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FOREWORD

This report is the culmination of a High Pressure, High Temperature
Centrifugal Pump Program conducted by AiResearch Manufacturing Company, a
division of The Garrett Corporation, Los Angeles, California, under Research
and Technology Division Contract No. AF 33(657)-10151. The program was
designated Task No. 8128-07 under Project No. 8128, and covered the period
from |6 January 1963 through |5 December 1965.

The project was administered for the Research and Technology Division,
Wright-Patterson Air Force Base, Ohio, by the Air Force Aero Propulsion
Laboratory. At AiResearch, this project was under the administrative cone
trol of R. L. Schinnerer, Chief of Environmental Control. J, C. Riple,
Project Engineer was responsible for overall guidance and coordination under
the direct supervision of L. R. Woodworth, Senior Project Engineer. Major
AiResearch contributors were N. Van Le, Chief of Aerodynamics, L. T. Sladek,
Project Engineer, Turbomachinery Project, and J. W. Meermans, Supervisor of
Design, Turbomachinery Project. This report was submitted January 22, 1966.

Thke AiResearch Document Number for this Program Report is 660095,

Publication of this report does not constitute Air Force approval of the
report's findings or conclusions. It is published only for the exchange and
stimuiation of ideas.

Paul W. Montgomery, Major, USAF
Chief, Propulsion and Power Branch
Aerospace Power Division
Wright-Patterson Air Force Base, Ohio
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ABSTRACT

This report describes the analytical study, design, and experimental
investigation of a four-stage centrifugal pump capabie of 30 gpm flow at a
pressuge eof 4000 psi when pumping hydraulic fluid at an inlet temperature
of 600°F.

The hydrodynamic analysis includes the computer program format predicting
performance of elements of different pump configurations. Test results of
62 percent efficiency, including all mechanical losses,confirmed the vaiidity
of the analysis and pump design. A dynamic floating carbon bushing inter-
stage seal element was developed and is described.
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SECTION |

PROBLEM STATEMENT

OBJECTIVES

The primary objective of the research and development program was
to advance the state of the art of small, low capacity, high pressure
(low specific speed) centrifugal pump technology. Specific require-
ments were to:

a. Theoretically derive an impeller and diffuser configuration
applicable to a pump operating at 45,000 rpm delivering 30 gpm
of MLO 8200 hydraulic fluid or equivalent at 4CGO psi with a
minimum overall efficiency of 65 percent. The fluid inlet
conditions are a maximum of 100 psi and 600°F.

Investigate pump characteristics, configurations, and problem
areas.

¢. Fabricate a breadboard pump and conduct an experimental
investigation on the behavior of the pump under various
influences.
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SECTION 2

SUMMARY

ACCOMPLISHMENTS

This report presents the results of a theoretical and experimental
investigation into the use of a centrifugal pump in a low flow, high
pressure, high temperature hydraulic system.

Hyd rcdynamic Design

The hydrodynamic design studies led -to the selection of @ four-stage
centrifugal pump with 60-degree backward curved blades. The pump is designed
to deliver a flow rate of 30 gpm at a pressure of 4000 psi when pumping
MLO 8200 hydraulic fluid at a fluid inlet temperature of 600°F. The pump
operates at a speed of 45,000 rpm.

The analytical design solution was based on the calculation results of a
high speed computer program used to predict the performance of various pump
confiqurations and elements over a complete range of speeds. The calculation
procedures and computer program format are included in this report.

Mechanical Design and Experimental Performance

Centrifugal pump hydrodynamic elements were designed in accordance with
the results of the analytical studies. A single-stage test rig was fabri-
catud to confirm the hydrodynamic design. Results of the calibration of
the 60-degree backward curved impeller indicated an impeller efficiency of
approximnately 80 percert with an overall stage efficiency, including mechan-
ical losses, of 65 percent.

An interstage seal suitable for ctage pressures of 1000 psi and fluid
temperatures of 600%F to 700°F was successful ly develcped.

A four-staje pump was designed and fab, cated. The pump uperated for
a period of over twenty hours, of which six hours and 30 minutes were at a
temperature of 600°F fluid inlet temperature. The design provided for self
lubrication of all bearings. Performance tests of the four-stage pump
indicated an overall efficiency of approximately 62 percent which includes
all losses attributable to shaft seals, interstage seals, and pump bearings.

CONCLUSIONS AND RECCL' MENDATIONS

Experimental resuits of the pump have confirmed the validity of the
design and of the computer program predictions. The tests confirm the
capabilities of high-speea centrifugal pumps as hydraulic components
in airborne systems.




The experimental investigation indicates that the further development
is necessary to produce mechanical components capable of operating for
extended time periods in MLO 8200 fluid at fluid temperatures of 600°F
and higher. Further testing of the pump is recommended in order to establish
its mechanical integrity and to develop mechanical components with low
parasitic losses.




SECTION 3

HYDRODYNAMIC DESIGN

FEASIBILITY STUDY

At the initiation of the high temperature hydraulic pum) development
program, a feasibility study was conducted. Hydrodynamic calculations
were coupled with centrifugal pump design and test experience in an effort
to assure accurate comprehensive results. The procedure for t: s initial
study was as follows.

The centrifugal pump to be investigated was characterized by a low
specific speed, a small size, and a requirement fcr high performance.
In compliance with the specification, this pump was to be designed for
operation with MLO 8200 hydraulic fluid, deliveriny a flow of 30 gpm at
4000 psi. Maximum allowable inlet pressure was 00 psia and the temperature
could be as high as 600%F. Operating speed was also to be taken at 45,000
rpm.

This feasibility study was based on a recent AiResearch investigation
on a high performance smal! capacity pump. It was also conducted with the
AiResearch background of proven high performance, smal' capacity centri-
fuge! compressors. Llatest advancements in the state of the art of these
compressars has recently been translated for application to centrifugal
pumps, which are indeed old in theory and in application.

Efficiency Versus Number of Stages

In order to carry out this parametric study, pump performance data
were gathered, based on actual tests of a large number of pumps. This
data is presented in Figure | . The attainable efficiency of these pumps
is shown as a function of the specific speed for a Reynolds Number larger
than 107. To account for the operation of smallier pumps in a viscous oil
prasently considered, a correction was introduced using the data of Refer-
ence |7, By this method, the attainabl!e optimum performance of pumps
operating uider various Reynolds Numbers is presented in Figure 2 .

Since the pump ir.olved in this study was small, scaling effects
st be considered.

One approach to arriving at a required pump characteristic is to use
th~ similarity or scaling law of turbo-machines. Derivation of the per-
formance of pumps of a given size can be made starting from a proper pro-
totype.
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In scaling from @ model pump to a new requirement, the flow, speed,
and diameter are given by similar laws as follows:

(&),

H H
N2p? NZD2 d
m

e

i

Pumps of various sizes, designed with the same hydrodynamic features
and same performance paramcters will have the same performance, provided
the mechanical design features and manufacturing tolerances can be main-
tained within the same proportion. For instance, a seal clearance of
0.002 inches on a 10-inch wheel must be maintained at 0.00! inch to achieve

good performance with a 5-inch wheel.

If a 5-in. impeller has the same Reynolds number, say 10%, as a 10-
inch impeller manufactured with a surface finish of RMS 32 (root mean
square of 32 microinches), the small impeller must be made with a finish
of RMS 16 to duplicate the performance of the large pump.

Typical penalty in performance is presented in Figure 3. This curve
has been established as a result of comparing actual test data with theo-

retical performance for many different impellers.

The pump must perform at a wide range of density and viscosity con-
ditions because of the wide operational temperature spectrum. It will
operate with a low Reynolds number (200,000} at low temperature and still
should deliver a larger head with lower density’ fluid at 600°F operation.
Because of these considerations, the feasibility study was conducted with
the design point viscosity at 80°F but the density at 600°F.

On this basis, the performance of this pump was computed while oper-
ating at 45,000 rpm utilizing different numbers of stages. Results are
presented in Figure 4, indicating that the pump should have at least 3
stages to produce the desired performance. To have a safety margin, a
4-stage design is preferable.

Influence of the Operating Speed

Although the problem statement specifies a speed of 45,000 rpm, a
short investigation was performed to determine performance at different
operating speeds. The inlet and discharge diameters were also calculated.
Figure 5 shows the change of the inlet diameter at different operational
speeds. The inlet diameter is not a function of the number of stages,
but it does depend on the inlet vane angle which must be chosen to meet
the suction specific speed requirements to assure a cavitation free operaticn.
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In Figure 6, the impeller tip diameters are presented at different
number of stages as a function of the speed.

The calculated efficiencies are shown in Figure 7 for different
numbers of stages. It can be seen chat the best performance is near
the specified 45,000 rpm at a higher number of stages.

Effect of Blade Angle on Performance

The performance of the low specific speed machines is generally lower
than that of the higher specific speed ones. This is due to the increased
friction of the impeiler. At such low Reynolds number operation like the
contemplated desian, an additional problem arises, namely the decreasing
efficiency of the diffuser because of the increasing boundary layer and in-
creasing friction factor and separation effect. To he able to choose the
highest performance design for this application, a one-dimensional inves-
tigation was made by varying the discharge vane angle of the impelier. A
4-stage unit was chosen for this investigation with an operating speed of
45,000 rpm at an inlet temperature of 80°F, The inlet Jiameter was kept
constant; the tip diameter chang~»d with the slip factor. The slip factor
was calculated according to B. Eck’'s equation (Reference 5) which is a modi-
fied form of Stedola's formula., It is in good correlation with Buseman's
and Weinig's investigations. Furthermore, it a'lows the investigation of
the forward curved vaned impellers in general. Figures 8 through 10 show
the calculated h-ad coefficient change with the vane angle at different
number of vanes and at different flow factors as parameters.

These curves show in general that the head factor (and the head) in-
creases going to lower flows below 90° vanes but decreases at bigger anglies
(forward blades). This means that the shutcff head is higher using lower
vane angles, so tte operating characteristics become more stable. The
curves also show a definite increarse in the head factor using a greater
number of vanes. This one-dimensional calculation did not include an in-
ternai loss investigation inside the impeller, so at the time, it was not
known what the numerical effect of the increasing number of vanes would be
in percentage of the total efficiency. Howev:r, the higher number of vanes
give little improvement in efficiency even when the same impeller loss
factor was used in every case (see Figure Il). The most promisina design
was approximately 8 vanes for smaller than 90° vane angies and 16 (& blades
and 8 splitter vanes) for bigger angles. Recent small pump experience
shows that an 8-vaned 90° vane angle impeller had no measurable efficiency
decrease due to the increased number of vanes.

Figure 12 presents the calculated efficiencies of an 8-vaned impeller
versus vane angle and the flow factor as a parameter, Obviously, the
efficiency of th- pump does not change too much at relatively low flow
Tactors. The calculated best performance is with a C.05 flow factor, but
operation at such & low flow requires very small flow angles when entering
the diffuser, which results in a long flow path and fast boundary layer
growth in the diffuser (Figure 13). This effect was not included in the
present one-dimensional calculatiors, but it was later investigated during
the actuai three-dimensional computer design calculations. The difference
in efficiencies between 0.05 and 0.10 flow factors is only about 5 percent.
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Diffusing System

The success of the program depended upon achieving a high perform-
ance diffusing system. From this feasibility study, it was found that
the problem was to design a diffuser of small heigynt (0.C50-0.100 in.)
capable of handling a Jow Reynolds number of the order of 4,000-16,000
(based on the helght of the vaneless space). In addition, this diffuser
had to readily allow the transfer of the flow from one stage to the other.

From the resuits of various diffuser investigations, the following
conceptual designs appeared prumising:

i, Diffusing System

This system included a very short section of vaneless space (0.030-
0.040 in.) between the impeller tips and the guide vanes to avoid mixing
losses due to the wake of the blade. A set of 4 to 8 discrete diffusers
is shown in Figure 14. These diffusing passages are designed with the
proper rate of diffusion to handle the thick secondary layer as found at
the inlet. In addition, three-dimensional diffusion, i.e., diffusion in
the axial direction, must be considered to obtain a favorable cross sec-
tion, in order to accormodate secondary flow development. Every diffusing

channel is followed by a crossover tube designed to avoid secondary losses.

This crossover tube leads to the inlet of the next stage.

2. Transition via a Mushroom Diffuser and Plenum

As an alternate to the concept of the crossover ducts, the flow at
the exit of the diffusing channel, already at the initial stage of separ-
ation in a well-designed channel, is alloved to diffuse in a mushroom
type of diffuser, Figure 15, and then dumped into the plenum with very
small velocity. As a result, there exist no swirls in the plenum that
would be accelerated at the inlet to the rext stage, an effect that intro
duces considerable development in matching a muiti-stage pump.

3. Guide Vanes - Annulus Space and Returning Vanes

The diffusing system includes these elements {Figure 16) in a stan-
dard approach to a multi-stage pump design. It does not hold too much
promise for . low Reynolds number or small height application since the
opportunities for mismatching these elements are considerable.

4. Guide Vanes with Boundary Layer Tontrol

To handie the low Reynolds number and distorted flow of the diffuser,
boundary laver control can be appl:ed. Promising methods are:

a. Vortex Generator - The generation of vortices has been found
to be heipful in the diffusion process. Conceptually, a small vane couid
be inserted in the middle of the blade channel for this purpose Figure
7.
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b. The Cusped Diffuser - Preliminary investigation by Refer-

enze 23 shows that use of a cusped design is most helpful in handling
the diffusion of distorted flow. Physically, such a diffuser is also
shovn in Figure 17.

L3

Results of the Feasibility Study

As a conclusion of this one-dimensional investigation, it appeared
that a 60° vaned impeller (backward blading) with 8 blades, and a 120°
vaned impeller (forward blading) with 8 blades and 8 splitter vanes are
the two most promising solutions. The backward curved concept offered
a more stable head-capacity curve. The forward curved impeller has a
smaller disc, and probably better impeller performance. It has a lower
degree of reaction and, therefore, emphasizes the achievement of a high
performance diffuser.

Upon completion of the preliminary feasibility study, a generalized
computer program, relating to all centrifugal pumps, was established.
The conceptual theory and required input data for this program is re-
viewed below in the section that follows.
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COMPUTER PERFORMANCE CALCULATION FOR CENTRIFUGAL PUMPS

This section presents the basis for cal:ulating 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-desiorn operation.

DESIGN PO\ T PERFORMANCE

Calculat’yn of Design Geometry and Performance at Design Point

The “irst part of the calculation investigated the performance of
differen design combinations capable of meeting a given problem statement
as exprzined by the fiow and pressure rise required by the fluid. The geo-
metric . irensions, as well as the losses and efficiencies of these combina-
tions, at: presented to the designer, who can then choose the one most sult-
able for 1is purposes.

“he 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 ad;usted whensver the state of the art requires it.

Tne basic geometric design form of the pump is that of the Francls type,
con: sting of a centrifugal impeller having an integral mixed flow inducer
portion and a radially arranged diffuser followed by a col!lector torus or
scroll. This design arrangement, the most efficient combination, is shown
in Figure 18 .

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

I. Input Constants

The general design point performance program requires the following input
values}y which will be kept .invariant during the calculationg:

L]

Flow, Vo - ft3/sec

Pressure rise, APO - psi

Density, Yo o Ib/cu ft

Kinematic viscosity, v, - ft?/sec
Inducer design case (Case | to 4)
Diffuser design case (Case | to &)

Impeller loss factors (g., ar» 83, B, @9)
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The necessary inputs for the inducer and diffuser design cases are
different, depending on the case.

2. Input Variables

The performance of a pump impelier depends on (1) its geometr.ic conf iqu-
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

C.
Impeller slip factor, u = EJi
2,

C’M
Impeller flow factor, A\ = o
2

Speed, N - rpm

3. Basic Relations

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

Pumg Inducer

The size of the pump inducer is governed essentially by the availability
of the suction head. A high suction head permits the fiow 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 bhead) the danger of cavitation is immediate, the flow 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:

i. The NPSH Is given, and no cavitation a* all Is allowed.
2. Inlet vane angle is glven, and no cavitation is allowed.

