm, with
suction specific speeds (SSS) ranging from 90,000 to infinite or negative
value. Generallzed performance analysis indicate that this inducer design
operates smoothly under very small values of the cavitation parameter, and
presents a very gradual change in pump head under high SSS values. No
pounding phenomenon has been reported. The experimental investigation also
demonstrates conclusively the practical strength and integrity of the swept-
back inducer operating at high speeds leading to 2 reduction in weight and
size of the turbopump, and improvement in the dyuamic response of the fuel
transfer system.
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CONCLUSIONS AND RECOMMENDATIONS

Experimental results of the seven pump test runs has produced promising
performance which justifies the advanced concept of the pump design intro-
duced into the liquid hydrogen fuel transfer system. Wide range character-
istics and cavitation performance with the absence of flow pounding are
among the features necessary for such an advanced fuel system. Control
simplicity and satisfactory dynamic response of the typical turbopump illus-
trates the full potential of this design concept as applied to future
vehicles.

The experimental investigation to date has produced isolated data which
pinpoints the overall performance. Further testing of the pump is recom-
mended to explore its full performance characteristics and establish its
complete integrity under operating conditions. Also, integration of the
pump into a hot hydrogen driven turbopump is needed to establish a sound
approach to the dynamic behavior of the system,.
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b SECTION 3

Ko HYDRODYNAMIC DESIGN STUDIES

;S;ac : SINGLE-STAGE CENTRIFUGAL PUMP

‘§3  A single-stage centrifugal pump has been found to be the type that pro-

vides a most satisfactory solution to the present problem. This design not only
offers the desired performance but presents also a wide range of operating
chatacteristics that are required features for simplicity in the control of the
fuel transfer system. In introducing high-speed design, the diameter of the
rotating group is reduced, and the acceleration characteristics and the re-
sponse of the fuel system are thereby improved.

7
s

i Design Speed

v

%3: Using experimental data presented in Figure 42, the attainable performance
%ﬁ of a single-stage centrifugal pump is shown on Figure 2 . The specific speed
35y and suction specific speed achieved are also presented in Figure 3. The .
2 results indicated that design speed can be taken as

[ nrin

Ay

LY N = 40,800 rpm

it

réj with the pump operating at a relatively good specific speed of 720 and the

AR desired suction specific speed of 300,000.

4

{

R Cavitation and Swept-Back Inducer

£y

rgk The achievement of an SSS of 300,000 is to be demonstrated in a full-size
$§' pump in this program. In a preliminary survey, values of S$SS in tais range

e or higher have been reported in small-size experimental inducers of the helical
C type (References | and 2). This possibility of high suction performance of

the LH; pump has been attributed to its thermodynamic properties (Reference 2 ),
which give an extra depression head as soon as vapor is formed.

Effectively, the head available for cavitation resistance is made up of
the NPSH and this extra head, also called thermal suction head. The thermal
suction head generated by various amounts of vapor is shown in Figure 4 .

o Thus, if an amount of vapor as measured by a value of B of 0.8 is found at the
R pump inlet, the resulting TSH is 110 ft and the effective suction specific
speed, SV, is only 50,000. '
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Two types of inducer can be considered in the present design. The
convantional helical inducers have been shown to achieve an S, vaiue from 40,000

v
to 50,000, which is close to the desired SV to realize a 300,000 SSS.

Integration of this type of inducer into a centrifugal pump leads to long
overhang, which is not a desired feature in high-speed design.

Sy
0 8

3283

 2erad
R

Another approach to inducer design is to achieve the cavitation perform-
ance by controlling the shape of the leading edge of the pump inducer, in
this case a backward-sweep with the blades protruding forward in the shroud
outside diameter, Figure 4, and cut back toward the hub. This design
approach handles cavitation performance through various effects.

I.  The small-height forward blades induce some swirl n the inlet
flow field, tending to centrifuge all cavitation bubbles inward,

2. The two-phase flow in the inlet region, when treated as a homogeneous
mixture, has a low speed of sound propagation. Thus, highly super-
sonic flow is encountered at the inducer inlet {Reference 3 ).
Sweepback has been known to handle this problem effectively.

3. The controlled leading edge approach lends itself to an integral

inducer impeller design, tending to improve the overall, performance
of the pump.

The disadvantage of this desigin lies in the required strength of the
blades nseded to hold forwardly located blade elements that rotate at a
tip speed on the order of 900 to 1000 fps. A shroud integrally attached to
the blades may be considered. Use of the shroud would help to eliminate
some of the cavitation due to flow leakage, frequently encountered in helical
design., Another disadvantage is that no such design has been tested, partic-
ularly at high speed. At the start of this program, a similar design has
been under investigation in Reference 4. It appears at this time that the
SV achieved in water is in the 50,000 to 55,000 range, which compares favor-

ably with the conventional helical design.
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After evaluation of these various aspects, the design study and testing
predicated on a swept-back ap,roach, which promises great results in advancing
the state of the art.

THERMODYNAMIC PROPERTIES OF LIQUID HYDROGEN AND APPROXIMATION OF CAVITATION
PARAMETERS

Since the pump must operate at low NPSH and high suction specific speed,
the fluid will cavitate in the inlet. Therefore, it is necessary to know the
thermodynamic properties of the liquid/vapor mixture to be able tc calculate
the local pressure and velocities.

Reference 5 gives the properties of parahydrogen at the pressures and
temperatures of this investigation. Figure 5 shows a Mollier diagram pre-
pared with these data.

For the basis of the calculation it was assumed that tne stagnating liquid
has a temperature of 36.5%°R and a pressure of 14.7 psia and that the inlet
flow process is isentropic. The density change along this isentropic expansion
is plotted in Figure 6 . It is directly related to the enthalpy drop below
the saturated=liquid line which is also the important parameter introduced
earlier as the thermal suction head, TSH.

To facilitate hydrodynamic computation, the isentropic density change was
approximated with the following function similar to that of the ideal gases:

K
Po
e I+ A(ISH) =1 +8
where TSH = thermal suction head, ft

Py = density of LH,
p = density of the two-phase mixture, Ib/cu ft
A = constant
K = exponent
B = volume of vapor/volume of liquid

The values of the constants A and K for 14.7 psia initial conditions are

A 0.02814

K = 0.4
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In two-phase flow operation, the suction parameter is often modified to
include TSH. Thus, the suction specific speed, based on the effective head,

is defined as
NN Q

Sy = TNPSH + TsRI*/*

The relation between SSS, the conventionally used suction specific speed
defined simply with NPSH, and S s shown in Figure 7.

The cavitation number commonly defined as T = 2 WNPSH can also be
i

modified by the thermal effect, yielding

_ 2g(NPSH + TSH)
T= z

v W,
i

In experimental small size LH, inducers (References | and 2 ), the cavitation
parameters T has been shown to range between 0.010 and 0.001; even negative
values, i.e., full two-phase flow or negative NPSH are reported.

DESIGN OF THE PUMP INLET

Securing an even pressure, velocity, and fluid quality distribution at
the impeller inlet is of major importance. Two-phase fluid must have an even
flow pattern, with very low or r.; secondary flows, and evenly distributed
bubbles which are of minimum size, when entering the inducer.

To achieve these goals, the constant fluid stress principle, given by
the following expression, is utilized:

g% = constant

where F
Z

the force acting on the fluid

axial distance

Ll

For two-phase steady flow, the following continuity equations are to be
satisfied:

4

C = 7925 (p,/0)
o)
and (p0/$) = [+ A(%% - nps) I
where C = local velocity
W = weight flow rate
D = local diameter
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Py = density at stagnation
p = local density
g = 32.175 ft/sec2

A and K are ccnstants

From these equations, the :cordinates of the inlet contour can be
established as a parameter of the local velocity:

- 3/2

2
(l+"g'—2> -

(o)
) vé-- |

v .2 K

D _\/EII+A(%~-NPSH)‘J
D. AT 9

0

NN

Co, Zo and Do represent an initial noncavitating boundary condition.

The inlet nozzle profile is shown in Figure 8.

Inducer Diameter

A parametric investigation was made to determine the optimum inlet
diameter and flow angle, which are the basis of good cavitating performance.

The results of a one-dimensional flow calculation at the inlet, presented
in Figure 9, show the change of the inlet diameter, inlet flow angle, and
cavitation number as a function of the suction thermal depression head.

The diagram illustrates the conflicting conditions of the problem: to
reach relatively better inlet flow angle and cavitation number, the fluid
should be expanded further, which results in larger inducer areas, more vapor,
and more loss from necessary recompression, Smaller diameters and smaller
areas, on the other hand, increase the danger of choking.

To obtain a better judgment of the loading, a computer program was
established to calculate the two-dimensional velocity distribution between
the inlet edge and the throat of the inlet channel. Assuming a parabolic
turn of the flow, the computer calculates the local velocity distribution,
the corresponding densities, and the geometric blockage of the vanes and
integrates the mass flow across the throat area. Full two-phase flow with
isentror ic expansion as defined previously is assumed.

The input variables are the inlet meridional velocity (which is a direct
function of the inlet diameter and basic flow angle) and the angular turning
of the flow between the inlet and the throat. The flow and the speed were
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kept constant during computation. The minimum possible vane thickness was set
at 0.020 in. at the inlet edge and 0.050 in. at the throat. The blockage due
to boundary-layer buildup was not taken in account.

¥ <

Figures 10 through |3 present the relative velocities in the throat as a
function of inlet diameter for various turning angles.

=)

&35

3

Although these diagrams show lower velocities and loading at smaller
inlet diameters, no solution seems to exist for small turning angles. This
shows sensitivity of the expanded flow, which needs more turning to recompress
the flow into liquid. Since the boundary-layer buildup reduces the turning
of the flow, these solutions based on smaller diameters were not considered
practical.

NG

As a result of these calculations, an inlet diameter of 4.750 in. was
made slightly larger to accommodate boundary-layer and other ronuniformities
of the velocity flow profile. These conditions are as follows:

]

NPSH, 10 ft

&2

Flow angle at eye, B NE’ 4.55 degrees

VA

Number of vanes, Z, 4

Vane thickness in throat,T,,0.100 in.

oy

Establishing the Inlet Edge Profile For a Swept-Back Design

To prevent extensive crossflow in the inlet region of the pump impeller,
the shape of the inlet edge must be designed with an equalized pressure
potential.

(D

) 4t any station Z, Figure 14, the leading edge radius o is then determined
) by the condition:

=

R s ¢
— = Ah (a)
p IZ ST dr

@ o] o

When the inlet flow has no radial velocity, pressure equilibrium in the

,3 radial direction is governed by the relation -
éé ‘ c 2

2P u
£ . Par r

From the energy equation the static pressure can be expressed as

C 2

g - % _ u
thT =0 = or
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R At

With the assumption of a linear change in Cu along the streamlines, i.e.,

r=-r
]

Cu = CU;
ry=r
o}

r
The change in static pressure AhST j can be obtained from the integration

s s R
.t i

r

o
éﬁ of the previous equat.on. Zy
AP, T
" Now along the shroud streamline, the static pressure change e JZ is
o

% given by the work input as:
3 2
{
& B uicw  ocut _ Efw

p 9 2g 2g

With the assumption that

CM = C

253

The basic requirement for equilibrium (a) then yields the relation

~n

0

) r
- - 2 = - Q [o] r
UI/CUI 005 <CM/CU|> g 2(r'_ro) (rl'l’o) + (r -ro)z ]og FJ. ]

Once the cu values along the shroud streamline are known, the equation

can be solved for Fo? which represents the local inner radius of the inlet

£ ]

edge.
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To obtain a three-dimensional picture of the flow at the inlet, much

detailed calculation will be needed. An approximate method using the actuator

disk concept is presented in later paragraphs.
IMPELLER DESIGN

To evaluate a large number of design configurations, a generalized pump
performance program was established. The program calculates the impeller,
inducer, and diffuser dimensions, velocities, losses, and efficiencies. The
calculation, programmed for the IBM 7074 computer, is presented in Section 4

This program has been used to detvermine the best design point for the
impeller.

Here, the inlet conditions and the geometry of the pump are maintained
constant for each of the designs investigated, as determined by the inlet
calculations. In addition to the fixed geometry, the variables fed into the
IBM program were

Vane angle at impeller tip, B 0, 30, 45, 60°
Slip factor, C /C 0.7 to 0.9
Uz  u2e
Impeller tip flow factor, CM /Uy 0.05 to 0.30
2

The output provides the following design parameters:
l.  Impeller and diffuser dimensions and velocities
2. Reynolds numbers and friction factors

3. Boundary-layer buildup in the channels (based on one-dimensional
velocities)

4, Friction, diffusion, and leakage losses
5. Hydraulic efficiency
6. Overall efficiency

Figure 15 gives the optimum calculated efficiencies at different tip
vane angles of the impeller. The number of vanes and the impeller channel
diffusion ratio are also shown in the diagram. There is very little differ-
ence in the efficiencies for considerable change of the diffusion ratio and
the number of vanes. An ideal combination would be the highly backward-
curv~d blading, but this design has high stresses in the shroud and also in
the ble '2s. A 45-degree backward-curved impeller blading is selected to
offer a good compromise.
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In Figures 16 through 20, the characteristic values of the 45-degree
blade angle pump are presented. The decrease of the slip factor associated
with a reduced number of vanes shows somewhat improved efficiencies. An
improvement in the diffusion ratio (W;/W,) is noted. Since the number of
vanes chosen for the inducer was four, for good cavitation performance, an
eight-blade impeller is selected. This design presents one intermediate vane
per channel, thereby avoiding the incidence problem encountered in multi-
splitter vane design.

On the basis of this evaluation, the configuration chosen as the design
point is identified by the following data:

Impeller tip diameter, Dz = 7.225 in.

Impeller tip width, b, = 0.150 in.

Impeller vane number, Z, = 8

Impeller vane angle, B, = 45 degrees

Impeller diffusion ratio, wz/wi = 0.555
Calculated overall efficiency, = 76.5 percent

Geometric Design of the Impeller

Based on the design data obtained from the general performance calculations,

the geometry of the impeller was established as follows:

I. The shroud streamline was calculated between the inducer inlet eye
diameter and the impeller tip, using a natural hyperbolic function. This
assures a smooth change in the curvature and angle and provides large radius
of curvature at the evye, Using mathematical functions also increases the
accuracy of the computation of velocities.

The curve is expressed by the following equation:

a . L
r=-Z?F‘_-T_ZTT+C
where r = radius, in.
Z = axial distance, in.

a,b,c,n = constants

Figure 2! shows the resulting shroud profile with the following constants:

a = .44978 b = .5!936 ¢ = 2.52493 n = .5
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2. The vane angle variation along the shroud was established by the conformal
transformation method. The vane is described by two adjoining parabolic arcs
in the transformed coordinate system, both expressed by similar functions:

A
;‘ % dg

L0 NS tan@ = — = AE + B
ey i PTan " 8

i )

& the transformation is given by
s _

Eé“é: e dm = rdg

L

2At dn = d

A %‘5‘

with dm as obtained from the shroud streamline equation

H': ;’f?‘ / dr \?

'I‘»‘- LR = 5

:': a dm = [l + (dZ ) dZ

Sow!

:i. &3

O and

.y

A 4

£ r= % + E——_ + ¢

Ot TR

:17“ 0%. ‘\/Z

o

;:z‘.‘ where B8 = vane angle

Yoit ¥

{ @ g and 1| = transformed coordinates
o m = arc length along shroud line
R
ot 0} = angular position

. g r = radius

s o

gt A and B = constants

.93 ens

$ 2 Z = axial distance

M AL

-

. a,b,c = constants

‘n’ w

) . R

";.:‘2; w 3. The desirable average velocity distribution was assumed along the shroud
,z&i streamline. Average flow areas, vane thicknesses, and impeller channel widths
";{2'.5 ‘;‘:’j were then computed to establish the hubline.

2

4, The vane surface development was generated, with straight radial pro-
Z‘ffé‘ ’:7 jection elements used along the pressure side of the vanes beiween the shroud
\“e'} 5 and the hub (see Figure 22). The necessary cone angle (8) of the projection
'i’,«é - line was chosen so as to give a favorable vane angle distribution along the
f\:] ¢ hub and along the mean streamline. The trailing sides of the vanes were

= developed according to the calculated necessary blade thicknesses and also
it from consideration of straight projection elements.
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This type of design has been adopted with due consideration for the
fabrication technique, which calls for generation of the blade using machines
similar to the "Keller".

Loading of the Impeller-Velocity Distribution

After the geometric design of the impeller, based on one-dimensional
calculations, was =stablished, the velocity distribution along the various
streaml ines of the impeller channel was calculated by means of the approx-
imate method developed by AiResearch for three-dimensional flow analysis of
a centrifugal impeller (Reference 6). Essentially, it analyzes the flow
in the impeller as follows:

I« An electric analog field plot is made to obtain two-dimensional, rotation-
less potential lines between the hub and shroud lines of the impeller.

2. IBM program then carries out the following computations pertinent to
design of a pump impeller for cavitating and incompressible flow.

a. It reads input data, such as flow, inlet conditions, speed, fluid
properties (including two-phase pronerties) geometrical parameters,
and field plot data (shroud and hub meridional streamline
coordinates and potential lines).

b. From the input, the geometry of the entire impeller blade is
calculated.
C. Velocity distributions along each potential line are then obtained.

d. The points giving the interscction of a general streamline
(defined by a selected mass flow between this streamline and
the shroud) with each potential line are calculated. From these
points, the meridicnal distance in the axial direction Z, and
the radial distance r coordinates of each streamline are
obtained.

e. The pressure and suction surface velocity distributions
(loading) along the streamlines are computed. Density change
is also calculated where the pressure is lower than the saturated
liquid pressure.

f.  The output gives the blade loading velocity-pressure data along
each streamline and the streamline geometry.

The velocity triangles at the inlet are shown in Figure 23 and at the
discharge in Figure 24.

The average meridional velocities are given in Figure 25 for the mean
and shroud streamlines.

The relative velocity distributions of the suction side, pressure side,
and average streamline are shown in Figures 26 and 27,
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Figure 23, LH, Test Pump Injet Velocity Triangles
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In order to avoid stagnation on the pressure side of the blades, inter-
mediate blades were used. Thus, the.inducer region has four blades and the
impeller outlet region has eight blades.

The velocity distributions as presented do not take into account the
restriction of the channel due to the boundary-layer buildup, which would
produce an increase in the mean relative velocities, thereby decreasing the
loading on the blades. This is the reason for the low relative velocities
in the exit part of the impeller. Here, a relatively large blade thickness
has been used to provide enough strength for the backward-curved blading,
which also helpsin controlling the low velocities.

The velocity distribution curves show a high loading at the inlet to the
blades, which is caused by the sudden turning of the flow. This turning is
necessary to recompress the vapor bubbles into liquid. This loading is larger
at the lower streamlines because of the shroud-to-hub sweepback of the blading.
There the throat was opened up more to compensate for the possible self-induced
prerotation of the flow. This effect was not included in the calculation of
the loading. Experience shows also that the forward '.«tension of the blades
along the shroud tend to force the lighter bubbles *uward the hub (centrifuge
effect), thus increasing the relative volume. It is then necessary to open
the throat up to make it possible to pass the flow through.

Behind the throat, the loading is reduced and the velocity is kept nearly

constant to give the remaining bubbles a chance to disappear because of
condensation.

DIFFUSER DESIGN

The design of the diffuser matching the integral hubless inducer-impeller
was completed. To eliminate the radial load on the impeller, a multicontour
vane design was selected.

Peak diffuser performance is vital in this application to regain some of
the performance lost because of inlet cavitation in the impeller. To assure
maximum diffuser performance, the following conditions must be fulfilled:

X
5 . Minimum friction (short length and rapid deceleration)
= 2.  Minimum boundary-layer growth (short length and slow deceleration)
§ g,a 3. Retarded separation (short length and slow deceleration)
4. Maximum diffusion - maximum recovery (long length and rapid
§§ deceleration)

. Since these factors are contradictory, determination of the optimum

combination is necessary. The design chosen is composed of three major portions
(Figure 28):

I. A vaneiess annulus around the impeller

" lﬁ?ﬂﬁ?ﬁiﬁ?ﬁ

3 2. A hyperbolic scroll design upstream of the throat
3% 3. Straight diffusing throat channels

)

S
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VANELESS
ANNULUS

DIRECTION OF
ROTATION

IMPELLER

(1) CONTAINS CIRCULAR CROSS-SECTIONS

Figure 28. Multicontour Diffuser Configuration
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The vaneless annulus should be small but should be sufficient to equalize
the flow distribution between the diffuser vanes without influencing the impeller
flow.

The inlet scroll portion should guide the high-velocity fluid to the throat
of the straight diffuser portion with low friction and minimum boundary-layer
buildup. This can be assured by the use of circular cross-scctions. Selection
of a conical straight diffuser design was made since this configuration pro-
duces the best pressure recovery.

The vaneless annulus was calculated according to the well-established
incompressible flow procedure.

The circular cross-sectional scroll calculation was established to provide
a natural deceleration of the flow induced by the radius increase and the
momentum reduction by the friction on the walls. This theory is assumed to
produce an effective deceleration rate and low friction without the danger of
separation due to a pressure gradient that is too large.

The basic momentum equation that follows is in accordance with the above

theoretical concept and illustrated in Figure 29,
M a(Cur) c = f C? cosa (dm - b) 2r

an X 2° n

The continuity equation resolves into the following form:

Curnd
K=rw= e v ™
Mo o
where M = momentum
m = mass
Cu = tangential velocity component
r = radius
X = distance in velocity direction
c = velocity
d = Jlocal diameter of circular channel
b = vaneless space channel width
CM = radial velocity component
0] = angular position
f = friction factor
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Diffuser Geometry and Velocities

Figure 29
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The above differential equations were integrated. The resulting equations
were programmed on the IBM computer. The output of the computer determined
the channel geometry up to the throat, the pressure and velocity distributions,
and the friction losses up to any desired point.

The boundary-layer buildup was calculated based on these results. The
efficiency of the straight diffuser is a function of the relative boundary-
layer thickness in the inlet throat. This effect was investigated in
Reference 7. Figure 30 shows the measured influence of the boundary-layer
thickness in the throat on pressure recovery of the diffuser channel. This
curve was chosen to calculate the overall efficiency of the straight diffuser
portion. Geometry of the diffuser is presented in Section 4.
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AFAPL-TR-64-134

EFFECT OF INDUCER SWEEPBACK ON AXIAL VELOCITY DISTRIBUTION

With the increased use of sweepback or shaping of the inducer leading
edge to handle cavitation problems, determination of the radial variation
of the axial velocity of the inlet flow is needed for a better calculation
of the inducer blading. It is recognized that tangential swirls induced by
blade rotation, as well as axial velocity, contribute to controlling the
angle of attack on these blades. The present study deals only with the axial
velocity component to clarify some of these effects.

The inducer blades are now replaced by an actuator disk which is tilted
in accordance with the sweepback, Figure 3].

Following Reference 8, the general equation for incompressible, axially
symmetric flow on either side of an actuator disk is established as

dH 1 g do
W - r2 [6 d¢+ﬂr} (l)
where H = stagnation enthalpy
y = stream function defined by

rC_ = M orex = - (3y/ar)
n = (3Cr/3x) - (3Cx/3r), tangential vorticity

8 rCu, tangential momentum

i

It is assumed that, as the ring vortices pass downstream along cylindrical
surfaces, the value of the tangential vorticity, 1, at any radius is constant
and equal to its value at infinity. In accordance with the actuator disk
approach, the axial velocity at the disk will be almost exactly the arithmetic
mean of the two infinity values at the same radius, i.e.,

Cx = Cx = M (2)

0f 02 2

where subscript oy conditions immediately upstream

02 = conditions immediately downstream
lo = conditions far upstream
20 = conditions far downs*ream

49
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,(/r— ACTUATOR DISC

\\ 300

> CX20 sz

TUNY LY U Y RU NN IR A M T RSN T MmN s T, W W = = - = - T

r
] &YX d :

N = 40,000 rpm

Cx.m = 36.63 fps A-6957

Tan Bo2z = 72.2568 r

i.e. (Bo2) tip = 86°
ACTUATOR DISC (xD)

Xy = 20.7852 r « 1.5156 inches

— 0
(BOZ) hub = 79.25

Figure 31, Illustrative Problem Statements
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With these assumptions, a solution of Equation (1) is given as

.

' Ly tCx g0y
2

dr r dr 2
_dCx @ 2(u-Cx »tang,) d
Ea T Tdr T (CxotCxo®) dr (rCxtanc) (3)

where B = exit rotor air angle measured relative to the
@ 02 moving blade
2nirN
blade speed = 50

oy

absolute air angle far upstream of the rotor

Equation (3) may generally be written as an equation of the form

> N R

Cxem? + A () Cxgw S222 4 B () Cxger €(r) 2224 p(r)= u (4)

A(r), B(r), C(r), and D(r) are all known functions of radius only. These
are usually nonlinear differential equations and may be solved by numerical or
graphical methods with the additional continuity condition to be satisfied.

