S B o LI
° - ] M N LI

“Sa smer

CRI1992481
A Method 1o Estimute Weight snd Dimesivions of
Final Report
By E. Onat and G. W. Klees
(NASA=CR=153U81) A METHOD TO =5TIMATE N79-1504¢ ' 3
ARETGHT AND DIXTRSICNS OF LARGE AND SMALL GAS ,
TURBINE FNGINFS Final Feport (Roeing |
“ilitary Airplane Development) 136 p #C Tnclas '
AOT/MF AO1 CSCL 21F G3/07 42563 [

January 1979

‘w "J... oy P b




TABLE OF CONTENTS

PAGE
SUMMARY 3
INTRODUCTION 4
LIST OF SYMBOLS 5 !
1.0 METHOD OF ANALYSIS 6
1.1 Large Gas Turbine Engines 13
1.2 Small Gas Turbine Engines 50
1.3 Other Program Capabilities 62
1.4 Program Validation 64
2.0 USER'S GUIDE 66
2.1  “rogram Structure and Deck Stacking 66
2.2 Input Description and Format 68
2.2.1  Plot-Print Indicators 68
2.2.2 Lenath Indicators 72
o 2.2.7  Mechanical Design Indicators 73
/) 2.7.4 Desian Values 82
_ 7 2.1  Output Description and Format 95
2.4 Sample Cases 107
- 2.5 Program Diagnostics 119
P 2.6 Program Structure 127
3.0 CONCLUSION AND RECOMMENDATIONS 131
_]
»
REFERENCES 132
CISTRIBUTION LIST 133
2
NOT Fas?.’
SSGEDING PAGE BAANK
9




A METHOD TO ESTIMATE WEIGHT AND DIMENSIONS
OF LARGE AND SMALL GAS TURBINE ENGINES

E. Onat and G. W. Klees

A method has been developed to estimate engine weight and major envelope
dimensions of large axial flow aircraft jet engines and small qas turbine
engines. The computerized method, called WATE-? (Weight Analysis of
Turbine Engines), determines the weight of each major component in the
engine, such as compressors, burners, turbines snd frames. A preliminary
desian approach is used where the stress level, maximum temperature,

material, geometry, stage loading, hub-tip ratio, and shaft mechanical
overspeed are used to determine the component weight.

A relatively high level of detail was found to be necessary in order to
obtain a total engine weight within the required +10% accuracy.
Component weight data for 29 different engines were used as a data hase
to develop the method for axial flow aircraft engines. The 1list of
engines includes military and commercial, turbofans and turbojets,
augmented and dry, hardware engines and proposed engines, and supersonic
and subsonic engines. For small gas turbines, weight correlations were
provided through a subcontractor, the Garrett Corporation. Data used in
those correlations were proprietary to Garrett and only the selected
weight method is shown herein. The smali-er.gine weight method is

probably valid for other manufacturers, however this has not been
verified.

The accuracy of the method is generally better than +10%, on the order of
5%, The accuracy was verified by applying the method to 9 different
engines, some of which were in the original data base and one small gas
turbine engine. Engines used in the .validation were sele~ted by NASA
after completion of the program,.




INTRODUCTTON

Aircraftt and propulsion system studies are frequently conducted by
industry and Government. These studies may encompass a wide variety of
engine concepts ranqing from relatiwvely simple turbofans and turbojets to
complicated variable-cyvele engines,  The industry in general has acquired
an adequate computer capability to evaluate the thermodynamic performance
of  these Jdiverss engine  concents,  however, an accurate method of
estimating  engine  weight  and  dimen<ions has not previously been
availahle,  The engine manutacturers have developed suitable methods,

however thev are not available to the public.

One  method, (1Y that  has  beer  available to  the aeneral industry
predicted  engine weiaht by statistical correlations of majory cycle
characteristics such as airflow, bypass ratio, overall pressure ratio,
etc.  This method is probablyv capable of rough estimates for conventional
engines; however, it i< not applicable to noncanventional enqines and
could not predict weight within +5 teo +10¥ as would be required in

tvpical preliminarv desian studies.

This proaram develepment was initiated to provide a more flexible and
more accurate method based on correlations of component weight and
physical characteristics, such as compressor airflow size, pressure
ratio, hub-tip ratio, etc. This tvpe of approach then would be more
capable of estimating nonconventional engines, since the weight of each
individual component wonld be accounted for. As shown in the Methods of
Analysis, no adequate correlations could be found and a fina) re.hod was
chosen  that  is based on a mecharical preliminarv design which is

responsive to the maior engine de<iagn variables,
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LIST OF SYMBOLS

acceleration

area

hlade aspect ratio

hlade chord, or convercent nozzle

convergent-divergent nozzle

solidity, hlade chord to spacing
ratio

diameter

force

gravitational constant

height, or specific enthalpy

hub-tip radius ratio

Total enthaloy

high-pressure spool

778 ft-1H/BTU

factor for blade volume

length

low pressure spcol
mass flow, or Mach number

number of elements

pressure

power takeoff

radius, or gas constant
revolutions per minute
surface area, or bhlade spacing
temperature

thickness

turhine loadinag parameter
blade taoer ratio

tip speed

volume

Weight, or weight flow rate

1 shear stress

A turbine loading parameter

(o] Density

w Rotational Velocity

o Stress

Y ratio of specific heats

€ heat exchanger effectiveness

0 ratio of local total temp.
to std. temp.