3. Inlet vane angle is glven 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.

28
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Casc ! - NPSH Given and No Cavitation

The program calculates the Inlet dimensions on the basis of the assumption
that half of the NPSH can be used to produce the Inlet velocity head, the other
half of the head assuring a cavitation-frze Impact on the blades. Thls
assumption, together with continully requirements, ylelds the inlet diameter
as

576 V
D,? 2 + DHz {inches)

l n [ 32,175 NPSH

Intet flow angle is

., 120/ 32.175 NPSH

cot Bl i n N Dl

The veloclitles become

c, = /S 32.175 NPSH (fps)
Jf’ N2nD
W, = 32,175 NPSH 4 15355 (fps)

Case 2 - Inlet Vane Angle is Chosen - No Cavitation

The conventional pump irlet can be designed with this case, selecting
67.5° for blade angle; other values can be used just as well.

The Inlet diameter !s

T 44,355 V_
b, = ﬁ7q~EBT7ﬂ- (inches)

where K‘ represents the restriction due to the hub

; D 2
¢ - ()

I \ 5,

oty
.

The velocities are qiven as:

3 mND,
H )
U 5 (e

i c U, cot K.

i i i
.
i U,
N v} . —-!—-—.-—.

i sin B,
i
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The veloc!ty-head necessary to accelerate the fluid Into the Inlet Is
C ?

‘ (ft)

NPSHO 64 .35

The actual NPSH must be higher than thls value.

Case 3 - 60-Degree Vane Angle Inducer

Thls case Is the same as Case 2, except that the vane angle is fixed at
60 degrees, because this value gives the mininum inlet relative velocity for
Incompressible flow. It must he noted that the cav!tation performance of
such an Inlet Is not too good.

Case 4 ~ Cavitating Inducer

In & cavitating inducer, two-phase flow Is encountered at the iniet.
If the flow Is assumed to he homogeneous, the denslty of the mixture can be
approximated as

Y ' k
2 . h ' A Ah l
Y o

where Y, density of the saturated !iquid
y = denslity of the mixture
Aho depression head, Inlet, below the saturated state (TsH)
A and k are constant characteristics of the pumping fluld
For LH;, the constants are
A - 0.02814 k 0.4

This flow function, together with the dlameters of the hub and tip of the

-,,...,.,.,

inducer, !s used to calculate the velocity and angle of the {iow.
/D"n DH’n) 146 v l ( Clz ) K
c, k——-—k - 3 1,' + A\ ggs - NPSH
D‘Nn
Yi 725~ (fps)
U
I R
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The flow angle is
cot B' e

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

0.95 can be chosen if the Intet Is an undisturbed coaxial design.

Losses at the Inlet

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

Losses and Design Characteristics of the Impelier

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

AP
H o= 146 == (ft)
o Y
o
To deliver this energy, the pump Impelier must develor a head, ch,

through a change in ~mentum imparted to the flow stream. The hyd:-aullc
efficiency of the pump, as related to the impeller and pump h~~d, Is

“wvo T W

To start the calculation in the program, 2 first approximate value of

"y of 0.9 is assumed. Iteratlon is then carrled out uvsing the proper valuc

for Nyyp-

!. Diumeter

fFor conveniance in performance calculation, dimensionless paramecters
are introduced by ncrmallzing all values of head and losses with respect to

H
Hg—-. Thus, the impeller head is assocliated with the head rnefficient defined
by

H
u .
_ Y.
9 Kth/, g
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The Euler momentum equation, then, rejates q to other characteristic
parameters of the impeller

c
q - —:‘; = w (!l -\ tan By)

The diameter and tip speed of the wheel are derived from
the three preceeding equations.

20 [ 32175 Moo

n N q
/sz.hs H, .
Uz = '*"‘1;“121 (fps)

This gives the relative veioclity at the Impe!ler tip:

D: = (1nches)

W2 = U vl (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
Impeiler exit, upon the limit allowable for the blade loading, and upon other
considerations suych as the physical geometry and velocity triangles of the
blades (Figure 19}.

Following the investigation of Reference !! which takes into account these
various factors, the number of blade; can be determined as

. n y cos B .08
Iy = % E-TT":“;;T—(TL:-;Y Q + 3 )

where ¥, is an experimental factor which is normally close to i.

D
v = 5% , the impelier diameter ratio

ir - 5‘ , the ratio of velocity diffusion in the impeller
i

The average length of the streamiine in the flow passage is

S = — e nypes)
ol cos Fi + cos ¥,
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The averaqge diameter of the impeller passage is calculates as

i

Vs
+
l | 2 ZZJ J— F) ;’f + :
PRSI 5 W —— Y2
n cos B; Y B, b=t * o+ v, ‘ tan"B,

= D,

( .
dHYD. {inches)

1\2_
B,, the dimensionless tip width of the whee!, is given by

Y
0

’ 1, 2.030 72,
€2 Xu; \D) D: oS 8;
¢; is the restriction factor, generally assumed equal! to 0.92.

The average relative veiocity through the impeller is then needed

’[V‘ + sz
UAV 3 (fps)

The Reynolds number of the impeiler passage is calculated with the values

d W
Re. = HYD, AV

P12 v,

fr = R; %.;

The skin friction loss coefficient through the impeller passage is

AH w, !
3 AL AY
Bagp - __§__T - £, §L__“L A

The experirmental factor, €3, is ciose to i.

Another source of 1o3¢ in the impeller arises from the diffusion of the
flow in the blade passage. 1ihis is oxpressed by s blade lcading fac-or, 1,
sim:lar to the conrcept of the diffusion factor used in axia! ‘low cormpressois.
From Reference it. 4 is g!~e¢ as

X T
G icos Bi < cos 8,

4 =1 - & - vy

2:";‘ [;“:L ot “Jx,“' 2 \«';J

"
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The loss coefficicnt acsociated witt this diffusion is then

4
) Mo, (Y
S T, 0 3

q i q uf
g

By Is an experimental factor; for average calculations, 0.1 can be
assumed.

In the experimental investigation of the interaction between the [ eller
and diffuser, it has been found that some of the flow that has passed the
impeller does not enter the diffuser, but returns into the impeller, giving
rise to a considorable energy loss. This phcnomenon has nc - been fully
investigated (References il and 15). At present, a recirculatiocn loss param=
eter Is used to account for this source of energy dissipation.

bH
RC
bage - ~ - G4 b 3
q U2
g

The best vaiue of F; factor has not yet heen determined for ail caseas,
but the calcuiations of shrouded impeller pumps show that it Is close to zero.
In the case of an unshrouded impclier, we arvitrarily assume the value 0.05.
The foregoling are all of the Internal losses of the impeli=r.

The internal static erficiency of the impeller is calculated as

c-°
oy - 2q By

N, = 2 et
1mp €2”
"3yt Mg ARy

or
A: 4 2
N - Vo=~ By
imp ~ AT + qf
Diffuser

An Infinite variety of diffuser designs Is possible. This program
incorporates four different solutions, such as

i. Conlcal or parallel-sided straight-vaned diffuser

2. Muitiscroll clrcuiar cross-sectlion diffuser

Y Axiai. ol i
e - Z
VY T S




3. Collector scroll (or torus)
4, Vaneless diffuser

The program calculates the transition portion from the impellar into the
diffuser with an increased friction value. This increase of loss is due to
the mixing of the uneven discharge from the Impeiler. The boundary-layer
buildup is also estimated along this transition and the recovery of the
following diffuser portion is estimated as a function of the calculated dis-
placemeni thickness of the boundary laver (Reference 16).

Case | -~ Straight Wal! Diffuser {Fiqure 20, )

The straight-wall diffuser of the geometry shown in Figure 20is a design
concept that lends itself readiiy to hardware fabrication.

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
gencrally designed with a square throat section so that

_ Drwmoar _

) 1.5
O bryroat

The average velocity ratio in the scroli is
’m
’c_"'z. r_ "y E{h) JA? + gt
u B 2 q q

+2g° tan r
+CD tan ¥

where -::—; = 1,06 + 9.69353 CD B2 G

and F(h) is a function characteristic of the geometry given by
B, + 0.02
A ', ) \
F(RY = ——m——== + fa2 (2 + tan Y+ 5 log 0
2 | Bz(CDt°"r+ 2) + 0,02 tan;l
"Gy * -f>l°ge ) %8, + 0.0 tan ¥ ]
Another parameter characterizing the flow in the diffuser is the Reynolds
rumber

Re = 282 J A\ + gt Rey

b2
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With D for turbulent flow, the local friction factor is

¢ . 0.0462
¢ = 0.2
Rebz

This local friction factor can be used to a Reynolds number lower limit of
104,

For Reb lower than 10*, an adjustinent has to be made, since the computer
2

will extrapolate (11) for calculation purposes.

The actual vane number of the diffuser as given later is

c
] 2 Sy
Z; = T;82 (2 + Cptan v) <Cu

Practical reasons set the number of diffuser vanes between 6 and i6.
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 A2+ g 2f, M. [j Cu @ A2 j]
AQ = i + —— ——
5C 2q aHz (CM2> q?

where length of the flow path M, is

0.02 A7 + ¢ : ¢
&, = D, [: : 1 +JI.06-TZI-7+ 23—] (1nches)
2

and the hydraulic diameter

4 B2 () (2 +¢, tany)

T3 o Cn TR (inches)

de = D;

The loss in the following straight diffuser is then expressed as
) )\2 + gt <£!.>I H é{_‘i
AqD2 = '—Ea‘g‘ c"z %1 s + Cs f2 an;

The loss factors 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

DIFF

Case 2 - Multiscroll Diffuser with Circular Diffusers (Figure 22)

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

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

5 g cos ‘a.; Al ¢ gt
AQzs = ! . &: + >
a; + O3 1.0816 cos?als 2q
2 cos (~ 5 )
where
5 - 0.32 f;
B2
cos Uy = (1_+ cos az)® e6 - sinfa,
(1 + cos ag)? e® +sinta,
cot Qa2 L

The vaneless space Is assumed to have a diamcter
03 : I .04 Dz

The width ratio Is given as

83 =

ULET
™

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

.—m——v 9-‘"— \
‘PBJCOtaj KD; ‘)

ratio s calculated from thils equation.

. 2
4 By cot Gy D4 Ds .

The

< L‘O
IS

The numbar of scrolls is an important design parameter. The single-volute
collector design corresponds to 2, - I. A higher number for 2, is considered.
In the present program, Z, ls set Z, + 4 for a typical calculation.
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The loss coefficient in the scroll is then

Bag-q = nf, Al +44972\ /ozcos d{) <? + 04/Ds ‘) Bs? cos? a3
2 2q D;cos os Dy/D3 + 2By - I~ m

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

o+ gt D, cos a2\ B.2 cos? g ¢y (D4/05 + 1)
Aqh-b - < 2q > 03 cOS a5> <Du - j% [Co ' Re )]

bz°'2(0~/03 -

0

The boundary iayer buildup factors are
(o, = 0.2 and (, = 00314

The total diffuser loss in the muitiscore design is then

) = Bgp-3 + Bqs-¢ * Bqu-s
9%

Case 3 -~ Single Scrol!l and Diffuser

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

Case 4 - Vaneless Diffuser

bgz.5 = : <I , o8t ar 027y )% v g?
cos? a3Dy? 2q -

Q2 t Qs
2 )
cos \ 3

3f, (D3/D; - 1)

where 6 =
B2
) .
(I + cos a;)? e - sint
COS s = T Y P
(1 + cos az> e0 + sin® a3
X
cot az = =
q

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

2 2 2
- _s0s g2 D2\ AT+ q°
Bas- = 0.66 | cos ay D 2q

The total diffuser loss in the vaneless diffuser is then
AqD = Bagyyt Ba,.* Ba,
Hydraulig 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 'csses are deducted

The hydraulic efficiency of the pump is then ‘ ‘
-« ) | . -
Mo - Mo Aqy - 8y
HYD H

oD 8age * Aage

The hydraulic efficiency is now calcuiated from the above equation with
various loss parameters which are obtained by starting the computation with
an assumed value for “hyd The value from the above eguation 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 impelier area diffuser passajes,
external losses must be considered. These are due t. friction from the hub

disc which supports the impelier blades and the leakage through the seal clearance.

The disk friction loss is often given as

PSRk ?
Bagg 70 \q B,

N\ Re;

The experimental! factor €y - 0.2B85 is to be assumed for the case of a
shrouded wheel and E4 - C 366 for an unshrouded wheel.

[
Ao . Ra000 Vi«,/ 2¢ - \' - g
9 B, 2q

The factors are & ! 0 for a shrouded impeiler and &9 = 0.5 or O for
an unshrouded one.

The overall efficiency of the pu.p, from whizh the hydrodynamic power
input is obtained, is then

H it
n o -l hyd
Hin v AQFR ) AqL
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PART-LOAD PERFORMANCE OF THE PUMP

The program calculates che estimated friction, diffusion and incidence
los:=s of the design described by the design-point performance program for
variable flow and speed va'ues. Provision is also made for changing the
fluid density and viscosity; the geometric design is fixed.

Input Variagbles

In addition to the design point input, additional data are necessar
for the part-load program

Y - the viscosity of the fluid, which can be different from
the design viscosity

Yo : the density of the fluid, this can be also diffarent
L . part load f
M . = flow ratio in steps, defined as M - —9 . Low at
0 o design flow

constant speed

N/NO : speed 7atic in steps
N part load speed
NO " design speed

NPSH . net positive suction head; can be different from the design
value

A: d K - cavitation expansion constants

ai,az,as - incidence loss constants of the inducer

#C cavitation loss constant

V) diffuser incidence loss constart

Impeller Performance

i, Cavitation-Free Operation

The impe'ller inlet flow is equal to the nominal fiow plus the increase
due to leakage. Expressed by the flow factor, it is

M M+ Ag
0 L

The leakage less is taken from the original design puint catculation
as a first approx:mation
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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 now calcuiated

M tan B)
o o

]
u = -
g, s B T 0g
22 (- vyl m—
\ [
with
M2yt () - q)?
¢ -’\/O\O‘ l
[ Vv, ¢ HT i
2*O¢0
CO
s e—— oz N, ¢ .
where ¢o Upr 2 cot B»o

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

8ajc 7 W (E%j r

U, 2q

where §, is an experimenta'! constant.

According to the test values on axial
compressors, ¥i

is a parabolic function of the incidence angle:

¥ = a.*azbﬁi*a;ABi’

A8, = l g, - A, 1 (absolute value!
i ] [Xo]

cot Bi = M cot 9;0

The average relative velocity in the impeller passages is

U / 5 7 *
Way = = (- 00 (M cott 8 -yt
fi‘ [Re
The Reyrolds number calculated with this velocity inside the irpeller
passages is
d W
HYDi AV
Re., = ——ee——
D; N oy~
U, RS B U
720 N

v

duyyg 15 giver by the design point caiculation,
' (L 0.0462
! Reiuz

The new friclicr factior becormes
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With this factor,the friction Is to be calculated

b , Y TR Y
- 7
SF duyp; V2 9
gy, is to be taken from the design point calculation.

The diffusion factor through the Impeller Is

q (cos B, + cos B2)
A ""C|' V]

i |2
vy B0

2 2 2 2
where —_— J Vv ¢ cot .M
U, 2 V2 B'O

The diffusion loss is then

(w.z )
.. 2 i
And the recirculation loss becomes

-
Aage 8« 8§75
0O 0

The constants &2, &, and & 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 p (1 - Ao M tan B)
M |
@ _cos Ba Q 0.0?)
g 22, (I - v2) * G

\ ‘/sz02 4 (l - q)I

Cl \122 Ny S'zmz¢oz

Cio
00 U,

Dz Nn N
Uz 720 N



i e

The inducer entering velocity Cl results from the design point calculation.

Foilowing 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 - K
. N 2 Clg2
at M, — I+ A M - NPSH
Y o N o 2g
Q = 5 = c ,
v(at design) j )
I+ A - « NPSH
7g - N |
L.

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

and N . When the inlet velecity head (M 2 Cloz> is smaller than the °
3] ' o 2g :

NPSH,ono density changes take place. Then 5y = |.