For illustrative purposes, the present problem has been solved with some
reasonable assumption in order to simplify the governing equation. The problem
statement and coordinates are shown in Figure 3/l. With a uniform upstream
infinity axial velocity and zero absolute air angle (i.e., Cxl = constant, and

q, = 0), Equation (3) becomes

-
[

2F AL

tang
dCx,e o2 d Cx o+ Cx,» _
dar - r dr [r {u - 2 tanBOg} ] = 0 (5)

'y
&g

where u may be expressed as

N 2qr
60

LEes,

u = = cr

523

C is constant for a given problem. The further assumption is made,
concerning exit blade angle Bz that

Caisy

tanBo =ar
2

Then, Equation ( 4) can be arranged as

2
dCxpo | alr  Cxge + 23Xy iCar ]
1 dr Y3l atr® + 2 =0 (6)
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Solving this equation yields

K+ (2c -~ a(x;)ar? ,
a‘re + 2 (7)

Cxpm =

where K is a.constant determined from continuity relation

"t "t
Cxordr = Cxpoordr

r r

h h
and ) ,
‘- %a(alx; - C)(r,* - r, , 2(2C - atx))
- a‘r ¢ + 2 a
99 T T

With the numerical values given in Figure 31, sz is solved and plotted

as functions of radius r in Figuire 32. The axial velocity on the actuator
disk given by Equation (2) is also shown. Note the reverse flow near the hub;
this might result from the high rotational speed and undesired blade angle
distribution.

The axial velocity over the entire flow field may be obtained with known
infinity values, The results given in References 8 and 9 were based on an
actuator disk plane placed normal to the axial direction. A slight modification
will yield the following results to include the effect of the shape of the
actuator disk., A tilted actuator disk is now expressed by

The axial velocity distribution can be expressed as

ki (X'XD)/.L

Cxi = Cxyo+ % {;—[fi (r) +2f () ]e
i i

for X < XD and

Cx2z

-k (x-
| [ , | ] )/
Ccho-Z.} w— fi (r)+;~fi(l‘) e

for X >XD
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n

where fi(r) AiJ'(kir) + Bi Y.(kiY)

Ji, Yy are the first order Bessel function of the
first and second kind, respectively

| = .- rn,the blade length

and ki is only dependent on the values of r, and Y given by

t

J,(kirn) Y (kirt) - J;(kirt) Y (k.- = 0

Ih)

The first six roots of this equation are tabulated by Janke and fEmde
(Reference 10).

For the present, rt/rn = 2.714
ki = 3.249
ka = 6.3445
ks = 9.467
kg = 12,5988
ks = 15,7377
ke = 18.8774
Since Cxjo = Cx20 = Eﬁgﬁ_%_gﬁiﬁ at X = XD
A VKCRETICI R
[ 1

Taking only the first root, the axial velocity distribution may be
approximated as

ky (X=X)
Cxy = Cxy® + <%5if—§—£512€> e D’/4

for X < XD

Cx; = Cxpo _<(Cx200 - Cxy=) > ekl(x-xo)/'e
2

for X > XD
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The axial velocity distribution at different sectioms upstream of the
actuator disk for the illustrative case is calculated and shown in Figure 33,

s
Y

These results indicate that the assumption, usually made, of uniform
flow at the rotor inlet, is not a suitable approach. An estimate with the
present method will yield a more reasonable velocity profile at the inlet,
Allowance must bhe made for viscosity effects that tend to smooth out this
gradient.
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SECTION 4
PERFORMANCE CALCULATION FOR CENTRIFUGAL PUMPS
This section presents the basis for calculating the performance of
centrifugal pumps. The calculation is carried out with a computer program
that handles the problem of performance at design point as well as that of
of f-design operation.

DESIGN POINT PERFORMANCE

Calculation of Design Geometry end Performance at Design Point

The first part of the calculation investigated the performance of
different design combinations capable of meeting a given problem statement
as expressed by the flow and pressure rise required by the fluid. The geo-
metric dimensions, as well as the losses and efficiencies of these combina~
tions, are presented to the designer, who can then choose the one most suit-
able for his purposes.

The program is based on one-dimensional calculation of the flow along
the mean streamline, including friction, diffusion, loading, and boundary-
layer-buildup factors. The equations contain experimental factors, which can
be adjusted whenever the state of the art requires it.

The basic geometric design form of the pump is that of the Francis type,
consisting of a centrifugal impeller having an integral mixed flow inducer
portion and a radially arranged diffuser followed by a collector torus or
scroll. This design arrangement, the most efficient combination, is shown
in Figure 34 .

Within this general layout, there are many possible detail designs. The
present program calculates four different inducer variations and four differ-
ent diffuser designs.

{« Input Constants

The general design point performance program requires the following input
valuesy which will be kept.invariant during the calculations:
‘

Flow, V_ - ft3/sec

Pressure rise, APO ~ psi

Density, \P Ib/cu ft -
Kinematic viscosity, v, ~ ft?/sec

Inducer design case (Case | to 4)

Diffuser design case (Case I to &)

Impeller loss factors (§|, €2, 83, Es, %9)
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Figure 34.
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The necessary inputs for the inducer and diffuser design cases are
different, depending on the case.
2 Input Variable

iS5

The performance of a pump impeller depends on (1) its geometric configu-
ration, (2) the discharge vane angle, (3) the slip, which is primarily a
function of the number of vanes, and (4) the discharge flow angle or flow
factor. After these factors have been varied, the combination that performs
best can be selected. In many cases, the optimum running speed is still to
be established, so that the speed is also variable.

The variable inputs are then

Impeller tip vane angle, B, , deg

Impeller slip factor, p = E-E
2w

CaM

Impeller flow factor, \ = U;-

Speed, N - rpm

3. Baslc Relations

The basic relations used to establish the performance and geometrical
characteristics of the pumps are derived in the following.

Pump Inducer

The size of the pump inducer is governed essentially by the availability
of the suction head. A high suction head permits the flow to accelerate
through the inducer without danger of cavitation. The inducer size is then
reduced due to high-~speed flow. With the condition of low NPSH (net positive
suction head) the danger of cavitation is immediate, the flov: speed must be
kept low, and the inducer must be much larger. Thus, the following four
alternates are considered for the sizing of the inducer:

l. The NPSH is given, and no cavitation at all is allowed.

2. Inlet vane angle is given, and no cavitation is allowed.

3. Inlet vane angle is given as 60 degrees; this case calculates
low-pressure compressors, where compressibility effect is

negligible.

4, There is cavitation at the inducer and inducer dimensions are
precalculated.
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Case | ~ NPSH Given and No Cavitation

The program calculates the inlet dimensions on the basis of the assumption
that haif of the NPSH can be used to produce the inlet velocity head, the other
half of the head assuring a cavitation-free impact on the blades. This

assumption, together with continuity requirements, yields the inlet diameter
as:

576 V

D,? + 0,2 (inches)

- 0
' n 32,175 NPSH H

Intet flow angle Is

- 120 32,175 NPSH

m N Dl

cot Bi

The velocities become

1

¢ J 32,175 NPSH (fps)

N2n2p.2

V/ ot
I 32,175 NPSH 578,300 (fps)

=
i

Case 2 ~ Inlet Vane Angle is fhosen - No Cavitation

, oThe conventional pump inlet can be designed with this case, selecting
67.5" for blade angle; other values can be used just as well,

The inlet diameter is

J’ 44,355 V
D, = 0 (inches)
i N Ki cot BI

where Ki represents the restriction due to the hub

The velocities are given as:

nNDi
U‘ = 7'2—0"— (fpS)
Ci = Ui cot Bi
U,
W, = —

i sin B,
i
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The velocity-head necessary to accelerate the fluid into the inlet is

c.2 .

_ i
NPSH = gzz5 (ft)

.

The actual NPSH must be higher c(han this value.

552

Case 3 - 60-Degree Vane Angle Inducer

gz

This case Is the same as Case 2, except that the vane angle is fixed at
60 degrees, because this value gives the minimum inlet relative velocity for
incompressible flow. It must be noted that the cavitation performance of
such an inlet Is not too good.

\rva ¥ o
o hn

Case 4 - Cavitating Inducer

In a cavitating inducer, two-phase flow is encountered at the inlet,
If the flow is assumed to be homogeneous, the density of the mixture can be
approximated as

0 " k
2 - l+AAho:\

o=

-

'.z».'c?‘;a

where Y, = density of the saturated liquid
! y = density of ihe mixture
) Aho = depression head, Inlet, below the saturated state (TSH)

‘
1)
ey

Aoy

*

&

A and k ure constant characteristics of the pumping fluid

A

For LH,, the constants are

bEs ]

A = 0.02814 k = 0.4

Al
o

This flow function, together with the diameters of the hub and tip of the
Inducer, is used to calculate the velocity and .ngle of the flow.

(oizn DH2n> 44 v_ (ci2 ) K
%a Ci ""[;"""-'4 = T I +A m*NPSH

i

2

Pt o
r&',“*..';:'

Gy 1] _ P_l'i_ (f )
o i = 720 VPO
Y Ui

Ei wi = sin Bi(fps)

g% 61
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The flow angle is

g
i
The flow factor €, represents the resistance of the inlet. A value of

0.95 can be chosen if the inlet is an undisturbed coaxial design.

fosses at the Inlet

In the case of a shockless inlet, which is usual in normai pump design,
the program does not separate the inlet loss from the general impeller tosses.
The cavitating inducer represents another case, because its Incidence is
designed to overcome, even at normal operating conditions, the effect of the
very low angle and cavitation in the inducer throat. This operation results
in additional losses, which will be calculated iater in the part-load perform-
ance section. ‘

Losses and Design Characteristics of the Impeller

The performance of a pump as measured by the pressure rise is of ten
expressed in terms of energy In foot-pounds per pound of fluid flow or in
head of fluid in feet. They are related together as

= )
144 —2 (ft
H 7 (

To deliver this energy, the pump impeller must develop a head, ch,

through a change in momentum imparted to the flow stream. The hydraulic
efficiency of the pump, as related to the impeller and pump head, is

H
- o

il = 8
HYD e (8)

To start the calculation in the program, a first approximate value of
nHYD of 0.9 is assumed. Iteration is then carrled out using the proper value

for | AYD*

{. Diameter

for convenience in performance calculation, dimensioniess parameters
are introduced by normalizing all values of head and losses with respect to

2
5%}- . Thus, the impeller head is associated with the head coefficient defined

by
- u,?
Q= oy, [ (9)
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The Euler momentum equation, then, relates q to other characteristic
parameters of the impeller

c
1]
q = —Ef = (! - X\ tan By) (10)
The diameter and tip speed of the wheel are derived from Equations B,
9, and 10,
o, . 120 /32__'_7?_*_'191 (inches)
2 n N q
32,175 H,__
Uz = */———~a-m (fps)

This gives the relative velocity at the impeller tip:

We = Uz ¥ A%+ (1= q)? (fps)
2. Number of Blades

==

The other parameter of importance in the impeller design is the number
of blades. The proper number depends upon the amount of flow "slip" at the
Impeller exit, upon the limit allowable for the blade loading, and upon other

considerations such as the physical geometry and velocity triangles of the
blades (Figure 35).

- e

Following the investigation of Reference Il which takes into account these
various factors, the number of blades can be determined as

- -
=4

np cos By +08

N MR (T BT

€
e 850

where % is an experimental factor which is normally close to I.

by D,

g Vo = 5& , the impeller diameter ratio

i W, : e .

] v = "R the ratio of velocity diffusion in the impeller

T
- v

The average length of the streamline in the flow passage is

-

7
2 0.8 (D2 = Dy)
M b= o 5 oos B (inches)
u"?
o
63
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Ui =' Va Uz

INLET - WITHOUT PREROTATION

e Cp=al: " Cou = Hloue

i

Uy o Coe = (1=ATANB2) U

IMPELLER TIP

A-6979

Figure 35. Velocity Triangles at Mean Streamline
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Ay e
04 e

The average diameter of the impeller passage is calculated as

2534
138
(“ l! | V2 .
.~ d = D + = 7= | (inches)
N ol . CHYD, . Z, + 2 S 27, J | + tan?B. /1 + vy >
g$§ MTecos B By | =-v& m(l +V,) i\ 2

"By, the dimen<ionless tip width of the wheel, is given by

I 6
ALy,

25
o

, 144 V_

4 i Bz:%z= 0.030 Z
iy 2 20 . _______L:>
B ¢z Mz D2 cos B,

(355538
| S552%

€2 is the restriction factor, generally assumed equal to 0.92.

The average relative velocity through the impeller is then needed

W, + Wyl
Way = / — (fps)

The Reynolds number of the impeller passage is ‘calculated with the values

[

X
R
a8

0 d W
?\j Re. = HYD, "AV
'ﬂ‘i;! | |2 \)*
g e o 0:0462

| = Rg 07

,% The skin friction loss coefficient through the impeller passage is
E&'
AH W, °
E AqSF‘="'S—E‘T=§:?—&'LJA¥"'
3 @ 51 Hyp, Y29

The experimental factor, €2, is close to I|.

s
==

Another source of loss in the impeller arises from the diffusion of the
flow in the blade passage. This is expressed by a blade loading factor, A

N . . . . . X ’
B\ Eg similar to the concept of the diffusion factor used in axial flow compressors.
Wiy From Reference |l. A is given as , )

;éE q (cos Bi + cos B,)
I A=t -8+ -

oy e .

v S o

P uz

2".i [Z' (1 - \)2) F 2 \)2]

]

frests
LA 3

-‘
F
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The loss coefficient associated with this diffusion is then

Bt s
-

. 2
i) VI 2 G <rWE >
3 DIFF : 2
z}:\‘\ q Uz q usz
Y
& €s is an experimental factor; for average calculations, 0.! can be
— assumed.
clx\;::‘.
2D In the experimental investigation of the interaction between the impeller
A and diffuser, It has been found that some of the flow that has passed the
5‘§ impeller does not enter the diffuser, but returns into the impeller, giving
’ rise to a considerable energy loss. This phenomenon has not been fully
investigated (References Il and I5). At present, a recirculation loss param=-

eter Is used to account for this source of energy dissipation.

ST

The best value of &, factor has not yet been determined for all cases,
but the calculations of shrouded impeller pumps show that it is close to zero.
In the case of an unshrouded impeller, we arbitrarily assume the value 0.05.
The foregoing are all of the Internal losses of the impeller.

The internal static efficiency of the impeller is calculated as

2

L2
N Hoy - 2q_" Aoy

fmp ~ Co”

R Hry 55 + AHSF + AHRc

e

Gy
£ A2 4+ g2

= I M.
L8 LU - LN VA
BSH 2q 5F " 9rc
o
S
5%?3 Diffuser
?ﬁé An infinite variety of diffuser designs is poussible. This program
'Jvﬁ incorporates four different solutions, such as
&é% I.  Conical or parallel-sided straight~-vaned diffuser
EeLy
ROes
"ﬂ§i 2. Multiscroll circular cross-section diffuser
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o

P

3. Collector scroll (or torus)

4, ‘Janeless diffuser

CER

The program calculates the transition portion from the impeller into the
diffuser with an increased friction value. This increase of loss is due to
the mixing of the uneven discharge from the impeller. The boundary-layer

>y

o
ssX

bulldup is also estimated along this transition and the recovery of the
. following diffuser portion is estimated as a function of the calculated dis-
1 placement thickness of the boundary layer (Reference 16).
u
Case | - Straight Wall Diffuser (Fiqure 36 )
\
% The straight-wall diffuser of the geometry shown in Figure 36 is a design
] concept that lends itself readily to hardware fabrication.
7
ég For calculation purposes, it can be considered to be made up of a scroll
element followed by a straight diffusing section. The boundaries between
these elements appear as a throat. For high performance, diffusers are
%a generally designed with a square throat section so that
h
] THROAT
vl Y\ D = -b—-—-—-" = los
; g THROAT
g The average velocity ratio in the scroll is
C “ T
Y | (L) ER S @
3 Cu - z.) q *q
: r C + 2 QD tan ¥
a wnere 'F; = 1004 + 0069333 CD 82 n CD' tan Y

and F(h) Is a function characteristic of the geometry given by
Bs + 0.02
A o L <f0 N
—7§§:i::€ + fa CD(Z + tan V) + 5 loge 0T

’ | BZ(CDtanY'+ 2) + 0,02 tanY
- —r— —>I og ——— ..
tan 7V 2 e 2B, + 0,02 tan ¥

]

F(h)

it

OV g
Py '
-

&

Another parameter characterizing the flow in the diffuser is the Reynolds
?ﬂ number
S RebZ = 2By 4/ A% + g% Re,
D2V
g e = 2%,

»
CA |

e

.
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X
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N

IMPELLER

Figure 36. Straight-Wall Diffuser
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With D for turbulent flow, the local friction factor is

0.0462
Re. 0-2 (1)
b2

fg‘-‘-

This local friction factor can be used to a Reynolds number lower limit of
10%.
For Reb lower than 10%, an adjustment has to be made, since the computer

2
will extrapolate (I1) for calculation purposes.

The actual vane number of the diffuser as given later is
7 _ 21 ( CMg >
¢ - CDBz (2 + Qotan v) N\ Cu

Practical reasons set the number of diffuser vanes between 6 and 16.
Therefore, the program checks the value and, if it is different, adjusts the
§D value and recalculates.

This geometry represents the natural deceleration in the scroll. It
gives the loss

| . A+ g 2f; Mo Cu™ A2
b * Tz Tq |17 (q) prl
2

where length of the flow path AL, is

O~02 A/)\z + 2 .n2 B 2
) A{JZ = Dg l[- T 9 +/|.OAE?+ _.2— (inches)
and the hydraulic diameter

4 B2 (2 + ¢ tany)

dy, = D2 733 Cp * €, tan v

Ha

(inches)

The lnss in the following straight diffuser is then expressed as

A4 g TV A? My
équ = Ea‘g" CM;> o Cs + Cs F2 s

The loss faciors were chosen according to the test results presented in
Figure 30. (s = 0.2 and €¢ = 1.5 give good approximations.
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The overall diffuser loss is then

= lage + Mp,

Case 2 - Multiscroll Diffuser with Circular Diffusers (Figure 37)

As the figure shows, the diffuser design consists of three portions - a
vaneless space, a scroll and s straight circular diftuser.

As presented in Reference 15, the loss in the vaneless space Is equal to

) cos *a. a2 4+ q?
Aqzs = (} + :)
q > cos (ag er %D 1.0816 cosZa; 2

where
5 = 0.32 f,
B2
cos O3 = {1 + cos @;)? b . sin®a,
(1 + cos a,)? e® +sina,
cot Q2 = 2
q

The vaneless space is assumed to have a diameter
Ds = 1,04 D,

The width ratio is given as

85 =

clhc.r
o

In the scroll portion of the diffuser, the diameter ratio is given by

22 D3 .QA_,>2=|+_J£L__. 9.4...])
4 Bz cot &3 Dy D3 Bs cot O3 D3

The %1- ratio Is calculated from this equation.
4

The number of scrolls is an important design parameter. The single-volute
collector design corresponds to Z, = |, A higher number for Z, is considered.
In the present program, Z, Is set Z, = 4 for a typical calculation.
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The loss coefficient in the scroll is then

Aq - nfz <)\2 $><Dgcos ag | + D/./Dg, > 2 cos? a3
3-4 Dscos a3 D,/Ds + 2B5 - | 04/03 (04/D5 - 1)°

For the straight circular diffusing element, the minimum possible loss
achieved with the best recovery yields a loss coefficient of

A D, cos cxg>2 Bs? cos? o° Cy (04/03 * 1)
GIo-S = D D €6 0.2
3 COS (O3 P4 |> b (D4/D5 = 1)
D3

The boundary layer buildup factors are

€, = 0.2 and {; = 0.0314
The total diffuser loss in the multiscore design is then

) = Aqy-3 + Ags-4 + Bqy-s
9

Case 3 ~ Single Scroll and Diffuser

This case is similar to Case 2, except that Z; = I.

Case 4 - Vaneless Diffuser

Aqz.3 = ke <| . cos? 022> A2 + gt
2 cos (‘7’2 ;’ 013) cos? a3Ds? 2q -

3f, (Ds/Dy = 1)

where & =

B2

cos a5 = (1 + cos @z)? ed - sin? o2

5 = -

(I + cos &2)% ed + sin’ as
A

cot @p = =
q

After the long vaneless space, a quite inefficient additional recovery
is possible in the collector.
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Here a fraction of the kinetic energy of the velocity leaving the impeller
is assumed to be lost.

cos @ DN\ A+ 48
COS U3 D3 2q

Aq374= 0t66 I\I =

The total diffuser loss in the vaneless diffuser is then
Bapy = Aqy5* g, ¥ Ag,-s

Hydraulic Performance of the Pump

The hydraulic performance measures directly the work which produces the
pump pressure. This means that the head output of the pump must be equal to
the required value after all the internal losses are deducted.

The hydraulic efficiency of the pump is then

Thyp = :O : ; 2qDL ; iqD (12)
TH 95 7 “9%Rc

The hydraulic efficiency is now calculated from Equation (12) with
various loss parameters which are obtained by starting the computation with
an assumed value for nhyd The value from Equation (12) must be within

2 percent of the assumed value, or otherwise the computer will proceed to
iterate.

Overall Efficiency and Power Input of the Pump

Besides the loss in energy in the impeller area diffuser passages,
external losses must be considered. These are due to friction from the hub
disc which supports the impeller blades and the leakage through the seal clearance.

The disk friction loss is often given as

_ gB Ioé >2
Aqgp = 10°\q B, \ Re:

The experimental factor €; = 0.285 is to be assumed for the case of a
shrouded wheel and €5 = 0.366 for an unshrouded wheel.

A _E? -006V|2J2q-K2 _AZ
a = B, .

The factors are §9 = 1.0 for a shrouded impeller and €9 = 0.5 or 0 for
an unshrouded one.

The overall efficiency of the pump, from which the hydrodynamic power
input is obtained, is then

out _ "hyd
I r Ageg 7 Bay
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[ |

With the change in flow rate and speed, the flow factor at the impeller
changes so that the head coefficient is ncw calculated

q

&9

u (1 - A, M, tan B)

T _cos P2
v (- &8

A
f

s wi th

®

- ﬂ/[ M2+ (1 - q)
bl Ci = 7 T2
kg V% + Mo ¢O
g? . ,

‘ where ¢o = U;E = V, cot aio

At off-design, an incidence is encountered at the inducer inlet so that
the incidence loss is given as

@ 3
Aqinc = WZ U; -Z-a

where {, is an experimental constant. According to the test values on axial
compressors, |, is a parabolic function of the incidence angle:

{559

ESTA

Eﬂ Y2 = a;+a b B +ash Bia
ABi = | B - Biol (absolute value)
@ cot Bi = M cot B

The average relative velocity in the impeller rassages is

= U
Way = ;E; J (1 +¢1)? (M cot? B.o* v2?)

The Reynolds number calculated with this velocity inside the impeller
passages is

\Y
U, = Ef_:LIEL.(}}g)
720
o)
dHYD is given by the design point calculation. The new friction factor becomes
‘ e . 0.0462
! ReinT
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A

With the change in flow rate and speed, the flow factor at the impeller
changes so that the head coefficient is ncw calculated

q w (1 - A My tan 8)

&

[
| + ) oGO3 P2 <, , 0.08

22|Z|-V25 Ci

B

gu wi th
- /\/Moz A2+ (1 - a)?
2 1 = 7 P
é} Vo2 + MO ¢O
@ C, ,
: where ¢o = U;; = V, cot Bio

T

At off-design, an incidence is encountered at the inducer inlet so that
the incidence loss is given as

(wij‘ |
Aqinc = WZ U; Ea'

where {, is an experimental constant. According to the test values on axial
compressors, {, is a parabolic function of the incidence angle:

1. \l’z

- RIS

a; + az A Bi + az A Bi2

4B,

; I B, - Bio‘ (absolute value)

7z

cot Bi = Mcot B,

A ""‘}2

The average relative velocity in the impeller rassages is

- U2 ¢
Way = ;E; S+ ) (M2 cot? Bio * ve?)

e —
4 -
Ao P

The Reynolds number calculated with this velocity inside the impeller

b passages is
dHYDi wAV
A Rey = ~ BV

g

Dg N
Up = O <NH_.>
720 o

dHYD is given by the design point calculation. The new friction factor becomes
i

0. 0462
Rei .

1153

f1 =

e

75

a1 8




AFAPL-TR-64- |34

With this factor, the friction is to be calculated
. 2
Aq = €, o WA\z/
SF dHYD[ Up¢ q
Ag, is to be taken from the design point calculation.

The diffusion factor through the impeller is

a (cos g, + cos 8)

vl wi y
— &L (] .
2 U, |:n (h-v,)+ 2\@
wi
- = 2 2 2 2
where U, «/ \3 V" cot® B, M

The diffusion loss Is then

)
= 2 !

And the recirculation loss becomes

Bage = €u b g
OO0

The constants &2, &35, and €4 are the same as in the design point program.

2. Cavitating Performance

The calculation of the cavitating Impeller performance is similar to that
for the previously described one, but since the density is not constant in the
inlet, the Inlet velocities are a function of the flow.