[ ratio of local total pressure
to std. pressure

Subscripts:

h hub

t tip

b blade

c case, or corrected conditions

S stator

hw hardware

Stg Stage

0 stagnation conditions

bp blade pull

2 Engine inlet station
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A thermodyr.amic simulation of each engine in the data base, Table 1, was
made in order to obtain corrected airflows, temperatures, Pressures,
etc., data on each component, A component weight breakdown was alsp
available for each engine, These computer models contain information
that s Proprietary to the engine manufacturer, and therefore they are
not herein disclosed. These data have been reduced to 3 nonproprietary

Fiqure 1 shows fan and compressor weight of the data base enqgines piotted
agqainst nymber of stages, The component weight has been divideq by the
entry  corrected airflow !!gi to  normalize the size of each
Compressor, Ag can be seen, thé;e is a considerable range of scatter in
the dsts that prevents the definition of a characteristic trend. Some

tyw Vo et o ”"‘“’:\":”" ! Tvoe o (yiie I Augrrwn g ong, o 'I Pomery ee ¢ ')
' ke e ut T, ; AR ¢
5 \J t AN t N
| XN Gt ) | . |
atws g U ) " an ! v

' AN L TYY 4 ! 1y t AR | "] )

! EER vt < ; ' Al ¢ !

\' XN ™ ut R | 1 An ¢

(LY T YV vt s | LR .

i TR 1 e [d TYY [ 4 ! " | ¢

| e rana ’ | " | ' )

I e Pt " " | , ~ i

VACE Sy PRwa H (3 ! L] ! C
’ ‘OE A " rawa s Vot ’ ¢
VCE Mg PAWwa S MCE . | [}
VOV 3024 *ana s ‘o l Lo |
VSCE Ao rane s i ! e ! N [
MUE ey < T¥Y s RN ] | ! ) .
! LY [ TYY s 1 AN R
MUt rana s : MOt .

! Aoy . PAWA 5 : T AR ‘ N

i NRTN “ana N i i e ¢

, (LI ¥ ' Ly 1YY S " (A} s

i EARIU | Pana \ " « ;

' [N AT Cb SN M L4 " v !

‘ [N X A ot 4 1" \

X vt » " I «
(T PAWA . " «

; L L u v " \ !

) \ ¥ ut » / 1) ‘ an ‘\ (] :

L I | " : ’ | " : | . | $6
' Manuteg,. AP i e S TN propoee N\ - R0 Moty ‘Gf
SN e 1y . NN N CE - gtve VO ang e ?}

3 Augmertatn e Ap - S et W 0
U ammen g M ey @ Q
0 Q
N
0" ﬁ '




Rtk e e il

14

12

10

(]
(]
3 @ 0 ¢ ®
4
® ® @
«»
& 00 o @
. ]
4
L (4
1
® ®
L i I\ 1 1
o~ o @® [ -} -« o~
- -

(MOT4 L3INI G3LI3HHOO LINN ¥3d LM} LHSIIM J141034dS JAILYIIY

NUMBER OF STAGES

Figure 1. Data Base Engines: Fan and Compressor Specific Weight
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Attempts were made to improve this correlation. The data base
information was examined to find if there were any mechanical design
features (such as h/t, stage loading, etc.) that might account for the
large weight difference. It was concluded that there were several
different design characteristics that caused the lack of correlation,
such as material properties, hlade geometry, stage loading, shaft spred,
and design life.

A similar problem occurred for turbines (Figure ?), burners and diffusers
(Fiqure 3), augmentors (Figure 4), and duct heaters (Figure S5). Some
components, however, did correlate well by this method and these are
further discussed in the Methods of Analysis. At this point it was found
that the correlation method failed to predict many of the major component
weights within the desired accuracy, and another method was adopted.

The adopted method was based on a preliminary mechanical design approach
where the design variables are taken into account. In the compressor,
for example, rotor blade weight is calculated as a function of specified
geometric parameters. Blade pull stress is then found, and the disc
weight that will support the blade rotational force is determined. This
type of oreliminary design approach was also used for the other
components (Figures 2 through 5). These methods are also discussed in
greater detail in the following secton.

The WATE-2 method is intended to estimate weight for a given engine
design. It will not design an engine. This function must be performed
external to the program. WATE-2 utilizes component state conditions,
flow, work, etc., which are generated in the engine cycle portion of the
program (NNEP), NNEP operation is described in reference 2.

In normal use of WATE-?, the desired engine cycle is simulated in NNEP at
sea level static conditions for the engine design point. The user of
WATE-?2 must be coanizant of other conditions in the flight envelope of
operation where maximum component temperature, work, speed, or flow
occur. 1f these conditions are greater than the desiqn values, they will
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size the component and will have a significant impact cn weight. WATE-2
allows input of scalers to account for these off-design conditions.

A more accurate weight estimate can be achieved by developing an array of
engine cycle data over the intended flight envelope. The WATE-2 program
will scan the output data of the engine cycle and select the maximum
conditions for each component. This automated procedure eliminates the
need for scalars to determine maximum component conditions.

The NNEP simulation of the engine may require the use of components that
are required mathematically, but are not desired in the engine weight or
dimensions. These can be selectively eliminated.