The Inducer incidence loss is similar to the previous case:

)
U

By = Ve 2q

where {3 = a|+azAt\|+a3 AB,:

AB‘ = !‘83 - Blo' (absolute value)

Sy Wi
cot B' = 9
Va2

W 2
(Ui; = vel+ 52 M2 ?,oz

The loss constants can be assumed to be

ay = 0
2y = 0
as =00025
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There is, however, an additional loss with cavitating operation-«the
cavitation loss:

- 2 K .
2 Cou R 2 2yt 2
AqCAV = ‘bc [E + A (MO zg NPS’)] ] (VZ + Sl M ¢O )

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

The impeller skin friction is

b AN
q = R
SF dyo, U9
0.0462
where fi - Re 37
dyyp, Yav
Rey = b2 v
/(l TR IO IR
Wav U2 7

The diffusion factor is

q (cos B, * cos B2)
1)

P 12
Zg;[#(l-vz)+2vz]

A‘—"-C"l'

W, P
L 2 2 42 402
0 - J va© o+ 5" AT B

With these values, the diffusion loss is

W,? )
F [}
Bag, - &3 A (F;"E

and the recirculation loss will be

i
Bage ~ EBa b A

€1y €20 €y, and g, 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
foss on their tip:
-aq ) - M)
(q q()) (AU Hf” \0)

2q

bapyy ¥

¥s factor Is also a function of the Incidence angle. As the angle of
attack 1s normally very small with the low flow angles encountered in pump
design practlce, this value can be assumed constent 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.

H 2 ?
Moqo /r(xo Mo ‘97 9
. 4 r 4
q " +a,%) a

AqD - AqDo

where AqDo is the diffuser loss at design point.

Pressure Ratio

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

The total head output is

2
9V
Hrn 3755 (7t)

The hydraulic efficiency is
b= Bgpye = Bacay = Adpy - Bage - Bap;y - B9,
| AqS‘.

"W

The head of the pump becomes

Hy B (FO)
and the pressure rise is

YOHO
6P, ¢ Ter (psi)
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Qutside Losses and Overall Efficiency

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

Aq v 7o <|06 9.2
FR 1000 )\nﬁnqﬂz R(!z/
U: Dz
Res 12 V¥

The leakage changes als~
2 RN 2
A - E903006 Vi / 29 )‘0 Mo '
9@ B, 2q
€e and B¢ factors are similar to those of the design point.

The overall efficiency is calculated with these losses.
My
|+ Bagg + Bg
The power consumption of the wheel is then
. toMo Yo Yo (N
n 550 Nn

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.

n
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GECMETRY AND PARAMETER CALCULATIONS, COMPARISON WITH TEST RESULTS, AND
NOMENCLATURE

Calculation of the Inlet Scroll of a Vaned Diffuser with Conical Sideplate

Figure 23 shows the general arrangement of the inlet scroll of a vaned
diffuser with conicai sideplate. The numerical calculation of the-inlet scroll
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 23 also,

The decelerating momentum is expressed by the friction on the walls:

. 2 (o . 4
dM - frc€ (2n 2h0,* b) 3 cosq dx
The mass element of the fluid is
bO - b
dm = o(h - ho) 3 dx

The width of the channel is a function of the sideplate angle:
b = b, + (h « ho) tan Y

Combining these equations results in
f c?cosar (2h - 2h  + b)

-
dm (h = ho) (bo + b)
The momentum equation is given as
o d(cur) ] .u;cur)
dm = T dt T © T dx

Finaily, the first form of te differential equation is

d(c r) fer(2h-2h +b)
u N u 0
dx (h - hoy(b° + b)

The relation between x and h is given by the continuity. The volume
changes aiong a d¢ sngle when the flow is incompressihle: '

C
u
dav - CHoborodw: 3 [(h- ho)tan Y+ b+ bo] dh
The dx is exprecssed as a function of do
Cur
dx = rd@ = TSNS [(h-ho)tan y+ b*bo] dh
o Mo o
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Since dHM = frc? (dn - bo) 3 cosocdx and dm - p gz!-rdx, combining these with
Equations ( 14)and(15) results in

d(C r) b
u . f n _O
€2 o ('-3g)d(d
u Mo o o
The Integral is then
b
| Lo )
- A (d = 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 smal’ diameter in 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 replazed by a constant and an Increased
friction factor qlven by experimental comparison with existing diffuser
results.

C r fam (r - r)
uwo | 4 P, < I
C r b tan v o
u o

wo o [y, e
t r B tano ‘;-
0 o

v o]

‘o _ (o) (e i d_)
" - D \ 80 tan o D

0

(@]

The angular position of the cross section given ir degrees of angle is
o 90 %g)(d ?
NP = L
80 tan a wo’ Vo

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

o 1o, ()
s = o tan 00 tu

®'

0
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Estimating Straight Diffuser Recovery from Boundary tayer Thickness in the
Throat

Reference 7 describes some tests conducted with straight and curved
chanrels, measurin, 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 boundary
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 energv entering the
diffuser:

298
Re = SEY

A

The relative displacement thickness of the boundarv tayer at the inlet
throat of the diffuser is given as the ratio of the integra! average dis-
placement thickness and the width of the throat, 2g*

b

The measured test results were plotted in Figure 25 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 the straight diffusion channels can
be connected by a linear function. The general form of the loss vs relative
boundary layer thickness will take the following torm:

25*
c A t Ay —=
‘ I ? bl

For general calculations, it seems to be better to replace the diffuser
width by the hydraulic diameter of the diffuser throat

»
C :glo“d—ﬁ...

£ HYD

The a;, and a3 constants are functiuis of the form of the throat  The
circular cross section gives lowcr losses and higher rocovery than a fiat
rectangular one.

With the help of this approximate equation of the pressure loss factor,
it I's possible to zstimate the loss of the straight portion of the diffuser.
The displacement thickness can be caiculated from the average length of &
streamline and the Reyn_lds number, while the hydraul’. diameter is given by
the geometry of the diffuser.
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In the case of conical sidewailed vaned diffusers, the langth of the
streamline is AL,, the hydraulic diameter is de. The displacement thickness

with turbulent fiow is a function of Reynoids number and length of the strean-
line:

a,
& - p? Le,

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

5% - a, f, O,

Combining the two previcus equations glves

C,-a, +a,a,f, %lz
H2

The total loss of diffusion after the throat Is the product of the loss
factor given above ard the available velocity energy in the diffuser throat.
The velocity ratin hetween the impeiler tip and the diffuser throat can be
calculated as shown in preceding paragraphs. The velocity energy ratio
becomes

?
z 2
U U SR B
29 Ay 2q CHz q

and the relative loss in the straight diffuser is

2
RS- " ( a4
S B T (ch_) foc Ay e I
2
or, with combined loss factors
2
2 2 C Y .
S W NI S ¢, Aty
8% 1FF 2 2q (c‘ ;oo\Bs T Be ta d,,
Uy H

Comparisc. with Test Results

As wa, emphasized earlier, this program caiculates “he performance of an
assumcd . dea! pump configuration and does not compute efficisrey of exiszting
pump geomatries. This fact must be xept in mind when caiculations re corgered
with test resalis for ewistirg machinery




In ~-der to comparc the calculation results with statistical average and

predicted optimum performances, a number of data were gathered on high-Reynolds~
number pump performances and piotted in Figure |

- For comparative purposes,

three points were calculated by the present computer program using water as

fluid, assuming no cavitation and @ Reynolds number ciose to |07,
speeds of the calculated samples were 500 to 1000 and 20:00.

the calculations were also plotted in the diagram.
efficiency curve quite well, the program therefore might be used to predict
the performarce of advanced pump designs with confidence.

Y

NPSH

Nomenc lature

density {lb/cu ft)
Yo average liquid density
piessure 'psia)

APO pressure rise (psi)

head (ft/1b/1b)
H actual head (ft)

Heot tota! head developed by impelier (ft)

efficiency

Y actual efficiency
™MyD hydraulic efficiency

relative angle (degrees)

Bi inlet flow angle

By inlet vane angle
B. discharge flow angle

820

discharge vane angle

net positive suction head . ft)
diameter {inches)
Di inlet eye diameter
DH inlet hub diameter at D‘
D, impeller tip diameter
flow (cfs)

17 H
Vo liquid flow
speed (rpm)
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c absolute velocity (fps)

: Ci inlet velocity

Ca discharge velocity at impeller tip

C'M inlet meridional velocity

C;M discharge meridional velocity
' C;U discharge tangential velocity
28
;ﬂ j L refative velocity (fps)
g Ni inlet relative velocity at impeiter eye

W;o discharge relative velocity at impeller tip ~ theoretical
W, discharge relaiive velocity at impeller tip ~ actual
U rotaticral veluciiy . 0s)

'Ui inl~t oLaticnal v locity at impeller eye

U: discharys rotational velocity at impeller tip
K blockage faztor

K, inlet hib plockage factor

r “Jcr contraciion factor
iniet densit, function exponent
A inlet dersity function constant (1/ft)

b} t~ta! head factor (Czu/uz)
,]' ar
W stip factor ( czu/czuoo)
A flow factor (CgM/uz)
V2 impeller diameter ratio (Di/Dz)

G impeller diffusion ratio (w,/wi)

. CD diffuser throat width ratio
. Z number of vanes
Z, of impeller

1, of diffuser

[a————

Pt 1am




toss constants

£, heat wheel fricticn

£2 impeller friction

leakage

¥s diffusion
g, recirculation
Ze

e
L

O0L) mean streamline ‘ength (inches)

diffuser boundary layer

AL, diffusesr scrol) streamiine fengih (inches)
B, impeller width factor {b,/D,;

b, mpeiier tip width (inches)

d flow charnel diameter {inches)

dHYD hvdraulic diameter (:nches)

d,; diffuser scroll hydraulic diameter (inches)
Re Reynolds pumber
f friction factor

dq Ioss(dimensionless)

AqSF impeller skin friction loss Aq, leakaga loss

8q,, impelier diffusion loss LU disk friction loss

Ach impeller recirculation loss Aqn total diffuser loss

AqSC di‘fuse- scroll friction loss ﬁqinc inducer inlet incidence

loss
Aqoz straigi:t diivuser losy

; v, kinematic viscosity (ft¥/sec)
A diffusion factor-impeller
diffuser wall angle ‘deg)

o absolute (!cw angle (deg)

a, inlet flow angie {prerotation)

a; impe )l ler discharge flow angle

i e

Qs flinow angle and of vaneless space
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PERTINENT HYDRODYNAMIC DESIGN STUDIES

Selection of Design Points

A four-stage pump configuration has been chosen to deliver the 4000 psi
re-uired by the problem statement. Fluid incompressibility permits identical
contouring of each stage. Thus, comparative investigction and test can be
made for one stage only.

Two different designs reviewed in the feasibiiity study were chosen for
fabrication and test for this program. The basis of selcction was:

a. Performance at the design point

b. Performance at off-design conditions

c. Size and weight consideraticons

Two generalized calculations were established and put into the IBM
computer program. The first program calculated the impeller and diffuser
dimensions and velocities, pressures and losses associated therewith at the
design point. The second program calcuiated off-desian condition performance
based on the above dimensions. The partial load performance calculation was
repaated using different density and visccsity values representing a second
fluid temperature.

The specified design conditions are:

Fluid MLO 8200

Design Flow 30 gpm

Design pressure 935 psi per:.stage

NPSH (first stage) 100 psi

Temperature ramge 80 to 600°F

Density range 56.7 to 45.3 1b per cu ft

Kinematic viscosity range 3.49 x 10°% to 0.198 x 10=* ft? per sec
Design speed 45,000 rpm

Performance at Design Point

The fluid conditions at 600°F were conservatively selected as a basis for
de<ign point calculations. The lower density at this temperature requires a
higher head pump output tn attain the specified pressure.
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The inlet geometry of the pump was maintained constant for each of the
designs investigated, because cavitation-free operation can be achieved at the
minimum inlet velocity puint. The inlet dimensions are determined by the
design flow, the NPSH of the first stage, and the minimum hub diameter, as
dictated by structural considerations for the four-stage pump. The hub diameter
used was 0.660 inch.

In addition to the fixed inlet geometry, the variables fed into the IBM
program were:

Vane angle at impeller tip 60, 30, 0 and -30°
Slip Factor {C ,/C ) 0.6 to 0.9
u2’ “uoo

Impeller tip flow factor (CMZ/UZ) 0.05 to 0.25
Program output was as follows:

Impeller and diffuser dimensions and velocities

Impeller and diffuser vane numbers

Reynolds numbers and friction factors

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

Friction, diffusion and leakage losses
Hydraulic efficiency and pressure rise
Overall efficiency

The results were plotted and evaluated based on dimensions, performance
and design simplicity.

Figures 25 and 26 ;, included herein, show the resultant performance
curves of the 60° backward curved vaned pump impeller and the -30° forward
curved confiqguration, respectively. The best performance was obtained using
12 and 30 impeller blades for the respective vane angle configurations. There-
fore, these arrangements are shown in the figures.

The efficiency shown is computer calculated, and is necessarily based on
an arbi.rary diffuser design which is parallel walled and necessarily has
higher friction and boundary layer buildup than a diffuser with conical side
walls or increasing cross-sectional area. The reason for using the parallel-
walled diffuser in the comparative computer program was that it permitted
solution of the one-dimensional flow equations and loss functions in a closed
loop form, as necessary for the general computer program.
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0ff-Design Performance

To fully ascertain pump performance, an off-design performance analysis
was also conducted, using 600°F and 80°F fluid temperatures.

The design condition pump geometry was reused for the off-design
performance program, which determined pressures and losses at various fluid
flow rates and viscosities.

Results are presented in Figures 27 and 28 , which show pump head and
efficiency as functions of flow for the 60° backward curved and -30° forward
curved impeller versions. The room-temperature performance run resulted in
higher pressures but lower efficiencies than for hot operation due to increased
density (and a lower Reynolds number) at the increased viscosity. This
pressure increase can be reduced by decreasing pump speed to 41,000 rpm. This
is zasily accomplished if the pump were turbine driven. In the present case,
the dynamometer driving the test unit can readily handle this speed change.

On the other hand, the increased viscosity can produce higher system resist-
ance, in which case the higher pressure may be desirable.

Relative Merits of Backward and Forward Bladed Designs

Comparison of the backward and forward curved impeller curves revealed
that the form:r has a definite superiority in design point efficiency and
better pressure curve stability. The 3.5-percent calculated efficiency differ-
ence is due to the higher calculated losses in the diffuser. It is possible
to minimize this loss with optimum diffuser design, and boost efficiency to
the 64 to 65 percent level.

The main objection to the forward curved design is its unstable head-
capacity curve. The curve presented in Figure 28 is the result of the computer
calculations using average design parameters. It is certain that, with care-
ful design of the components, the efficiency can be increased and the head-
capacity curve can be stabilized. It should be added that the smaller and low
friction producing forward curved pump design has greater performance improve-
ment potential.

Detailed Design Consideration-

i. Inlet Channel

To reduce diffusion in the impeller, the inlet must be contoured .o that
the relative inlet velocity at the impeller tip is at a minimum. A low specific
speed pump impeller converts a very high percentage of the total energy into
pressure, so that efficiency improvement is extremely important. Figure 29
shows the average relative velocity change for a shockless inlet at various
inlet flow angles. The relative velocity becomes minsimal at an inlet vane
angle of approximately 68°.

The inlet channel is contoured in the form of an elliptic toroid as shown
in Figure 30 . This form is weii proven in various nozzle applications as one
which produces smooth velocity distribution both across the channel and along
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tie shroud wall. The low pressure gradient associated with the high velocity
at the impel'er inl2t face minimizes the possibility of flow separation and
cavitation. The slightiy elongated form of the channel was necessary to
accomiocate che inlet seal.

2. Impzller De:igp

& 60° Backward Curved Impeller (Conventional Design) - The comparative
IBM calculation, presented in Figure 25, shows an optimum design at the
fellowinsg conditions:

Flow factor ( a4 ) = 0.1
U
2
Slip factor (=22 ) = 0.739
U
2
Number of blades (2Z) = 12

2.3G8 inches

Impzller Jdiameter (Dz)

0.040 inch

1}

Impeller tip width {b)

These parameters provide the basis for the actual design. The inlet and
the hub diameters were established as reviewed in the previous sections.

The design was established in five steps.
? a. The shroud streamline was established between the eye diameter and

the tip using a natural hyperbolic function to assure a smooth
change in curvature and a big radius of curvature at the eye. This

curve cen be expressed by the equation:
z z
where r = the radius
Z = the axial coordinate
- a, b, ¢, n = constants
- b. The vane angle change along the shroud was established. This was

done using the conformal transformation method. The vapne is estab~
lished as a parabolic arc in the transformed coordinate system,
expressed as a function:

I3

tan B = T E+b

LQ.