The head factor is
q = th (| - AO M tan Bz)

|
M = -
m €OS 0.08
-—-(-ﬂz—- | 828
e By ( 3
[T
Cro= . vo© + SI‘MZ¢0T
C
= ol
¢O - Uz

Dano N\
e = v W)

G

[}
(=)
I
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The inducer entering velocity C. results from the design point calculation.
Following the correlation of the mixture density given previously, the density

change at the inlet to the cavitating inducer changes with speed and flow
rate as 8 - K

N 2 C1ot
at M, —— I + A | M ° s - NPSH
Y o’ N o 2g
o =
= S =
)

y(at design

C.°
i
Il + A 79 -NPSH)

o

where the design point corresponds to the value of | for the parameters M

arcd N . When the inlet velocity head <M 2 c,°2> is smaller than the
N o 2g

NPSH, ®no density changes take place. Then Sy = I.

The inducer incidence loss is similar to the previous case:

89y = Ve 2q

where V2

ay + azABi + ag ABiz

JaYs] lBi - Biol (absolute value)

Sy Mg

O
V2

1

i

u

cot BI

2
!
U

The loss constants can be assumed to be

V22+ S'Z MZ ¢02

ay =0
ap = 0
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There is, however, an additional loss with cavitating operation-~the

cavitation loss:

Cy,? R
Bagay = V¢ B’:* A @oz TR NPS@] ‘1] (o + 51°M% )

The value of Y. can be assumed to be between 0.5 and 1.0.

The impeller skin friction Is

Aq g el ""?"wAVZ
= 2 Sy
SF dHYDl U2 q
where f| = 0&2‘:6‘2
duvp, ¥av
Re, = |2 V*
(1 + ¢12)(512M2% 2 + yp?)
W, = U 2
AV 2 2

The diffusion factor is

q (cos B, + cos B2)
A='-Cl+w

112
2 e [ (1= va) 2]

=

U;- = Jvzz TR LI
With these values, the diffusion loss is
w.2>
= 2 !
Adgp, = 83 B <UZ’3
and tae recirculation loss will be

- e
Adpe = 84 A 3H
o0

€i1s €25 E3» and Es factors are the same as in the design point program.
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Diffuser Performance at Part Load

At off-design operation, the diffuser vanes or scrolls suffer incidence
loss on their tip:

- 2 - 2
(q‘ qo) + (xo MOAO)
2q

bapry = Vs

y3 factor is also a function of the incidence angle. As the angle of
attack is normally very small with the low flow angles encountered in pump
design practice, this value can be assumed constant and equal to unity.

The diffusion loss can be calculated by assuming the same relative loss
percentage of the available energy as was assumed at the design point.

where AqDo is the diffuser loss at design point.

Pressure Ratio

The head and pressure can be calculated from the hydraulic losses.

The total head output is
2
= 9V
ey = 335 (Ft)
The hydraulic efficiency is
| = Aqpye = BAcay - Bap = Bdge = Aapyy - Bgp

I+ bage

=
The head of the pump becomes

HO = 'qH HTH (ft)

and the pressure rise is
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Qutside Losses and Overall Efficiency

The wheel friction changes with the flow and the Reynolds number:

6\0.2
bp = TEOT R <;2 )
o O 2 2
U, D,

The leakage changes also
2 2y 2 2
. ) 590.006 V2 / 2q AO MO + q
L B, y 2q
gs and B9 factors are similar to those of the design point.

The overall efficiency is calculated with these losses.
My

|+ bapg + Bq)

The nower consumption of the wheel is then

HP = Ho Mo Vo Yo N
- 7 550 No
The program prints out the losses, the efficiencies, the head, the pressure

and the horsepower values. In addition, it prints out a diagram of the pressure
rise and the efficiency versus relative flow withrelative speed as a parameter.
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COMPUTER PROGRAMS FOR PERFORMANCE CALCULATION (PROGRAMS A-0545 AND A-0546)

The following paragraphs present the computer program written for the
method of performance calculation developed previously.

Program A-0545 calculates pump designs for all combinations of input
values for N, B2, p, and A. If desired, it will then calculate of f-design
points for different values of M and N/N . Automatic plotting of AP and M
curves for pump off-design is al%o possib?e. Programs A-0546 and D-0100 are
chained to A-0545 for this purpose.

559

g:;‘é

Input for A-0545

If only the pump design point program is used, |1 cards of input are
needed for each case. If the pump off-design program is used, l4 cards of
input are needed for each case. Input for pump design point program:

A

1. Card No. | FORMAT 72H
Eg | Alphanumeric heading card
"" in column 1
2, Card No. 2 FORMAT 5F10.5
Yoo Ib/cu ft, Density
ﬁ Vo’ cu ft/sec, Flow
;% APO, pSi, Pressure rise
gé vy, Ft?/sec, Kinematic viscosity
Test =0 if pump design point program
j = = | if pump off-design point program
3
> a 3. Card No. 3, Inlet FORMAT 110, 7F10.5
Case No. | = NPSH Given - noncavitating
E& 2 = Bi given
gi 3 = Best performance
< 4 = Diameters and NPSH given - cavitating operation
Eg Dy in. Hub diameter
r; NPSH, ft Net positive suction head
Eg B;» deg Inlet flow angle

£

81
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K,
|
Di’ in.
A, I/ft
K
ek 4, Card No. 4
y;if :
o 5. Card No. 5, N values

21

'+ &5
J"“ 9
B 2 1P TI0

i’i o‘nf -
F3¥1d

£
vs

6.

-

R Ntk

5o e

[P

7.

No. of N values

N, RPM

N2

N3

etc.

Card No. 6, Impeller

€1

€2

g3

€4

Card No. 7, B2 values

No. of B2 values
B2(1)
B2(2)
B2(s)

etc.

Hub-blockage K. =

Inlet tip diameter

Density function constants

Blockage factor

(max 10 values)

Loss constants

Impeller tip vane angle

82

FORMAT F10.5

FORMAT 110, 7F10.5/
8F10.5

FORMAT 4F10.5

FORMAT I10, 7F10.5/
8F10.5
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Card No. 8, y values

No. of y values
i
we

w3

etc.

Card No. 9, A values

No. 'of A values
Y
A2
A3

etc.
Card No. 10, Diffuser

Case No.

Y, deg

o1
~

ojo
~» jo

FORMAT Il0, 7F10.5/
8F10.5

Slip factor = =tim

FORMAT 110, 7F10.5/
8F10.5

Sl?"

Flow factor =

FORMAT I10, 6F10.5

Vaned diffuser

no
[}}

Scroll diffuser

3

Collector ring

4 Vaneless diffuser

Throat side-to-width ratio
Wall angle

Boundary layer factor
Boundary layer factor

Loss coefficient

Vaneless space diameter ratio
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11.

Input for Pump off-design program:

12,

13.

Card No. 11, Outside Losses

Cards 1 thr: 11 of previous section are needed in addition to the following

Card No. 12

gl

al

az, 1/Deg

as, 1/Deg?

Ve

)

€3

€4

Card No. 13

s

€s

89

Vi -ft?/sec

¥ -lb/cu ft
NPSH, ft

84

FORMAT 2F10.5
Wheel friction loss factor

Leakage loss factor

FORMAT 8F10.5

Incidence loss coefficients

Cavitation loss coefficient

FORMAT 5F10.5

Diffuser incidence loss coefficient

Kinematic viscosity for part load
Density for part load

Net positive suction head for part load

3

I

10
"lrh

l¢

o R

2

DALY

e 5
O
3

Y
200

«

o
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; @ | 14. Card No. 14 FORMAT 6F10.5
g ‘ Mo Mass flow ratio
§ o
§ (M)
- (N/No)o Speed ratio
A (NN )
f ) R (N/No)n
| & Input for A-0546
3 E@‘ If plotting of pump off-design points is desired, two blank cards plus the
¥ following cards should be insertzu behind the data deck.
@ 1. Card No. 1 FORMAT 3110
> No. of problems to plot
; §§ No. of N/N0 values for st problem
‘ No. of Mo values for lst problem
g 2, Card No. 2 FORMAT 2110

No. of N/No values for 2nd problem

R D e
Lo
alagd

No. of Mo values for 2nd problem

3.. Repeat Card No. 2 for as many problems as are to be plotted.

Output

&z=3

The output consists of three parts {a copy of a sample output is attached):

The input is pririted out

AR IATXRA
&3
Mo

For a particular N, Bz, w and A the following quantities are printed out:

; Ei a. Inlet Case
. N, RPM Speed

: : Di’ inches Iniet diameter

gg pi’ deg Inlet flow angle

NPSH, ft Net positive suction head
: o
85
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d.

Wi, FPS
¢ /¢
Impeller Iﬁput

ﬁZ) Deg

Impeller Answers
! q
D2, inch
Uz, FPS
€1
Z
2 B2
Rei
Bagg
Aqp
Adge
nimp
Diffuser Answers
If Case No. 1 - the following
1. Case No.
Reb2
Re 2

Z;

iq

sC

Myife 2
AqD

86

Inlet relative velocity inducer

Suction density ratio

Impeller tip vane angle
Slip factor (= Cuz/Cuzoa)

Flow factor (= Cma/u2z)

Head factor

Impeller tip diameter

Impeller tip velocity

Impeller relative velocity ratio
Number of vanes

Impeller width ratio (= ba/D3)
Impel ler channel ave. Reynolds No.
Impeller friction loss

Diffusion loss

Recirculation loss

Impeller efficiency (Internal)

line is printed:

Diffuser inlet Reynolds No.
Impeller tip Reynolds No.
Number of diffuser vanes
Scroll friction

Straight diffuser loss

Total diffuser loss
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@ If Case No. 2 - the following line is printed:

1. Case No.

?.t.g“ . N

> Aqg.s first

‘ggﬁ Bgse second b diffuser loss
P Bges third |

g Ba, Total diffuser loss

For both Cases! and 2, the following 2nd line is printed:

‘ 2. nhyd Hydraulic efficliency
@ Hror, ft Total head

ﬂ AqFR Wheel friction

a AQL Leakage

Overall efficiency

3

3., If pump off-design program is calculated for a constant N/No, the
following is printed for each value of Mo:

Lk e

a. Mo Mass flow ratio

q Head factor
) ABI’ deg Incidence angle

i ﬂH Hydraulic efficiency

?f AP, psi Pressure rise
3"“ i Overall efficiency
fwy b. N/No is then varied and line A is repeated for all values of Mo.
L This is continued until N/No equals final value of N/No.
S\ 4, Items 2 and 3 are repeated for all values of N, Bz, W and A
-
. 3

3 -ﬂ'}

]

b
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Application of the IBM Programs to Performance Calculation

i. Generalized Performance of Centrifugal Pumps

In order to compare the calculation results with statistical average
and predicted optimum performances, a number of data were gathered on high-
Reynolds-number pump performances and plotted in Figure 42. For comparative
purpose, three points were caiculated by the present computer program using
water as fluid, assuming no cavitation and a Reynolds number close to 107,
The specific speeds of the calculated samples were 500 to 1000 and 2000. The
results of the calculations were also plotted in the diagram. The points
fit the top efficiency curve quite well; the program therefore might be used
to predict the performance of advanced pump designs wi h confidence.

2, Performance Characteristics of the LH; Pump

The performance calculation procedure developed previously has been
applied to establish the characteristic curves of the pump designed and built
in this program. Figures 38 and 39 present the characteristics over a wide
range of speed and flow,

Execution Instructlions

Program A-0545 consists of three chains. Chains 2 and 3 are Programs
A-0546 and D-0100 and are used only for plotting.

Tape 22 is always required by Program A-0545. If plotting is called for,
tape 22 will be the plotter tape. When plotting is done, tapes 21 and 11 are
used as work tapes.

Each of the programs just mentioned takes approximately 1-1/2 min per
case with 150 solutions.

Following this page are given:
I. Flow chart of program

2. Fortran listing of program
3. Sample input data listing
4, Sarple output listing

5. Sample plots

88
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. JOB A0S46 PUMD DESIGN PLOT PROGRAM WITH GARLIC CHAIN
125 FORMAT(5F14,7)
126 FORMAT(18HP210,.0 10.0 112914+ 4X 1HL ,6X,F6.2,6X,4F10.1)
127 FORMAT(10X,2F10,7)
g 128 FORMAT(2HO 42F7.1)
129 FORMAT(13HX 0.0 «0,20X,18H MOIN/NO) )}
130 FORMAT(SCHACS. 9.0 .12 PUMP - PART LOAD PERF(RMANCE/)
% 131 FORMAT(13HY 0,0 0.0,20X+18HOVERALL FFFICIENCY)
4 132 FORMAT(13HY 0.0 0.9,20X, 18HPRESSURE RISE, PSI)
133 FORMAT(12HG 2.0 9.5)
- 134 FORMAT(39HAOL.5 8.6 .12 FLOW, CUFT/SEC = F7.3/)
i 136 FURMAT(1HE)
‘e 137 FORMAT(10XyFL1047,F10.4)
g 138 FORMAT(3110
, DIMENSTION ANSL1{2),YOR(2),DELTY(2)
% X0R=0.0
v DELTX=2.0

YOR(1)=C.0
YOR(2)=0.0

pi |
b3
»

> DELTY(1)=1.0
DELTY(2)=4000.
XQORIGN=0, 0

a YURIGN=0.0
REWIND 45

READ INPUT TAPE 41,138,K14K2,K3
HRITE QUTPUT TAPE 45,128XORIGN,YORIGN
DO 816 L=1,Kl
IF(L-1)779,779,778
778 READ INPUT TAPE 41,138,K2,K3
779 DO 815 K=1,2
GO TO (784,780,780,780,780,780),L
780 GO TO (785,781),K
781 K4=K2#K3
DO 782 I=1,Ka4
782 BACKSPACE 49
GU TO 785
184 REWIND 49
785 DO 806 I=1,K2
REWIND 47
J=0
DO 803 [=1,K3
READ INPUT TAPE 48)125,V0,ANSL(2),ANSYI(1},ANS,ANNO
IF(ANS1(K))8C3,802,802
802 J=J+1
WRITE OUTPUT TAPE 47,125,ANS,ANS1(K)
803 CONTINUE
ARITE OQUTPUT TAPE 45,1264 JsANNC  XNR,DELTX,YOR({K) ,DELTY({K)
REWIND 47

(TR Gl &5

nrs 555

& DO 806 !=1,J

A READ INPUT TAPF 47,125, ANS,ANSL(K)
GO TO (804,8G5) K

54 BO4 WRITE OUTPUT TAPE 45,127 ,ANS,ANSL(K)

% GO TO 806

.

805 WRITE OQUTPUT TAPE 45,137,ANS,ANSL{K)
806 CONTINUE

WRITE QUTPUT TAPE 45,129

ARITE QUTPUT TAPE 45,130

G0 TO 13808,809),K

I

2l
N

»
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WRITE OUTPUT
GO TO 810
WRITE QUTPUT
WNRITE QUTPUT
WRITE QUTPUT
XORIGN=18.
WRITE GQUTPUT
CONTINUE
WRITE QUTPUT
ENDFILE 45
REWIND 45
REWIND 48

TAPE
TAPE
TAPE
TAPE
TAPE

TAPE

CALL CHAIN{O03,49)

END

45,131

45,132,

45,133,

45,134,V0

45,128, X0RIGN, YORIGN

45,136
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Jos A0S545
ADS65S
GENERAL Pu'P EFFICIENLY
DIMENSION ALAMDA(10),AMUI(10),BETA2I(10),ANT(10)

100 FORMAT (I10,7F10.5/(8F10.5))

101 FORMAT (8F10.5)

102 FORMAT(1846F1043,10X,3511INLET CASE NO« NyDI BT 4NPSH,WI,ZETA)

103 FORMAT (57H0 & SCROLL NERLIKON, D&4/D3, DOES NOT CONVERGE, D4/D3-1

zF8.1¢11Hy D4/D3-2 =F8,1,12H4, ALPHA-3 = FB8.5)

104 FORMAT {306H0 CASE 4 CI BOES NOY CONVERGE CI1=Fl0.546H, CI2=F10.5
1)

105 FORMAT (22HO INPUT- DENSITY =F7.3,8Hy FLOW =FT7.3,15H, PRESS., R
1ISE =F601115”’ KINEM.VISC. =F9.6)

107 FORMAT [40HO IMPELLER Z1 IS GREATER THAN 100, Z1 =F10.5,6H, Q = Fl
10.547Hy D2 = F10.5,9Hy, ZETAl =F10,5)

106 FORMAT (F841,2F10e3,40X,?THIMPELLER~ RETA-2, MU, LAMDA/FE.2,Fl10.2,
iF10.1)F1044,F10.1420X420HQ, D2, U2, ZETAl, Z1/F8.5,F10,1+4F10.5,10
2X34HR2. RE!l,y DOSF. DODL, DORC, ETA~IMP)

109 FORMAT (47HO DIFFUSER 22 NOT BETWEEN 6 AND 16, ZETA Dl = F8.3,12H
1y ZETA D2 » FB8.3,7THy 22 = F8.2)

110 FORMAT(2F10.5413H 0N403, D4D3N)

114 FORMAT(34HO

KEMPF/MX 032564 PUMP PART LOAD PERFORMANCE

HTGY D0DES NOT COMVERGE, HTOT = Fl0.5, l1lH, HTOTY? = F
110.5)
115 FORMAT(I842F10s0y)F104243F10.5y TX4S5HODIFFUSER CASE NO.yREB2,RE24+22,
10QSCyDQDIF2,0Q0)

116 FORMATE {18,4F10.5,30X,40HDIFFUSER CASE NO., DQ23, D034, D045, DQD)
117 FORMAT (BX,Fl0459F10.3,3F10.5920%X,29HETA~HYD, HTOT, DQRE, DQL, ETA
1)
118 FORMAT (72H
! )
119 FORMAT(29H0 Q DOES NOT CONVERGE, Q1 = F10.5,TH, Q2 = F10.5,7H, MU
1 = F10.5)
120 FORMATI(SF14,.7)
121 FORMATIFB8.292F10.4,F1045,F10.2,10X26H #9Dy Qy DELTA~-#; ETAH, HO/8X
14 F10e3¢F10e5,F1041¢30Xy16HDELTA-P, ETA, HP)
122 FORMAT (6X, THN/NO = F8,.3)
123 FORMAT(24H1 PART LOAD PERFORMANCE/)
124 FORMAT (36HOPART LOAD CIP DOES NOT CONVERG CIl=F10.5,6Hs CI2=F10.,5
1)
INLET
REWIND 48
1 READ INPUY TAPE 41,118
WRITE QUTPUT TAPE 42,118
TEST = O IF PUMP DESIGN POINT PERF, = 1 . IF PUMP OFF DESIGN PERF
READ INPUT TAVE 4l, 101, GAMO,VODPO,VSTAR,TEST
IF{GAMO+VO+DP0)}201420C, 201
200 ENDFILE 48
REWIND 48
CALL CHAIN(02,46)
201 READ INPUT TAPE 414100,ICASE,4DH, ANPSH,B81 ,AKI,DI,A,AK,E1
READ INPUT TAPE 41,100,N1,{ANI(1),I=1,N1)
READ JNPUT TAPE 41,101, X1l X2, X3,4X4
READ INPUT TAPE 41,100,N2,(BETAI(]I),I=1,N2)
READ INPUT TAPFE 41,100,N3,(AMUI(]),]=1,N3)
READ INPUT TAPE 41,100,N, (ALAMDA(I),1=1,N}
READ INPUT TAPF 41,100, ICASE2,ZETAD,GAMMA,X5,X6,X7,0302
READ INPUT TAPE 41,101,X8,X9
IF (TEST)3,3,2
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2 READ INPUT TAPE 41,101,X1PLyALyA24A3,PSIC,X2PLyX3PL,X4PL,PST3,X8PL {7
19 X9PL,VSTAPL,GAMP,ANPSP ADS54¢
READ INPUT TAPE 41,101,AM00,DELTM,AMN,ANNOO ;DELTAN, ANNON -
3 GAMR=GAMMA®*,01745329 g
TGAM=SINF(GAMR) /COSF { GAMR) “
CONS4=2./TGAM+.5
4 WRITE OUTPUT TAPE 42,105,GAMO,V0,DP0,VSTAR =
DO 50 Kl=1,Nl i
AN=ANI (K1) '
GO TO (54648,9),ICASE
5 CONS1={32,175%ANPSH) ##,5
DI=(576.#V0/(3.1415927CONSL1)+DHSDH)#%,5
BI=ATANF(3.1415927#DI#AN/{720,%CONS1))
WI=(32,175#ANPSH+(AN®3,1415927#D1/720.)%2)#%,5
Bl =B1#57.29578
GO TO 15
6 BIR=BI®*.01745329
CBI=COSF(BIR)
CTBI=CRI/SINF(BIR)
7 01={44354,36%V0/(CTBIAN®AK]))#»,33333
UI=3.1415927#AN®DI/ 720,
Ci=UleCTRI ' &
WI=UI/SINF(BIR) ,
ANPSH =Cl#C1/64,.35
GO 10 15 ,
8 81=60. ﬁ
GO TO 6 o
9 AKI=1,-(DH/DI)%DH/DI
Ul=DI#AN®3,1415927/720. -
CONS1=144,#VO/{EJeDI DI #AK]®.7853982)
J=1
CI11 = CONS1
IELCONSLOCONSL/764435-ANPSH) 14,14,10
10 C12=CONSYe{ 1. +A(CI1eCI1/64435~ANPSH) ) #sAK
IFLABSFICIL/612-1.0=,0001)14,14,11
11 J=J+l
IF(J=50)12,12,13
12 C11=CI2
GO TC 10
13 WRITE OUTPUT TAPE 42,104+CI1,CI2
Cll=(ClIl+CI2)/2,
14 BI=ATANF{UI/CI1)
WI=UI/SINF(BI)
ZETA=(1.+A®(CI11#CI1/64,35-ANPSH) ) ##AK a
BI =Bl#57,29578 "y
15 WRITE QUTPUT TAPE 42,102, 1CASE,AN,DI,BI,ANPSH,WI,ZETA
c IMPELLER CALCULATIONS
BIR=BI#.01745329
CBI=COSF{BIR)
TB:=SINF(BIR)/CBI
DO 50 K2=1,N2
BETA2=BETA21(K2)
BT2=BETA2#.01745329
SB82=SINF{BT2)
C82=COSF(BT2) N
TB2=S82/CH2 o
DO 50 K3=1,N3
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16

20
21

22

23

24
25
26

AMU=AMUT({K3)

CONSL16=X1#1.5707963#«AMURCB2/(1.~AMU)

00 50 I[=1,N

CONS8=ALAMDA( 1) *ALAMDA( 1)

Q=AMU#{1.~ALAMDA(])»TB2)

CONS3=({CONSB+Q%Q)/(2.%Q)

CONSS={CONS8+0Q#Q)ue.5

CONS6=ALAMDA(I)/CONSS
CONSL7={CONS8+(1e=N) " u2)un,5

CONS18=1.,~-CONS3

J2=1

HO=144.+DP0/GAMO

ETAHYD=,9 .