The methods of analysis described for each componert in the following
section have been developed to achieve an overall accuracy of +10%.
Since the rotating components comprise the major part of the total
weight, considerable detail was necessary in order to achieve the
accuracy goal. Normal program users may not have sufficient knowledge to
adequately define all of the nacessary inputs; however, typical values
are given in the User's Guide, Section 2.0.

1.1 Large Gas Turbine Ergines

The methods developed in this section were based on correlations of the
data-base family of large gas turbine engines, Table 1. There are
certain components that should be equally applicable to small engines
such as: annular ducts, burners, rotating splitters, shafts, mixers,
nozzles, certain frame types, transmissions or gear boxes, and heat
exchangers. Most notable differences between large and small engines are
the use of radial-flow components, and relatively thick discs for small
axial-flow components. This section should otherwise apply equally well
for both large and small engines.




1.1.1
The general procedure used for fan and compressor weight prediction is a
stage-by-stage mechanical design as iliustrated in Figure 6. Rotor blade
volume and weight is determined; then, blade pull stress, disc stress and
disc volume are calculated. Connecting hardware, stator, blades, and
case are then estimated and summed to give the total component weight.
The following input data are necessary:

Axial Flow Fans and Compressors

An allowable pressure ratio for the first stage which reflects
the design approach and technology level. Specific work for
this stage will be held constant for additionai stages. Number
of stages can also be specified as an option.

The entrance and exit mach number of the component.

The hub-tip ratio of the first stage.

Compressor design mode: constant mean-line, constant-hub, or
constant-tip diameter.

Effective density of blade material: defined as total blade
weight divided by total volume.

Maximum inlet and exit temperatures, if not at design.
Aspect ratios for the first and the last stage blades.
Nmax/Ndes overspeed factor.

Blade solidity.

Density of disc material.

Blade taper ratio

Blade volume factor, ratio of total volume to blade volume

14
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The total enthalpy change for the Component is available in the stored
data from the NNEP cycle calculation which precedes the weight method.
Equal work for each stage is assumed, and the number of stages required
is found by iteration until the first stage pressure ratio is equal to or
less than the specified maximum. Thisg iteration is required to obtain
equal work per stage with an integer number of stages. When the number
of stages is specified, first stage pressure ratio is calculated based on

the equal work per stage assumption and the allowable pressure ratio is
ignored.

Shaft speed is then estimated by the statistical trend-curve given in
Figure 7. This is only an approximation in the event that chaft speed is
not known. Shaft speed of additional compressor's driven on the same
shaft will be set by the first (upstieam) compressor. Turbine blade pull
stress and turbine radius ratio are typical fall-outs of this estimated
shaft speed. When the WATE-2 process is completed, these typical engine
physical constraints may not be satisfied and must be inspected to
determine whether the resultant engine design is reasonahle.

As an aid in determining if a valig design is made, diagnstic aids will
be indicated in the output data which recommend input changes to bring
the engine design within limits. In the event that an existing
compressor is being weighed, or the shaft speed has previously been
determined, a speed scalar can be applied to the shaft speed found from
Figure 7 to permit adjustment of the calculated shaft speed to achieve a
desired value. The speed scalar can also be used to obtain a more

temperature significantly effects the pressure ratio capahility, or for
external iterations of the engine design,

The first stage flow area is determined by the specified Mach number and
by the corrected airflow from the cycle data. Inside and outside

16
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diameters of the flow path are then calculated from the specified radius
ratio:

0. = J%B ____ "
t n(T- ﬁ/ 2) (1)
t
=p - N

Compressor RPM is determined by dividing the tip speed (found from
Figure 7) by the stage radius (Rt).

Dimensions of succeeding stages are based on the design mode selected
(constant mean. tip, or hub desian). In the constant mean-line method,
the mean radius is based on the mean flow area of the first stage.
Corrected airflow 2t the entry of each stage is determined from
calculated state conditions. Stage entry Mach number is assumed to vary
proportionally to the number of stages when a different entry and exit
Mach number are specified. Tip speed for the downstream stages are then
calculated from the stage dimensions and shaft speed. Radius of the
mean-area location of other stages is set equal to the first stage
mean-area radius.

Blade aspect ratio is determined by assuming a proportional change for
each stage if entry and exit aspect ratio are different. Volume of metal
in the blades is then calculated by:

ARZ (3)

Where K 1is a volume factor which accounts for fir-tree mount volume,
taper ratio, and thickness-to-chord varfaticns in typical blades. For

15
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the data base engine, K was found to be 0.055 for fan blades, .12 for
compressor blades and for blades with h/t greater than .3:

K=.120 + .08 ("¢ - 80) (4)

The rotating hlade weight of each stage is determined from the blade
volume and material density specified. Material density automatically
changes from Ti to steel when the stage temperature exceeds a specified
maximum, normally 700°F (371°C). Stage temperature is calculated
from the NNEP output data and the specified over-temperature ratio.

Stator weight and dimensions are assumed to be equal to the rotor blades
and include the inner diameter stator shroud.

Stage length is found in the following manner. Blade chord (CB) as
shown in Figure 8, is the quotient of AR and the blade height:

(5)

For the data base engines, the stator length was found to be equal to the
rotor length (or blade chord), with 17% of the rotor length required for
clearance between rotor and stator and the same clearance between the
stater and next rotor. The sum of all stages gives the total compressor
length. 1Inlet guide vanes are not included in the compressor weight, but
can be included as a frame, see Section 1.1.7.