=




ve

where B = vane angie
€ and T = transformed coordinates
m = arc length along the shroud line
] = angular position
r = radius
aand b = constants

¢. The desirable relative velocity distribution along the shroud was
assumed and the average flow areas and impeller widths were computed.
This astablishes the hub line. '

d. An electric analog field plot was made to obtain two-dimensional,
rotationltess potential lines along the impeller passages.

e. The three-dimensional velocity distribution i1n the rotating passages
was then calculated by the IBM computer.

Figure 31 shows the resultant velocity distribution along the shroud
line for the 60° backward curved impeller. The number of vanes was increased
from 12 to |6 because the three-dimensional calculation showed stagnation
along the pressure side of the vanes.

The 16 vanes result in very good pressure and velocity distribucion along
the passage, but cause more than permissible blockage at the inlet. To avoid
this, the number of vanes was reduced to 8 for the inlet portion and 16 (using
splitter vanes) near the outlet, or large diameter, portion as shown in
Figure 32.

The vane sections were radial elements from shroud to hub, thus assuring
easy machipability. The thickness cf the vanes is 0.020 in. at the inlet and
a ccnstant 0.030 in. thereafter. Slight tapering of the vanes toward the hub
is also utilized due to structural considerations.
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b. Minus 30° Forward Curved Impeller - Figure 2¢ presents the optimum
efficiency at the following conditions:

¢

U—"—z- = 0.116
2
C
'—Jﬂ?z = 0.986
2
Number of blades (Z) = 30
Impeller diameter (DZ) = 1.986 inches
Impeller tip width (bz) = 0.039 inch

The inlet tip and hub diameters are established as described previously.
The five design steps reviewed above were also utiiized in this design.

A deviation from the established design point was necessary. The number
of vanes was reduced from 30 to 24 because of inlet blockage considerations.
The maximurm number of vanes of 0.02C inch thickness is 12 at the inlet edge
without creating a blockage prob'em. The resultant reduction in output pres-
sure is calculated to be less than 0.5 percent. Incorporation cf intermediate
(or splitter) vanes in the large diameter portion results in the compromise
value of 24 vanes.

Figure 32 presents the velocity distribution along the shroud for this
case. The loading is higher than for the backward curved impeller case, but
it is still acceptable and stagnation has heen avoided.

The vane sections, as before, are radial elements from shroud to hub.
The thickness of the blades is 0.020 in. at the inlet and is variable along
the passage similar to impulse blades, thus attaining even channel cross-
sectional area at increased curvature section. The blades are tapered toward
the hub.

3. Diffuser Design

Designs of the two diffusers were completed which matched the impellers
with the 60° backward curved and 30° forward curved vanes. A vaned diffuser
was selected because of better efficiency and smaller overall diameter when
compared to corresponding vaneless designs.
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Peak diffuser performance is vital especially in connection with the
forward curved impeller, because a higher kinetic energy must be converted
into pressure in this lower reaction case. To assure a maximum performance,
the following factors must be incorporated:

a. Minimum friction (short length and rapid deceleration).

b.  Minimum boundary layer thickness (short ‘ength with sliow deceleration).
c. Retarded separation {siow deceleration).

d.  Maximum diffusion (rapid deceleration and iong length).

These factors are somewhat contradiciory. Therefore, determiraticn of an
optimum combination is necessary.

The design chosen is composed of three portions (refer to Figure 26 ):
a. Minimum vaneless annulus around the impeller.

b. Scroll design up to the throat area.

c. A straight diffusing chani.el.

The optimum recovery of a straight diffusing channel was investigated in
Reference 7. Figure 24 shows the influence of the boundary layer thickness
in the throat on the pressure rezovery of the diffuser channel. This published
curve was chosen to calculate the overall efficiency of the diffuser.

The dirfuser inlet portion incorporating the vaneless annulus and scroll
contours was calculated together. The basis of the calculation is to provide
& natural deceleration of the flow induced by the radius increase and the
friction on the walls. This theory is assumed to produce an effective deceler-
ation rate and low friction without the danger of separation due to a pressure
jradient that is too large.

The basic momentum equation that follows is in accordance with the above
tiieory (designations are shown in Figure 23 ):

e d(Cur) .. f Cur(Zh - 2h  +b)
dm ~ dx - (h - ho) (bo + b)

x4 (h- fb+b |
ah =75 o, T hy) tany +btb
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where M = momentum

m = mass

Cu = peripheral velocity
{ r = radius
[ x = distance in velocity direction
E ‘ C = velocity
| f = friction factor
h = free channel height
| ; b = channel width
; CM = radial velocity
% Yy = angle of diffuser side wall

The two differential equations above were integrated and the resulting
equations were programmed on the IBM computer. The computer output determ:néd
the geometry up to the throat, the velocity and pressure distributions and the
losses up to the individual points.

Using these results, the boundary layer buiidup was calculated up to the
throat and, with this value, the optimum performance (recovery) of the straight
diffuser portion was estimated in accordance with Reference 7 and Figure 24.
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SECTION 4

MECHANICAL DESIGN

GENERAL

As was the case in the hydrodynemic design of the pump, mechanical
design was strongly affected by the high fluid inlet temperature, and
subsequent selection of the operating fluid. The final mechanical arr-ange-
ment of the four-stage pump is shown in Figure 34. This design was
based originally on use of 400°F fluid temperature, and was later modif!ed
to accommodate the 600°F inlet temperature.

Design problems viere anticipated in the area of seals and bearings.
A seal test rig was built, and a simple controlled gap floating carbon
bushing was deveioped to provide interstage sealing. Metallic "0" rings
were used for static seals, and bellows type carbon face seals were used
for shaft szals.

Silverplated steel sleeve bearings were used to support the shaft,
and after some problems with a hydrodyr.amic pocket bearing, a tilting pad
besring design was incorporated for the thrust bearing.

The unit was designed to be shaft driven by either a dynamometer
(gear box input) or an air turbine motor (direct driven).

FLUID SELECTION

The specific requirements of the Problem Statement, Section 1,
No. I, outlines as a design goal that the pump shall handle MLD 8200
fluid or equivalent from room temperature tc 600°F.

Since published data on MLO 8200 fluid (manufactured by Qronite
Chemical Company'! does not cover the temperature range above S00°F, ard
for some characteristics above 400%, the Oronite Chemical Company was
contacted, first to obtain any additional dats on MLO 8200 fluid which
might be available, and secondly, to obtain data on equivalent fluids.

The manufacturer could not recommend the use of MLO 8200 for
temperatures above 520°F and suggested the use of Oronite 70 to meet
this problem. Data comparing the properties of Oronite 70 with MLO 820C
is appeded at the end of this report.

One of the major disadvantages of the MLO 200 fluid is the decay
in viscosity, at elevated temperatures, *he lower limit being the viscosity
of the base stock. To show the range of viscosities expecied, an extra-
poiated curve of viscosity as a function of temperature for boti the base
stock and MLO 82CD fluid is shown in Figure 35,
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In spite of the reported disadvantages of using MLO 8200, the
unit was designed for operation in this fluid. One major consideration
was the opportunity to show the mechanical effects of pump operation
in a fluid with obvious poor lubricity and lubrication characteristics.

BEARING SELECTIUN

Ball! Bearings

For this application, major considerations favoring the use of
ball bearings were their ability to take axial thrust loads and to
maintain roter alignment. Tests conducted at AiResearch indicated ball
bearings of the required size could be operated successfully at 45,000 rpm
while submerged in oil. These tests also showed, however, that the
resultant bearing losses might be excessively high for this application.

Testing accomplished by both New Departure and Fafnir Bearing
Company indicate a very poor life for 204 size bearings operating under
moderate loads and at speeds of approximately cne million DN (diameter

x rpm).

The following is a summary of test results available from New
Departure:

1. One group of M-50 uearing running at 350°F under a load
factor of 0.9 and fluoded with Oronite 8200 ran 15 hours.
On examination, they were found to be in excelient condi-

tion.

2. In another group running at 450°F under similar conditions,
all failed after 33 hours operation.

3. A viscosity study showed that, between 350°F and 450°F
and over a time span of 150 hours, Oronite 8200 under-
goes a severe viscosity reduction. This was found to be
as high as 40 percent. Due to this reduction, the lubricant
is capable of supporting only extremely light loads. Mod-
erate loads (producing load factors of 1.0 and 3.0) result
in metal to metal contact and eventual seizure. Heavy loads
(producing load factors up to 0.9) result in bearing life in
the range of | percent of calculated B-10 1ife.

Based on the above factors and the fact that there is further
viscosity reduction in the 600°F vicinity, it was recommended that, to
obtain any degree of bearing life, the loads must be extremely light
(load factors above 5.0). For the 204 size, the size contemplated for
this application, operating at 50,000 rpm and at 600°F to 650°F under
moderate loads, it would be impractical, if not impossible, to project
any life forecast. New Departure engineers predicted it to be in the area
of 10 hours or less.
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Because of this evajuation and other similar information, it has
been decided to use journal bearing configurations exclusively.

Sleeve Bearings

Suitabie materials for sleeve bearings such as graphite,
leehanite AQ and silver or silver piated steel are available. Silver
plated steel journals were chosen. These bearings are compatible with
the fluid, have sufficient imbeddibility to accommodate some fluid
contaminacion, and are relatively simple to fabricate.

Because inlet pressure of 100 psi was available as a design cri-
terion, use of a simple hydrostatic bearing was seiected. The inboard
journal was lubricated by moderately high pressure fluid bled from the
first stage discharge, and the outboard journal was lubricated by fourth
stage discharge fluid leakage.

Thrust Bear ings

Because sleeve bearings were selected for the final design, a
thrust bearing was required to .ocate the rotcr axially ard absorb
any unbalanced hydraulic thrust load. Five thrust bearing designs
were investigated using a preliminary figure for unbalanced thrust
load. Of these, three appeared to be satisfactory. The first design
is a tilting pad thrust bearing manufactured by Industrial Tectonics,
Inc. This is a self-leveling unit and is urigue in that the rotating
thrust collar is graphite and the pads are steel (the reverse of the
usual construction). Since graphite is compatible with MLO 8200 fluid
and is suitavie for use at the temperatures involved, it was satisfactory
for the application.

The second design considered acceptable is the stepped pad con-
figuration which has the same normal load carrying capacity as a tilting
pad bearing and approximately the s e losses. It is not seif-aligniny
and probably does not have quite as much reserve load carrying ability
for a given design lcad as the tilting pad bearing. Howevear, it is
simpler mecharically and relatively easy to manufacture.

The third design considered applicable is the hydrodynam’c pocke*
thrust bearing. This unit is more difficult tc manufacture than the
stepped pad bearing because of close tolerances even though it is simple
mechanically. Its losses, on the same design basis, are approximaiely
0 percent of the losses of either the tilting pad bearing or the
stepped pad bearing.

The initial four stage pump incorporated the hydrodynamic pocket
bearing design. This design was chosen on the basis of the extremely
low bearing losses. However, initial runs using MIL L-6081 fiuid
indicated that extensive development would be required in order to fully
atilize the advantages of the pocket bearing. Therefore, the design was
modified to use the tilting pad design.
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The Industrial Techtornics standard bearing was modified to use a
thrust runner made from hardened (7«4 PH steel. The thrust surfaces
viere nitrided to provide an extremely hard wearing surface. The
standard steel shoes (tilting pads) were silver plated in the same
manner as the journal bearings.

The tilting pad thrust bearing deveiops its own hydrcdynamic
pressure, and requires lubrication only for cooling.

LUBRICATIGN

In order to provide a self-contained. unit, bleeds were provided
at each of the intermediate stages to provide bearing lubrication to
both sides of the thrust bearing and to the inboard journal bearing.
Throughovt the testing, oniy first stage bleed was used. The bleed
pressure -'as limited to approximately 200 psi maximum and bearing flows
were kept at appinximai~lv 0.5 gallon per minute per bearing.

The outboard journal bearing was lubricated by leakage past the
fourth stage seal. During preliminary room temperature runs, this
leakage flow was measured, and results were in good agreement with
values expected from sez! leakage curves.

SEAL SELECTION
The following static seals were considered for this application:
elastomer "0" rings, metallic "0" rings, crush gaskets, and proprietary

metallic face seais.

Elastomer "0" Rings

A careful study of the various elastomer materials presently avail-
able has revealed that there are none now available which are both
compatible with MLO 8200 fluid and, at the same time, suitable for
operation at 600°F for periods in excess of a few hours. Consequently,
this approach was abandoned.

Metallic "0" Rings

A review of literature and manufacturer catalogs indicated a vented
silver-plated stainless stee! "0" ring czuld be successfully utilized in
this application. These seals depend on flange ioading to deform the seal,
however, in this development unit, heavy flange sections presented no
problems.

Crush Gaskets

'
3

Asbestos-filled gaskets, such as "Flexitallic", manufactured by
Flexitallic Gasket Company and "Guardian", manufactured by Garlock, Inc.,
are spirally wound gaskets which have been used successfully for years for
high pressures at temperatures considerably higher than required by this
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application. They do not require surfaces finished as highly as other
seals, and are relatively inexpensive. However, they require high
compression loading to be effective. There is no published data on
loading requirements, nor any basis fcr design studies, since these
gaskets are supplied for standard flanges. However, discussions with
one supplier indicate the compressive loading should be takep as
approximately 4.7 times the pressure to be sealed. Even with a very
narrow gasket, this required a much higher loading than the published
figures for vented metallic "0" rings for the same application. In
view of this, investigation of this type of seal was abandoned.

Proprietary Metallic Face Seals

A number of proprietary metallic face seals were investigated for
this application. From testing done for other applications, there was
no question that several of these were satisfactory for use in the pump.
They all require exceadingly well finished contagt surfaces to be
effective. These surfaces can be easily damaged during assembly and
disassembly. Since this was a development unit, frequent assembiy and
disassembly was anticipated during the course of testing. Consequently,
it was felt that these seals should not be used untess unexpected
problems developed with metallic "0" rings.

Dynamic Shaft Seals

Since the four-stage pump configuration would have the firste

stage inlet at thz =2nd where the shaft emerges, the highest pressure to
be sealed against atmosphere on the rotating shaft was a 100 psig
maximum iniet pressure. A face contact sea! with a metallic bellows
secondary seal was used. The pressures, temperatiires, and rubbing speeds

involved were well within the present state of the art. One question
raised was the exact state of the seepage residue of 600°F, MLO 8200
fluid after exposure to the atmosphere. However, the prob!em was not
considered to be severe enough to prevent the use of these seals,

Impeller and Interstage Shaft Seal

The high pressure rise per stage of this pump, the high rotative
speed and the small space aveziiable all combine to render the impelier
and inter-stage shaft seals a very difficult problem. Several approaches
were considered. Among them were face contact seals; labyrinth seals,
and controllad-gap floating busking seals.

i. Face Conta<t Seals

This type of seal has desirable characteristics in that leakage and
friction losses should be minimal; however, the problems of application
to this pump are quite formidable. The lack of a suitable elastomer for
600°F service for use as a secondary seal limited the selection to
metallic bellows type secondardy seals. Several manufacturers of face
contact seals were contacted and two, Koppers Co. and Sealol, offered
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a double bellows supported face contact seal. The space required for
this arrangement was far in excess of that available. This factor, plus
the problem of assembly and maintenance of the required normality and
flatness of the mating rotating surface, caused abandonment of this
approach.

2. Labyrinth Sesls

Preliminary calculations indicate that a radial clearance sub-
stantially less than 0.001 inch must be maintained to reduce ieakage
losses of a labyrinth seal to an acceptable value. These close
clearances might be maintained in service using a ball bearing
supported rotor. However, since sleeve bearings were selected for the
final design, labyrinth seals could not hold close radial clearances
required,

3. Cecntrolled-Gap Floating Bushing Seals

This type of sea! limits the flcw between the rotating and stationary
elements by maintaining a very close radial clearance betwaen the
rotating element and a non-rotating floating bushing. The secondary
seal is obtained by the pressure unbalance holding the bushing axially
against a radial lapped surface on the housing.

Three different designs were considered. All three can be accom-
modated within the available space, and should have approximately
equivalent leakage and friction losses. They differ only in materials
and method of maintaining the desirad clearance over the operating
temperature range.

The first, proposed by Lhicago Rawhide Manufacturing Co., consists
of a graphite bushing shrunk in a kushing of the same material! as the
rotating element. The graphite is comvatible with MLO 8200 fluid and
is also a good bearing material at the highest anticipated temperature.
The outer bushing serves to controil the thermal expansion rate of the
inner carbon bushing which is always under compression. Since the
outer ring is of the same material as the rotating element, the thermal
expansion rates would be the same and the clearance between rotating
element and stationary floating bushing would remain constant over the
range of temperatures expected.