HTOT=HO/ETAHYO

U2=(32.175#HTOT/Q)wn,5

D2=T720.%U2/{3.1415927#AN)

W2=U2«CONSL7

v2=01/02

LETALl=W2/4l

Z1=CONS16#(1.+.08/ZETAY)/()s=V2)
IF(Z1-1004)21421,420

WRITE QUTPUT TAPE 42,1074214Q4D2 2 LETAL

GO 1O 50

DEL1=.8#{D2-DH)/{LBI+CB2)

B2 =144.%V0/(90ALAMDA( 1) »U24({DN24D2#3,14159~D2+,03#21/CR2))
OHYDL=D2#(14/(21/7(3.1415927#B2)+1./C02)4¢V2/(2./(1a~V2)¢{2.021/(3.1
14159278 1.+v2)) ) (]l +TBIaTBI0[1.4V20V2)/2,.)8u,5}))
WAVES [ ({WInWI+W2eW2) # ,5)wn .5
RET=DHYD] *WAVE/ (12, #VSTAR)

Fl=.0462/RE1ww,2
DQSF=X2¢DEL L ¢WAVE#WAVF=F]1/{DHYD)e¢U2#U24Q}
DELTA=1.,~2ETAL+Qu(COBI+CH2) /(2. oW w21 %{)1e-V2)/3.1415927 +2,.,#V2)/U2
1)

DQDL=X3*(DELTA»WI/U2)#e2/0
DQRC=X4*DELTA*Q/ALAMDA( L)
ETAIMP=(CONS18-DCOL)/(CONSL1B8+DQSF+DQRC)

DIFFUSER

GO T0{22,37),ICASE2

VANEDR DIFFUSER W/CONICAL SIDEWALLS
RE2=D2%U2/(12.%VSTAR)

RERN2=2.,%B2#RE2xCONSS

F2=.0462/RCR2ws 2

DEL=.1

J1=0

J=1

IETADL=ZETAD

CONST=2ETAD]1 «TGAM
RRO=1.04+.69333«ZFTADLI#B2#(3.+42.2CONS7)/(2.¢+CONST)
FH=CUNSé +F2# {ZETADL* (2. +TGAM) +,5¢LOGF((2ETADL=#CB2+.02)/
1.02)-CONS4#LOGF{{B2o{2ETADL#TGAM+2.)+.02#TGAM) /(2.2 B2+,02+«TGAM)))
CM2CU=RRO*FH«CONS5/Q

12=6.2831853«CM2CU/{ZETADL* B2 (2.+CONST))

Jl=J1+1

[F{J1-50)24,24,34

IF{22-6.0)26,36,25

IF(22-16.0)3¢,36,29

GO TU (28,28,27),J
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27 DEL = DEL#0.1

28 J = 2
ZETADY = ZETAD1 - DEL
GO TO 23

29 GO TO {31,30,31),J

30 DEL = DEL#0.1

31 4 =3
LETADL = ZETADl + DEL
60 1O 23
34 WRITE OQUTPUT TAPE 42,109,2ETAD,ZETADL, 22
GO TO 50
36 DEL2=D2#(.02/CONSH +{1.06%(3,1415927/22) %42+ B2% B2/4. ) s
1.5)
DH2=D2#% 4.+ B2#ZETADL#(2.+CONST) /{2.42.#ZETADL +CONST)

DQSC=CONS3#F2#DGL2# (1o + (ALAMDA( L)/ (QeCM2CU) ) ##2)/ (,S*DH2)
DQDIF2=CONS3#{ALAMDA(1)/iQeCM2CU)) #%2#(X5+X6*F2#DEL2/DH2)
DQD=DASC+DADIF2
GO TO 43
37 DELTAC=F2#.32/ B2
RER2=2, #B2#CONS5#RE2
RE2=029U2/(12,#VSTAR)
ALPHA2=ATANF(ALAMDAL1)/Q)
CALP2=COSF(ALPHA2)
SALP2=SINF(ALPHAZ)
CONS9={1,+CALP2) ##2#EXPF (DELTAC)
CALP3=(CONS9-SALP2#SALP2)/(CONST+SALP2#SALP2)
ALPHA3=ASINF((1,~CALP3#CALP3)##,5)
DQ23=DELTAC#{ 1+ +CALP26CALP2/(1,0816%CALP3#CALP3))#CONS3/{2, »COSF{{
LALPHA2+ALPHA3)/2.))
F22,0462/REB2w%,2
03=1.04%02
$82= B2#D2
CONS11=-1,+2.+582/03
CONS12=(SH2#CALP3/D3) #w2
CONS13=3,1415927#F2/8,
CONS14=SINF(ALPHA3) #SINF(ALPHA3)
04D3=1.3
Ji=1
38 CONS15=CONS13#(1,+D4D3)/(D4D3+CONSL1)
D4D3N=(CONS12/( (CONS14/ (D4D3#D4D3)-CONSL5)/(1.+CONSL5)) ) e, 2541,
IF (ABSF(D4D3/D403N=1,)-.001)42,42,39
39 J3=J3+1
IF(J3-50)40,40, 41
40 D4D3=D4D3N
401 IF(D4D3-1.)400,38,38
400 D4D3=D4D3+.1
60 TO 401
41 WRITE OUTPUT TAPE 42,103,04D3,04D3N,ALPHA}
G0 TO 50
42 DQ34=1.5707963%CONS3#F2#(D2+CALP2/(D3¥CALP3) ) %»2#((1.+D4D3)/(D4D3+
1CONSI1))#(1o+{B2%CALP3/(D3#(04N3-1.)#(D4D3~1,)))wu2)
DQ4S=CONS3# (D2#CALP2#SB25CALP3/ (D3#CALP32D3*(D4D3=-1.)%(D403-1.)))
1924 (X6+XT%{D4D3+1.)/(RE2%%,2%(D4D3-1.)))
DQD=DQ23+DQ34+NQ45
GO TO 43
43 ETHYD2=(1.-DQDL-DOD)/(1.+DQASF+DORC)
HTOT2=HO/ETHYD2
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IF{ABSF(HTOT2/HTOT=1.)=402)47,47,44
44 J2=J2+1
IF(J2-50)45,45, 46
45 ‘HTOT=HTOT2
GO TO 16
46 WRITE OUTPUT TAPE 42,114,HTOT,HTOT2
G0 TO 50
47 DQFR=X8#(1.GE6/RE2) #%.,2/ (1. E3*ALAMCA(I) %Q» B2)
DQL=X9#.,006#V2#V2#(1.~CONS3)##.5/ Lz
ETA=ETHYD2/ (1.+DQFR+DOL)
WRITE OUTPUT TAPE 42,108,BETA2,AMU, ALAMDA(T ),
1 Q,02,U2,2ETA1,21,82,REI,DQSF,0D0
1DL, DQRC,ETATMP
GO TO (48,49),1CASE2 ,
48 WRITE OUTPUT TAPE 42,115,ICASE2,REB2,RE2,22,005L,0QDIF2,0QD
GO TO 491
49 WRITE QUTPUT TAPE 42,116,1CASE2,0023,0034,0045,0QD
691 WRITE QUTPUT TAPE 42,117,ETHYD2 ,HTOT2,0QFR,DQL (ETA
[F(TEST)50,5C,492
492 WRITE QUTPUT TAPE 42,123
ANNO=ANNOO
68 WRITE OUTPUT TAPE 42,122,ANND
| AMO=AMOO
69 ANPL=ANNO *AN
A= AMO+DQL
VOP=V0 #AMO* ANNO
UIP=UT*ANNO
CONS1=144.#VCP/(EI#DI#DI#AK]#.7853982)

A\‘_‘%

b3 %

s

53

=)

7 '
> PRt

=9 0

J=1
CI1P = CONS1
ii IF(CONSL#CONS1/64e35-ANPSP ) 710, 710, 700 A0545
700 CI12P=CONSL*#{lo+A®(CI1P*C.1P/64s35=ANPSP) ) »#AK A0545
IF(ABSF(CI1P/CI2P~14)=40001)710,710, 701
701 J=J+1

o
LA

IF(J-50)702,702,703

702 CIlP=CI2P
GO TO 700

703 WRITE QUTPUT TAPE 42,124,C11P,CI2P
CIip=(CliP+ClI2P)/2.

710 BIPL=ATANF{UIP/CI1P)
DELTBI = ABSF(BIPL%57.29578-81)
WIP=UIP/SINF(BIPL)
CONS1=CI1#CI1/64.25-ANPSP A0S4S
CONS2=CI1P#CI1P/64,35-ANPSP A0S545
IF{CONS1) 704,704,705

704 RI=1.0
GO TO 76

705 RI=(1.+A%CONS1) »#AK

706 IF(CONS2)707,707,708

707 RIP=1.0
GO 10 709

708 RIP=(1.+A*CONS2) ##AK

709 U2P=U2+#ANNQ

73 CONSL=(WIP/U2P) ##2
CONS2=AMO *AMO «ALAMDA®AL AMDA
CONS3=X1PL%*3,1415927CR2/(2.#Z1%(1.-V2]))
CONS4=1,-ALAMDA*AMO % TH2

Y TR [T =2 R A s
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74

75

. 76

17
78

80

8l
84

86

87
88

89

AMUPL=AMU
J=1

QPL1=AMUPL*CONS4

ZETAL={(CONS2+({1.-QPL1) #%2)/CONSL)##,5
AMU2=14/(1.+CONS3%(1,+.08/2ETAL))

QPL2=AMU2+CONS4

IF{ABSFIQPLL/QPL2-14)-.05)78,78,75

J=J+1

IF(J-50)76,76,717

QPL1=QPL2

GO TO 74

WRITE OUTPUT TAPE 42,119,0PL1,QPL2,AMY2
PSI2=A1+A2#DELTRI4A3#DELTBI#DELTBI
DQINC=PSI2#CONS1/(2.4#QPL2)

WAVEU2= .54 CONSL+CONS2+{1.~QPL2) ##2)

IF{ICASE~4)80,81,80

PS1C=0.0

DQCAV=0.0

GO TO 84

DQCAV = PSIC*(RIP-1.)#CONS1/QPL2

WAVE=WAVEU2 #»,5#U2p

REI=DHYD1 #WAVE/ {12, #VSTAPL]J

F1l2,0462/REl#s,2

DUSF=X2PL#F1#DELL1#WAVEU2  /(DHYD1#GPL2)

WIU2=CONS1w##.5

CL=COSF(BIPL)
DELT=1e=~ZETAL+OPL2#(CL+CR2)/(2.oWIU2#(Z10{1.~V2)/3.1415927+¢2,%V2))
DQDL=X3PL#DELT#DELT#CONS1/QPL2

AM=AMO

DQRC=X4PL #*DELT / (ALAMDA#AM)

DQDIN=PSI3#((QPL2-Q) ##2+(ALAMDA-AM®ALAMDA)##2)/{2.%QPL2)
DQDPL=DRD*AM#Qe ({CONS2+QPL2#QPL2) #Q/ ( (ALAMDA®ALAMDA+Q#Q)#QPL2) ) #w,
15/QPL2

HTOT=QPL2+U2P#U2P /32,175

ETAH=(1.~DQINC-DQCAV-DQOL -DQDIN-NQDPL)/(1.+DQSF +DQRC)
HO=ETAH®HTOT

DELTP=GAMP#HO/ 144,

RE2=U2P#D2/(12.#VSTAPL)
DQFR=X8PL#(1.E6/RE2) ##,2/ {1, E3#ALAMDAAMO*QPL2%R2)
DQLPL=X9P?~.OO6'V2~V2'((2.'QPL2-CDNSZ+QPL2*QPL2)/(2.*0PL2))*'.5/82
ETA=ETAH/ (1. +DQFR+DOLPL)

HP=HO*#AMO «VO*GAMP#ANNO/ (ETA*550.)

ANS=AMO »ANNO

WRITE OUTPUT TAPE 48,120,V0,DELTP,ETA,ANS,ANNO

WRITE OUTPUT TAPE 42,121,AMO ,QPL2,DELTBI,ETAH,HO,DELTP,ETA,HP
[F(AMO~AMN )86,87,87

AMO=AMO+DELTM

GO TO 69

IF{ ANNO-ANNON)88,89,89

ANNO=ANNO+DELTAN

GO TO 68

CONTINUE

CONT INUE

GO TO 1

END

+00
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) & SAMPLE INPUT LISTING A:_g;25MR
- 1 G E 80,000 LB PER HR PUMP ART LOAD 8/5/63
:lg 40621 5403 1800+ 00002 1.
X 4040 10 040 040 5,458 c02814 . o4
: 092 '
R 140000
(g 1e0 140 .1 0e0
B 1040
. le7
% lel
fou 12,0 15 e18 15
: +285 140
‘\3{ 1.0 0¢0 0.0 «05 o5 160 ol 00
é 100 0285 100 000002
‘ ol ol 145 o2 ol 1.2
1 G E 300,000 LB PER HR PUMP ART LOAD 8/5/63
S 4et2] 18485 1500 +00002 le
) 4060 10 0.0 - 00 10.580 02814 ob
092
¢ 1200004
’ le0 1.0 ol 00
10,0
le7
\ lel
! Eﬂ 1240 15 .18 1e5
0285 140
l1¢0 00 0«0 «05 5 1.0 ol 060
gf 1¢0 0285 140 «00002
01 01 105 02 01 102
1 1505000 LB/HR  LH2 PUMP =~ GeE., 8/1/63
3 4e421 94425 1500 «00002 1.0
E% 4040 10 Oe¢0 0e¢0 T+480 002814 o4
«92
‘ 130000+
@ 140 1.0 ol 000
1040
1e7
3 lel
E:l 12.0 15 «18 15 00 0.0
‘I ¢285 140
140 0.0 040 «05 5 l¢0 ol 0.0
10 .285 140 +00002
ol ol 1e5 o2 ol 143
&3
‘5
ol
%g
-.r-?
oy
101
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PART LOAD PERFORMANCE

N/NO
0.10

0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00
1.10
1.20
1.30
1.40
1.50

N/NO
0.10

0.20
0.30
0.40
0.50
0,60
0.70
0.60
0.90
1.00
1.10
1.20
1.30

= 0.200
0.6987 2.1013
72.260 0.29593
0.6987 1.9239
72.285 0.42304
0.6988 1.7463
72.251 0.49338
0.6989 1.5684
72.159 0.53756
0.6990 13902
72.008 0.56735
0.6992 l.2116
T1.797 0.58825
0.6994 1.0324
71.524 0.60318
0.6996 0.8526
71.190 0.61379
0.6998 0,6722
70.794 0.62114
0.7000 0.4908
70,333 0.62589
0.7003 0.3086
69.807 0.62850
0.7005 0.125¢4
69.214 0.62928
007008 ‘000589
684553 0.62846
0.7011 ~0.2444
67.823 0.62620
0.7014 -0.4311
67.021 0.62261
= 0.300
0.6987 2.1013
163.602 0.31239
0.6987 1.9237
163.660 0.44040
0.6988 1.7458
163,587 0.50973
0.6989 1.5672
163,384 0.55270
0.6990 1.3879
163.047 0.58142
0.6992 1.2075
162.577 0.60140
0.6994 1.0258
161,970 0.61554
0.6996 0.8428
161.222 0.62549
0.6998 0.6580
160.330 0.63225
0.7000 0.4714
159.290 0.63648
0.7003 0.2826
158,097 0.63860
0.7005 0.0915
156,744 0.63890
0c7008 -001026

0.84718
6.4
0.84742
9.0
0.84694
11.6
0.84574
l4.1
0.84382
16.7
0.84116
19.3
0.83776
21.9
0.833%1
2444
0.82871
<70
0.82304
29.6
0.81658
32.2
0.80934
34.8
0.80128
37.4
0.79241
39.9
0.78269
42.5

0.85248
20.7
0.85273
29.4
0.85226
38.0
0.85108
46.17
0.84918
5544
0.84655
64.1
0.84317
72.8
0.83904
81.5
0.83414
90.2
0.82845
98.9
0.82194
107.6
0.81459
116.3
0.80638

2353.63
2354.45
2353.36
2350.36
2345.43
2338.55
2329.68
2318.80
2305.88
2290,.88
2273.74
2254, 44
2232.91
2209.11

2182.99

5328.80
5330.69
5328.33
5321.70
5310.75
5295.42
5275465
5251.29
5222.25
5188.37
5149.50
5105.44

5055.98

103

MO,
MO,
MO,
MO,
MO,
MO,
MO,
MO,
MO,
MO,
MO,
MO,
MO,
MO,

MO,

MO,
MO,
MO,
MO,
MO,
MO,
MO,
MO,
MO,
MO,
MO,
MO,

MO,

Q.
Qy
Q,
Q.
Q.
Q
Qs
Qs
Qe
Qy
Q+
Q.
Q.
Q,
Q,

Q,
Q,
Q,
Q
Q
Q,
Q.
Q,
Q,
Q.
Q
Q.
Q.

DELTA-B, ETAH,
DELTA-~-P, ETA,
DELTA-B, ETAH,
DELTA-P, ETA,
DELTA-B, ETAH,
DELTA—P, ETA,
DELTA-B, ETAH,
DELTA-P, ETA,
DELTA-B, ETAH,
DELTA-P, ETA,
DELTA“B, ETAH,
DELTA-P, ETA,
DELTA-B, ETAH,
DELTA-P, ET.,
DELTA~B, ETAH,
DELTA-P, ETA,
DELTA-B, ETAH,
DELTA“pv ETA,
DELTA-B, ETAH,
DELTA~P, ETA,
DELTA-B8, ETAH,
DELTA-P, ETA,
DELTA‘B’ ETAH,
DELTA-P, ETA,
DELTA-B, ETAH,
DELTA-P, ETA,
DELTA-B, ETAH,
DELTA-P, ETA,
DELTA—B' ETAH’
DELTA-P, ETA,

DELTA-B, ETAH,
DELTA-P, ETA,
DELTA-B, ETAH,
DELTA-P, ETA,
DELTA-8, ETAH,
DELTA-P, ETA,
DELYA-B, ETAH,
DELTA~P, ETA,
DELTA-B, ETAH,
DELTA-P, ETA,
DELTA-B, ETAH,
DELTA-P,. ETA,
DELTA“BQ ETAH,
DELTA"pp ETA,
DELTA-8, ETAH,
DELTA-P, ETA,
DELTA-B, ETAH,
DELTA-P,. ETA,
DELTA-8, TTAH,
DELTA-P, ETA,
OELTA-B, ETAH,
DELTA-P, ETA,
DELTA-8, ETAH,
DELTA-P,. ETA,
DELTA-B, ETAH,
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155,226
1.40 0.7011
153.534
1.50 0.7014
151.661
N/NO =
0.10 0.6987
' 292.057
0.20 0.6987
292,163
0.30 0.6988
292,040
0.40 0.6989
291.687
0.50 0.6990
291.102
0.60 0.6992
290,280
0.70 0.6994
289.214
0.60 0.6996
287.896
0.90 0.6998
286,316
1.00 0.7000
284,462
1.10 0.7003
282.316
1.20 0.7005
279.862
1.30 0.7008
277.077
1.40 0.7011
273.937
1.50 0.7014
210.411
N/NO =
0.10 0.6987
457.741
0,20 0.6987
457.913
0.30 0.6988
457.733
0.40 0.6989
457.201
0.50 0.6990
456.311
0.60 0.6992
455.056
0.70 0.6994
4534420
0.80 0.6996
451.388
0.90 0.6998
448.930
1.00 0,.,7000
446,018
1.10 0.7003
442.610

0.500

0.63759
~0.2994
0.63481
—0 04995
0.63064

0.400

2.1013
0.32422
1.9235
0.45260
1.7451
0.52107
1.5656
0.56314
1.3845
0.59108
1.2016
0.61041
1.0165
0.62401
0.8288
0.63351
0.6379
0.63987
0.4433
0.64373
0.2447
0.64548
0.0414
0.64540
‘001670
0.,64364
-0.3816
0.64032
-0.6026
0.63549

2.1013
0.33347
1.9233
0.46197
1.7442
0.52971
1.5633
0,57106
1.3802
0.59839
1.1941
0.61724
1.0044
0.63045
0.8102
0.63961
0.6109
0.64568
0.4057
0.64924
0.1933
0.65068

125.0
0.79725%
133.8
0.78718
142.5

0.85602
47.5
0.85628
68.0
0.85584
88.6
0.85468
109.1
0.85281
129.7
0.85022
150.3
0.84689
170.9
0.84279
191.5
0.83790
212.1
0.83219
232.8
0.82561
253.4
0.481812
274.1
0.80965
294.8
0.80014
315.5
0.78949
336.2

0.85866
90.4
0.85893
130.5
0.85850
170.7
0.85738
210.9
0.85556
251.1
0.85302
291.3
0.84974
331.5
0.84569
371.8
0.84083
412.0
0.83509
452.4
0.82841
492.7

5000.88

4939.88

9512.82
9516.28
9512.28
9500.78
9481.73
9454494
9420.23
9377.31
9325.84
9265.43
9195.55
9115,60
9024.91
8922.61

8807.77

14909.47
14915.07
14909.19
14891.86
14862.88
14821,99
14768.72
14702.51
14622.48
14527.61

14416.61
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MO,

Q,
Q,
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Q
Q.
Q
Q,
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Q.
Q
Q
Q.
Q,

Q,
Q.
Q,

Q,
Q,
Q
Q,
Q.
0,
Q,
Q,
Gy
Qo

DELTA“P'. ETA'
DELTA‘B, ETAHr
DELTA-P, CTA,
DELTA-B, E£TAH,
DELTA-P, ETA,

DELTA-B, ETAH,
DELTA~P, ETA,
DELTA-B, ETAH,
DELTA-P, ETA,.
DELTA-B, ETWH,
DELTA~P, ETA,
DELTA-B, ETAH,
DELTA-P, ETA,
DELTA-B, ETAH,
DELTA~P, ETA,
DELTA—B' ETAH;
DELTA-P, ETA,.
DELTA~B, ETAH,
DELTA-P, ETA,
DELTA-B, ETAH,
DELTA~P, ETA,
DELTA-B, ETAH,
DELTA-P, ETA,
DELTA-B, ETAH,
ODELTA-P, ETA,
DELTA~B, ETAH,
DELTA-P, ETA,
DELTA-B, ETAH,
DELTA-P, ETA,
DELTA~B, ETAH,
DELTA-P, ETA,
DELTA-B, ETAH,
DELTA-P, ETA,
DELTA~B, ETAH,
DELTA-P, ETA,

DELTA-B, ETAH,.
DELTA-P, ETA,
DELTA-B, ETAH,
DELTA-P, ETA,
DELTA-B, ETAH,.
DELTA“p' ETA’
DELTA‘B, ETAH'
DELTA~P,. ETA,
DELTA-8, ETAH,.
DELTA-P, ETA,
DELTA-B, ETAH,
DELTA-P,. ETA,
DELTA-B, ETAH,
DELTA-P. ETA'
DELTA-B, ETAH,
DELTA=P, ETA,
DELTA-B, ETAH,
DELTA-P, ETA,
DELTA-B, ETAH,
DELTA-P, ETA,
DELTA-B, ETAH.
DELTA~P, ETA,

HP
HO
HP
HO
HP

HO
HP
HO
HP
HO
HP
HO
HP
HO
HP
HO
HP
HO
HP
HO
HP
HO
HP
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HP
HO
HP
HO
HP
HO
HP
HO
HP
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HP
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HP
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Hp
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§§§§ : GEOMETRY AND PARAMETER CALCULATIONS, COMPARISON WITH TEST RESULTS, AND
0= NOMENCLATURE
‘§ Calculation of the Inlet Scroll of a Vaned Diffuser with Conicai Sideplate

Figure 36 shows the general arrangement of the inlet scroll of a vaned
@ diffuser with conical sideplate. The numerical calculation of the inlet scroll
kY profile is based on the natural deceleration principle. This means that the
momentum of the fluid is decreased only by the friction on the walls.

':., : The geometry of the diffuser scroll is shown in Figure 40.
‘ ~q The decelerating momentum is expressed by the friction on the walls:
M = frc? (2h - 2h_+ b) 5 cosa dx

The mass element of the fluid is

b +b
o)

2

The width of the channel is a function of the sideplate angle:

B

dm = p(h - ho) dx

b = bo+(h-ho) tan Y

Combining these equations results in

: 2
Bx o f c® coso r (2h 2h  + b)
i am (A - ) (b_+b)
T “he momentum equation is given as
N ; -gn . ig.fy.:l - c d(cUr)
i dm = T dt - dx

=N

Finally, the first form of the differential equation is

Ly o
S
7

d(c r) fcr (2h ~ 2h + b)
u - u 0 (13)
dx (h - ho) (bo + b) \

i

The relation between x and h is given by the continuity. The volume
changes along a d9 angle when the flow is incompressible:

c
l:(h - ho)tan Y+ b x boJ dh

The dx is expressed as a function of do

Cr

dx = rdo= -2—5—%—-—?— [(h-ho)tan Y+b+bo] dh
o Mo o

G 3

dv = CMoborodfp =

N‘C
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2
Since dM = frc? (dx - bo) g cosexdx and dm = p Si-Z'z-rdx, combining these with
Equations (14)and(i5) results in

d(c, r) '

u f n 0 .

cn? ° "¢, br (H-7g) d(d
u Mo oo

The integral is then

|

cr
u

il

~A (d - ;9 log d) + constant

In this expression the logarithmic term represents the so called "tongue"
effect--the increased friction due to the theoretically high losses con-
nected with the very small diameter ir the beginning of the scroll. This
is only theoretically so; in practice, the channel always has a minimum
width-~the width of the vaneless diffuser portion where the flow can
adjust itself and reduce the relative friction. Therefore, this logarithmic
term of the equation can be replaced by a constant and an increased
friction factor given by experimental comparison with existing diffuser
results.

r f2am (r - r )
uw o _ ., 0
C r b tan o
u )
S
uo r nf r
— oz e || p——— . li]
Cu ro BO tan ao P
c
o (1+%—) <|+E——-f1-—- .g-.)
u 0 o tan &, o

The angular position of the cross section given in degrees of angle is
e )
& = B tan o

This equation also can be expressed as the number of diffuser vanes

’ <CUO>
22 = ° tan CYo Cu
4<d ) 2
D
0]
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Estimating Straight Diffuser Recovery from Boundary Layer Thickness in the
Throat ‘

Reference |6 describes some tests conducted with straight and curved
channels, measuring the maximum pressure recovery of different diffuser
configurations having variable boundary-layer thicknesses in the diffuser

inlet throat. In the report, the actual displacement thickness of the noundary

layer is given.

The recovery factor of a diffuser is defined as the ratio of the pressure

rise across the diffuser and the total inlet velocity energy entering the
diffuser:

.. 2gbp
Re = 527

P¥

The relative displacement thickness of the boundary layer at the inlet
throat of the diffuser is given as the ratio of the integral average dis-

"placement thickness and the width of the throat, 28%

The measured test results were plotted in Figure 4l for straight channels
and for curved-elliptic channels. The result shows the well known fact that
the straight channel has better recovery than a curved one.