Total number of blades is found from the specified solidity (C/S) and the
chord length determined above:

Ng = 2m « Ry + C/¢ « AR ()

19
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This value is truncated to an integer number of blades, and the same
value is used for the stator.

The maximum blade-pull stress occurs at the blade root and is a function
of tip speed, blade height, and material density. Expressed in terms of

the nondimensional input blade geometry, the equation for blade-pull
stress is:

2
1200, [1 b2

o o B B0 vy, o

where U, is the product of tip radius, Ndes’ and the overspeed factor

/N

Nmax des*

The compressor discs are a large part of the total enqine weight and it
is therefore necessary to define this weight as accurately as possible.

Disc weight is a function of: diameter, blade load carried on the rim of
the disc, material type, speed, disc shape (or thickness distribution),

and design stress level selected for life considerations. A theoretical
functional correlation was developed which showed that disc thickness
should vary inversely with the product of blade-pull stress and disc
diameter, i.e., the hlade load per unit thickness. For those engines in
the data base where large-scale drawings were available, several typical
discs were measured. Blade-pull stress and disc volume were calculated,

and the results were plotted in the form of relative disc thickness
versus load per unit thickness, Figure 9,

There 1is an identifiable trend in these data that show a different
characteristic for compressor discs and fan discs. Low hup-tip ratio of
the fan probably accounts for the departure from the compressor trend.
The allowable stress difference between steel and Ti causes the different
trend for the two materials. Further imprcvement< in the accuracy of the
disc volume correlations could be made if the number of discs were
i1creased in the data base and the rim Toading term was modified hy the

21
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design stress level or maximum allowable. An optional disc preliminary

design procedure is also available and is recommended for potential
improved accuracy (see sec. 1.2.3).

Figure 10 illustrates a stage coupling method that was used in most of
the data base engines. The spacer and nuts and bolts are assumed to be
steel, und the Spacer was typically a .075-in thick cylinder located at
75% of disc radius. The connecting hardware (whw) is estimated by the
following equation:

Ww = <75 x 2. x ™R x .075 x Lorg X P (8)
where Rh is the disc radius {or blade hub radius), LStg is the stage
iength, and ¢ is the material density.

The outer case is the last item of weight included in the compressor
weight buildup. Average case thickness in the data base engines was 0.10
in equivalent thickness, including fasteners and flanges. Case weight is
calculated stage by stage, and the same material used in the disc is also
assumed for the case:

We = Dt X LSTG X .10 x p (9)
where Dt is the stage tip diameter,

Total stage weight is the sum of rotor blade, stators, disc, connecting

hardware, and case. Stage weights are summed to give the total component
weight,

Rotational inertia of compressors and turbines is determined by finding
inertia of each stage of each component. It is assumed that hlades have
uniform weight/area and the disc is of uniform thickness. This method
has been applied to severa] existing engines and the results showed good

24




agreement. The following equations are used for the blades and disc
inertias:

WT h,2 2
- _ BL B8 R x N
lBae =5 — X 3 —*+h B (10)
WT 2
I = "'DISC xR 11
DISC By h (11)

The total stage inertia is the sum of blade and disc inertias

1 (12)

ste = Israoe * Ipisc

The component inertia is the sum of the inertia of each stage.

1.1.2 Axial Flow Turbines

The method described for compressors is generally the sam for turbines.
Input data required are:

0 Maximum tip diameter of the first stage, or number of stages

) Inlet Mach number (axial) of the first stage, and exit Mach
number (axial) of the last stage

o Rotor blade aspect ratio of the first and last stages
o] Solidity
0 Reference disc stress, N.2% yield point of the material selected

0 Cooling indicator, to modify the blade volume calculation for
cooling holes

25
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o] Design mode, constant hub radius, constant mean area or constant
tip radius

o] Shaft overspeed factor

0  Turbine loading parameter, 2 = Uté// Ah . 2gJ
-

o Blade material density

o Blade taper ratio

o] Blade volume factor

Two alternative nrocedures can be used to size the turbine: (1) specify
maximum diameter of the first stage and find the number of stages from
the work loading parameter, or (2) specify the number of stages and the
diamter of the first stage is found from the work loading parameter.
Shaft speed is transferred from the corresponding compressor; and in the
case of (1), the number of stages is found by iteration until the
resultant tip diameter is equal to or less than the specified diameter.
tEqual work per stage is assumed. Total component work and state
conditions are taken from the NNEP stored cycle data.

Tn determine blade height, the flow area necessary to pass the corrected
airflow is calculated at the inlet of each stage. When the first stage
inlet Mach number is different from the last stage exit Mach number, a
proportionate change is assumed for inlet Mach number of the other
stages. Hub radius of the first stage is found by subtracting from the
stage-projected area the exit-flow area required to satisfy the specified
exit Mach number. Dimensions of the remaining stages are then determined
from the design mode specification and the calculated exit area.

Aspect ratio and number of blades are determined by the same method used
in determining the compressors. Blade voiume is also determined hy the

26
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same method, Equation (3), except that K = 0.195. When the blade is a
cooled blade (normally HP turbine blades with relatively low-aspect
ratio), the calculated volume 1is reduced 20% to compensate for
cooling-air passages. Blade weight is then found from the speriTied
material density. Blade-pull stress is calculated by Equatise (7).