The second arrangement, proposed by Koppers Company, consists of
a stationary floating bushing of 440 C steel hardened to a 60-57 Rockwell
"C" scale hardness mated against a hard chromeplated surface on a
17=-4PH steel rotating element. This arrangement would show a slight decrease
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in radial clearance with increasing temperature, a desirable feature when
properly controlled.

The third arrangement consisted of a stationary floating bushing of
Meehanite AQ which, in the temperature range under consideration, would
have the same temperature coefficient of expansion as 17=4PH steel, the
material used for the rotating element.

A seal test rig suitable for evaluating controlled-gap float. ng bushing
seals was designed and fabricated. A sketch of this test rig is included in
Figure 36, Figures 37 and 38 are photographs of the complete test setup
including the air turbine drive motor. Figure 39 depicts the Meehanite AQ
version of an impeller and interstage shaft seal. Alternate varsions of

this seal include: (1) A 17-4PH stainless steel floating bushing with a
i silver plated bore, (2) A carbon bushing shrunk in a 17-4PH ring (Chicago
Rawhide Mfg. Co.), (3) A 440C stainless steel ring mated with a 17=-4PH chrome
plated shaft (Koppers Co., Inc.), and (4) A carbon bushing shrunk in an
AM-355 st;inless steel ring mated with a {7-4PH chrome plated shaft (Koppers
Co., Inc.).

The seal test rig was arranged to measure rotational speed, the leakage
~ rate past the seals and power input. The air turbine drive motor was
I selected for this application because of its availability and flexibility

‘ of speed and power control. The test setup had been arranged such that
tests were conducted using a variety of fluids including low viscosity oil
which is equivalent in viscosity at moderate temperatures to MLO 820C Fluid
at high temperatures.

‘ Results of this test program are presented in Section 5. As a direct

result of these tests, interstage seal, similar to item (2) above was
successfully developed and incorporated into the design of the pump. One
change in the seal design made as a result of tie experience gained on the
single-stage test rig was the addition of a wave spring to provide a posi-
tive axial seating force at the seal. This design change eliminated the
tendency of the seal to not seat as the pump was started.

BEARING CRITICAL SPEED CONSIDERAIIONS

A dynamic analysis of the bearing system was made to investigate possible
bearing critical speed problems. This analysis indicated the existence of
the possibility that operation at 45,000 rpm might be close to a calculated
critical speed. The anaiysis was dependent on assumptions made regarding
relative shaft diameters and the spring stiffness of the bearings at dif-
ferent speeds and under varying load conditions. Results of this analysis
are presented in Figure 40, which shows bearing spring rate v=rsus shaft
speed at a 600°F fluid temperature. This figure also depicts critical speed
modes at thcse spring rates.

-

It was felt that even if a critica) speed coincides with operating sp-~ed,
the hydrasulic damping afforded by having the complete rotating a~sembly sub-
merged in the hydraulic fluid would prevent excessive shaft excursion
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Seal Test Setup

Figure 37.
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Interstage Seal with Meehanite AQ Bushing
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Actua! testing of the four stage pump indicated that this demping did
occur as no shaft criticals or excursions were noted at any ooersting speed-
up to 47,000 rpm.

ASSEMBLY PROCEDU ¢

All foaur pump impellers were stacked on che drive shaft and locked axielly
a-ainst a shoulder by means or a locking nut. Positioning of the impellers
with respect to iheir mating diffusers and maintenance of proper shoulder
clearance vas accomplished by a combination of shimming of the diffusers,
and giIndiny the impeller hubs. As subsequent sss: wlies snd disassemblies
were made, it became increasingly difficul: to maintain alignment. This
fact becams apparent during actual testing because of the low output flows
attributed to this problem.

Figures &' and 42 show the detail part: of the pu-n. Figure &3
shows a parts a.ray of a disassembled pump anu Figure 44 shows the com-
plete assemblied unit.

TURBINE DRIVE

In order to achieve the smoothest possible driving mechanism for the
initial break-in, (. was decided to adao! an ex sting air turbine drive
to the pump. The compressor section ot =707 cabin &ir compresscr was
discarded and a special ad»spter was mad: o match the turbine housing and
pump inlet flange bolt circles. The solii 2 was the ssme as that used on
the pump so that no additional rework was needed.

Speed cortrol was accorpiished by va ying turbine inlet air pressure,
and by varying turbine nozzle area. - s.andard pneumatic nozzle positioner
was used for this latter purpc.e in (_njunction with pressure regulated air
supply.

Using & turbine to p dvide a direct driving means for the pump elirinates
the need for a gear box and eliminates the thock of step speed charges.
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} Figure 42. Tilting Pad Thrust Bearing
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Figure 43. Parts Array, rour-Stage Pump Assembly
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Figure 44. Assembled Four-Stage Pump
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SECTION 5

EXPERIMENTAL TESTING

GENERAL

This section is divided into three parts. The first is devoted to
individual component testing of seals and a single stage pump, the second
to the rinal pump design and the instrumeniation provided &nd the third
part to the discussion of pump testing and results obtained.

COMPONENT TESTING

Prior to the finalization of the design of the four stage pump,
extensive development testing was accomplished, primarily of the inter=
stage seal, and the hydrodynamic performance of the calculated impeller
and diffuser design.

These coponent tests resulted in the development c¢f an interstage
seal suitable for this application and sufficient data was obtained to
permit engineering application of this seal in other designs.

Design of the hydrodynamic components, as predicted by the computer
program was confirmed by means of testing accompli “ed on a single stage
rig. In addition to design confirmation, these tests permitted further
use of the computer program with an increased confidence factor.

Interstage Seal Tests

Testing of various seal configurations resulted in the selection and
development of a controlled gap floating carbon bushing seal manufactured
by Chic=200 Rawhide Company, Part Number 800561. This seal is shown in
Figures 45 and 46. Testing was done on the air turbine seal test rig
shown in Figures 47 and 48. Test runs were conducted at various speeds,
fluid viscosities and pressure differentials,

Initial testing using the sea! test rig resulted in two cases of shaft
excursion which caused seal damage. This was investigated by the use of
inductive-type proximity pick-ups and found to be caused by a shaft critical
speed at about 41,000 rpm. The problem was solved by reducing the weight of
ihe rotating parts on the seal end of the unit which increased the critical
speed to above the 45,000 rpm operating speed.

A thorough investigation of the Chicato Rawhide Seal 80055! operating
with a radial clearance of 0.0005 in. was conducted. Test results indicated
the leakage at the viscosity corresponding to MLO 8200 at 600°F (1.98
centistokes) was 0.29 gpm at a seal pressure differential of 750 psi which is
very close to the leakage assumed in the original pump design calculations.
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{ Figure 45. Interstage Seal
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Flgure 46.

Interstage Seal
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This initial testing was conducted using jet engine lubricating oll
(MIL-L-5081B, Grade 1005). Leakage values were measured at varlous
constant speeds as shown on Figure 49 which indicate the effect of
speed on the leakage was slight. Leakage at the 45,000 rpm speed was
measured at three pressure differentials, 750 psi, 100 psi and 1250

psl as shown on Figure 50. The seals are expected to operate at

200 to 1000 psi differentials in the pump. In order to Investigage the
operation of the seals at higher fluld viscosities, a change to Sinclalir
L-1048 was made and data obtained at viscosities up to 29.5 centistokes
as shown in Figure 51. Operation of the seals up to this point was
normal, although the oil temperature rise became quite large (the
temperature differential through seal at the 29.5 centistokes condition
was 173%F). At the 36 centistokes condition after about three minutes
run time, the leakage rate suddenly increased and the oil temperature
rise decreased. On disassembly of the unit, it was found that the seal
had rubbed on the downstream half of the bore only which resulted in
increased clearance and consequently, the increased leakage.

It appears that this rubbing on one portion of the seal was caused
by expansion of the rotating sleeve In this local area due to the consid-
erable oil temperature rise as it passed through the seal. In the config-
uration tested in the seal test rig, there appears to be a viscosity limit
of approximately 30 centistoles maximum with a radial clearance of 0.0005
inch at 45,00C rpm and 1000 psi pressure differential. However, it was
felt that in the actual pump configuration, the viscosity limit would be
considerably higher due to better heat transfer from the seal areas on
the impeller to the large volume of fluid passing through the pump. For
comparison, the viscosity MLO 8200 hydraulic fluid at 70°F is 49 centi-
stokes and at 107%F is 30 centistokes.

Measurements were made of the power losses occurring in the seals,
by measuring the power supplied by the air turbine (using turbine air-
flow and turbine air temperature drop data and deducting turbine bearing
power). Also, power lcsses were determined by measurements of the leakage
flow rate and temperature rise of the leakage oil as it passed through the
seal. Plots of power losses based on the latter data are shown in Figures 52,
53 and 54. The powar values measured by the two methods agreed quite
well at viscosity values up to 8 centistokes. Above this point, the power
measured by turbine air horsepower became higher than the oil horsepower
values due to the increased drag losses of the rotating parts at locations
other than the seals operating in high viscosity oil.

Throughout the calibration of the 60 degree backward curved impeller
in the single-stage test rig, the floating bushing seals and carbon face
type shaft seal performed very well. The leakage of the outboard bushing
seal was measured throughout the test. The leakage rate agreed closely
with the measurements made on the seal test rig, ranging from 0.143 gpn
to 0.26! gpm at the 45,000 rpm speed. The internal pressure measuring
ports, which were incorporated in the test rig, permitted monitoring of
the impeller inlet eye seal pressure differential aithough the leakage
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rate could not actually be measured at this location. The pressures on
each side of the impeller were nearly the same. This indicates similar
leakages through both seals and aisc means that the axial thrust was
close to being balanced. The leakage niezasurements and internal pressure
measurements did not indicate any increase in seal clearances during the
test run.

Single Stage Impeller Tests

To confirm the results uf the analytical hydrodynamic design, a
singi» stage impeller, incorporating 60 degree backward curved blades
was fabricated and tested. Figures 55 and 56 show this impeller. Test rig
details are shown in Figures .57 through 61, !, and the test setup is
shown ir Figures 62 through 66 . The test rig was driven by means
of a relatively low speed dynamometer anc high speed gear box. This
gear box is identical to that used on AiResearch Compressor Part 206420
(Lockheed L-188 Cabin Compressor).

All testing on the single stage rig was accomplished using
MIL-L-6081B, Grade 1005 lubricating oil at 180% to I90°F. This results
in a kinematic viscosity of approximately 2 centistokes, the same as that
of MLO 8200 fluid at 600°F.

Results of these tests are shown in Figures 67 and 68 . Figure 67
shows pressure rise versus flow at constant speed parameters from 15,000 to
45,000 rpm. Constant efficiency parameters are super-imposed showing a peak
efficiency island of 65 percent of approximately 40,000 rpm and efficiency
of 64.5 percent, muximum, at the maximum speed of 45,000 rpm. Shaft power
input versus flow is presented in Figure ¢3 for the same constant speed
parameters.

Data shown at a speed of 42,000 rpm is particularly significant
because, when operating at this speed, the pump pressure rise is exactly
equal to the pressure required in the four stage 4000 psi pump at the
design point (using MLC 8200 fluid at 600°F). The efficiency shown on
these curves is an overall efficiency based on hydraulic power output and
pump shaft power input. Thus, it includes power losses in two ball bear-
ings (runnirg in an air-oil mist), one carbon face shaft seal and two
floating bushing seais (one at the impeller inlet eye and one on the out-
toard side of the wheel). The shaft power input was measured by an electric
motor dynamometer with deduction of power losses in the 12.26:1 ratio step-up
gear box. These gear box losses were based on measurement of the gear box
lubricating oil flow rate and oil temperature rise through the gear box.

An investigation was conducted to determine the effect of increased
fluid viscosity on pump overall efficiency. Performance was measured at
the 42,000 rpm speed at viscosities of 2, 3 and 4 centistokes. This was
accomplic<hed by cooiing the cil to increase its viscosity., It was found
that there was a reduction in peak efficiency of approximately .5 percent
for each centistoke increase in viscosity. These results are shown in
Figure &9.
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Figure 55. Backward Curved I-neller
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Figure 58. Details of Single-Stage Test Rig
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Figure 59. Details of Single-Stage Test Rig
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Figure 63.

Single Stage Test Setup

(R

M .9203-2




WA

PO

§ e

ey

Figure 64.

Single Stage Test

Setup
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Figure 65. Single Stage Test Setup
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Single Stage Test Setup

Figure 66.
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The performance of the single-stage backward curved impeller was quite
encouraging. Calculations made using this test data show an impeller hydraulic
efficiency of 80 percent. This is an excellent efficiency for an impeller of
this size and is 5 to 8 per.~nt higher than the predicted impeller efficiency
used in the original design work.

As can be seen from the pressure rise versus flow curves, the pump exceeds
the required pressure rise. If the pressure rise of approximately 1300 psi,
which occurs at 45,000 rpm, is corrected for the difference in densities cf
MLO 8200 fluid at 600°F and MIL-L-€081, Grade 1005 at 185°F (MIL-L-608! is
4 percent more dense), it becomes |148 psi pressure rise for MLO 8200 at
600°F. Since the required pressure rise per stage is 975 psi, the impeller
diameter could be reduced slightly which might reduce internal disk friction
losses thus increasing the overall efficiency to 66 to 70 percent.

The next test conducted, therefore, was a performance check at 45,000 rpm

with 2.3 inches outside diameter backward curved impeller trimmed to 2.160 inches

outside diameter. The 2.160 inch diameter was selected to provide the pressure
rise required for the four-stage pump at 45,000 rpm. For this test, no changes
were made in either the diffuser or in the shrouds in order to expedite perform-
ance of the test. It was found that the pump efficiency decreased about 2 per-
cent. The decrease in pump pressure rise was more than would be predicted using
an ‘mpeller diameter squared relationship. Pressure rise dropped from 1300 psi
to 1i00 psi and the stabie flow range of the pump decreased by 4 gpm. Hcwever,
it is probable that changing the diffuser and shroud designs to match the
reduced impeller diameter would improve performance. The final four-stage

pump will incorporate the 2.3-inch diameter impeller.

In addition to the 60 degree backward curved blade impeller, it was
originally intended to conduct a series of similar tests incorporating a
30 degree forward curved impeller. The impeller, as shown in Figure 69
was fabricated and initial test runs started. It bucame apparent that use
of this impeller caused static pressure variations between the impeller
shroud and housing which lead to high axial thrust loads on the seals and
bearings. Rather than develop a test rig to overcome this problem, it was
decided to concentrate efforts on the complete four stage pump which was
ready at the same time,

FOUR-STAGE PUMP

Test Setup

Initial test break in rurs were made using lubricating fluid per
MIL-1-6081B, Grade 1005. These tests were conducted at ambient room
temperatures with a fluid irlet temperature of approximately 190°F.
Fiqures 71 and 72 show the pump test setup for this run.
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Figure 72.

Pump and Turbine Drive
(Viewed from Pump £nd)

Test Setup for Run |




In order to achieve the =moothest possible driving mechanism for the
initial break in, it was decided to adapt an existing air turbine drive
to the pump. The compressor sestion of &n AiResearch Part 206170 (Boeing
707) Cabin Air Compressor was removed and a spezial adapter was made to
match the turbine housirg and pump inlet flange vol!t circies. Speed contro?
was accomplished by varying turbine inlet air pressure, and by varying turbine
nozzle area. The standard pneumatic nozxle positioner was used for this purpose
and a pressure regulated air supply. Figures 73  and 74 show the pump,
adapter, and turbine drive.

Use of an air turbine to provide a direct driving means for the pump
eliminates the reed for a gear box, and also eiiminates the shock of step
speed chang=s. Measurement of pump inlet power, however, depends on an
accurate measurc of turbine air weight flow and temperature drop. Bearing
losses for the turbine drive have bzen weli estabiished by mary previous
tests.

Figure 75 presentc a schemat’. o. he setup for the high temperature i
tests of the four stage hydraul’ pump usin~ MLO 8200 fluid. Figures 76
and 77 show the actual test installavica.