The measured performance points of t'e straight diffusion channels can
be connected by a linear function. The ge~:ral form of the loss vs relative
boundary layer thickness will take the following form:

#*
c -»a,+a22—§——
) b,
For general calculations, it seems to be better to replace the diffuzer
width by the hydraulic diameter of the diffuser throat.

# ,
C,=a, + a ;ﬁl—- (16)

4 HYD

The a, and a3 constants are functions of the form of the throat  The
circular cross section gives lower losses and higher recovery than a flat
rectangular one.

With the help of this approximate equation of the oressure ‘oss factor,
it is possible to estimate the loss of the straight portion of the d:“fuser
The displacement thickness can be calculated from the average l'ength of a
streamline and the Reynolds number, while the hydraulic diameter .s g:ven by
the geomerry of the diffuser.
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In the case of conical sidevalled vaned diffusers, the length of the
streamline is 0%,, the hydraulic diameter is d The displacement thickness

H2®
with turbulent flow is a function of Reynolds number and length of the stream-
line:
3
5*=§E‘o‘,2 AL, (17)

The friction factor in the diffuser function is similarly a function of the
Reynolds number, so the displacement thickness also can be expressed in the
following form:

8% = ag f, A4,

Combining (16) and (I17) gives

The total loss of diffusion after the throat is the product of the loss
factor given above and the available velocity energy in the diffuser throat.
The velocity ratio between the impeller tip and the diffuser throat can be
calculated as shown in preceding paragraphs. The velocity energy ratio
becomes

2
CT - qZ + }\2 (- )
29 HTH 2q CM2

and the relative loss in the straight diffuser is

F4
2 2 ,C
M+ qf ( Azz)
Baprrr 2 2q (cM ) (arresast, d2
2

or, with combined loss factors
C 2

A+ gt (Cu ( bke
AqDIFF 2 = 2q (CU2) €s + €s f, dH )

~n

Comparison with Test Results

<
3
<

As was emphasized earlier, this program calculates the performance of an
assumed ideal pump configuration and does not compute efficiency of existing
pump geometries. This fact must be kept in mind when calculations are compared
with test results for existing machinery.
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In order to compare the calculation results with statistical average and
predicted optimum performances, a number of data were gathered on high-Reynolds-
number pump performances and plotted in Figure 42. For comparative purposes,
three points were calculated by the present computer program using water as
fluid, assuming no cavitation and a Reynolds number ¢lose to 107, The specific
speeds of the calculated samples were 50G to 1000 and 2000. The results of
the calculations w2:e also plotted in the diagram. The points fit the top
efficiency curve cuite well; the program therefore might be used to predict
the performanse ~f advanced pump designs with confidence.

Nomenc latre

Y density (1b/cu ft)

Y, average liquid density
P pressure (psia)

AP pressure rise (psi)
H head (ft/1b/1b)

H, actual head (ft)

Heop total head developed by impeller (ft)

1 efficiency

% actual efficiency

THyd hydraulic efficiency

B relative angle (degrees)
si inlet flow angle
Bi inlet vane angle

B2 discharge flow angle

B2o discharge vane angle
NPSH net positive suction head ft)
D diameter (inches)

Di inlet eye diameter

DH inlet hub diameter at Di

D, impeller tip diameter
v flow (cfs)
yo . liquid flow

N speed (rpm)
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Figure 42. Efficiency Comparison with
Pubiished Data
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C absolute velocity (fps)

Ci inlet velocity

EI

C2 discharge velocity at impeller tip

C'M inlet meridional velocity

Z5e A

CzM discharge meridional velocity

discharge tangential velocity

(e}
~
c

W relative velocity (fps)

Wi inlet relative velocity at impeller eye

[PRAY

Wao discharge relative velocity at impeller tip - theoretical

W2 discharge relative velocity at impeller tip - actual

< )‘: -!

re

U rotational velocity (fps)

Ui inlet rotational velocity at impeller eye

=2

U discharge rotational velocity at impeller tip
K blockage factor

Ki inlet hub blockage factor

g ' € flow contraction factor

K inlet density function exponent
5 A inlet density function constant (l/ft)
%é q total head factor (Ceu/uz)

ip €

" m slip factor ( Cgu/CQUOO)
Ay

A flow factor (CzM/Ug)
g% vz impeller diameter ratio (Di/Dg)

€: impeller diffusion ratio (Wa/W.)
gﬁ |
$§ CD diffuser throat width ratio
§ Z number of vanes
< Z; of impelier
) Z, of diffuser
23
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g loss constants

€1 heat Eg wheel friction

€2 impeller friction

£y leakage
€s diffusion

€. recirculation

Es
€6
E7

AL; mean streamline length (inches)

diffuser boundary layer

blb. diffuser scroll streamline length (inches)

B2 impeller width factor {b,/D;}

=
;%é b, impeller tip width (inches)
i
'%% d flow channel diameter (inches)
%% L .
e . dHYD hydraulic diameter (inches)
A4 .
.§§% dy, diffuser scroll hydraulic diameter (inches)
Bk Re  Reynolds number
’(\1‘-.
k%' f friction factor
318
;“R 8q loss(dimensionless)
Pl bqqe impeller skin friction loss AqL leakage loss
3 '
@; AqDL impeller diffusion loss AQFR disk friction loss
5%! Ach impeller recirculation loss AqD total diffuser loss
t
! AqSC diffuser scroll friction loss Aqinc inducer inlet incidence

loss
chZ straight diffuser loss

Vv, kinematic viscositv (ft?/sec)

A diffusion factor-impeller
¢ diffuser wall angle ‘deg)
\! a absolute flow angle {deg)
= @, inlet flow angre (preroration)
%
S Q; impefler discharge f'ow ingie
'é? as  ‘low angle and of vaneiess space
Y s\ -
N

s
«""(”t"“l"'sgl
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b SECTION 5

FUEL TRANSFER SYSTEM

. An important application of the pump studied in this contract can be

i found in the fuel transfer system for advanced airbreathing propulsion engines.
Here, the pump is used to transfer the LH2 from the storage tank to the engine.
The pump is usually driven by a turbine which can be operated either from the

: heated hydrogen bled. from the pump or from high-temperature air tapped off from

3 the main engine. ,

i With the size of the engine and the type of mission considered in the fol-

gg lowing investigation, it has been found that hydrogen-driven turbopumps offer

definite advantages over the air-driven type because of the improvement in size,
weight, and acceleration characteristics, accompanied by simplicity in mechan-

Eﬂ ical design, where the problem of sealing the air-side shaft from the hydrogen

. side can be avoided. Investigation leading to the hydrogen-driven turbopump

is presented below. .

A ’
DEFINITION OF THE FUEL TRANSFER SYSTEM
ﬁa The basic elements of the system are shown in Figure 43. LHz from the
&g tank is pumped to a high pressure by the turbopump. At the pump exit, most
of the flow is sent to the engine, providing on the way a cooling capacity
. for use in cooling the vehicle structure or exhaust nozzle. This is repre~
‘i sented functionally by a heat exchanger in Figure '%3. At the exit of the

heat exchanger, the hydrogen is then injected to the combustor.

« The fractional capacity bled off at the pump exit is further heated
3 in a separate heat exchanger, flows past a control valve, and then expands in
the driver turbine of the turbopump. For system simplicity, the turbine is

allowed to exhaust into an auxiliary nozzle that provides a small amount of
@ thrust to the vehicle.

PUMP DISCHARGE PRESSURE IN A TYPICAL MISSION

£

Ej To study the problems encountered in the application of the pump with an
estimated performance map shown in Figure 44, the fuel flow requirements of a

gi turbojet engine flying a typical mission are considered. Table | presents

S these flight conditions and fuel flows.

o The pump delivery pressures for the various fuel flows are now established

with the following assumptions.

l.  The combustor static pressure is calculated from the combustor flow
Mach number of 0.2 and given total pressure delivered by the compressor.

Glﬂlv‘(?é" 3

2.  Temperature of hydrogen at injector is 2000°R,

o

%,

g
A
)
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| ENGINE
ENGINE
conpaessoa7 : " TURBINE
:\l__/
FUEL
INJECTOR CA
’5:,w
COMBUSTOR
PRIMARY
HEAT HX
EXCHANGER
. 7
&P é AUXILIARY
7
TRANSMISSION % HEAT
LINE % EXCHANGER
7
é ’///F- PT’TT;wT
% W THROTTLE
G HX VALVE
N
LH, p. f’\\
TANK \,/
L ~—
P T -
T A
A-2818

Figure 43. Fuel Transfer System Model H-1 Schematlc Diagram
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3. The fuel injector operates ‘thoked" under all conditions to minimize
upstream propagation of conbustor instabilities. The injector nozzle
is fixed and sized for an injection velocity of M = 1.2. This may not
be an optimum from the combustor design viewpoint.

4, At maximum flow, the pressure drop in the heat exchanger and other
elements of the system is on the order of 0 psi. At other flow rates,
the pressure drop will vary as the square of the fuel flow.

Figure 45 shows, on a pressure~enthalpy chart. the state points from
pump inlet to pump discharge for the five operating conditions located in Fig-
ure 4. Figures 45 and 46 show the state points of the hydrogen during its
passage through the heat exchanger. Tabie ! lists the state points of the

hydrogen at various locations in the system for the five operating conditions
described above.

Referring to Figure 45, it can be seen that heating of the liquid hydrogen
at pump discharge pressures below 190 psi results in two-phase flow in the heat
exchanger. However, the change in specific volume under these conditions should
offer no problem, since this condition only occurs at very low flow rates, and
the heat exchanger is sized to handle the maximum filow rate of the system.

PRELIMINARY DESIGN OF THE HYDROGEN TURBINE

In the preliminary sizing of the hydrogen turbine that drives the pump, a
maln objective Is to simplify the control schemes. Inlet temperature of the
hydrogen working fluid is assumed constant at 2000°R for all operating points.

It is desired to find a compromise in the turbine design which yields a
good fuel consumption, a low moment of inertia needed for acceleration charac-
teristics, and aiso to avoid the use of variable components in the exhaust nozzle
or in the turbine stators. The requirement for, a small size, lightweight unit com=-
patible with airborne components impose further restrictions on the design study.
The inlet pressure to the turbine will then be modulated through a throttle valve
to permit the control of the turbopump that delivers the proper fuel flow.

A catisfactory solution to this problem is a two-stage axial flow turbine,
illustraced in Figure 47, Impulse design is used in all stages with 20-percent
partial admission in the first and 75-percent admission in the last stage. The
largest diameter of the turbine rotor is 8.50 in., resulting in a maximum tip
speed of 1600 fps /.t 43,000 rpm.

Over the flight conditions, the turbine operates at a pressure ratio of
20: 1, resulting in a low velocity ratio and a low performance as shown in
Table 2, This, however, has yielded a reasonable fuel flow ratio WT/Wi
ranging from 0.033 to 0.013.
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SYSTEM DYNAMIC ANALYSIS

The function of the fuel transfer system is to transfer LKz fuel from
a remote tank to an operating engine with throttle capabilities. System
configuration was determined and components were sized to meet steady-state
requirements. The purpose of this analysis is to determine the open-loop
dynamic characteristics between throttle area change and fuel flow response.

A mathematical model or set of simultanecus system equations was derived

. from which an analog computer model was developed. The computer model was
54 used to generate system dynamic response information. The computer model re-
ﬁﬁﬁ sults, derivation of the system equations, and development of the computer
-ﬁi model are discussed and presented in the following paragraphs.

Summary of Results

Computer simulation has shown the system to be quite stable and heavily
damped throughout its operating range, displaying smooth dynamic response
characteristics. System gain between throttle area and fuel flow increases
by a factor of 25 with increased throttling over the operating range, because
of a nonlinear steady-state relation between throttle area and fuel flow.

System response is considerably slower in a heavily throttled condition. Fuel
flow response to a small-magnitude step change in throttle area at five operating
conditions covering an operating range between 14.5 and | 9 1b/sec fuel flow
showed an increased rise-time from 1.0 to 7.5 sec with increased throttling.
Percent overshoot also increased with increased throttling, from 15 to 65

v~
PR

{ percent, but maintained a high degree of dampling. A large-magnitude step

B change would produce a ri:e-time of about 2 to 3 sec, because of the nonlinear
_j§ relation between rise-time and operating condition. The increase in response
ﬁé time with increased throttling was shown to be primarily a result of the slope
578 of the system operating torque-speed curve. Syscem response at the heavily
23 throttled conditions could be significantly improved with proper closed-loop
-~ control functions.

s

E& Discussion of Results

{Ei I. Fuel Transfer System Description

v The fue!l transfer system consists of a remote liquid nydrogen tank and
33 pump, transporting the nyd-cgen through a liguid transmission line to the engine
*Ei combustion chamber jacket, which serves as a heat exchanger. The hydrogen

ﬂ? flows through the chamber jacket, absorbing heat from the combustion process,
{éﬁ and is injected into the engine as a gas. A small portion of the liguid hydrogen
pe is bled off to another section of the chamber jacket that serves as the

. auxiliary heat exchanger, This hydrogen is heated to a high temperature in
‘gg_ the auxiliary heat exchanger and is transported through a gas transmission

i§2\ line to a remote turbine which drives the liquid hydrogen pump  Upstream of
?gq the hydrogen turbine is a throttle valve which regulates the flow of hydrogen
,ﬁﬁ to the turb'ne tnereby controiling the flow of fLel 1o the engine Figure 48
= is a schematic of the fuel transfer system.
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Figure 48. LHz Fuel Transfer System Schematic
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2. Study Procedure

A linearized analog computer model of the fuel transfer system was con-
structed and used to study system dynamic response characteristics at five
system operating conditions. The linear model simulates system dynamic charac-
teristics around an operating point of the system, and these characteristics
vary with the operating condition due to actual nonlinearities in the system.
Magnitudes of change due to dynamic disturbance are meaningful only in terms
of gain (ratio of change between two parameters). Both gain and time response
functions vary with system operating condition. The model was also normalized,
so that all parameters are represented as percent changes from their nominal
value at the particular steady-state operating condition being studied.

In each of the five conditions being studied, a step change in throttle
valve area was introduced, and the time responses of fuel flow and several other
parameters were recorded for analysis.

3, Computer Results

Response to a step change in throttle area was quite stable at all five
operating conditions. No significant effects were observed as a result of
transmission line or gas storage (compressibility) dynamics when represented
as lumped parameters. Distributed parameter representation was not investigated.
Effects of distributed parameters would be in a frequency range much higher
than the range which dominates system performance. Response time became
significantly longer as throttling was increased.

Figures 49  through 53 show parameter response traces for conditions |
through 5, respectively. Percent change magnitude scales were held consistent
for each condition to provide qualitative comparison betweer, parameters. Time
scales are identical for the first four conditions, but the scale compressed
for condition No. 5.

Table 1  shows the nominal parameter values for each of the five steady-
state conditions being studied. This table represents steady-state solutions
of the nonlinear system equations for each of the five operating conditions
which determine the coefficients of the normalized linear dynamic model. It
also serves as a reference for percent parameter changes.

Figure 54 compares fuel flow response traces for the five operating
conditions. All five conditions are shown with the same time base for quali-
tative comparison. The increase in response time with increased throttling is
noticeably apparent. The time response for each condition is independent of
the magnitude of the step input. The trace for condition No 5 was repeated
on a compressed time based to show its dyramic characteristics more clearly.
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‘4, Analysis of Results

A summary of the open-loop system performance characteristics has been
plotted for each condition and is presented in Figure 55. Included are fuel
flow and system gain vs throttle area and rise time and percent overshoot vs
nominal fuel flow. Open-loop performance refers to the response of fuel flow
to arbitrary changes in throttle area. System gain is the ratio of steady-
state fuel flow change to a change in throttle area having the units of

%gz /in.%. Rise~time and percent overshoot are defined in the sketch below,

&3 £=8 G

‘ OVER -
\ A
< 5 ~ OVERSHOOT
< % OVERSHOOT = “FINAL VALUE * 100
' d
<<
3 =
- L.
TI
Y ME
g l RISE-
{ TIME

gram
iy

Fuel flow characteristics are highly nonlinear with respect to throttle area.
System gain increases steadily with increased throttling, changing by a factor

2er |

of 25 from 4 to 100 égz/ln.z over the operating range. Rise-time and percent

overshoot also Increase with increased throttling, Rise-time increases from
1.0 to 7.5 sec. Percent overshoot increases from |5 percent to 65 percent
but maintains a high degree of damping.

Yo

The dynamic characteristics discussed here indicate the response to small
magnitude changes at discrete operating conditions., A large magnitude step
change in throttle area covering the whole operating range between 14.5 and 1.9
Ib/sec fuel flow would result in a rise-time somewhere between 1.0 and 7.5 sec.
Probably a rise time of about 2 to 3 sec would be experienced as a result of
the ronlinear relation between rise-time and fuel flow rate.

The Increase in rise-time with increased throttling is primarily a result
of the slope of the system operating torque-speed curve. This is demonstrated
in Figure 56, which is a plot of torque vs speed for steady-state system opera-
tion. Two equal speed change requirements of 5000 rpm each are indicated at
the low-speed and high-speed ranges, and are identified as AN and &N,, respec-
tively, Assuming that a step change in throttle area were introduced to achieve
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25 these speed changes, the changes in steady~-state system torque which would

{s result are initially available for acceleration. It can be seen that the
*353 available acceleration torque for AN, (heavy throttling) is considerably less
i than that available for ANy (light throttling). The relative time required
§@§ to achieve the speed changes can be seen by examining the impulse-momentum
§§§ equation shown below in rotational terminology.

A

n

The net torque available for acceleration times time (angular impulse)
is equal to the mass moment of inertia times the change in rotational speed
(change 'in angular momentum)., The factor 2m/60 converts rpm to radians per
second, Since the mass moment of Inertia and speed change are identical in

i the two cases and AT| is less than ATy, it will take a longer time to obtain
Qﬁl ANy than to obtain ANz. This demonstrates the reason for increased rise time
bﬁgf with Increased throttling., It would not be so if the torque-speed relation-
f&ﬁf ship were linear., Assuming for simplicity that an average acceleration torque
P existed throughout the acceleration period, the time required to achieve a
o given speed change would be

,§§

259 21 AN

R P

P ¢

{“f As AN approaches zero

o f g lmaN

Xy = 7 60 dt

PAG

% .7

=5 or =Y 60’ dN

which says that the time required would be inversely proportional to the slope
of the torque-speed curve. If this is the predominant Influence, then the
ratio of rise-time should be approximately equal to the inverse ratio of
torque-speed slope between conditions No. | and No. 5. A plot of the torque-
speed slope vs speed Is provided in Figure 57, which shows the following rela-

tions:

> Rise Time

) Condition No. 5 _ 7.5 sec _ ,

- Condition No. | ~— 1.0 sec ~ °°
B
;;QQ Torque-Speed Slope
n,“:‘ i Ne = l b
ﬁ?;§ Condition No, | 0.1075 rpm 6.9
R iti = in.=- = D
BY Condition No. 5 0.0156 -0 b

= rpm

% or (tr)5 (d'l'/dN)I

(Er), ~(@r/an),
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which supports; the conclusion that the increase in rise time with increased
throttliing s bredominantly a result of the decrease in slope of the steady-

state torque-speed curve.

5. Closed-Loop Control

No detailed analysis of closed-loop control was made. However, it is
ment foned here to point out that the relatively slow response displayed at
the heavily throttled conditions can be significantly improved through proper
closed=-loop control. An open-loop response to a step change in the fuel flow
demand sees a step change In throttle area as an input which was demonstrated
In this study. A proper closed-loop control response to a step change in
fuel flow demand would not see a step change in throttle area, but instead
the throttle area would exceed its final value and would graduatly return,
thereby providing excess torque to increase system response. This is demon-
strated in the sketch below.

*CLOSED~LOOP
CONTROL INPUT

OPEN-LOOP ____A
STEP INPUT

\\__ OPEN-LOOP

¥CLOSED-LOOP __~ STEP RESPONSE

CONTROL RESPONSE

TIME
e )

The shaded areas indicate the difference between open-loop and closed-
loop throttle area inputs and fuel flow responses. The degree of excess
throttle area desired at each operating condition would be different, requiring
a nonlinear, variable gain control or a compromise providing the most satis-
factory performance over the operating range.
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DERIVATION OF SYSTEM EQUATIONS.

The following is a discussion and derivation of the system equations
making up a mathematical model of the fuel transfer system. This model
consists of 33 simultaneous equations containing five time integrals and one
time derivation resulting in a fourth-order dynamic system. The discussion
will be separated into system component equations and the system fluid
transport equations.

GH, Turbine

Torque is the output parameter of interest from the turbine with respect
to system operation. Turbine torque is generated from the turbine power
equations:

(Shaft power) =(turbine isentropic power) (efficiency)

( ) ad> nT

Torque times speed equals flow times adiabatic head times turbine
efficiency. Speed in rpm is converted by 2n/60 to radians per second.
Solving the power equation for turbine torque provides the first system
equation:

.60 Yrfg (18)
T 2m’ N

Turbine flow (W.) and speed (N) will be generated in other sections of the
mathematical model. "Adiabatic head (Had) by definition is the available

isentropic energy per pound of gas mathematically stated in terms of temperature
as

Hyg = Cp (T = Toy)

where CP Is the gas specific heat, TT is tie inlet turbine temperature, and
Tad is the adiabatic discharge temperature. Using the temperature-pressure

relation of the adiabatic process the adiabatic temperature in terms of
pressure ratio Is

where PrT is the turbine pressure ratio, and k is the adiabatic exponent.

Substituting in the adiabatic equation and rearranging gives

14l
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Hg=Tr Cp |t - Py (19)

which becomes the second system equation.

Turbine pressure ratiois defined as

PN
PrT = F; (20)

|

where bN is the discharge nozzle pressure and PT ic the turbine inlet pressure.

{ Turbine inlet flow is choked and turbine pressure is generated from the
choked flow equation

P = Ko Wo /T (21)

where KT is the turbine inlet flow constant. Discharge nozzle flow is also

choked and nozzle pressure is

where KN Is the nozzle flow constant and TN is the nozzle temperature.

Thermodynamic turbine efficiency is defined as the ratio of actual energy
removed per pound of gas to avallable isentropic energy per pound of gas or
mathematically expressed as

¢p (Tp - Ty)

"T=""Tr;——

d

S

Solving for discharge nozzle temperature provides the sixth system equation

- nT Had
c

P

T, =T

N (23)

T

Thermodynamic efficiency is assumed to dominate the overall turbine
efficiency, therefore mechanical deficiencies have been neglected.

Turbine efficiency is a function of turbine speed and adiabatic head.
The equation generating turbine efficiency is a parabolic curve fit of the
theoretical curve presented in the semi-annual Progress Report AAC-4574 and
reproduced here in Figure 58. The resulting equation is

162
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Figure 58. Theoretical Turbine Efficiency Curve
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Tos Ky e -k A (24)
1 /Had e ad

where Kn and an are coefficients of the curve fit,
1

An alternate expression for Equation (18) generating turbine torque can be
obtained by substituting Equation (24) for turbine efficiency in Equation
(18)which then becomes

60 K 60 K
- — e T
L Sl O = H om N (18)

ad

This eliminates one of the variables (nT) from Equation (18)and reduces it

from two multiplications and one division of variables to one multiplication
of variables for computer convenience.

LH, PUMP
Pump pressure is a function of pump flow and speed as represented in the
estimated pump map of Figure 59. This map supersedes all previous estimates.
PP = fl (wP) N) (25)

Pump load torque is obtained from the pump power equation
(shaft power) (efficiency) = (flow power)
W
2 _ P
(rp NG ) o= (Ppg )

Solving for pump torque gives the ninth system equation

_60 Tr¥e
= Zmp, * N, (26)

where Pp is LH, density at the pump and is assumed to be conctant. Pump

efficiency is also a function of pump flow and speed as represented by the
estimated efficiency curves of Figure 60.

Mp = f2 (W, N) (27)

Turbopump Speed

Ihe turbpine ana pump are directly coupled with a 1:1 speed ratiorallowing
the direct summation of turbine moment of inertia and pump moment of inertia
into one overall turbopump moment of irertia. Turbopump speed is obtained
from the basic F = ma relation in terms of angular motion,

144
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e sm>

\60 dt

AT 8

where T is the excess or deficiency of torque availatle for speed change, J

2n
is the overall mass moment of inertia, == 1is a conversion constant between

60
rpm and radian per second, and %% Is the time rate of change of speed in

E=3

rpm per second. Substituting for 7 the difference between turbinc developed
torque and pump load torque (TT - TP), and solving for turbopump speed gives

- 60 -
N =5 (TT TP) dt (28)

making turbopump speed a function of the time integral of the net torque
difference between turbine and pump.

Heat Exchangers

One discussion is presented covering the mathematical description of both
maln and auxiliary heat exchangers, since thelr mathematical forms are identical.
The subscripts used will be general and are applicable to both heat exchangers
covering six pairs of equations ranging from 29 through 40.