In a manner similar to the compressor discs, turbine discs were measured
in the data base enaines to produce the results shown in Fiqure 11. Th~
rim loading parameter (Ogp X Rn) was modified by dividing by the 0.2%
yield strength (at the max. operating temperature) of the particular
material used in each disc. There are many different steel alloys and
superallnys that have different strength capabilities for which this
correction compensates. FEach disc has a different operating temperature,
maximum allowable stress, and design life. These factors and other
unknowns, such as the effect of hub tip ratio, are believed to be the
primary cause of the data scatter. The best-fit curve sShown in Figure 11
is used in WATE-?, unless the optional procedure is used where the discs
are calculated by a preliminary design procedure developed primarily for
small engine discs. This method is recommended hecause it ircludes the
effects of blade aspect ratio and disc stress leva].

The relative disc thickness is found from Figure 11 with the calculated
independent variable ((JBP X Rn ) . Disc volume is found by multiplying
the relative thickness parameter (V/th) by th, Blade-material
density is an input; however, disc material is assu d tu be steel or
superalloy with 0.286 density. Since all of the data base engines used

steel or supera'loy discs, correlations of other materials couid not he
made.

Fach stage of the :u~bine is treated as a stator-rotor pair (as opposed
to rotor-stator pair in the compressor. Stator blades are 2also assumed
to have the same rumbzr, volume of material, and dimensions as the rotor
blades. The stator w<ight s calculated hy Eauation (2), with K=0.144,
Stator-rotor spacing is the same as compressors, 17% of the rotor
length, Stator AR is taken to be 83% of the rotor blade AR.
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Connecting hardware and case weight are also determined by the same
method as used in the compressors. The total weight and length of the
turbine component is the sum of disc, blade, stator, connecting hardware,
and case. No exit gquide vanes (EGV) are assumed in the turbine
component. EGV's, if required, can be considered a part of the exit

frame weight. Rotational inertia is determined in the same manner as the
compressor.

1.1.3 Ducts

It is assumed that the major structural load in a duct is a result of the
internal pressure. Also, it is assumed that the inner wall of the duct
is the same gage as the outer wall. 1In the data base engines the outer
surface of the 0D walls were typically exposed to amhient pressure. The
ID wall was subjected to fan pressure, hp compressor exit pressure, etc.,

and AP for the ID wall could not be generalized. Fiqure 12 illustrates
the duct and nomenclature.

The equation for stress oy a longitudinal section of a thin-walled
cylinder subjected io an irternal pressure is:(3)

- LY 13
R (13)
and for solving for minimum thickness:
. P Do
tnin = 79 (14)

where 0 is the allowable for the material, p fs the internal total
pressure, and 00 is the duct outside diameter.

T is assumed with 50,000 lh/in? allowable at temperatures helow
700°F, and  steel is  atsumed at 70,000 lbs/in? above  this
temperature. The appropriate materia! is selected based on the total
temperature of the duct airflow. The weight is -alculated as a function
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of duct length (L), the inner diameter (Di)’ and the outer diameter
(0):

Moucr =™ (D L) Lee (15)

Duct Mach number is specified as an input, and corrected airflow is
determined from the NNEP cycle data. 1D and OD are determined as a
function of required flow area and the dimersions of the connecting
upstream component. Care should be taken to ascertain whether these
assumptions apply for specific engine configurations. For example, a
thin-walled cylinder subjected to an external collapsing pressure will
fail at a much lower pressure than it would if it were subjected to an
internal bursting pressure, as assumed in the duct weight calculation.
If both ID and OD walls of the duct are exposed to ambient pressure, the
ID wall should be sized to avoid collapse, such as Jdetermined
experimentally by Stewart3 for lap-welded steel tubes:

Paax = 1000 [ 1 - \/1-1600({5)?] (16)

or expressed in terms of minimum wall thickness:

Praay\2
D 1 - Prax
tnin = mJ' (Lo 22) (17)

WATE-2 does not perform the above calculation to determine whether
collapsing pressure sizes the 1D wall. It also does not check to
determine whether the gage selected is less than minimum gage.

1.1.4 Rotating Splitter

A rotating splitter, Figure 13, is a circumferential separator of two
flows within the same compressor. These flows uormally have different
pressures and temperatures, and the splitter must perform a sealing
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Figure 13.  Rotating Splitter

32




function. Stages that incorporate rotating splitters are treated the
same as compressors; a rotor-stator pair comprises one stage, stator
weight and size is assumed to be the same as the rotor blade, and
rotor-stator spacing is 17% of rotor length.

The rotating splitter adds weight to the blade and increases the
centrifugal blade force. Consequently. the disc must be heavier to carry
the added 1oad. Splitter weight, per blade is estimated by:

. 2R c*x .10
Ng

W

SPL

where C is the blade chord found by Equation (5) and RS is the radial
iocation of the splitter,

Thickness of the splitter is assumed to be 10% of chord, however, this
choice was based on only one engine, the General Electric CJ805-23. The
CJ805-23 aft-fan blade has a rotating splitter which has a box section.
The solid equivalent thickness of the hollow box was approximately 10% of
chord. A more accurate estimatr can be made by actual design of the
cantilevered platform to the desired deflection and/or stress levels.