The pump generated neat raised the fluiy temperature to the desired
level, and this temperature was maintained by bypassing a portion of the
discharge flow throush a heet excriznger. Bearing leakage flow was returned
to the inlet rese voir through anothc- heat exchanger. The fluid reservoir
was remotely placed in nrde to maintain the bulk temperature of the fiuid
at a reasonably iow value (apnroximately 400°F). Lubricating fluid for the i
thrust bearirgy and thc irbcarc journal bearing was bled from the first stage
discharge.

Because of safetv considerations, the pump and heat exchanger were
blanketed in a C{, 3tmosphers.

Instrumentation

During break in runs at low fluid temperatures {approximately i90°F)
and.initial high temperature runs, shaft defieztion instrumentation was
included. Although this type instrumentation will not provide valid vesults
at elevated temperatures, sufficient information was gathered to confi-m that
no excessive shaft excursions had occurred during the runs. 1

pren

.- Totai lubricating flow to the thrust bearing and inboard jourra! bearing
) was measured by means of a high temperaiure flow sensing eiement. This was
b used in conjunction with a remotely odperated necedle valve to requliate and

monitor the fluid quantity bled from the first stage.

. Qutboard journal bearing flow was measured during the room temperature
runs. This flow was in close agreenent with the leakage rates as measured

3- or. the seal test rig, indicating a braring tlow of approximately 1.28 gallons

i, per minute at 4000 psi discharge pressure. During high temperature runs, this

flow was retuined directly to the inlet reservoir in a closed loop and was not

I measured.
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Test Installation for the High Temperature Tests of the

Four-Stage Hydraulic Pump (L208043) Using MIL-0-8200
Hydraulic Fluid
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Pump oil flow was measured by a high temperature flow sensing element
in the pump inlet. 0il inlet and discharge temperature was measured as
well as bearing drainage fluid temperatures were also measured at the ou*-
board journal and thrust bearings.

Pump inlet pressures were measured before and after the inlet filter.
Other gages were installed to measure pump discharge pressure, interstage
pressure for each stage and bearing lubrication inlet pressure.

FUMP TESTING AND RESULTS

Four Stage Pump Tests

Testing of the four stage hydraulic pump had a two-fold purpose. First
to prove the hydrodynamic design, and secondly to demonstrate an endurance
life of 25 hours with a pump fluid inlet temperature of 600°F,

During testing, the pump achieved a peak efficiency of 62 percent, This
includes all mechanical and parasitic losses associated with the pump unit
but does not include mechanical or thermodynamic losses of the air turbine
drive,

After the final thrust bearing configuration was established, the unit
was operated for a total twenty hours and fifty minutes. Of this time, fluid
inlet temperature was 400°F or greater for fourteen hours and twenty minutes,
and 600°F for six hours and thirty minutes,

A total of ten short test runs were made, and were terminated for a
variety of reasons associated with either the pump test or the pump test set
up. Table | lists each of the runs, the major results, and reasons for
shutdown, Test data for each of the runs is listed in Table 2 through 8 .
Data is included from the initial break-in runs made using MIL-L-6081B, Grade
1005 lubricating fluid and a hydrodynamic pocket thrust bearing.

The pump was completely disassembled following Run No. 3 and Run No. 7
low output flows were observed for all runs subsequent to Run No. 4, and
during that run, flow could not be recorded accurately because of a flow-
meter malfunction. Quring Run No. 3, when full output flow was measured, an
overall pump efficiency of 62 percent was achieved. This efficiency was
measured as follows:

Turbine shaft power

W_AT
T (104.0)(195) -
HP = i BE 115 horsepower
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Run

Date
9-3-65
9-7-65
$-8-65
10-19-65
10-21-65
10-25-65
10-27-65
12-1-65
12-2-65

12-3-65

TABLE |
SUMMARY OF TEST RUNS

Remarks
Maximum temperature 350°F, fiow low
Heat Exchanger Bypass Valve leak
Rear Seal failed
Discharge Valve failed
External leak
Low output
Shaft seal leak
Seal leak
Test stand leak

Fluid breakdown
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Pump Hydraulic Power

wp . Q) 8P (28.6)(3943)

i Iyl L = 65.9 horsepower

#Mechanical Losses = 6,0 horsepower

This efficiency includes mechanical lusses at the pump thrust and
journal bearings, the nine controlled-gap floating~carbon bushings and the
two mechanical face seals, It also includes hydraulic losses attributable
to the effect of the bleeding of the pump's first stage to provide bearing
lubrication,

Since no attempt was made to determine the minimum bearing lubrication
: it seems reasonable to assume that efficiency could be raised even
higher. An effort was made to get some feel for the effect of bearing flow.
It was observed that a slight change in bearing oil flow {Tirst-stage bleed)
had a major effect on first-stage discharge pressure and pump total dis~
charge pressure.

Discussion of Test Results

In discussions of test results and the problems encounterec during
testing, mechanical design of (the equipment must be considered upper most
since one of the test objectives was to demonstrate a pump life of 25 hours
at high temperature operation and secondly many of the problems and delays
were directly related to the mechanical design. The following is recapi-
tulation »f the major design and test problems.

le Thrust Bearing

The initial break-in runs were halted because of problems with the
hydrodynamic pockel thrust bearing design., Following the break-in runs
partial disassembly was made, and it was found that both sides of the thrust
runner werc badly worn, The mating thrust bearings were also scored, but
the silver plated surface, was not badly worn, The inboard journal bearing
nlating was smeared and the journal showed many small surface cracks. The
journal apparently lost radial clearance at the time the thrust bearing
overheated. The outboard bearing and journal was in excellent condition,
This would indicate that the bearing failure was not caused by an incompati-
bility of materiels, Figure 78 shows both thrust runner surfaces, the thrust
bearings. and both journals.,

#From past data recorded during many development and qualification tests of
AiResearch Cabin Turbocompressor 205900 which is the cabin turboccmpressor
used on all versions of the Boeing 707 series airplanes. The pump drive
turbine is tho turbine section of this well tested unit.
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Figure 78. Photographs of Pump Bearings After
Operating at 40,000 rpm and 4000 psi
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The design of the hydrodynamic pocket thrust bearing incorporated a
spherical surtac~ mating with a spherical seat to accommodate slight misa-
lignments ~nd surfaces that were out of normal. The bearing was prevented
from rotating by a single loose-fit dowel pin. From the almost identical
wear patterns on both sides of the thrust runner, it appeared that high-
speed operation of the thrust runner caused both thrust bearings to rotate
about the retaining dowel pin., This resulted in loss of axial clearance
(nominally 0.006 in,) as the bearings moved along the spherical seat and
pinched against the runner. This is further indicated by the similar wear
patterns on the thrust bearings at identical radial positions with respect
to the retaining dowel pin.

This particular bearing design was< originally selected because of the
low losses compared to cther thrust bearing designs. However, rather than
expend additional effort to develop this rather costly bearing, a standard
pivoted shoe type thrust bhearing was installed and used successfully for all
subsequent runs. Figure 79 shows this bearing following Run No. 3.

2. Carbon Face Shaft Seals

The unit disassembly following Run No. 3 was caused by failure of the
outboard shaft seal. The seal was installed to duplicate thrust ioads that
occurred during break-in runs when the outboard bearing lubrication flow
was measured at ambient pressure rather than pump inlet pressure, The seal
apparently failed because of high temper?tures encountered and the low
lubricity of the MLO 8200 fluid.

Local heating, as a resuit of the seal failure, caused burning of the
outboard journal and seal runner, Figure 60 shows the journal. As can be
seer in Figure 80, there are additional score marks in the area of the
floating carbon seals. This was apparently the result of journal thermal
expansion caused by the mechanical seal failure., Wear at the outermost
bushing was measured as 0,001 inch,

During the test runs, the need of a outboard mechanical face seal was
checked by venting the chamber behind the seal to the fluid reservoir,
Normally this chamber was vented to amtient pressure; no change in thrust
bearing loading was noted between these modes of operation. Therefore, it
was concluded that this sea! is not required with the present bearing
design, and it was eliminated for all subsequent runs.

A second problem with carbon face shaft seals was noted following Run
No. 7 and again following Run No, 8. The answer to the question regarding
the effect of the high temperature MLO 8200 fluid interacting with ambient
air at the input shaft {see Section 4, Page K was noted. During Run No. 7,
the unit was operated with a fluid inlet temperature of 600°F for approxi-
mately two hours. A shut down was made tc refill the CO; tanks uced to
provide the inert atmosphere. At the restart, a major leak was noted at
the input shoft. Fluid seepage residue had built up to the level of the
carbon nose., lifting the nose from the seal runner and permitting free flow
of the fluid past the seal. Figure 8} shows tnis buildup.
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Figure 79.

Thrust Bearing Assembly Before and After
Test Showing Excellent Condition
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Figure

8i.

Carbon-Face Shaft Seal After Test No.

35177-3
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A probe was installed to direct inerting gas directly into this area
for Run No. 8, however, the sludge still developed. An additional high
pressure probe was then installed and Runs No. 9 and No. 10 completed.

3 Low Pump Flow

As mentioned previously, for most of the test runs, pump flow was
lower than design flow rate, This has been mainly attributed to the in-
ability of properly matching impellers and diffusers, Pump tip width is
only 0,040 inch, The unit was shimmad during assembly to match each of
the four impeller stages with the mating diffuser and to provide a shroud
clearance of 0.019 to 0.021 inch on each side of the impeller. However,
because of the method of shimming (grinding the impeller hub to suit) and
because of the cumulative effect of the tolerance stack up, it was ex-
tremely difficult to maintain the proper clearances, and impossitle to
check for tip matching and shroud clearances after the final assembly was
made. In this respect. it is suggested that future designs incorporate
a modular principal in order to prevent the excessive tolerance stack up.

4, Fluids

The final run was halted because of a complete breakdown of the MLN
8200 fluid, In addition to the known poor lubricating qualities of this
fluid, which isamixture of alkyl silicate ester compcunds has several well
known potential problems., These are thermal degradation, oxidation. and
susceptibility to hydrolysis. Thc effects of this breakdown are an -
crease in acidity, a reduction of the flashpoint and the precipitation
of the products of decomposition.

The mode of failure either during or following the final test run wa.
hydrol,sis, noted by an extremely high water content of the fluid after the
test,

A< a result of the fluio breakdown, both journals failed, and some
damage was noted at the thrust bearing runner, Figures 82 and 83 show the
bearings following this run.

S. Test Setup

Many delays and stoppages were caused by leaks and failures of test
stand components. Although these probiems are nct within the scope of this
conti.ct, the area is mentioned in order to emphasize the need for extreme
care in design and selection of test stand components.
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Figure 83, Outboard Journal After Test No. I
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ORONITE HIOH TEMPERATURE HYDRAULIC FIUID 70

Oronite High Temperature Hydraulic Fluid 70 is a pew silicate ester fluid
developed for the Oronite Division, California Chemical Company, by the
California Research Corporation. The fluid was designed as a replacement
Qfor Oronite 8200 Fluid in the B-70 Bomber Program. The improvements sought
in the development program were & higher operating temperature and better
shear stability. Because of the stage of development of the B-TO hydrsulic
system, it was necessary that the new fluid be suitable as a direct re-
placement for Oronite 8200 Fluid in the system. This meant the new fluid
must be compatible with 8200 Fluid and with all the parts in the system and
that there be no major differences in the physical properties of the two .
fluids. All of these goals were achievad in Oronite 70 Fluil, and addi-
tional improvements were found in other 70 Fluid properties. The operating
range for Oronite 70 Fluid is -65°F to +630°F versus a range of -65°F to
+520°F for Oronite 8200 Fluid.

Tr.e attached table gives comparative test data for Oronite 70 Fluid, Oronite
8200 Fluid and MIL-H-5606 Fluid, and the requirements of MIL-H-A44L6B speci-
fication. In the following discussion, the propertiesof Oronite 70 Fluid,
Oronite 8200 Fluid and 5606 Fluid are compared. It is recogrized that 5606
Fluid is not a high temperature hydraulic fluid and it is not designel to
operate in the high temperature ranges where Oroaniie 70 Fluid and Ororite
8200 Fluid can be used. The comparison has been included only because 5606
Fluid is such & well known reference in tbe industry.

1. Shear Stability

Oronite TO Fluid possesses excellent shear stability as measurod by
the sonic oscillator test. Comparative 2-hour sonic oscillator tests
run on 70 Fluid, 8200 Fluid and 5606 Fluid, 70 Fluid retained 98% of
its original viscosity as measured at 210°F versus 67% and 56% reten-
tion for 8200 Fluid and 5606 Fluid, respectively.

2. Thermal Stability

Cronite 70 Fluid has much better thermal stability than 8200 Fluid.
70 Fluid loses only 13% of its 210°F viscosity when held at 600°F for
20 hours versus a viscosity loss of 64% for 8200 Fluid under the same
conditions. Comparative tests were not run on 5606 Fluild becsuse its
maximum operating temperature is only 275°F.
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{ 3. Viscosity Temperature Properties

As shown in the attached table, Oronite TO Fluid has iower initial over-
all viscosity than 8200 Fluid. However, becauss of its superior thermal
and shear stability, tbe viscosity of 70 Fluid Nolds up much better than
| the viscosity of 8200 Fluid and 5606 Fluid after a :elatively short per-
iod of operation. After a short period of vperatioa, the viscosity of
Oronite 70 Fluid will be higher than that of 8200 Fluid or 5606 Fluid.
Oronite TO Fluid does not contain the coavsnutional polymeric viscosity
index improver, and for this reason, the fluid has better thermal and
shear stability and hence, better over-al) viscosity properties.

‘ k. Dens ity

The density of 70 Fluid (0.953 gm per cc) is slightly higher than that
of Oronite 8200 Fluid (0.932 gm per cc) or 5606 Fluid (0.860 gm per cc).
Weight, of course, is an extremely critical factor in aircraft design.
However, the above increase of 2.3% in the density of 7O Fluid is withe-
in acceptable limits for the B-TC Progream.

5. TFlash Point and Autogenous Ignjtion Temp~rature

The flash point of 70 Fluid is 430°F versus 395°F for 8200 Fluid end
225°F for 5606 Fluid. The autogenous ignition temperature of 70 Fluid
is 735°F versus 760°F for 8200 Fluid &nd 475°F ror 5606 Fiuid.

6. Hydrolytic Stability

Oronite 70 Fluia and 8200 Fluid both meet the requirements of MIL-H-

' ' 8L46B hydrolytic stability tests. The appearance and veight chapge of
the copper is essentially the rame for both fluids. However, the vis-

cosity increase and acid number of the fluid is slightly higher for 70

Fluid than for 8200 Fluid. No comparison is made here with 5606 Fluid

since the hyclrolytic stability tests of & petroleum oil is meaningless.

T. Oxidation and Corrosion Stability

Oronite 70 Fluid gives better results than 8200 Fluid on the MIL-H-84L6B
oxidation and corrosion stability test. The weight change and appear-
ance of the metal specimens is essentially the same for both fluids.
However, the viscosity change and final acid ‘number of ths fluids is
better for 7O Fluid than for 8200 Fiuid. The viscosity change of TO
- Fluid is only +i0% versus -19% for 8200 Fluid and the final acid pumber
of 70 Fluid is 0.1 versus 0.6 for 3200 Fluid. Direct comparisons with

) { the axidation corrosion stability of 5606 Pluid cannot be made since

: this fluid is normally tested under less severe conditions. In the MIL-
H-dLL6B oxidation and corrosion test used on 70 Fluid and 8200 Fluid,
the sample is held at LOO®F for 72 hours. 5606 Fluid is normally tested
at 250°F for 168 hours. Under these latter conditions, 5606 Fluid shows
a viscosity change of +3.4% and a final eacid mmber of 0.1%.
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8. Vapor Pressure

¢

The vapor pressure of 70 Fluid is markedly better than 8200 Fluid or
5606 Fluid. At LOO°F, the vapor pressure in millimeters of mercury
for 70 Fluid is 0.8, for 8200 Fluid - 3.0, and for 5606 Fluid - 220.

9. Lubricity

Oronite 70 Fluid gives essentially the same results on the four ball
wear test as Oronite 8200 Fluid indicating similar lubricity properties
of these two fluids. Four ball wear test conducted at 167°F showed
that 5606 has slightly better lubricity than 70 Fluid. However, four
ball wear test cannot be conducted on 5606 Fluid at LOO°F since this
fluid will decompose at that temperature. .