Both the temperature drop and temperature level of the combustion products
along the hot side of both heat exchangers are considered relatively constant,
This is based on the heat exchanger design calculations, presented later on,
which show a maximum upstream temperature of 4925%R and a minimum downstream
temperature of 4590°R over five operating conditions covering the range of the
engine. For a given operating condition, the small percent temperature drop
along the heat exchangers is due to the large mass flow rate of the combustion
products. A relatively small change in operating temperature level between
conditions is due to an assumption of constant mixture ratio made in the
design calculations of the heat exchangers.

The rate of heat transferred from the hot-side gases to the metal is

=R

Q = hy A (T, - Ty,) (29, 35)

where hH is the hot~-side heat transfer coefficient; A is the heat transfer
surface area; TH is the hot-side gas temperature; and TM is the metal

temperature. The coefficient h, is a function of hot-side flow rate (W

)
and takes the form H H

D

RS ok
%
Hi .5;"1

1 & dh,, )
i = — 30, 36
6 My dw,, Y (%0,

dh
where T is the rate of change of hH with respect to WH. Figures o1 and 62
H
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Heat Transfer Coefficients vs Flow
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are plots of heat transfer coefficients vs flow rate for both main and
auxiliary heat exchangers; the plots have been made from the heat exchanger

design calculations presented in Tables 3 through 7. The derivatives %% are con-

sidered constant and are evaluated from straight-line approximations of these
plots.

The metal temperature is

T = — (Q - Qc) dt (31, 37)

where M Is the metal mass, C, Is the metal specific heat, and (QH - QC) dt
M
is the time integral of the net rate of heat being stored in the metal.

The rate of heat being transferred from the metal to the cold sid: is

Tc + TC
Qc = hc A 'TM - *-*-E-—-L (32, 38)
where hc is the cold-side heat transfer coefficient; A is again the heat
T. + T
transfer area; TM I's the metal temperature; and —E*—E—-EL is the average

cold-side temperature. Linear temperature distribution is assumed.
The cold-side heat transfer coefficient (hc) Is a function of cold-side
flow (wc) and also takes the form

h =—= W (33, 39)

which was discussed in the description of Equations 30, 36.

Cold-side discharge temperature, which is of primary interest, is
generated from:

Qc
=T 4 — cee-a 4
T., TCI Alivaar: TC2 <T, (34, 40)
c P
c
Oc
where Tc is the cold-side inlet temperature, and e is the temperature
1
c P

c
rise due to heat added to the hydrogen flowing through the heat exchanger.

Under no condition can TC exceed TH; in other words, the maximum cold-side
2

discharge tempcrature is limited to the hot-side temperature as cold-side
flow (WC) approaches zero,
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BN
e
f%§% Fluid Transport
H]
{; : Description of the Fluid transport system is based on a serles of Tumped
kgﬁ : parameter concepts which are valid for the low frequency response range of the
A -?i system.
;;&
;g The LH, transmission line creates an inertial lag between the pump and
o the engine heat exchangers. This manifests itself in the form of dynamic
pressure drop across the transmission line as a result of acceleration of the
ﬁég liquid column. The line pressure (P ) at the discharge end of the transmission
ﬁi; line will be different from the pump discharge pressure (PP) whenever flow
5 \"‘ N}
%&% Is in the process of undergoing change (acceleration). The equation describing
Lo this phenomenon is:
w\;i? B d_wE
W = - — |
Q&é PL="Pp ag ' dt (41)
A where L is the Inertial characteristics of the liquid column in terms of
T ag W
.fgf length, cross-sectional area and the gravitational constant; and E?B is the
1}§ liquid acceleration expressed as the time derivative of pump flow.
.:f; The pump flow is generated as the sum of flows going to the main heat
;" exchanger (Wh) and to the auxiliary heat exchanger (WA):
1
! - 42
wP WM + wA (42)

Fluid flow from the pump to the heat exchangers is assumed to be in the

liquid state, changing to the gaseous state within the heat exchangers and
being transported as a gas downstream.

Flow to the main heat exchanger is proportional to the square root of
the pressure drop across the inlet portion of the heat exchanger:

Wy = Ky oPL = Py (43)

where KM is the constant of proportionality, PL is the line pressure at the
discharge end of the LH, transmission line and PM is the gaseous pressure
inside the heat exchanger. The total heat exchanger pressure drop has been
lumped at the inlet to the heat exchanger.

Pressure inside the main heat exchanger is proportional to the quantity
of gas stored which is the time integral of the difference between inlet and
discharge heat exchanger flow. The effect of temperature variations on gas
pressure in the heat exchanger is assumed small when compared to the effect
of flow variations on gas pressure. The equation is:
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3
Tg g
32;}; -
PGl
Lt A
o - -
A Py KPM (wM wF) dt (44)
i Y 55 KP Is the proportionality constant and is evaluated from
:}‘ M
o 7
Eg R _FTTL
&E{ i KPM = VM . s
n F/TL
where R Is the gas constant, VM is the heat exchanger volume, TL is the inlet
liquid hydrogen temperature and TF is the design discharge fuel temperature.
T =T,
The expression ——— Is the effective gas temperature in the heat
Ln TF/TL

exchanger assuming a linear temperature distribution with respect to volume;
the derivation of this is presented in later on.

The fuel flow (WF), which is the main heat exchanger discharge flow, is

obtained from the sonic flow equation across the fuel injector, which is
w§ assumed to be choked:

P
W. =K — (45)
PV T
B ¢
where Kw is the Injection nozzle sonic flow constant, PM is the upstream
F
A
S§ pressure in the main heat enchanger, and T. is the fuel injection temperature.

F
Flow to the auxiliary heat exchanger is generated in a similar manner as
flow to the main heat exchanger discussed in Equation (43):

W, = K,z P, =P (46)

where PA is the gas pressure inside the auxiliary heat exchanger. The volume

of the GH, transmission line between auxiliary heat exchanger and throttle
valve is lumped with the heat exchanger volume and one gaseous pressure is
generated for both.

=
ey

The auxiliary heat exchanger pressure is generated in a similar manner as
the gaseous pressure inside the main heat exchanger, discussed in Equation (44),
except that the GH; transmission line volume is lumped with the auxiliary heat
exchanger volume:

25
Y 41l

P =K (W, - W.) dt (47)

A P A T)

)

e
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3

where KP Is the constant of proportionality WA is the flow to the auxiliary
' A
{; heat exchanger, and wT is turbine flow. KP is evaluated from f
o) A ¥
*J £
3] -2 -
9 .; ; K B R TT - T L TT :
> P. - 3
) A i

g T A L T L 'L <
o -
3 where R is the gas constant, TL is the liquid hydrogen inlet temperature, Ty
4\; is the design turbine inlet temperature, Va Is the volume associated with the g
$§ auxiliary heat exchanger and VL is the volume associated with the GH;
,;&, transmission line. KP is an expressicn of the effective temperature-volume Ry
y A %
»ﬂ' relationship in a gas having a nonuniform temperature distribution which is
3 partially linear and partially constant with respect to volume. KP is also c
7 derived in later paragraphs. A h
l“:’»'
:,j Throttle Valve i
. {
! Both choked and unchoked flow through the throttle valve is experienced N

A in its operating range. Turbine flow is identical to throttle valve flow
and Is generated from the throttle valve flow equation. The equation is given
the form of a choked flow equation modified by a pressure ratio function.

Ea

o ( ?
= —_— 48 :
Wy = K, N £ (r,,) ) {
T
iy
WT is turbine flow, KV is the subsonic flow constant, AV is throttle area %
Py Is upstream (Aux Hx) pressure, T; is turbine inlet temperature, and f(PrV)
is the valve pressure ratio function. The pressure ratio function takes the ﬁ
form ' -
‘ ktl
v 2/k k .
) = - 49 o
J f(Prv) \ Prv Prv (49) -
' 0< f(P )< f(P ) )t
— rv rc &
2 oo (2 Y KT .
Qﬂ rc k + 1 -
i
;i where k is the adiabatic exponent. The pressure ratio function is limited to =
ﬁ; its value of a function of the critical pressure ratio (Prc)' This means that L
34

4

e
Xea
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when the valve pressure ratlo becomes supercritical the f(Prv) becomes a

constant equal to the f(Prc). Equation (48) then becomes a choked flow

E.

equation where K times f(Prc) equals the sonic flow constant. Throttle valve

pressure ratio is defined as

£ g
v T By (50)

aw:‘*g

where turbine inlet pressure (PT) is the downstream pressure, and auxiliary

heat exchanger pressure (PA) is the upstream pressure with respect to the
throttle valve.

l*i‘ 3 g i,_i,

This completes the derivation and discussion of the system equations.
A development of the linearized analog computer model from this system of
nonlinear equations is presented following paragraphs.
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Derivation of Gas Pressure Distributions
I'." Gas With Linear Temperature Distribution With Respect to Volume

ST A e e e (S
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The equation of state Is:

o ol
e
A

=
P

PV = MRT (51)

Z1Q)

-
T

for a uniformly distributed idea’ gas.

ar:-;q' .
g

The pressure In a nonuniformly distributed gas can be written as the
differential form of the equation of state:

£

k3

N'«!

5  dHRT

T (s2)
where dM is the differential mass contalned in a differential volume (dV) at
a temperature (T) along the contalner. The pressure is uniform throughout

the contalner.

The equation relating temperature to volume Is:

=KV 4+ T,
i dT = Kdv (53)
S0
LYl
25 = v

« 5_.;“
Py % L2
I K

Substituting the differential volume (dV) of Equation (53) into the differential
form of the equation of state Equation (52) gives:

t. VAL
' e
¥,

et
PSS
a

.82,

S
2

MRT

P = =——

T dT/K

LA
3 ‘«';.'f’ ALK
.

.

edf

’
Wttt ok
AP
Y

X

X 5

3% &,
A

e
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and rearranging:

iz

[

dT _ KR
T =p M (54)
Equation (54) can be written in the form of a definite integral:
Eg T, M
ar _ KR
jT =P fd"
T] o]

and performing the integration:

E_nTg-LnT,_—J = %—B- [Mt-o]

and solving for pressure gives:

KRMt
SR VN (55)

where Mt Is the total mass.

: et

From Equation 53:

c -l
=

it

—f
:

v (53)

where Vt Is the total volume.

5

Substituting K of Equation (56) into Equation (55) gives:

&=

M R
P = t . To-T, (57)

Vt Ln TZ/T'

on

where the expression In-¥2/T Is the effective temperature of the total gas
I

in terms of Equation (51),

e

As a check, the effective temperature expression is evaluated as T,
approaches T, resulting in a uniform temperature distribution.

o

ﬂ.I ;

Az

In 12/T, 1,7, 0

ez B e

=4

225
g
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which is indeterminate. Differentiating numerator and denominator:

dT
oL = T - T e
T, . dT 2 ! ]
—L __.‘g. T :.
?} T2 Tl 2—’Tl 4
j% which checks correctly for a,uniform temperature distribution. ﬁ
2 2. Gas With Discontinuous Temperature
Distribution With Respect to Volume 3
I
&
Tt r bl
|
-T —;‘— T2 o : ?
.
é)‘ A;E? T !
Vl v? PUSERI——" S ‘:3
v, } }
Vv, Vt

HOBCes

VERY

Using the equation of state for an ideal gas, the masses assoclated with
volumes | and 2 are:

s,

PV
M, = —L ”
! RT, (58) i
|
PV, .
Mg = —= 59 -
- O
where the pressure Is uniform throughout the total volume (Vt)-
The equation can then be wrltten: SE
Mt =M, + M, (00N ..
where Mt {s the total mass. £
Substituting Equations (58) anu (59) into Equation (60): .
By
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22
-
-
=
-~
=
~

P [ TV
R T T2

and solving for pressure:

1 , :
gg P=MR —Tlo__ (61)
t T2V, + TV,
B X
- where the expression =—&-2—=——— |5 the effectlve temperature-volume rela-
tionship. TV + TV

Checking the expression as T, approaches T, for the case of uniform
temperature distribution:

2

R R P R = ___%1______7 -
TzV, + T|Vg T|—DT2 T, V| + V, Vt

which checks correctly.

i

-y
23

c

3, Gas With Discontinuous Temperature Distribution;
Partially Linear and Partially Constant With

Respect to Volume-

‘4“-’»&}

Ty T2

=18

)

G253
a
<

|
vV, v

——p—

]

-

Assuming an effective temperature (Te) for the linear distributed portion
of the total volume and substituting It in piace of T, In Equation (6!1) gives:

2
R

Tel2 (62)

[@EY
el
[}
=
-
=

163

REN




B

5 AFAPL-TR-64- 134

8 |

o The effective temperature of the linear distributed portion was developed in

&) Equation 7 and is:

e

L T, -1

0 1 =t (63)

:‘,‘.t e ln Tz/ﬁ

D

’§% Substituting the effective temperature of Equation (63) into Eauation {02) and

“5@ redu¢ing glves:

N L, - 1T,

s P=MR

- U TaVyln To/T) + (To-T, )V, (64)

};g which defines the pressure of the gas In terms of the temperature-volume
relations and the total mass or quantity of gas in the contalner. Agalin,

8 the effective temperature-volume relationship is checked for the case of

i ' 4. . o

59 uni form témperature distribution as T, approaches T,:

¥

) :

32}3} T;7 - T,Tg = _Q_

S TV Lo /Ty + (To=T V2 To=T, 0

‘Eé which Is Indeterminate. Differentiation of numerator and denominator glves:

‘,f\

:",}:

P .
I (2T,-T,) dT, = T 21
.ég Vil + Ln T,/T) dT, + V, dT, T, »T, v.i|+o§+v2 v

t

{
'in

"

?
)

»

»
X
L7

1]

which is correct for a uniform temperature distribution.
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5

DEVELOPMENT OF ANALOG COMPUTER MODEL

This section deals with the development of an analog computer model from
the basic set of system equations derived previously.  The basic set of
system equations is nonlinear in nature. The development will discuss lineari-
zation and normalization processes used on the system of equations, evaluation
of system constants and linear coefficients, and construction of a computer
circuit diagram from the final set of equations.

AAAR
{‘.'K o

[ Z5 I S |

Nonlinear System of Equations

The basic set of nonlinear system equations given earlier is listed in
summary here, followed by a list of assumptions used in their derivation, The
system of equations is complete and capable of computer simulation when the
number of equations equals the number of dependent variables, inputs being in-
dependent variables. Note that every dependent variable in the system has an
independent equation generating that variable.

& . Jucrbine
WpH T K Kpp
‘ T ad i oL
Q (1) 7= - 2/60 M VHag = 7760 Yo N
60
L - -
(2) Wy =Tyl [1 =Py K]
P '
.. N
! g (3) PrT =PT
| g% (4) P = KM /T
- (5) P, = KW /Ty~
E N=ONTYON
, H
- d
4 ["'3 (6) TN = TT - nTC .
| & P
e (7) =Ky e -k, M
by W VA L
gé nT U ad 2 Had
V(
g}
165
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(8) Py =, (i, N)

P_W
(9) T = i

AL
e "pVTp

fz (wp) N)

3. Turbopymp Spee;

4. Main Heat Exchanger

(12) QH = hH A (TH - TM)

(10) M,

(13) by = W

(14) ™ = Tvo

(15) a_hA (T, - L _F

(16) h, = —S

i
e |
+
[e]
H
t
'
i
J
t
t
-

(17) T =T + 3%

S5« Auxiliary Heat Exchanger

(18) Q =h, A (TH - TM)

(19) hy = 57

{

o

=
I =

o o

(20) Ty = Ty, + g (@, - Q)
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TL + TT
(21)Q  =h_A (Ty -~ =)
dh_
(22) hc=-aw; WA
) %
(23) To =T +gg------- T <T
A'Pc
‘6. Fluld Transport
dw
2 _P
(24) P =Pp - pyollien
(25) Wp = Wy + Wy
(26) Wy = Ky ¢1ﬁfTT'PN
\
(27) Py = KPM (W = Widt
M. P
Py Vg InTT,
Py
\ -
(28} WF = KW Vs null
FY'F
(29) WA s KA \/FL - FA
(30) Py = KPA (wA - WT)dt
. e =T Ty
Ko =R — —
A TV L To/T o+ (TT - T
7. Throttle Valve
AP
V' A
(31) My = Ky o= f )
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k+1
- _/ 2/k _ o Tk L.
(32) (P ) =P, P, 0 <P )< (P )
ke
2\ k-
Prc = (k + I)

P

T

(33) Prv N PA

8. List of Assumptions

1)  Flow In the turbine discharge nozzle is choked.
2) Properties and conditions of LH; at the pump inlet are constant,
3)  Temperature of combustion products along the hot side of both heat

exchangers Is constant due to the high mass flow rate and there is
ia constant mixture ratio between operating levels.

4)  Fluld flowing from the pump to the heat exchangers Is in a liquid
state, changing to a gaseous state within the heat exchangers and
being transported as a gas downstream.

5) Temperature distributiun Is linear with respect to volume in heat
exchangers,

6) There Is no significant heat leak or steady-state pressure drop In
fluld transport lines

7)  Engine fuel injection flow Is choked.

8) Flow at turbine inlet is choked.

) L . d parameter fluld transport descriptions are valid for systems
lo». frequency response range.

10) Turbine overall efficiency Is dominated by fts thermodynamlic
efficlency; mechanical deflclencies are negligible.

i) Heat exchanger pressure drops have been lumped at the inlet to the
heat exchange-.

9. Mathematical Block Diagram

The svstem of nonllinear equations can be displayed in another form called
a block diagram. The diagram shows the complex interrelation of parameter
between equations and is effectively a schematic diagram of the system of
equations. It also serves to demonstrate the completeness of the mathematical
system if no loops are left open lacking required inputs. A block diagram of
the nonlinear system equations was made, organizirg the diagram into major com-
ponent blocks to distinguish between inter - and intracomponent mathematical
relations. 1t is presented as Figure 03.
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“Linear Differential Equations
The system of noniinear cquations was linearized by differentiating each ;ﬁ

equation and writing it in Its linear differentlial form. Each equation acquires
a number of terms equal to the number of varlables in the equatlon with relatively.
complex coefficlents which are functions of nominal steady-state operating values..*
All variables are In terms of differentials or change from nominal values, While **
ltnearization simplifies computer operation and performance, the complexity goes
Into the system coefficients, and analysis is limited to points of operation wlthin:?
the system operating range. A list of the linear differentlal equations is pre~ %
sented with the coefficlents expressed In literal symbolic terms,

l. Turbine -
K W K K K %
| _a T L | R 2 A A . &

(1) dry = 7765 VL Hog * Zn760 Had 7760 ¢ Mr - w60 WM
ad (‘::
0.286 T &
_ ) 0.286] . T ™

(2) dHad - cP E PrT dTT cP p 0.714 dPrT

rT ’
dp o

P
N N
(3) dP = == = — dP
r7 PT PT T

FERD

W
T /2
(4) P = Ko 73 dT + Ko Ty dw_- o
2 Ty b
W
T 1/2 =
(5) dpy = Ky 72 dTy + Ky Ty dW.. ‘.
2T
N
H “
nT ad e
(6) dTy = dTp = g= di 4 - ¢ d1,
P P R
=
K 2N N 2 N v
(1) d = (=77 - Ky ) N+ [an ) - Ky 3/;] Mo o
H d ad ad ZHad o
a el
2. __Pump ‘0
dP dpP
(8) dp, 7\% d + s N
P o
&
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In the vicinity of the system operating points, pumy pressure is primarily
a function of speed and is not significantly affected by flow change as indica-
ted by the pump map of Figure 59.

P W P W P_W
60 P 60 P 60 PP 60 PP

(9) dT o eem—— e e dw G — 0 ——— dP - . —T dn a  EEm— 8 dN
P = 2mp, N, P T 2mpy N, P 2mp,  NTLE TP 2mp,  N°T,

0
anP anE’
(10) dnP = SW; de * AN dN

Pump efficiency is primerily a function of pump flow as indicated by the
efficiency curves of Figure 60. Pump partial derivative velues were obteained
through interpoiatior of curves and steady-state data.

3.  Turbopump Speed

égégﬂ (d1. = d7

7 - dTp) dt

(11) dN =

4. Main Heat Exchaager
(12) do, = (AT, - AT,) dh, - Ah, dT

H M
th
(13) th = (EW_) dWH
H
|
(14) dTM = W (dQH - dQC)dt
PM
ATL ATF AhC
(15) dQc = (ATM aiar e _E_) dhc + AhC dTH - dTF
dhc
(16) dhC = EW_) dWF
F
dQ Q
c
(17) dT, = —<— - 5 dW
F CPch CPch F
5. Auxiliary Heat Exchanger
(18) dQH = (ATH - ATM) th - AhH dTM
th
(19) dh, = (EW;) dw,
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L -
(20) dTy = (dg, - dg ) dt

PM
. AT, AT Ah_
(21) dQ_ = (AT = == = =) dh_ + Ah_ dTy = 5= dT,
dh_
(22) dhc = (.JW;) de
( dq, 0
23) dT, = . - dW
T Cp My CpcMy A

6. Fluld Transport

¢ M
(24) dPL = dPP " ag giarre
(25) de = de + dWy
KM
LM/
(27) dPM = KPM (de - dWF)dt
K K,.P
"WF _CWETM
(28) dwF = 12 dPM 372 dTF
F F
Ka
(29) dW, = ;E;—:;—;T7§ (dPL - dPA)
LA
(30) dPA = Kpf\/?dwA - dWT) dt
7. Throttle Valve
K AP KA F(P ) KP,F(P )
__VvVVA . vy rv v A rv
(31) dwT = 73 f'(Prv) + dPA e VA dAv-
TT TT TT
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L3 P ro‘“ 1715 p 071

, B v v

(32) f(p )= V.43 WIEZRE
2(P - P
rv rv
. P

(33) dP =—— -5~ dP

rv Pa Py A

Normalized Linear Djfferenti»l Equations

To normalize the linear differential equations, each differential variable
is divided by its nominal operating value and represents a percent change from
its nominal value. For example, take an arbitrary linear differential equation

dX = Ady + B dZ

and divide each differential variable by its nominal value without destroying
the equality of the equation.

dX

X

dz
z

>4Z

SIS
4
><ﬂ§h

[+

Note that the coefficients A and B are now modified by the nominal values of
the differential variables. By defining the ratio of the differential vari-
able to its nominal value as a percent change, the equation is written in the
farm

Normalization has the advantages of expressing all variables in terms
of percent change, removing from their coefficients the effects of dimensions
and virtually eliminating the computer scaling problem. It also tends to
simplify the complexity of the coefficients which will be demonstrated shortly
in evaluation of the coefficients.

A list of the normalized linear differential equations is presented with
general symbolic coefficients (Cl, C2, C3, etc.). Some terms show no symbolic

coefficient, which means that the coefficient is | and, in most cases, is due to
simplification as a result of the normalization process ment ioned above.

!. Turbine

d1_ = C. ¢ AW - C
(1) @1 =C, HH_, + 9 5N
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(4) %Pp = Co#T + BH,

(5) Py = €, #Ty + M

(6) BTy = €Ty - Ci5(BH g + 1)
(7) 80y = 5™ - €y Mg

2. Pump

(8) %P, = C, %N

(9) dry = By + o, - B, - @

(10) %np = sz%wp

3. Turbopump Spee

(1) 9 - CzstT - 9r,) dt

4, Main Heat Exchanger

(13) %hH = %wH =0

(14) 91, = C,, [(10, - %0_) at

(15) 4Q_ = $h_ + CyohT), = Co 9T,
(16) %h_ = MW,
(17) %7 = C5o(%Q, - B,

5. Auxiliary Heat Exchanger

(18) %Q, = %h, - C,.%T,

(19) %hH = %wH =0
(20) T, = C3ZJ/?;QH - % )dt
(21) %Qc = %hc + C39%TM - cao%”T
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(22) h_ = M,

C42 (%QC- %WA)

(23) 4T,

6. Fluid Transport

(24) 9P = Wy = €\ 5o

(25) %W, = %W, + CoqHy

(26) By = C P = K g %Py
(27) %PM = cz:,/?%wM - %wF) dt
(28) MM = %Py - Cg 9T,

(29) My = Cp#P - C5,%Py

(30) %P, = cSiﬁ%wA - % W) dt

7. Throttle Valve
(31) W = BF(P_ ) + %P, + %A = C BT,

(32) %f(Prv) = c58%Prv
(33) %P, = %P - %P,

Coefficient Evaluation

The general symbolic coefficient comprfses three factors

C = (system constant)(differential coefficient) (normalizing
coefficient)

The system constant appears in the original nonlinear equations; the differen-
t'al coefficient is a result of the differential linearization process; and the
normalizing coefficient is produced in the normalization process. Multiplied
together, they form the total coefficient used in the analog computer model.
For example, Cj of Equation(l)would be evaluated as follows:

271/60 ZHad|/.2 T

¢, = (
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combining factors
== |/2
15Kn, W H..
°| - nTg'T ad
T
= = 1/2 o , .

where WT, Had' , and T are nominal values. This Is an example of a coeffi-
cient that does not significantly simplify In the normalization process and
whose value will change with each operating condition.