The centrifugal force contribution of the rotating splitter is:
F e Mrw? = SSPL_ x R_x (Zmx RP")Z 18)
g s ( 60.

where RPM is the shaft speed determined in the same manner as
compressors. Blade pull stress (Equation 7) i¢ increased by the amount

. (19)
BP Ay cBE X t/c

where CB is determined by Equation (5) and t/c is the thickness ratio
of the hlade (which {s assumed to be 10%). Disc weight 1is determined
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With the increased stress leve) using the disc volume correlation,
Figure 9,

Shaft speed determination (as described in Section 1.1.1) js only an
estimate, ang it assumes that blade-root stress is subcritical, Use of a
rotating splitter Will cause the blade-pu11 stress o inzrease
significantly, and the WATE-2 output shoylg be inspected to determine
whether or not the stress leve] is acceptable, Reduction of shaft speed
may be required to reduce the stress level,

If shaft speed is decreased, a larger number of stages will be required
to accomplish {ne same work, Alternatively, the radiyg ratio of the

higher tip speed). Disc weight of each stage win increase for this
Compromise, however, The final choice must be iterated externa: ¢q

matched to Connecting Components (sych as the Hp turbine and LP turbine
flow path), These secondary effects May have a mych large impact on
engine weight than will the weight of the splitter material, and they

1.1.5 Burners

This method is hased on a calculated volume of materials, similar to the
duct method éxcept for the addition of wall linerg and fuyel manifold and
nozzles, as shown ip Figure 14, It is used for primary burners, as well
as duct heaters, and afterburners. Differences in configuration of these
different types of burnersg are reflected in the specifiad residonce time,
through-f1ow velocity, and type of burner, When g4 primary burner is
Specified, , frame weight s added (see Section 3.7). Primary burnersg
and duct heaters require an input mean radius of the annular flow paths
while the afterburner is assumed to have ng inner wall, i.e., zero radius




ArLow
Uh?h

Figure 14. Burner Schematic

Burner flow area is determined from th
and the entry-corrected airflow from t

is found to give the specified residen
and entry cenditions.

e input velocity, the mean radius,
he NNEP cycle data. Burner length
ce time based on the input velocity

h) with the specified mean radius located at mid-area,

Nuter-case thickness is determined by Equation \14). The same thickness

is  used for the inner case. Material assumed is
70,000 1b/in allowable stress.

inner and outer Cases are found by

steel with
Weight and volume of material for the

Equation (15), using burner length (L),

Liner weight
steel walls,
case,

is determined in a like manner,

located at 20% of Passage height from the inner and outer
The burner dome, fue) manifold, fue) nozzles, and other components

are estimated hy typical geometry taken from the data base engines as
determined by the following equation:

assuming 0.055-in thick

- 2 o2, (20)
Woome = -0106 (R, R, )
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Total burner weight is the sum of inner and outer cases and liners,
burner dome and fuel nozzle system, and frame where applicable.

1.1.6 Shafts

A shaft is assumed to be the power connection between components, see
Figure 15. Multiple stages within a compressor or turbine are also
connEcted by a shaft; however, this weight 1is included in that
component's weight buildup.

The required inputs are:

0 The component numbers connected (to determine length, power
transmitted and shaft speed).

0 The shaft material density and allowable stress.
0 Radius ratio (of the inner shaft only).

Multiple concentric shafts can also be specified, and will be sized
around the inner shaft with 0.20 in radial clearance assumed.

Dimensions of the inner shaft are determined to provided the necessary
torque capability at the specified allowable stress. Total shaft power
is the summation of work (AH) for all turbines on the shaft., Torque is
calculated by:

= IAH
T " x J (21)

where o is the shaft iotative speed, rad/sec.

Shear stress due to the torque load is defined by(3‘:

16T DO (22)
T =
T &
™ ([)° - 01 )
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or in terms of the input diameter or radius ratio (Di/Do):

16T
' ™ 003 [1 - Do4 ] (23)

oF

Solving for D0 in terms of allowable stress (oa]]):

1/3
16T (28)
D = D 4
]
D,
i
Weight is then found by :
2
2 D
Welpn Dy [1 - —9—2-] (25)
4 D,

1

A similar procedure is used for concentric shafts. The second shaft's

inside diameter is found by adding 0.40 in to Do, and Equation (24) is
solved by iteration.

While it is assumed in the shaft-weight estimate that torque determines
the shaft dimensions, it should be recognized that other design
considerations may dictate shaft dimensions. Shaft critical speeds or
lonqitudinal stiffness may actually design the shaft, but this is a
function of bearing arrangement, mount stiffness, location of and
stiffness of rotating masses. The calculated shaft weight should be
considered to be an ahsolute minimum, and can possibly be much larger
when these other criteria are considered. The rotational inertia of the
shaft is not calculated, since it is a negligihie quantity compared to
the compressors and turbines,
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1.1.7  Frames

A structurai frame is normally required to span the engine flow path from
the outer engine case to the shaft, usually to support a bearing (as
shown in Figure 16) for several typical engines. Mechanicel design of
the frame would require a definition of all loads imposed on the frame
under normal operating conditions, transients, and adverse operating
conditions, such as a hard landing. This level of detail is normally not
available at the preliminary design stage for which WATE-2 has been
develioped.

It has been found, however, that the frame weight of the data base
engines correlates well with the total frame-projected area. These data
are shown in Figure 17 for four types of frames commonly used:
single-bearing frames with and without PT0, turbine exit, and
intermediate. Frame weight is determined from these data, based on the
local diameter and the type of frame specified.