10. Foaming Tendency

One of the outstanding characteristics of Orornite 70 Fluild is that it
does not form any foam. In all of the foam tests which have been run
on this fluid, the volume of foam formed is too'samll to be measured.
The foam breaks immediately. In comparative foam tests, Oronite 70
Fluid gave no foam, 8200 Fiuid gave 350 millimeters of foam and 5606
gave 45 millimeters of foam.

In summary, Oronite High Temperature Hydraulic Fluid 70 has several advantages
over Oronite High Temperature Hydraulic Fluid 8200. It has a wider operating
temperature, better thermal axidative and shear stability than 8200.Fluid,

and is a ronfoaming fluid. Oronite TO Fluid has better over-all viscosity
properties than 8200 Fluid and has a lower vapor pressure and higher flash
point than 8200 Fluid. The minor disadvantages .f slightly poorer hydrolytic
stability and higher density are greatly offset by this newv fluid's many
advantages.

Oronite 70 Fluid is a new concept in high temperature hydraulic fluid design.
The abscace of a conventional polymeric viscosity index improver greatly
enchances the fluid's properties. The conventional polymeric viscosity
index improver is the weakest link in & hydraulic fluid from & thermal and
shear standpoint. Because of the ersence of the viscosity index improver

in 70 Fluid, this fluid's viscosity properties are not degraded over s
period of time by thermal or shear actioa.
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THERMAI. STABILITY COMPARISON
ORONITE HIGH TEMPERATURE RYDRAULIC FLUIDS 70 AND 8200

Percent Viscosity Change as Measured at 210°F

TO Fluid 8200 Fluid
T Temperature Fiuld as Fluid After FIuld as Yluld After
and Removed froma Removing Removed Removing
Tige Capsuie Volatiles froz Capsule VYolatiles
6CO°F .
6 hours -7.1 46,5 -Sh -50
20 hours -3 +2.6 -64 -59
L0 lLours -32 -10 -TR 2]
630°F
6 hours -13 +k.6 -63 -5k
20 hours -38 -5.6 -73 -7
LG nours -k9 +26 --- a==

In the above test 10 ml samples of the Lydraulic fluiu. were dealed in stainless
steel capsules under an ataospbere of helium. The fluiis vere hested to 600°F
and 630°F for the time periods indicated above. T.2 samples vere removed from
the capsul >s and the viscosities measured at 210°F. T e volatiles formed during
the nigh temperature period in the capsules were remov 4 by evaporstion ani the
viscos” ties ‘‘ere remeasured. The results reported ibove are the per cent
changes in tbe viscocities from the original viscorities as messured at 210°F.
The ocigarsl 210°F viscosities were for 7O Fluid .56 centistokes and for

8200 Fluid 11.27 centistckes. ’
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FIGURE B84

PROPERTIES OF ORCNITE

HIGH TEMPERATURE HYDRAULIC

(AND REFERENCE FLU!DS
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FILURE 84 (continued)

VISCOSITY - TEMPERATURE CHART
MODIFIED FROM ASTM. (DM1-39
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COMPUTER PROGRANS FIR PERFORMANCE CALCULATTON { PROGRAMS A-0545 AND A~{5466)

The following poraaraphs present the computer program weittes for the
method of performarce c2lculetion developed prévicus!y.

Pragram A-0545 calculates pump desiqns for ali combinations of input
values for N, 83, u, and ). If azsired, it will then celculate off~design
points for different values of M/ and M/NQ, Automatic plotting of AP and Ti

curves for pump off-desian is alsc possible. Programs A-C546 and D-0!0Q are
chainad to A-05345 for this purpose. '

Input for A-0545

17 only the pump design point program is used, il cards or input arg
needed for cach case. If the pump off-design program is used, !4 zards of
input are needed for sach case. Input for pump design point prugram:

l. Card No. | - FORMAT 72H

Alphanumeric heading card

"I in column |
2. card No. 2 FORMAT 5F10.5
Yoo Ib/cu it, Density
Vo’ cu ftisec, Flow
APO. psi, Pressure rise
Vg, ft¥/sec, Kinematic viscosity
Test - 0 if pump design point program
I if pump off-design point pragram
3. Card No. 3, Inlet FORMAT [t0O, 7F1D.5
Case No I NPSH Given - noncavitaving
2 Bi given
3 . Best performance
4 - Diame ers and NPSH yiven - cavitaling operation
DH’ in. Hub diameter
NPSH, ft Net positive suction head
g.. deg Inlet flow angle
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“ 0.\?
. K. Hub-blockage K. = | - (—ﬂ)

f D., in, Inlet tip diameter

A, '/ft} Density function constants

4, Card No. 4 FORMAT F10.5

Blockage factor

[

i
5. Card No. 5, N values . FORMAT 110, 7Fl10.5/
8F10.5

No. of M values (max 10 values)

N, RPM

N2
N N3
0 etc.

6, £ard No. &, Impeller FORMAT 4F10.5
} gy

B
; 2y Loss constants

g4

7. Card No. 7, B2 values FORMAT TI10, 7F10.5/
8F10.5

i No. of 8, values

8a(i)

Ba(2) Impeller tip vane angle
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8.

t0.

Card

No.

tard

No.

Card

No. 8, p values

of u values
"

W

W3

etc.

No. 9, X values

of A values
X
Az

A3

etc.
No. 10, Diffuser

Case No.

Y, deg

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

Slip factor . Eal-
u ®

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

[’

Flow factor - Uml

FORMAT 110, 6FI10.5

= Vaned diffuser

ne
it

Scroll diffuser

(¥ ]
[}

Collector ring

4 = Vaneless diffuser
Throat side-to-width ratio
Wall angle

Boundary layer factor
Boundary layer facter

Loss coefficient

Vaneless space diameter ratio
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Input for Pump off-design program:

13.

Card No. 11, Qutside Losses

FORMAT 2Fi0.5
Wheel friction loss factor

Leakage loss factor

Cards ! thru |l of previous section are needed in addition to the following

Card No. 12

i

a)
az, !/Deg
as, I/Deg2
Ve
E2
3

-4
Sé

Card No. 13

Vs

Vg -ftz/sec
¥ -lb/cu ft

NPSH, ft

FORMAT 8F10.5

Incidence loss cosfficients

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
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14,

Card No. 14
M
o

o

)

(N/No)o

A (NN )

(N/No)n

Input for A-0546

1f plotting of pump off-design points is desired, two blank cards plus the
following cards should be inserted behind the data deck.

Card No. 1|

No. of problems to plot

FORMAT 6F10.5

Mass flow ratio

Speed ratio

FORMAT 3110

No. of N/No values for Ist problem

No. of Ho values for Ist problam

FORMAT 2110

No. of N/N° values for 2nd problem

No. of "o values for 2nd problem

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

The output consists of three parts (a copy of a sample output Is attached).

The input is printed out

2. Card No. 2
3.

Output

1.

2.

For a particular N, By, W and A the following quantities are printed out:

a. Inlet Case

N, RPM

Di’ inches

f., deg

NPSH, ft

Speed
Inlet diameter
Inlet flow angle

Net positive suction head
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A+

d.

W

¢/

Impeller Input

1
|

FPS

Pz, Deg

Diffuser Answers

Impeller Answers

q
Dy, inch
Uz, FPS
&

2,

B2

ei

AqSF
a9y,
AqRC

Y]imp

If Case No. | - the following

Case No.

169

Inlet relative velocity inducer

Suction density ratio

Impeller tip vane angle
Slip factor (- Cuz/Cuzee)

Flow factor { Cpme/u,)

Head factor

Impeller tip diameter

Impeller tip velocity

Impeller relative velocity ratio
Number of vanes

Impeller width ratio (= by/D,)
Impeller channel ave. Reynolds No.
Impeller friction loss

Diffusion loss

Recirculation loss

Impelier efficiency (Internal)

line is printed:

Diffioser infet Reynolds No.
Impeller tip Reynolds No.
Hewher of diffuser vanes
Scrot! friction

Straight diffuser loss

Total d ffuser loss




: .

t

If Case No. 2 - the following line is printed:

. Case No.
Bqas flrst
bqse second diffuser loss
Bqes third
Aqd Total diffuser loss

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

s n . -
hyd Hydraulic efficiency
HTOT, ft Total head
AqFR Wheel friction
AqL Leakage
n Overall efficiency

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

a. Mo Mass flow ratio
q Head factor
ABi’ deg Incidence angle
qH Hydraulic efficiency
AP, psi Pressure rise
n Overall efficiency
b. K/No is then varied and line A is repeated for all values of Mo.

This is continued until N/No equals final value of N/No.

Items 2 and 3 are repeated for all values of N, 3, b and A\
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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 calculated 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 with confidence.

2. Performance Characteristics of the LH, Pump

The performance calculation procedure developed previously has been
applied to establish the ch.racteristic 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.

Exccution Instructions

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

Tape 22 is always required by Program A-0545. If plotting is called for,
tape 22 will he the plotter tape. When plotting is done, tapes 2} and |l are

used as work tapes.

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

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

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

5. Snmpl‘o pl(fts
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125
126
127
128
129
130
131
i32
133
134
136
137
138

178
779

180
181

1R2

T84
785

802
803

804

805
806

JUd AUSHE
FURMAT(SF14.T7)
FORMAT (111210, 9
FURMAT(IUX,2F LD, T)
FORMATI 2140 ,2FT.1)
FORMAT{131X 0.0
FURMAT( 5(CHACS,
FURMAT(L13IHY 0.0
FORMAT(13HY G0
FORMATLIZ2HG 2.0
FOUMAT( v9I1ADL .S
FURMAT I 1tE)
FORMAT(IOX,F10.T7,F
FORMAIN(3110)

PUMP DCSIGN PLOT PROGRAM WITH GARLIC CMALIN

10.0

20,20%,18H
9.0 «12

MOIN/NO))

0.0,2iX18HOVFRALL CFFICIENGCY)
0.2420X, 13HPRESSURE RISE, PSI)

9.5)

8.6 «12

10.4)

DIMENSION ANS1(2),YORI2)},DELTY(2)

X0R=J.1
DELTX=2
YOR({1)=
YUR(2})=
DELTYI(
DELTYL(?2)
XURIGN=0.0

YURIGN=0.C

REWIND 45

READ [NPUT TASE &}

2
d
)=1.0

000.

0

0N
<
1
4

ARLITE OUTPUT TAPE 45,128,XORIGN,YORIUN

DO 816 L=1,K1
IFIL-13179,779,718
READ INPUT TAPF 41
DU 315 K=1,2

GO 10 (784,789, 180
GO T0O (7B5,781),K
K4=K2eK3

DU 7B2 l=1,Ké&
BACKSPACE 49

GU T 785

REWIND 49

DO HOG& 1=1,K2
REWIND 47

J=9

DU 8G3 [=1,K3

e 13A,K1,K2,K3

e 138,K2,K13

» 780,780, 780),L

FLOW,

CUFT/SEC = FT,.3/)

READ INPUT TAPT 48,125, VO, ANSLI2)ANSI(1),ANS,ANND

IF{ANSTI(K)})}BCY, 802
NENEDY

1802

WNRITE QUTPUT TAPE «T,125,ANS,ANSL(KX)

CONTINUE

WRITE DUTPUT TAPE 45,1263 Je ANNC+XNDRGDELTX,YORIK]) 4DELTY(K)

NEWIND 47
DO 406 1=1,J

READ INPUT TAPF &7,125,ANS,ANSLIK)

(RQ4 00N 4K
TAPE

Gu T0
wWRITE DUTPUT
GI* T AOO
WRITE QUTpuy
COUNTIHUE
WRITE CUIPUT TAPE
W ITE NUTeul TADPE
U D (ROALRC9) K

TAPE

45,127 ,ANSANSLIK)

459137 4ANS,ANSLIK])

45,129
45,113C
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[y

808
80%
B10

B15
316

WRITE NUTPUT
GO T4 810
WRITE QUIPUTY
ARITE QUTPUY
ARITE QUTPUT
XORIGN-18.
WRITE auTeor
CUNTINUE
WRITE QuUTPUT
ENDF LT 45
REWIND 25
REWIND 46

TAPE
TAPL
TAPE
TADPE
TAPF

TAPE

CALL CHAIN(D3,46)

END

45,1131

L4132,
45,133,
45,134,V9

459128, XORIGN,YOIRTGN

45,134
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oy

o

Jun AQHNY KELPE /08X D32S064 PUHP PART LODAD PEYFORMANCT
comp ADSHY

GENFRAL PUMP (FFICEIMNLY

DIMYYSTON ALAMDALLID o AAUT (10 ) JRETA2T(I0) 4ANTELC)

100 FORMAL {L10,7+Y0.S/7(RF10LH))

131 FURMAT (HF10.9)

102 FORMADNITY OF 1IN, 3,10 35HTNLET CASE NUOGoN DT BT yNPSH, W, ZETA)

103 FURAAT {STHND & SCROLL (MHLIKNN, D&/D3, DBGLS NI CONVERGE, D&/0D3~-1
1 =FH.i,014, Da/D3-2 =TRB,1,12H, ALPHA-3 = fR.S)

104 FORMAT (36HD CASC 6 C1 DOFS NOT CONVERGE Cil=Fl0.5%+6MH, CI?22r10,5
1)

1095 FORMAT (22H0 INPUT- DFNSTITY =FT.3,8H, FLOW =2FT7,.3,15H, PRESS, R
11SE =F6.1,150H, KINEM.VISC, =FY,5)

107 FORMAT {A4DHC JMPFLLFR 71 1S GREATFR THAN 1080, 71 =F10.5,6H, Q = F
‘005’7". N2 = rl".‘..‘n‘?H. /FTA! ._.Flo.ﬂ,)

108 FURMAT (FBel12F1043,4UXy?THIMPELLFR- AETA-2, MU, LAMDA/FK,2,F10.2,
1FL0 ) FIC A MIN, 120X 20ttty D2y U2y 2FTAL, Z1/F83.5,F1041,4F10.5,10
2X 34HDB2, REL ., DOSE, DODL e NORC, CTA-!MP)

109 FORMAT (47HO DIFFUSLR 22 NOT RETWEEN 6 ARND 16, ZETA DI = FB.3,12H
l' ZFTA N2 = fli.!."H. 12 = Fh.2)

110 FORMAT(?F10.5,13H N403, D4DIN]

116 FORMAT(34MH0 HTOT DOES NDT CNONVERGE, HTUT = F10.5, 114y, HTOY2 = F
110.5)

115 FORMAT(IB2F10.0,F10.203F1045y TXASHDIFIUSER CASE ND.,REN2,REZ, 22,
1DQSC,DADEF2,DQN}

116 FURMATIIB,4F10.9,30X,40HNIFFUSER CASE N., D023, NN34, D045, DNOD)

117 FORMAT (8X,Fl0.5,F10.3,3F10,5,2CX,291F TA-HYD, HI!', DURE, DQL, ETA
1) .

118 FORMAT (T72H4
1 )

119 FORMAT{29i10 © DOFS NOT CONVERGE, 01 = Fl0.5,THy Q2 = F10.5,TH, Mi
1 = 7:0.5)

120 FORMAT(S5F14.7)

120 FORMAT(FB.2,2F10.4,F1C.5,F10,2,t0%x26H MO, Q, DELTA-B, ETAH, HO/8X
loFl').3oF1C.5of|0.lo30X'16HUELTA-P. EIA' HP)

122 FCORMAT (6Xy THN/ND = FB,.3)

123 FORMAT{24H]1 PART LOAD PERFORMANCES)

126 FORMAT (36HOPART LOAD CIP DONCS NOT CONVFRG CI1=F10.5,6H, C12=710.5
1)

INLET
REWIND 4R

I READ INPUT TAPF 41,118
WRITE NUTPUT TAPE 42,118
TEST = 0 [F PUMP DESIGN POINT PERF, = 1 . IF PUMP OFF DESIGN PLRF
READ INPUT TAPF 41,101, GAMD,VO,NDPO, VSTAR, TEST
TF{GAMOSVOIDPOI 201,200,201

200 ENDFILE 4R
REWIND aH
CALL CHAINIG2,66)

201 REAN INPUT TAPE 41,100, ICASE 4D, ANPSH Bl s AKT DI A AK L
READ INPUT TAPE 41,100 N1 IANT(T),1=21,N1)

RECAD INPUT TADF 41,101, X1 o X2 e X3 X4

READ INPUT TAPF 41, 100,N2,(DRFTA2I(1),151,4N2)