Taking for the next example Cg of Equation (4)

W T
SR R Y
T
combining factors
== 1/2
c Ke¥eTy
- ER———
8 2P

However, the nonlinear form of Equation (4) says that

N& /TT 1
PT KT
therefore,
172
wTTT -'I—'andc -E'T—'—-]'
5 =K 8 2K, 2
Pr T T

This Is a sample of a coefficient that has been simplified by the ndrmali-
zatlon process to a value which is Independent of operating codition.

The next example is C, of Equation (1)

2

K /2 W. K W
N\ T M o T

C, = (5;735)(Had )(::) - (2n/6o)(N)(?:7

which acquired two terms in the differential linearization process. Combining
factors gives

1/2
K K
i} FI- v} T2

_ 21/60 'ad

" 2m/60 N W,

e |
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but the nonlinear form of Equation (1) is

nl
Tt = 2n/60 "1
therefore,
i
c2=T='
T

Wy VHg - 2ﬂ/60

WTN

This is a sample of a coefficient that reduces to | and becomes independ-
ent of operating condition as a result of the normalization process.

A list of the system constants and their numerical values Is presented
next, followed by a table of the symbolic coefficients and their values for
the five operating conditions studied.

Component Symbol

Turbine Kﬂl

Pump pP
Speed J

Main heat A
exchanger

LIST OF SYSTEM CONSTANTS

Numerical Value

8.15 x 1072
2.56 x 1073
3.22 x 10*
1.4

40,8

2.3l

2.63 x 1073
0.187

1.3 x ‘0%

5,97 x 107

1210
0.070

40

1.333 x 1074

177

Units

ln.l/a/rpm

In./rpm?

0
In.elb/1be ©

sec/in’ "Rl/2

sec/in? °R|/2
1b/in.3

in..lbssec?

Bty
in. 1b*OF

1b
Btu/1b*°F
oR

Btu

in.*1b°°F
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(Continued)
Component Symbol Numerical Value
Main heat CPc 3.5
exchanger
(Contlinued)
. Auxiliary A 1.51 x 10°
Heat exchanger
c%S)H 1.78 x 10~
M 141
CPM 0.070
(ga)c 7.23 x 1073
Fluld Transport L/ag 0.194
KM 1.45
KPM 554
R 9200
VM 2600
?F 400
KWF 0.336
KA 0.0685
KPA 1.06 x 104
TT 2000
VA 302
178

Btu
in.*1b'OF

lbs
Btu/lb'oF
°R
Btu
in.*1b°°F
Btu
ib,VF

sec?/in.?

lb*sec
(Psi)|/2

psi/lb
in.*1b

1b*9R

in.3

°R

02°°Rl/2

in
Sec

lbesec

(Psi)l/2

Psi/lb
°R

in.3

e 74 UM
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EEE Pl AT

Units

Numerical Value

Symbol

Component

in.

530

port

Fluid Trans
(Continued)

IIRTER T

/sec

oRI/Z

0.542

Throttle Valve
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TABLE OF SYMBOLIC COEFFICIENTS
AND THEIR NUMERICAL VALUES

TABLE 8

Numerical Value Per Operating Conditlon
Equation No. Coefficlent I 2 3 4 5
| ¢, 0.696 0.634 0.579 0.553 0.534
Cs 0.308 0.250 0.193 0.122 0.085
2 Cs 0.212 b
4 Co 0. 500 ’
5 Co 0.500 —
6 Ci2 .30 1.30 1.27 1.18 .12
Cis 0.314 0.310 0.276 0.179 0.128
7 Cis 0.759 0.746 0.760 0.845 0.880
Cie 0.380 0.371 0.379 0.422 0.441
8 Ciy 2.00 2.12 1.86 2.04 1.78
10 Cz2 0.0614 0.0925 0.1075 0.200 0.381
(B Cas 1.92 1.60 1.20 0.612 0.365
12 Cas 0.343 »
14 T2 0.179 0.147 0.106 0.047 0.023
15 Cao .65 ’
Cso 0.204 )
17 Cs2 0.900 ’
18 Css 2.85 )
20 Csy 0.0945 0.0636 0.0370 0.0119 0.0050
21 Cio 1.415 )
23 Ca 0.980 >
24 Css 0.003 >
25 Cuy 0.0328 0.0269 0.0216 0.0157 0.0133
21 Cao 0.406 d
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AFAPL-TR-64- |34 TABLE 8 (continued)

TABLE OF SYMBOLIC COEFFICIENTS
AND THEIR NUMERICAL VALUES

5 Iy -1 s
Aot
A o Ak
m lmi‘ v
w > prR

’ ,g (Cont)
S Numerical Value Per ‘Operating Condition
4 @ Equation No. Coefficlent u 2 3 4 5
) 26 Cas 4.8 5.75 7.80 16.9 29,2
: ﬁ Cysa 4,31 5.25 7.29 16.3 28,0
&3
> l | a
3 28 Cs 0. 500 b
-~ . 29 Cs2 10 17.7 36.8 | 54 440
: Q 34 Csy 0.500 »

Ezg

PR @GS D
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Analog Computer Circuit

The analog computer circuits are obtained from the system of normalized
linear differential equations. These equations serve as instructions for
drawing the computer circuit diagram much as the nonlinear system of equations
was used to draw the mathematica! block diagram. The computer circuit diagram
represents the electronic analogy of the system of equations from which it
was constructed; each circuit represents a specific mathematical operation.
Fora linear system of equations with constant coefficients (no multiplying
or dividing operations between variables) each equation can be represented by
a single amplifier and each coefficient by a potentiometer; additional ampli-
fiers are used for sign conversion. When the circuits are mechanized and put

.into operation, all equations perform simultaneously in real time as they
would in the physical system being simulated.

The linear computer circuit diagram was drawn in a similar manner as the
nonlinear block diagram. The circuits were arranged into major component
blocks similar to the system schematic of Figure 43 so that inter- and intra-
parameter relations of components could be clearly identified. A list of the
potentiometer settings (pot sheet) was made up directly from the list of
symbolic coefficients; each pot represents a single coefficient. The circuit
diagram is presented in Figure 64, followed by the potentiometer settings
(Table 9) and a list of symbols (Table 10),
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TABLE 9
N LIST OF POTENTIOMETER SETTINGS
Settings
{Pot. No. Coefficient ] 2 3 4 5
! Ci2/io 130 130 126 17 12
2 Civsro 200 212 186 204 177
Yy
o 4 Cs 308 250 193 122 085
::; '
5 Cs 212 .
I I |
) 6 Cassio 930° >
0
% 7 C, 696 634 579 553 534
N z Y
5‘:‘ 8 C‘ 9/|o 930 »
7 9 Cs 314 310 276 179 128
S 10 Cay 179 147 106 047 023
i g ¥ Cie 380 371 379 422 441
|
' 2 C29/10 165 —
\ 13 Cis 34 310 276 179 128
v 14 CQ5 343 ' I I »
43 5 Co 500 N
3’
i 16 Cas 179 147 106 047 023
78 17 Cas/10 192 159 120 061 036
,‘i 18 Cas 980 >
i
% 19 s 759 746 760 845 880
' 20 Csy 0945 0636 0370 0119 0050
21 C23/10 192 159 120 061 036
22 C35/|o 285 »
23 C2z 061 092 107 200 38
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TABLE 9 (continued)

LIST OF POTENTIOMETER SETTINGS (Cont)

Settings

Pot. No. Coefficlent | 2 3 4 5
24 Keo 406 l .

. 25 1/5 200 ‘ )
26 Cs2 980 »
21 045/T 292 300 l 306 515 ’ 312
28 Cso/10 141 | »
29 Css 900 »
30 FAv INPUT
31 Cst 500 >

.32 Cs7 0945 0636 0370 0119 0050
33 Cso 204 N
34 Cs8/10 910 145 043 0 0
35 Cs2 900 | 3
36 Csy 500 +
37 Css/1o 550 464 380 284 239
38 Ca/vo 100 »
39 10C4 7 328 269 216 157 133
40 Cs3/10 550 464 380 284 239

Reac "A"
19A Css/100 0481 0575 0780 169 292
20A Cisasioo0 0431 0525 0729 163 280
21A Cs2/100 100 177 368 999 999
22A Cs2/100 100 177 368 999 999

185
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TABLE 10
LIST OF SYMBOLS

Torque (in,*1b)

Flow rate (1b/sec)

Speed (rpm)

Adiabatic head (in.*1b/1b)

Efficiency

Temperature (°R)

Pressure (psia)

Heat transfer rate (Btu/sec)

Heat transfer coefficlent (Btu/in?.sec °F)
Turbine throttle valve area (in,?)

Time (sec)

General

Specific heat (in.*1b/1b°°R - or - Btu/1b°F)
LH, density at pump (1b/in.3)

3.4

Mass moment of Inertia (inslIb-sec?)

Heat transfer surface areas (In.?)

Hot side combustion products temperature (°R)

Rate of change of heat transfer coefficient with respect
to flow change (Btu/in.?.1b+°F)

Initlal heat exchanger metal temperatures (°R)
Mass of heat ¢..changer (1b)

Liquid hydrogen temperature (°R)

186
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AFAPL-TR-64-134
[/ Length of LH, transmisslion tine (in.)
a Crogs~sectlon area of LH, transmission line (in.?)
g Gravitational constant (in,/sec?)
R Gas constant (In.+16/1b+ °R)
v Votume (in,3)
% ‘Deslign temperature (°R)

Turbine; upstream when applicable
Constants of turbine effliclency equatlon
Turbine discharge nozzle

Pump

Pump parametric speed relations

Hot side of heat exchanger

Metal of heat exchanger or maln heat exchanger

" Cold side of heat exchanger

Liquid hydrogen or LH, transmisslon line
Engine fuel Injection nozzle

Auxlliary heat exchanger

Maln heat exchanger pressure

Engine fuel Injection flow

Upstream turbine pressure W Turbine Flow

Function of

Integral

Differential

187
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SECTION 6

MECHANICAL DESIGN

PUMP COMPONENTS

Because Section 3 of this report reviews in detail hydrodynamic design of
the hubless Inducer and cunventionally designed pump impellers and their
diffusers, the design of these components will not be discussed in this section.
Fabrication, mounting, and seal design activity, however, will be reviewed
herein.

Pump Impeller

The Mhubless" Inducer pump impeller blade design was laid out initially
on the basis of fabrication by a generating process, but as the design pro-
gressed, [t became evident that this process was considerably more involved
than originally contemplated, After reinvestigation of other wethods of
fabrication, a design was made to duplicate, rather than to generate, the
blades. Five hubless inducer impellers were machined without difficulty
utilizing this process (see Figure 65). pn impeller shroud was vabricated
separately from the same aluminum alioy material @nd brazed to the hub portion
as shown in Figure 66. The five impellers were whir! tested to 44,000 rpm for
one minute at room temperature. No measurable growth was observed. Zyglo
inspection of the units after spinning showed no flaw it the brazing. The
first Impeller was fabricated with an inboard register which was drilled and
tapped to accommodate five screws which fastened the impeller to a flange on
the shaft. When a problem was encountered with the fit of the screws, it was
decided to change to studs with self-locking nuts in lieu of the screws used
en the first unit. Consequently, all impellers were reworked to incorporate
s tuds,

Biffuser

The diffuser passages were also formed by duplicating. The completed
diffuser prior to assembly is shown in Figure 67.

Impeller Seals

Labyrinth type seals were selected for both the impeller inlet seal and
the seal at the thrust balance register on the inboard side of the impeller.
These seals were fabricated from a material (A-286 stainless steel) harder
than the impeller materials (6061-T6é aluminum allay). The harder, sharp bevel
teeth were designed to wear slight grooves in the softer impeller material
resulting in minimum clesrance and minimum seal leakage. Refer to Figure 6§
for a view of the impeller after wear-in. Inlet seal clearances were selected
to give interference at operating speed and liquid hydrogen operating
temperature.

Shaft Seals

A welded bellows carbon face seal was used to seal the pump shaft at the
drive end.

188
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Figure 65. Hubless Inducer Impeller and Shroud Prior to Brazing

'




A
S

T
.

o
%)

'
X,
)

7,
L

[
Phcts
Bt

v
%

Lg%
AN
NS

el dbendh & el B e e e e i R e o R e L it 15 T P, SOUSE, PR, SO, PRt.A 4

49621-9

496217
F-500

Figure 66, Hubless Inducer Impeller Assembly
After Brazing and Finish Machining

190




AFAPL-TR-64-134

$ e .
- S X a !
o oo -
.ot . d <
P Lo
, oo,

49436

Figure 67. Diffuser Halves Prior to Assembly

191




]

1

AFAPL-TR-64~134

[oLFioN

NP oy

502

H

ey
ey

e

<

o~
S I

N4
3,
o
»
L
-

13

L

e

L3y

r.

CroiTa

Figure 68. Impeller Showing Labyrinth Seal Wear-In

e

R

192 ek




AFAPL-TR=64~ 134

Bear ings

Special ball bearing, embodying races and balls of 440-C stainless steel
which has been stabilized -320°F, were procured for this pump. Separators were
made from Armalon 405C-116 (refer to Figure 69). The bearings were accommodated
in resilient amounts to reduce the effect of different thermal coefficients of
expansion between the bearings and the housing. This mount method also allowed
the pump rotor to rotate about its mass center, thus reducing bearing loads and
increasing bearing life.

e
:-5, =

2150

Ty i  we A

ERES AP 5
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Bearing lubrication was effected by the leakage of liquid hydrogen past
the thrust balance seals at the inboard register of the pump impeller. To
maintain the pressure drop at a minimum value, each bearing was lubricant
fed separately.

b

Pump. Assembly

T
7

30

A cross-~sectlonal view of the centrifugal pump tested is presented herein
as Figure 70.

(R Lo s o e
[+ X

As a matter of general interest, a llst of the materials to be utilized
for the assembly has been prepared. The list is presented below:

icasioic
£=3

Drawing No. Part Material
¥~y 580044 Spacer, Bearing Inconel, 718
ﬁ 580045 Sleeve, Preload Inconel, 718
3 580046 Carrier, Bearing Inconel, 718
3 580047 Nut, Shaft Stainless Steel, A-286
rfj{ 580048 Spacer, Shaft Inconel, 718
e 580049 Mount, Seal Stainless Steel, 304
5 580053 Lock, Nut Stainless Steel, 302
‘ 580085 Spring, Preload Inconel, X
kg 580056 Shaft ) Inconel, 718
33 580058 Diffuser Aluminum, 6061-T6
s 580059 Hous ing Aluminum, 6061-T6
ﬁgg 580062 Seal, Inlet Stainless Steel, A-286
¥ 580063 Seal, Impeller Stainless Steel, A-286
580064 Inlet, Pump Aluminum, 6061-T6
;gg 580065 Tube Assembly, Vent Stainless Steel, 321
T 580066 Ring, Mounting Stainless Steel, A-286
4 580067 Mount, Resilient Inconel, 718
f}@ 580068 Impeller Aluminum, 6061-T6
14 580085 Impeller Stud Inconel, 718
ggﬂ To eliminate problems of hydrogen leakage at the shaft seal, insofar as
»E; possible, a sealed chamber between the pump and turbine was incorporated in

the design. This chamber was pressurized with warm helium gas.

Thrust Balance

Hydraulic thrust on the pump impeller was balanced by an axially sealed

p s S

-5 balance drum. To prevent axial motion of the rotor in the event of thrust
£§ reversal, a double bearing preload was used.

TS
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Figure 69. Cryogenic Ball Bearing with Armalon Separator
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SECTION 7

TEST SETUP

TEST FACILITIES

The test facility used is located in San Tan Mountain Area of the Gila
Indian Reservation, 38 miles southeast of Phoenix, Arizona. The nearest
populated area Is Chandler Heights, Arizona, which is located about five miles
northeast of the test site, The remote test area is situated so as to limit
public access-and eliminate any possible interference with surrounding
communities.

General Facility Description

The test facllity is almost completely self-contained with ample storage
tanks for water, l1iquid hydrogen, liquid and gaseous oxygen, liquid and gaseous
nitrogen, helium, and other fuels such as JP-4 and gasoline. Electric power is
supplied to the test area by a 3Q0-kw transmission line. An overall view of
the test facility is shown in Figure 7! and iu Part b )of Figure 72.

A 13,000 gallon liquid hydrogen tank was installed especially for this
test. The ‘test was monitored from the control room (Figure 73). The control
room area, the jet engine area, and the liquid hydrogen tank and pump instal-
lation were placed In different locations on the test site, and were only
interconnected by underground electrical control and power circuits. All
equipment installed on the hydrogen pad was of explosion proof design.

In addition to the instrumentation in the control room, a trailer-housed
data recording system was rented from Datacraft, Incorporated, Gardena,
Californta. The trailer was located adjacent to the control room as shown in
Figure 71. '
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FEST APPARATUS

Enérgy .Sourceé and ‘Gas Turbine Pump Driver

A J-57 P43 engine (Figure 74) was purchased in order to
furnish ‘the bleed air necessary for driving thé prime mover turbine. The
prime mover is-a combination of a. GTCP85-29! turbine with a ‘GTU turbine plenum
and-burner (Figire 75). The =291 unit was used because the bearing arrange-
ment on this model: allows reverse, thrust. To obtain more power and overcome
the temperature drop -in the long énginé bleed line, an inliné combustor was
Incorporated in the turbine inlet line.

To. assure maintenance of alignment of the pump .and turbine shafts during
temperature ‘changes, each unit was supported on a pedestal through four
~radial -pins. .

Taﬁkggé and Plumbing

A 13,000 galloir 1iquid hydrogen tank, containing l'iquid level gauges and
temperature and-pressure .instrumentation, was cradied in a l6ad cell weighling
system which:; was used as :a backup flow measurement system.. Figure 76 shows
views of the Fil1 end of the tank, with strain gauge load cells for the tank
weight system undér the tank supports, and pump supply end and test pump. The
tank vent and ullage plipjing are also shown in these:photographs. ’

Originally, a nitrogen purge system was contemplated for use with the
l1quid- hydrogen system. However, a helium tank system was selected for test
facility syStem.purging in lleu of nitrogen plus hydrogen gas flushing. Cost
estimates revealed that the additional cost of helium gas was more than offset
by the. cost of a more complex nitrogen tank system, piping, valves, and controls.
In addition, the ‘hel'lum purge method s completely free of freeze-up problems.

Pump- Inlet and Discharge Lines

A bellmouth intake section was hydrodynamically designed for high flow,
minimum loss liquid hydrogen induction into the pumps This part was fabricated
from laminated fiberglass. This specially designed inlet section was mounted
within. the tank and was connected to a. remotely operated ball valve through a
floating 8-inch diameter pipe. The valve and floating pipe are liquid hydrogen
jacketed.'so that any vépor originating from heat ‘leaks upstream of the pump
inlet will not enter the inlet flow to the pump. Figure 77 presents a cross-
sectional sketch of the pump  inlet line and vacuum jacketed: tank wall.

Polyurethane foam-in-place insulation was used to prevent excessive heat
leaks into the system including the pump, from the pump inlet duct to the
downstream flange of the discharge orifice section. The foam was removed and
replaced as required prior to Runs 3 and 7.

Figures 78 and 79 show the insulated dump line and the hydrogen burner.

At the lower right of Figure 78 is shown the pump discharge valve and the
discharge section of the hydrogen flow orifice in the pump discharge line.
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FigUré~80apfésents an overall view of the test pad, dump line, and hydrogen
flare, and shows the hydrogen burning. This picture was taken by means of
infra-red photography.

‘Schematic Diagram of Test Setup

Figuré .8l is & sketch of the test setup and -instrumentation. Withdrawal
of fluid from the tank required iittroduction of gaseous hydrogen at constant
Jpressure to avoid boiling and excessive agitation of the fluid. Cold gaseous
hydrogen from auxiliary supply of liquid hydrogen was admitted through Valves
V--109 and V~10l. Valve V-10l was operated by a constant pressure controller.
Pump discharge pressure was contfolled by a manually operated throttle Valve
V-104, As seen in the figure, two means ¢f measuring pump flow are incorpor-
ated in thée test setup, The primary means is a flow orifice in the pump
discharge line downstream of temperature T3. In addition, the previously
mentioned continuous tank weighing system was also available.

A differential pressure gauge LL; was ‘used as an- indication of liquid
level in the tank., This pressure transducer was not set up for remote readout,

The tank vent system consisted of a manual valve, burst disk and relief
valve:all mounted in.parallel and connected through a two-inch line to the tank
vent flare. Except as noted during Run 5, Valve V, was closed at all times
during the test runs.

Pump inlét bal:l valve position was noted by transducer X3z. This would
indicate a light on the control panel when the ball valve was fully open or
fully closed.

Transducers Ps, Pyy and AP form the NPSH measurement system which is
discussed elsewhere.

Transducers X; and X, are variable reluctance coils mounted near the pump
and turbine ends of the coupling. These coils measure the air gap between the
¢oi’l and the coupling, and were phased to display this gap in the form of a
Lissajous pattern on oscilloscopes.

INSTRUMENTAT ION

The test stand was instrumented with complete data recording instrumen-
tation so that continuous recordings as well as visual monitoring of ‘the more
critical parameters was assured. Figure 82 presents the control console.
Data fed into the trailer-hcused recording oscillograph was as follows:
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Test Point Location Number of Channels
T2 Pump- Inlet Temperature 2
Ts LH, Flow Orifice Temperature }
Ts Turbine Inlet Temperature |
T, Turbine Flow Orifice Temperature I
Ty Turbine Exhaust Temperature !
P LH, Tank Pressure !
P2 Pump Inlet Static Pressure I
P3 Pimp- Inlet Total Pressu.e |
Ps. Pump Discharge Static Pressure 2
P Turbine Flow Orifice Pressure |
Po Thrust Balance Pressure !
Pio Turb.ine Inlet Pressure !
Pi Pump Inlet Vapor Pressure |
AP Net Positive Suction Head 2
AP, Turbine Flow Orifice Differential Pressure I

4Py LH, Flow Orifice Differential Pressure |
Wi Tan' Weight |
Ny Shaft Speed |

All other test points not listed above and shoin in Figure 76 were for

control panel monitoring purposes.

Specially Developed Instrumentation

Certain special instrumentation was developed for this particular test.

Noteworthy achievements were reviewed below.

@

l. Net Positive Suction Head Measurement - In order to measure pump NPSH

(Net Positive Suction Head) accurately, a special static test gauge was designed
embodying an accuracy of 0.5 feet because of the low (4 to 10 feet) NPSH required
for the test. This instrument consisted of a system which filled a vapor bulb
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P )
ijé with a specific volume of liquid hydrogen, a capillary coil to condense gas to
§ﬁ§ the liquid stage, and a pressure tube to measure pressure head at the level of
v the vapor bulb. Figures 83 and 84 show the vapor bulb filling system together
] wi-th- the vapor bulb coil, static pressure tube, and thermocouple.
§ ' This gauge was static tested with nitrogen and liquid hydrogen prior to actual
ﬁ, pump performance testing to ascertain its accuracy. The desired accuracy plus
Qe or ninus 0.5 feet was secured. For the actual pump installation, this system
b was expanded to include three separate vapor bulbs and pressure probes installed
. in the hydrogen jacketed pump inlet duct. NPSH instrument orientation is
Ras presented in Figures 85 and 86, A multiple filling system (Figure 87) utilizing
-§§‘ remotely operated solenoid valves was constructed .for use with this system.
g% 2.  Pump Power Measurement - In an effort to measure shaft power to the pump,
e a Bergen Laboratories magnetostrictive type torquemeter was incorporated in
the design of the coupling between the turbine and the pump. This torquemeter
consisted of three transducers, an external nulling system and combined power
supply, and a readout gauge. This type of torquemeter measures strain in the
e coupling spaces without requiring slip rings or any other rubbing contact
2@ device, After undergoing static calibration tests in the Bergen Laboratories,
s the torquemeter nulling system was modified by the manufacturer to make
o mechanical nulling less critical. This was done by adding an external resistance
N capacitance balancing on each of the three transducers around the shaft.
NI Figures 88 and 89 showed the magnetostrictive type torquemeter system components
gi* and liquid hydrogen pump drive shaft, respectively. With the revised nulling
'Qﬁ- system, static calibration curves of the torquemeter using the torque shaft
' were successfully obtained,
gﬁ During the static calibration test of the torquemeter using the torque
g, shaft, it was found that the null balance was a function of torque shaft
" rotational position, which was undesirable. Three distinct peaks of output
Iy were obtained when the torque shaft was rotated 360° from the null position.
o After carefully eliminating all lost motion, and reducing the total
Y indicated runout to less than 0.000! in., the effect of rotation on output
‘{?4 was still uncorrected. It was then found that the torque shaft was highly
el magnetized. After demagnetization, the effect mentioned above was reduced to
Ay less than 5 percent of full scale. After the first run of the pump without
': the impeller mounted, the torquemeter was assembled around the torque shaft.
While accomplishing the nulling process, it was found that the rotational
£ effect was still present although great care had been taken to demagnetize the
X torque shaft immediately prior to assembly. Consequently, the torque shaft was
gl again removed and found to be highly magnetized. After demagnetization, it
3§§ was again reassembled with the same result.
oxy
~ To determine if this effect could be neutralized by zeroing the instrument
g under no-load operation at speed conditions, the torquemeter was nulled at an
i :arbitrary position and then operated at various speeds, the only load being
e pung-'bearing and slight windage losses. While it was possible to set the zero
0 at any one speed, this setting would not be zero for any other speed. It was
e concluded that a magnetic field was present, created either by the base

supporting the pump and turbine becoming magnetized, or an induction field
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caused by stray current flow in the vicinity of the torque shaft. Since no
facilities were. available to demagnetize the base assembly, and time commit~-
ments. were prohibitive, the torquemeter concept of torque measurement was
then abandoned. ‘Measurement of the mass flow through the turbine and the
turbine. inlet and discharge temperatures, being functions of the turbine
output power, were used as a means of determining pump input power.
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NPSH Gauge Static Test Rig
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Figure 84.
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Figure 86. Internal View of Pump Inlet Duct and Instrumentation
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System Used During Pump Test

Figure 87.
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Magnetostrictive Type Torque Meter System Components

Figure 88.
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89.