1.1.8 Nozzles

Unlike the rotating components, the loads and load paths of nozzles
(particularly variable area C-D nozzles) are not readily defined on a
general basis. A selected type of nozzle could be subjected to a
detailed weight-estimating procedure, however, the trade-offs of internal
and external performance with nozzle length and diameter would also be
necessary to optimize the design. This type of data is not likely to be
available at the level of development for which WATE-?2 is intended.

A procedure has heen developed that shows proper trends for
multiple-stream nozzles and for variable geometry and fixed-geometry
nozzles. Nozzle length is specified and should be selected to be
representative for the type of nozzle, i.e., C or C-D. An effective
surface area is calculated based on the diameter of the connecting
component and the specified le ~th,
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coannular nozzles

conical nozzles are assumed,

Only circular, however,
could be represented by specifying a circular nozzle for each flow path.
Plug nozzles can be represented by specifying a larger effective length;
e.g., from nozzle entry to end of plug. Wall thickness is assumed to be
0.10-in steel above 700°F and Ti below 700°F. Variable nozzles are
calculated in the same manner except that the effective wall thickness is
2.75 times that of the fixed nozzle.

1.1.9 Mixers

A mixer is a device placed at the point of confluency of two coannular
streams to increase the mixing boundary <o that thermal mixing takes
place in a minimum length. This type of mixer is sometimes called a
daisy-mixer, chute-mixer, or forced-mixer.

Flow area of each annular path is taken from the NNEP cycle data, and the
inlet radius (Ri) of the upstream component is used as a starting point
for locating Rmid and Ro, as shown in Figure 18. Normally Ri will be
the hub radius of the last turhine stage.

Mixer length (L) and number of passages (N) are required inputs. The
following relationship has been developed that is representative of the
surface area of typical mixers:

s = [3.93 Ry + 1.25 (R - Ri)] L (26)

material assumed is 0.10-in thick steel.

1.1.10  Annulus Inverting Valve (AIV)
This device has been used in some variable-cycle engines to invert the

annular position of two concentric flow paths. It accomplishes the flow

inversion within a constant diameter envelope, and with constant-area
duct passages. Figure 19 shows a typical example of an AIV. This AIV

was designed to vary the bybass ratio in a JT8D engine,
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The AIV weight method assumes a construction similar to that shown 1in
Figure 19, except that instead of sheet-metal, the material is assumed to
be Ti honeycomb at 1.1 lh/ft2 below 700°F and steel honeycomb at

1.87 1b/ft2 atove 700°F. If desired, different materials can be
specified.

An  empirical relationship, similar to the mixer method, has been
developed for estimation of the AIV weight:

_ W

where Ri is the hub radius of the upstream connecting component, and
Rm and RO are found to satisfy the input Mach number with the entry
corrected airflow (see Figqure 20). The number of passages (N) is an
input, and material weight per square foot (W/A) is selected depending on
the stream temperature. Length (L) of the AIV is calculated from the
input specific length, LSP:

Lsp

L = 25

w7 &

Specific lenqth g preferred as an innut because it is nondimensional,
and it is a major variable that determires AIV pressure loss. A
relatively anod compromise between size and performance is achieved when

N=2 and L§p=0.8 to 1.0, which results in a pressure loss between 2.5%
ind 1,5%,

[f the AIV is of the switchina twpe, where one half indexes in a
rotational direction relative to the ather half to change flow-path
orientation, an actuator weight is estimated at 10% of tota) ATV weight,
Additinnal structure to support the rotating half 1< not incuded and
should he represented as an additional frame.

45




AQUTER

AINNER

s e

OUTER CYL.

WALL

INNER CYL.

(A +A )
LSP =L /V&A/x ~ INPUT A = 0UTER2 INNER

FROM MACH INPUT
A|NNER AND Agrer ARE FOUND
L IS DETERMINED
WTIC=2 R, ‘L WTSI
WTOC = 2" Ry ' L WTSO
WTWALL = (K . Ry + Ky N (Rg— Ry )} " L WTSW
WTSI, WTSO AND WTSW ARE MATERIAL WEIGHT IN Ib/ft?

RM = JA/"" R|2

Ky=3927 Kyo=126
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1.1.11  Transmission
A method of estimating the weight of various types of gear systems has

been previously developed by Schmidt.4 This method is used 1in WATE-2
for gear sets that are typically used in aircraft.

The equation for the total gear box weight is:

.80
W= 324 (SHE (29)

1.1.12  Thrust Reversers

A weight estimating method previously developed for aircraft preliminary
desian studies is hased on the weight of 18 different reversers that are
in current use. It has been found in correlations of these data hat
reverser weicht (W) is a function of corrected mass flow (w ) and
nozzle pressure ratio (PR), and is dependent on whether the stream is

hot (primary) or cold (fan). The following relationship has been
developed:

w=[K]xN_6\/E +K2] [K3Pg""(4] (30)

where hot streams Kl = .52, K? = 423, K3 = 1,004 and K4 = -.,50%4,

For cold streams K1 = 2,22, K? = 11.0, K3 = ,23, and K4 = .56,

The WATE-? method will apply the conld stream equation to a fan stream
whether or not it is heated by a duct burner. The hot stream equation is
used for turbine outlet streams or mixed-flow exhaust streams.