READ INPUT TAPF 41, 100,N3,(AMUTTT)e1=14N3)

READ INPUT TAPF 61,100, Ng {ALAMDA(T) o 1=1,4N)

READ INPUYT TAPFE 41,100, ICAST2,ZFTAN,GAMMA XS 3X6 4 XT,4D3D2
READ INPUT TAPF 4l,101,4A4X7

IF {T1EST) 33,2

ADGa




2 READ INPUT TAPFE 41,101 XIPL AL A2 A PSIC X2PL,RIPL I X&GPL PSS, XBPL
19X9PL,VSTAPL,GAMP, ANPSP
READ INPUT TAPE 41, 101,AMO0,DELTM,AMN, ANKNOO ,DEL TAN, ANNON
3 GAMR:2GANMMAS (1745329
TGAM=SINFLGAMK) ZCDISFLGAMI)
CUNS4=2./FGANS,S
4 WRITE OUTPUT TAPE %2,135.GAM0,VD,DPO,ySTAR
DO S50 Ki=1,N)
AN=AN]IKY)
GO TU (Se6e8,7), 10ASE
S CONSI=(12.17%0ANPSH) e, 5
DI=(576.eV0/7 (4. 141599270 CNNSL)eDiHtstH) 80,5
BI=ATANF{I LALN2Ta [ eAN/{T20.CONSL))
Ain (32, 1750 ANP L (ANS3, 141592TeD]/T20 . 1ve2)er 5
Bl =BleS?,2G57K
Gi* TO 1%
6 BIR=L1s,0174%329
CHI=COSF{RIRY
CTHI=CHI/ZSINT (A fu;
T DI={46354,360yD/{{THIwANSAr]))sn, 33332
JI=3,161592T7«ANaD1/T20.
Ci=syleCin}
Wi=UL/SINFIRIR])
ARPSH =CleC /64,35
Gu 10 15
e 3i=80,
GU TO 6
9 AKIslo~{DH/DI ) eDH/D
JI20feAN® 3, 14159277720,
CUNSI=1ab4,aV0/LFlel}leDInAK]{»,T7853982)
J=l
Cli = CONSI
IFLCONSLOCNNSL/ 64, 15-ANPSH) 14,146,110
10 CU2=CiONSYo{ L +AB(CI1aCI1/C4,35-ANPSH))eeAK
IFTABSEICTIL/CI2-1.)-.0C01) 4,014,101
11 u=s2ei
IFL4-50)112,1¢,113
18 CiY=C12
G0 10 10
13 WRITE OOTPUT TAPE 42,10%.C11,4C1H2
Cll=4ClreCt2)/7.
t4 Bl=a ANFIUWISCTY
WI=sULSSINF(BI}
TETA={l, #Ae {CI1oCi L/ 09.35-ANPSH) jesAK
B =B1e857.29918
15 WRITE DUIPUT TAPE 2,102, ICASE, AN, DI BT, ANPSH, ¥i2ETAR
IMPELLER CALCULATIONS
BIR=BI®, 017445329
COU=COSFInIR}
THlI=SINFIRIR}/ZCAT
DU %0 K7s1 N2
BETAZ=BETA21°'K2)
BI2=BeTA2~,017¢5329
SB2=SINFINTZ)
CY2=LOSFINT )
{B2:512/Cn2
DU 50 X3=i.N}
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[

o

(RN

16

20
21

22

23

24
25
26

AU ALK )

CUNSIO-‘\I o] oL‘?ﬁ,'()"ﬂﬂ\"C"Z/( l."\r"\u’

0LV 50 [=1,N

CONSU=ALATIDAT S ) oaALAMDACL)

QeANUe (1 ~ALAMBAL ) T02)

CUNS 2 {CORSA+QeN) /(2.0

CONSH=(CUNSHeQeQ)em, b . ,
CONSO=ALAMPDAL T} Z7LONSS

CONSIT=(CUISP el le~0)we2)es,5

CUNSiB=].~CONSY

J2s=l

HO=144.0DP0/GAMD

ETAKYD=,9

HIOT=HO/ETAHYD

U2=132,179eitiNT /) na,8

D2=722.2U2/713.146415927sAN)

W2=U2e¢CONSL Y

v2=i3i/0D2

ZETAL=W2/41i

L1=CUNSLOe{ 1.+ Ca/72ETALYI/LY.-V2)

IF{21=-100.)21,421,20

ARITE NUTERDT TAPL 42.107421.0402 s LETAL

Gy Y S0

DEL1=,88(02-DH}/(CH]ICHZ)

82 =2164,3V0/(O0ALAMDAL ] )el2e({D20)03,1641%9-D2e.03021/CR2))
DHYDLI=D20{1 /(7171336159270 82)¢1./7C002) W2/ 12./1ke=N2]0(2.0L1713,1
151592701 4V2)3) )t #TRIaTHIwl 1 . 0V2eV2)/2.000,5})
WAVE=z({WioW]lsnPeW?)e 5)0e 5

REI=NUYDLeWAVE/112,8VSTAR)

Fl=.0462/RC[2s.7?

DQSF=X2sDEL ) »WAVESWAVERFLI/Z{NHYDYoU2a12sQ)
ODELTA=Z1.,~7ETAL+Qe{CNI¢CN2) A2 . oWia{2ielle~VWE)73.141%92T7 22,8V2) /U2

i)

DRQOL=X2s(DELTAaW[/1)J2)002/0
DURC=X4oDELTARN/ALAMDA(])
ETAIMP={CONSIA-0UDL)ZLCONSLR+NDOSF4DORL)

ODIFEUSER

50 TOt22,37),ICAS5€E2

VANED DIFFUSEFR wW/CONTCAL SIDEWALLS
REZ2:=D2%U2/112.«VSTAR)

REM2=2.,2B25RE2#CONSS

F2e ,0482/REND 80,2

DEL=.1

Jl=n

J=1

TETALL=ZCTAD

CONST=2FTADLoTIGAM
RAN=).064,60333e/ETADLIABZA{ .42 .00 ONST)/{2.4CONST}
FH=CUNSA ¢F2e {TETADLS U2, ¢ TOAR) ¢ SoLOGFLLLET AN CB2+,.82)
1.G2)1-CONSAnLOGFLIR2e(ZETADYI»TGAMS2 L 12,020 TGAM)/ (2.0 R24.C2eTGAM)))
CM2CU=HROFN=CNNSS/)

12=6,. 20385 30CMRAC/LTETADLS H2e (2, +C0NST) )

Jlsjiel

JELII=-50324426, 30

JF182-6.00126, 4625

IF{L2~14,.0)3¢,36,29

GO TU 28,28,27),J
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i Sy

R

2T DEL = ML e, )

286 ) =
ZeT Al = 70 TADY - 1L
Gu T 23

29 GU ‘5'«"‘.”)0\'

30 DEL = DELeO,)

3 J = 3
ZETADL = 21 1ADY ¢ DHL
Gu iy 23

36 WRITLE OUIPUT TACE 42,009,780 1.0, 7C€TADL, 22
G0 0 S0

36 DELZ2=D2eL .2 /CNNSE tlLeb60(3,1415927/722)0024 H2e N2/4,) 00
1.3)
DH2=02e 4.0 H207[TADLIol2.¢CUINST) [12.42.,02LETADL¢CONST)

DUSC=LIOMS et DaDTL 20 {1+ {ALAMDALTI)I/ZLQeCHM2CU ) 0 02)/(.5¢DH2)
DUNIY2=CONSAe( ALAMDA( L) /7180 a0 1)) na2a{XSexbof2eNEL2/N1H2)
NDRN=DRYSC+DODILT?
G Ty 43
37 DELTAC-F2e,. 82/ 12
RER?2=22 , 20 (INS e RE 2
RE2=072eU2/( 12.8VSTAR)
ALPHAZ=ATANT [ALAMDALT)/0)
CALP2:=COSTIALPHAZ)
SALI2=SINF (ALPHA2)
CORNSI={1e ¢CALP2 )0 a2 FXPI(NDFLTAC)
CALPI={CONSY-SALP2eSALP2)/(COUNSI+SALP2eSALP2)
ALPHAI=ASINF( (Y. -CALP3IeCALP )00 ,5)
DU?3=DFLTACO{l¢CALP2oCALP2/ {1 08 6eCALPYICCALPI))eCIINSI/(2.9COSF (L
1ALPHAZ4ALPHAZY/ 2. ) )
F2z.0482/RIIR2ne 2
D3=1.040D2
SH2= 2«02
CUNSLLl==1.42.,e502/D3
CUNSL2=2(SH2eCALPY/DY)ew?
CUNSL13=234.141%227eF2/8.
CUNS14=SINFIALPHAI)eSINF(ALPHAZ)
N4D3=1.1
Ji=1
38 CONS15=CNONS13el1.4D4D3)/7(DGDISCONSLT)
DGDIN=(CHONSI2/C(CLANSLI4/ (NAD3eN4NI)~-CONSLIS)/LL1.+4CONSLIS) ) )me 2541,
IF (ABSFIDANI/NGDIN=-],.}=.0N1)42,42,3)
39 Ji=)ied
IF(J3I-50)40,40,41
40 D4N3:=N&NIN
801 IF(D4N3I-1,)400, 34,38
00 DaDI=N4AN3+, ]
GO T 40}
) WRITE OUTPUT TAPL 42,108,060, DGDINGALPHAY
GO T %0
42 DOYS=1 5707938 CNSInF2 (N2 0CALP /ID3eCALPI))we el {],4D4NT)/(DEDIs
sCUNSIT)Im Ll oo (N2efALPYIZ(NIa(04NI-1 . ja(N6DI-1.)))ee2)
DAGH=CONS 3o (O, 8 ALPIOSAOCALP Y/ {DNYeCALPIONIe(DeNI-] ) e{D4N-1,)))e
Le2oiXOexTolDANYEL ) /UREDez, 20(D4DY-1,.)))
DEDBR2 I+ 34 eDOAD
GO TO 43
3 ETHYDI={1.-NONL~DODY/ (1, ¢DONE "N\ ET
MINT2 -1/ THiyp?

179




IF{ABSFINTOT2/HTUT=1,)-.72)4T,47,44%
b4 J22)2+)
IF{J2-50)45,4%,40
45 HTOT=HTNT?
GO fO 14
46 WRITE OQUTPUT TAPE ©2,114,HTOT,HTOT2
GO TO S50
4T DQFR=XBe( 1 CFO/RE?) ve 2/ (1 CINALAMDA(T)®Qe 32)
DQL=XYe, 000 #V2ey2e( ] ,-CONSI)0e,5/ R2
ETA=ETHYD2/ 1. ¢DUFR$DQL)
WARITE OUTPUT TAPE &42,108,8ETAZ,AMU, ALAMDALT ),
1 NyN2,U2,2ETAL,Z1,R2,REL,DQSF,00
10L,DQRC,ETAIMP
G T {4B,49),1CASE2
48 ARITC OVTPUT TAPT 42,115,ICASE2REB2,RE2,22,00SC,0QD1F2,0QD
GO T 491
49 ARITE OQUTPUT TAPE 42,116,1CASE2,0023,00Q034,D0045,00D
691 WRITE ODUTPUT TAPE 42,117,ETHYD2,HTOT2,D0Q0FR,0D0L,ETA
IFITESTISN, S 4492
€22 WATTE QUTPUT TAPE 42,123
ANNO =ANNQU
68 WRITE NUTPUT TAPE 42,122,ANND
AMO=AMGD
69 ANPL=ANNQ *AN
AT AMG+DOL
VUP=V( e AMC# ANND
UIP=Ul*ANNO
CONSL=z144,8VIP/(EleD]aDIeAK ] n,7853082)

Jal
CIlP = CUNSI
IFICONSTSCONSL/564.35-ANPSP) 710, 719, T00 20545
700 CI2P=CONSLe(l.+A(CIIPeCTIP/6%4,35-ANPSP) ) s AK 20545
TFIABSFICIIP/CI2P-1.)=-.0021)710,710,701
761 J=Jel

IF(J-50)702,702,70}3

102 ClLle=Cl2P
GO 10 700

703 WRITE QUTPUT TAPE 42,124,C11P,C12P
Clips(CILPeCl2P)/2.

710 BIPL=ATANFIULIP/CLIP)
DELTHI = ABSFIRIPL®ST7,29573-R1)
WIP=UIP/SINFINIPL)

CONSL=Cl)eCl1/64.35-ANPSP ADS4S
CONS2=CIIPel11P/64.35-ANPSP ADS4S
IF{CONS1) 704,704,705

704 RI=1.0
GO TU 76

TOS RI={1.4A=CONS]}asaK

136 IF(CONS2)TCT,71nT,170R

107 ’RIpP=21.0
GO 10 709

708 RIP=(1.+A=CONSY ) @sAK

T09 U2P=U2¢ANND

T3 CONSLI=(WlIn/1ZPiae)
CUNS2=AMO s AMO e AL AMD AR AL AMMDA
CUNS3I=X1PL® 3, 1461992 7eCN2/7{2.0210(),-V2))
CONS4=1.—ALAMDA»AMD ®TH?
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} AMUPL = AMY
| . Js=l
| ' QPL 1=AMUPL*CUNS G
| ; Té LETAL=LICONS2¢(1.~QPL)L)ee2)/CONSL)®e,.S
AdU2= ) o /(1 ¢CONSIe(],¢.0372LTALY))
QPL2=AMU2¢CIINSS
IFECABSFIOUPLLZOPL2-140-,U5)T78,T8,75
75 J=Jel
1FLJ-50)76,76,17
76 QPLL=QPL2
GO Tu 74
TT WRITE OUTPUT TAPE 42,119,U0PLL1,QPL2,AMI)2
T8 PS12=A14A2DELTHRI¢AICDFLTAI®DELTHI
DQINC=PSI20CONSL/(2.90GPL2)
WAVEU22.50 {CONSL¢CONSZ+(1.~0PL2)0e?2)
IFLICASE-4)8C,AL,09
B0 PSIC=u.0
0QCAV=0.0
GO 10O B4
81 DLCAV = PSICe(RIF-1.)eCONSL/ZUPL2
B4 WAVE=WAVEU2ew , 5sy2pD
REI=DHYD1oWAVE/(12.0VSTAPL)
Fl=2.04A2/RELne, 2
DUSF=X2PLeF1#DFLL@#WAVEU2 /(DHYD1eQPIL2)
WIU2sCONSLlee,5
CL=COSF(BIPL)
DELT=1.-2ETAL+O0PL2 ¢ {CL+CH2)/ (2. 0WIU20(Z18{).~-V2)/3,141592742,0V2})
DQDL2X3PLeOFLT@DELT#CONSL/QPL2
A’A.‘tAHO
DQRC=X4PLDFELT /LALAMDA® AM)
DUNIN=PSI3e((UPL2-Q)*#e2+(ALAMDA-AM®ALAMDA)@e2)/(2.9QPL2)
DQUPL=NQDeAM#Qe ((CONS2+4QPL2#QPL2)*Q/ ( (ALAMDASALAMDA+QeQ)sQPL2)) 00,
15/QPL2
HTOT=QPL2eU2PeU2P /32,1175
ETAH=(1.-DQINC~-DQCAV-DQOL -DQUDIN-DQDPL)/Z{1.+DQSF +DQRC)
‘ HO=ETAKeHTOT
| DELTP=GAMPHO/ 1 464,
RE2sU2PeD2/112,#VSTAPL)
DQFR=XBPL*{1.E6/RC2)®»,2/( 1, E30ALAMDASAMORQPL24B2)
DQLPL-XQPQ-.006-V2iVZOl(2.-QPLZ-CONSZOOPLZOQPLZl/(Z.OQPL2))lO.SIBZ
ETA<ETAH/ (1. +DOFR¢DOLPL)
HP2HOSAMO eV *GAMPa ANND/ (ETAS550,)
ANS = AMO ® ANND
WRITE OUTPUT TAPE «8,120,V0,DELTP,ETA,ANS,ANNO
AR1TE OUTPUT TAPE 42,121 ,AM0 ,QPL2,0FLTBI,ETAH,HO,DELTP ,ETA, HP
[F(AMO~AMN )B6,87,87
86 AMO=AMO+DELTM
GO T0 69
87 IF(ANNO-ANNON)RBS,89,89
88 ANNO=ANNO¢NELTAN
y . GO TO 68
89 CUNTINUF
S0 CUNTINYF
GO To 1
} EnD

181