Liquid Hydrogen Pump Drive Torque Shaft

220

50034

L e -

o p—

e

ety

Vet

o Pasans




.MS.'@

]

e S . s . e i S, o
: R S, e ¢ ! g e e Xl o . ¥ PR Tt
. g P T e 2 - g2 3 . A et ¥ o S 4
Rt 0ot ¥ " 4 .
i ool T Eciararay fatrs TR rorai T A SR TR
& NS SR . . !
~ ey L.l N - .
. N - .
+ M - L 3 0
T <N T )
R \ 28
ey . % ; 3 g
" R

LY

¥

:45~t

AFAPL-TR=64~134

SECTION 8:

TEST PROCEDURE AND RESULTS

PRELIMINARY TESTING

The.-actiivities in the tests that follow are reviewed in chronological
-otrder,

The. first pump assembly together wjith the -drive turbine was .run on
‘March 23, 1964, in Los Angeles. This. run was made to check unit critical
speeds, torque shaft runout, and shaft displacement. The impeller was not
assembled in ‘the unit for the run and standard bearings were used. An
eXternal oil source was used to lubricate these bearings. Performance was
satisfactory in. all respects. The next runs were conducted with the torque
meter pickups asSembled .around the toique shaft to observe the affects of
the torgque shaft runout, vibration, and speed on torquemeter performance.
Results of this test have been previously reviewed under pump power measure-
merit in Section 7. At this time, the shaft displacement measurement equip-
ment, overspeed trip actuator and speed measuring equipment were also
checked. ’ '

The next runs were conducted with impeller installed but with the
fmpeller seals omitted. This was done to avoid seal rub while running dry.
The unit was operated to a tripping speed of 42,000 rpm several times while
the shaft runout was observed. Since performance was satisfactory, the unjt
wds completely disassembled, cleaned and reassembled with seals and special

“ball bedrings for cryogenfc operation. This unit was then shipped to the
test site for performance evaluation. In addition a spare pump, less
rotating element,and two spare impellers were assembledto provide standby
spares.

The pump was :nstalled on the tiquid hydrogen test stand in Arizona
early in May. After alignment and connection to the tank duct was completed,
the first.check run was made t6 ¢old-check the alignment of ‘the turbine and
pump shafts. -On. May 18, 1964 6000 gallons of liquid nitrogen were put into
the ‘tank and: used'‘to cool the pump to -32¢°F., Alignment checks before cool-
down “and- ‘after stablTization, with the pump and dump line full of kLiquid
nitrogen showed a horizontal shift of 0,0065 inches. The ambient temperature
alignment was corrected to 0.0090 inches to compensate for the shift expected
. when the pump is handling liquid hydrogen.

"On May 25; the tank was filled with liquid hydrogen for the first time.
Cn May 27,'Tiquid liydrogen was first introduced into the pump and dump line
preparatory to the first run. A leak in the pump discharge line became
evident shortly after cooldown was initiated. Cooldown was discontinued to
find and rgpair the leak. The leak occurred in the orifice section of the
‘:pump di scharge I'ine upstream of the pump discharge throttle valve. After the
repair was completed, the orifice section was reinsulated with the polyuiethane
foam bQ!ng uséd for thermal jnsulatiicn of -pump and other cold eiements.
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.PUMP PERFORMANCE RUNS
Run |

On June 3, the cooldown process was again started and since no serious
leaks -or other malfunctions were observed, cooldown was completed without
mishap and the pump was operated with the discharge throttle valve in the
full-open. position for approximately 2 minutes. The following data was
observed’ on: the instruméntation console:

Total run time, min, sec 2:06

Hydrogen dischargé pressure, psig 108
(5ﬁ= ’ Hydrogen flow rate, gpm 1700
S Shaft speed, rpm' 21,000

The flow rate was based on a consensus of visual observations of the
tank weight system. No permanent oscillograph trace was obtained during
thi’s 'run, due to a data acquisition system malfunction,

e '

Run 2

On June 9, following instrument callbration, a second run was conducted.
The dlscharge throttle valve was adjusted to a partially closed position, and
the pump was operated at 25,000 rpm., Total run time was 7 minutes || seconds,
and tim¢ at steady state speed was | minute 24 seconds. During this run, the
tank préssure fluctuated from:0,35 to 0.60 psi. Data for this run is pre-
sented in Table 1,

Prior to the run, both NPSH differential pressure transducers, the vapor
_ bulb pressure -transducer, and the pump inlet total pressure transducer were
seriously overpressurized. Also, there was no pump inlet static .pressure
transducer, The overpressure possibly caused some inaccuracy in the recorded
differential pressure, and because of the lack of redundant readings to cor-
‘roborate the data, the values of NPSH and pump inlet total pressures are
questionable.

The values of pump. inlet teniperature appeared .to be inaccurate during
this test run. Subsequent to this run; all three platinum resistance temper-
ature sensors indicated open circuits, and the type of instrumentation
selected for this parameter apparentlyiwas not adequate to provide the neces-
sary information. No further attempt was made to record -the pump inlet
temperature, although a new platinum resistance sensor was installed after
Run 7.

‘Folilowing Run 2, the coupling between the pump and turbine was removed
and .manual rotation of the pump shaft indicated the pump bearings were rough.
The bearings ‘were replaced prior to Run 3.
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Run 3

This run, made on 17 June 1964, was to operate the pump at design
.conditions (40,000 rpm and 800 psi differential pressure).

The discharge throttlie valve was set |/4 open.

The unit speed was maintained at 20,000 rpm for a period of I-i/2
minutes and spéed was then increased. At 30,000 rpm, the shaft displacement
probés indicated violent shaft excursion and the pump was shut down. Several
restarts confirmed the indication of this extreme shaft motion.

Total run time was 7 minutes 58 seconds.

Data for this run is presented in Table 12,

After the run, the pump was uncoupled from the ;turbine and the pump
'sh#ft manually rotated. (This inspection procéiduré was repeated after each

svbsequent -run.) Pump bearings felt smooth, and therefore, were not removed,
This pump was used for further testing.

i The shaft displacement observed during test was believed to have been
I due to.seal rub on the impeller during wear-in. Unit disassembly and

" inspection after Run 6 corroborated this assumption.

i

i Run 4

ji
g This run, made on |9 June 1964, was to recheck system operation with
respect to turbine inlet air combustion, supply tank pressure regulation, and

shaft displacement instrumentation.

s

The discharge throttle valve was set to one turn less ‘than |/4 open.
(Twenty turns are required to produce full travel of the valve gate.)

Trouble was experienced during this run in maintaining proper burning
at- the combustor; therefore; almost the entire run was made without use of
this combustor. Data was obtained at speeds of 11,900, 12,900, 29,600 and
37,700 rpm. Total run time was 13 minutes 30 seconds.

e o

ﬁﬁile operating at 29,600 rpm, the hydrogen in the supply tank was
depleted, and the pump subsequently shut down on an overspeed trip at
42,000 rpm, providing a check on the operation of that system.
Data for this run is presented in Table 13.

Run 5

This run, conducted on 22 June 1964, was to achieve design speed and
discharge pressure.
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The discharge throttle valve was set in a one-fourth open position,
and in an attempt to maintain tank pressure at a more constant value than for
previous runs, the tank vent line was opened. (For all previous runs, the
tank pressure was controlled only by means of hydrogen entering the tank from
the auxiliary tank. )

Run time was 2 minutes 53 seconds, with a steady state time of || seconds
at a. speed of 31,400 rpm.

He29

Data for this run is presented in Table 4.

i

ey

. After the run was started, considerable difficulty was experienced in
igniting the turbine inlet air combustor. Shortly after a combustor fire was
achieved, the test was aborted because the combustor fuel pressurization
system back pressured the J-57 engine fuel system causing a flame out.

It should also be noted that the attempt to control the hydrogen tank
pressure was unsuccessful because back pressure fromithe pump beafing vent
line caused an-:éxcessively high tank pressure.

The steady state speed attained was the maximum which could be attained
with maximim:J=57 engine ‘bleed air .and no subsequent heating {line combustor).

s Run 6

This run was conducted on 24 June 1964 to check pump performance at a
steady speed condition and to vary pump discharge flow and pressure by
varying the position of the discharge throttle valve.

During this run, a steady state speed of approximately 33,000 rpm was
maintained, and pump performance at three discharge valve positions was
recorded, Two attempts to get data with the discharge valve in a more closed
positian were unsuccessful since a constant speed could not be maintained
and overspeed trip resulted in each instance. Total run time was 10 minutes
27 seconds., ‘

Data for this run is presented in Tables I5A and ISB.

Following Run 6, it was decided to obtain further data using @ second
pump unit.

Run 7

~ This run, conducted on 29 June 1964, was to achieve pump design conditions
using the alternate pump configuration to obtain comparative data.
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oA

The tank pressure was regulated at |5 to 20 psig. The discharge throttle
valve was set | turn less then |/4 open. Pump steady state speed was approx-
imately 34,000 rpm and was held for approximately 30 seconds. Total run time
was 2 minutes 38 seconds.

Data for this run is presented in Table 6.

=

The operating speed was the maximum which could be held without heating
the turbine inlet air. The combustor was operating, but as there was no
indication of combustion in the test control room, the ignition and fuel were
turned off.

The NPSH -and pump inlet transducers were not reading during this run,
however, vapor bulb pressufé-was visually observed during the run and was
steady at 6.25 psig.

The run was terminated because of a pump bearing failure, This is
reviewed in thé Analysis of Test Results section.

=3

Post=Run Activity

" Immediately after Run 7, all faulty instrumentation was either repaired
or replaced to insure complete data during intended future runs. Feedback
from the completed runs was incorporated at this time to increase data
accuracy and reliability,

' In addition, it was .decided to design and test a new seal configuration
for the pump inlet and thrust balance seals at this time. (The seal design
is diséussed in the section that follows.) Unfortunately, the intended pro-
gram was terminated due to lack of time and funds.

=2

ANALYSIS OF TEST RESULTS

Design Changes and Improvements

As noted in the testing section, subsequent to Run 2, the coupling
between the pump and turbine components of the unit was removed, and the
pump shaft slowly rotated by hand. One rough spot could be felt periodically
as the shaft was moved. The rotating group was removed and the bearings were
carefully examined, A wide ball track and some evidence of excessive thrust
were noted on the inboard bearing (bearing furthest from the pump impeller).
Several slivers of aluminum from the sial lip were discovered in the lubri-
cation passages; however, these were not considered harmful. The impeller
showed. a series of score marks on both the inlet seal and thrust seal register.
The total run time in this set of bearings was 9 minutes 17 seconds. The
inboard bearing and impeller are shown after test Figures 69 and 68 of
Section 6. The bearing adjacent to impeller looked in excellent condition.

<

'r_l""
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The .pump Was reassembled with- a new set of bearings, a new impeller,
and.new Seals. The seals were machined to provide an increase in seal
diametral clearance of 0.004 in. at the pump inlet and 0.002 in. at the ’
thrust seal register. In addition, a pressure tap.was added behind the
impeller to obtain an indication of thrust forces at this point. . Runs 3
through 6 and conducted with this configuration. A total time of 34 minutes,
28 'seconds was accumulated on this set of bearings.

Concurrent with the reassembly of the pump following Run 2, a second configura-
tion was assembled as a standby. This pump incorporated large through-flow .
vents to prevent a buildup of thrust pressure forces. (These vents had the
effect of bypassing the major -amount of bearing lubrication hydrogen.) *Seal
diménsions were increased as noted above. Another major change was the
replacement of the fFesilient bearing mounts with s0lid rings to reduce total \
shaft excursion. This .configuration was installed for Pun 7,

The bearing failure, twhich occurred during Run 7, was attributed i
primarily to the lack of lubrication to the bearings. However, seal labyrinth
rub on the impeller which may have caused an unbalanced condition was also a i
o possibility as the prime cause of failure. Because-of the rigid bearing i
mounts, unbalance forces are less easily sustained by these bearings.

For the configuration for Run 8 (which was never accomplished), it was {
determined that the best possibility of successful operation would be a ‘
return to the lubrication configuration of Runs | through 6 and the reinclusion
of the resilient bearing mounts. However, because of the cutting action of
the labyrinth .configuration, an effort was made to develop a seal that would
not cut into the aluminum impeller,

- m———

Xale
LA .
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v

An Armalon material was selected because () this was the basic material
used in the bearing separator and hence was suitable for cryogenic application,
(2) this material had been. tested as a'seal material at room temperatures
with good results and (3) aveilability.

&
P

- G

S e em

The selected material Armalon 414-141, is a TFE-impregnated fiberglass
fabric. (0.010~in. thick fiberglass sheet). The seals were designed and fab-
ricated despite the absence of positive data relating to shrinkage and strength
of this material at cryogenic temperatures. Inasmuch:as the seals were never
used, no information was obtained which would be helpful in future designs,
but this would be a possible consideration.

g~

s

The carbon-faced seal used as a shaft seal to prevent the escape of
hydrogen ‘into the area between the pump and turbine caused no problems.

Paat e d

For future tests, or designs, it is recommended that greater attention
be given to the method of providing liquid hydrogen lubrication to the bearings.
An auxiliary source of liquid hydrogen jetted directly at the bearing inner 4
race is suggested as a possible method.

e .
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e w o )
Instrumentation Probleris

Theé “‘Bergen Laboratories mégnetostrnctlve type torquemeter was not used
durihg the actual runs because of the cal‘bration problems described else-
where iin this report. With proper selection: of materials, 'a device of this
sort -nilght be developed to provide accurats torque measurement. In addition
to the magnetostrictlve torquemeter, an eléctronic device to measure angular
displacéement of a torque shaft was also designed, but fabrication of this
device could not be -completed within the time period allotted for this task.
The method used to measure turbine input power consisted of a turbine flow

‘measurement section and inlet and discharge thermocouples. This provided a

measure. of Input power, but does not take into consideration certain power
transfer losses, and as such, is inherently less -effective and accurate than
a direct measurement of pump input power. Furthermore, thermal heat lag
became a definite problem during short duration steady state as well as all
transient runs. The mass of the turbine wheel and housing was sufficiently
large ‘that data from the turbine discharge thermocouple lagged that from the
inlet thermocouple to such. an extent as to render the turbine output power
meaningless for steady state runs of 45 seconds or less duration,

Liquid hydrogen temperature at the pump inlet was to be measured by
means of threé separate Microdot platinum resistance sensors. These proved
to be too. fragile for the test. Results of Run 2 indicated wide differences
from two of the three probes and during the run, 811 failed. Due to -inaccessi-
bllity,no attempt was made to replace these sensors until after Run 7 was
complete, so no inlet temperature measurement was never obtained.

Some difficulty was encduntered in measuring and recording liquid hydrogen
pressures. In some Instances, it appeared that the column of liquid hydrogen in
the sense Iine, boiling violently, caused extreme fluctuations in pressure readouts
of pressures which should have been relatively steady. It is recommended that,in
future work, considerable additional attention be: devoted to the desvgn
énd placement of pressure sénsihg Tines. Also, rapid fluctuations in
pressures at.the discharge flow orifice apparently led to several failures
of the orifice differential pressure transducer, In an attempt to eliminate
this problem,. snubbing orifices were placed in the sense lines. However,
data from the oriflice was questionable as noted by the differences between

. the flows calculated from orifice data and from the strain gauge load,

cells.

The NPSH gauge designed for this test could not be used to accurately
determine the NPSH valué because of inaccuracies in the vapor pressure meas-
urement. Time lag in the vapor pressure bulb was one major source of error.
This could be prevented by using a smaller, thin-walled bulb. Although the
bulbs in this test 'vere only 0,010 in. thick, they were insulated with the
Microdot temperature sensors. Also, a more 5steady tank pressure than was
maintained would eliminate some of the necessity for extremely rapid time
response. Mechanically, the NPSH fill system, as originally designed, was
adequate. However, some problems were encountered with solenoid valve leak-
age. These valves could be set up for zero leakage for either pressure or
vacuum, but would not seal tight in both directions. Following Run 6, the
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solenoid- valves were replaced with manual shutoff valves. This could be
done 'since experience from the first six runs indicated no danger existed in
the drea of the NPSH fi11 system during the cooldown period.

Problems ‘Encountefed During Testing

I Tank Pressure Regulation - The method used to maintain a constant pres-
sure in the 13;000-gallon liquid ‘hydrogen supply tank was to admit cold
‘hydrogen gas from an auxillary tank of liquid hydrogen. This hydrogen entered
‘the tank In a gaseous state, and the amount was regulated by a differential
pressure regulator. Because of the distance of the auxiliary tank from the
primary supply tank, .and the heat leak through the uninsulated connecting
plumbing, the entering -gaseous hydrogen was much warmer than liquid hydrogen
temperature. It is believed 'that this warm hydrogen may have caused some
boiling of the Tiquid- hydrogen which led to-an .immediate increase in supply
tank pressure over the ‘regulatiion range., A more stable supply tank pressure
could have been achieved by utilizing the differential pressure regulator to
control a three-way valve with one outlet port connected to a separate vent
stack to permit venting of excess hydrogen gas.

Runs 5 ahd 7 were at essentially constant pressure. In order to improve
pressure regulation during Run 5, the supply tank vent line was opened. Back
pressure from the pump bearing vents was, therefore, allowed. to flow back
Into the tank and cause a relatively constant pressure. However, the supply
tank resultant .pressure level was iiuch -higher than desired.

For Run 7, it was desired to malntain a very high tank.pressure. The
supply tank was pressurized directly from the auxiliary tank without using
the -diffe entJaI regulator. The large volume of the auxiliary tank coupled
with the short duration -of :Run. 7, produced a stable pressure, but did not
permit the degree of regulation desired.

TurbiquCombUQtof

All runs, commencing with the second, included efforts to buirn fuel in
the turbine inlet duct In order to increase turbine power and to also provide
a more stable means of speed control. The operation of the line combustor
was not successful probably due to improper fuel-air mixtures and therefore
all runs were made with direct engine bleed air.

Prior ‘to Run 7,the combustor ignition and fuel systems were revamped
and a revised technique for light-off was established.

At the beginning of Run 7 the combustor was again tried and although

test stand instrumentation indicated no light-off subsequen; investigation
of the oscillograph trace indicated that a light-off had been achieved.
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Pump Pressure Rise Pérformance

The measured pressure rises were plotted against the delivered flow in
Figure 90. Each point is identified by its designation according to Tables
I1through *16.

_ The results were insufficient to give a complete head-capacity curve.
To'be ‘ablé to make a comparison between the measured and the predicted per-
formance, the points were plotted on the pressure-flow diagram printed by the
IBM computer when performing the design calculations. This plot is presented
as Figure 91, Many of the measured points form groups, designating only one
point. In this case, only one point was shown on the IBM diagram. As can be
seen, the data points fall closely on the predicted performance for all speed
values ‘-between 40 percent and 85 percent of the design speed. At a speed of
33.600 rpm, pressure rise was 560 psi (Run 7G). This result, at 85 percent
design speed, is closé to the design point, and permits a projected estimate
that indicates on the basis of the similarity laws of turbomachinery, the
design objective at full speed would be met.

Cavitation Performance

The pump was tested through a very wide range of cavitation. The number
of test points are hot large enough to give the exact numerical relationship
between the performance parameters and the state of cavitation. It can be
seen, however, that promising.cavitation performance has been demonstrated,

In test Runs 2 and‘é (Tables 'l and I5A), the pump operated at 24,000 to
25,000 rpm:while the NP was allowed to change. Negative values of NPSH have
been recorded while thevpump pressure rise remained practically unchanged.

Here,. suction specific speeds rangéd from 93,000 to infinity, and also to

negative values.

B For the putpose of .analyzing the cavitation performance, it is generally
desired to make use of the head coefficients

gH
¢_ —
énd-:the -cavitation parameter
_ 2gNPSH
==

The experimental results are presented.in Figure 92. They show. that the head
coefficient § still holds up where the pump operates with small or negative
values of T(negative NPSH). No pounding or oscjllation has been reported in
this range of operation.

Despite the scarcity in data points, the slope of the Y, T curves are
practically the same for each run showing just a straight reduction of the
pressure output without the usual cavitation breakdown.
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Pump Efficiendy

‘Due to thé lack of torque measurements, precise efflClency of the pump
is not available. However, the test data can be evaluated using the work
input coefficient (q. /uz? ) as obtained from performance prediction

Yol i o
S NGy

input lnput

éé: studies. In the present design, this coefficient has been established from
o experimental data on the slip factor and blade angles of a Parge number of
i pumps. Thus, it can be reasonably assumed that the values of 9, input used

to arrive at the predicted performance in Figures 38 and 39 are actually that
of the test pump.

For a given pump, the work input coefficient is controlled by the flow
. and speed parameters. The test pump coefficient can be obtained by:

(q, _ )

input’test pump = Ycalculated
with

. (w/w;

D)t st (w/wD)calculated

where subscript D denotes design conditions
and '

(N/N = (N/ND) calculated

D)test

The test pump efficiency can be calculated as:

‘ | H
Q _ [ _output
o n'test pump (uz /g)

qcalculated

or
M. AP
‘test pump - test pump
ncalculated APcalculated

(at the same flow and speed parameters)

Thus, the efficiency of the test pump can be tabulated for various reliable
data points based on predicted performance obtained from Flgures 38 and 39 in
conjunction with the ratio of pump pressure rises as shown in the table

on the following page.
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Speed, Speed Flow, Flow Pressure Pump
rpm Rétio(N/Nb) gmp Ratio(W/wD) Rise,psi- Efficiency

i
g
Beaile

g “Test Data (Run 7E) 33,600 0.84 1340 0.79 560 0.738
' Predicted Performance - 0.84 - 0.79 565 0.731
/ g§ Test Data (Run 3E) 28,400° 0,71 1500 0.883 364 0.740
o Predicted Performance - 0.71 - 0,883 385 0.710
: B Test Data (Run 3B) 19,600  0.49 890 0.524 200 0.750
i Predicted Performance - 0.49 - 0.524 190 0.712

Since the pressure rises of the test data and the predicted performance
in Figure 38 are remarkably close, the efficiencies are also similar. In the
range of high speed (N/ND = 0.84), a test point gives an efficiency of 0.731,

a value less than | percent lower than the predicted value of 0.738. Since
this test point is close to design speed (N/ND = 1,0), it can be reasonably

anticipated that, at design speed, the predicted pump efficiency of 0.75 can
be achieved. Hydrodynamic laws governing pump behavior, within a small range
of speed variation also ¢ontribute to the support of this conclusion.

Thus, the test data indicates reasonably good pump performance, with a
design point efficiency of 75 percent as predicted.

Determination of Hump Inlet Temperatures

Malfunction of the pump inlet thermocouples, first observed during Run 2,
rendered this instrumentation useless. Consequently, the pump inlet tempera-
ture was computed by trial and error means until an enthalpy balance was
achieved as follows:

oD o

&y . Pump efficiency was computed based on the ratio of actual differential
pressure to predicted differential pressure using the method reviewed
in the previous section.

ez
n

Pump inlet temperature was first assumed to be equal to saturation

temperature at the pump inlet pressure or tank pressure, whichever
was available.

35N,

3., Pump inlet and«discharge enthalpies were determined based on pressures
and temperatures at these points. The enthalpy differential (AH)
was calculated from these values.

4, Theoretical enthalpy change (AHTHI) was computed as the product of
AH and pump efficiency determined in Step I.

A

L)
.

~ ¥
oot
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5. A pump -discharge enthalpy was calculatéd based on an isentropic
pressure rise from the assumed inlet point to the actual pump dis-
charge. pressure.

6. The theoretical enthalpy change (AHTH2>'WaS calculated based on the
Step 5 isentropic condition and compared with the AHTHI value from
Step 4.

7. If the disparity between AHTHI and AHTH2 is greater than 5 percent,

a new pump inlet temperature is assumed and the AH determination is
repeated.
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SECTION 9

N

MATERIALS SECTION (TABLE LXXV).

No work was accomplished involving the development, improvement, and/or
application of materials and processes to end item and equipment des igns,
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