1.1.73 Heat Exchangers

Both rotarvy and fixed heat exchangers can be estimated. Methods
previously developed produce adequate results for preliminary design
purposes, see Fiqure 21,
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For rotary heat excharngers, a ceramic core is assumed. Weights of this
type ofheat exchanger have been determined by the Corning Glass
Company> and are represented in Table 2 for various levels of
effectiveness and pressure loss. These data are developed for a total

corrected airflow of 200 1lbs/sec. For other sizes, * .- weights are
scaled directly with corrected flow.

Fixed-tube heat exchangers are estimated by » sat transfer analysisb
wherebv the required tube surface area is f .d to give the specified
effectiveness. Flow area of the tubes is> foun. from an input Mach
numher, number of tubes, and corrected flow.

Wall thickness of the tuhes is determined by Eauation (14) to satisfy an
assumed allowable stress of 50,000 1h/in? and a density of 0.168 below
7009F. A stress of 70,000 1b/in2 and a density of 0.286 is assumed

above 7000F. The length of tubes is determined to satisfy the surface
area requirement,

Table 2. Ceramic Rotary _Regenerator Weight

200 Ib/sec corrected weight tlow
BPR 3 7 10
Ao/p (%) 5 10 5 10 5 10
Weight (Ib)
€ = 80% €74 642 628 446 800 423
86% 971 754 914 640 834 617
90% 1622 1,188 1,428 1,085 1,313 994
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Fixed-tube heat exchanger tube weight (wt) is then found by

) 2 .2
W pL (RO - R, )

t (31)

where R0 and R, are the tube radii and L is the total iength
required. Casings, mounting hardware, manifolds, and other equipment
that may be necessary are assumed to be equal to wt. Total heat
exchanger weight is zwt.

1.2 Small Gas Turbine Engines

Discussed in this section are all of the components that are unique to
small qas turbine engines. These include centrifugal compressors, radial
turbines, axial compressors, axial turbines, burners, cross-over ducts,
diffusers, compressor shroud, aear box, and rear frame. Some components
utilize the same methods as used for the large engines, and these are
noted in the discussion. A typical small-engine is shown in Fiqure 27,

where the major components are identified.

1.2 Centrifugqal Compressaors
The following input data are required for centrifugal ‘{radial)

compressors:

0 Entry axial Mach number

0 Max first stage pressure ratio

) Radius ratin of the inlet hub to the inlet tip
0 Shaft overspeed factor

[€ the specified overall pressure ratio is greater than the max allowable
£irst stage pressure ratio, another stage is added and the work is
divited equally. Stages are added until the first stage pressure ratio
is less than the max allowed. Tip speed of the second staqe of multiple
staqes is taken tn he a3% of the first stage tip speed.
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Hub and tip radii of the entry are found from the input radius ratio, the
entry corrected airflow, and the entry Mach no. The tip radius of the
outlet of centrifugal compressors is assumed to be 3 times the hub radius
of the entry, which is typical for wheels from 10 to 20 in. diameter.

Corrected tip speed is found from the calculated pressure ratio of the

stage, Fiqure 23, and shaft speed is then found from tip radius and tip
speed.

The shaft speed will normally be set by turbine stress. Since turbine
stress is a fall-out calculation in WATE-2 (for axial turhines only), it
should be checked to see if it is reasonable, and the input radius ratio
should be adjusted if necessary to change the calculated shaft speed.

Centrifugal compressors are assumed to be titanium and the weight is
found as a function of tip radius, Figure 24. Length and rotational
inertia are found similarly, Figures 25 and 26. Fiqure 26 also compares
the inertia of radial turhines.

1.2.2 Radial In-Flow Turbines

The tio radius of radial turbine wheels is found by the inlet corrected
airflow, Fiqure 27. The technology level, current or advanced, must be
specified. Length of the impeller is found from Figure 28, as a function
of the tip radius.

Steel turhine wheels are assumed, and the weight and rotating inertia are
determined from tio radius, Fiaures 29 and 26, respectively.

1.2.3 Axial Compressors and Turbines

This method is identical to the larae gas turhines except for the disc
weight <> rulation procedvre. No additional inputs are required, except
for the input which activates the optional disc procedure. It was found
that the previous disc weight correlations were not applicable to small
diameter discs. Typically, the small discs were 3 to 4 times heavier (or
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thicker) than would be predicted by the original method. A new method
was developed specifically for small-engines. It is also applicable to
large engines, and may provide improved accuracy.

An inserted hlade is assumed, and the disc material is assumed to be Ti
or steel forgings with ultimate strengths of 120,000 and 160,000 psi
respectively. The rim of the disc is assumed to be 10% of the blade hub
radius or .75 in, whichever is gqreater. The remaining disc volume is
assumed to he 2 trapezoidal section rotated about the axis. The
thickness of the trapezoid at its outer radius is sized for 75% of the
ultimate strength., Thickness of the trapizod at the inner radius is
hased on 50% of ultimate strenqth for the tangential stress. This value
is selected hased on an experimentally determined burst speed margin.

1f the average tangential stress can he satisfied with a constant
thickness Aisc, the bore radius is increased until the lowest weight disc
is achieved that just meets the desiqn criteria.

Stresses are calculated haced on the total hlade force acting on the
outer circumforence of the disc, and it is therefore sensitive to chanages
in S1ade aspect ratio and solidity as well as blade pull stress and hub

vadius., The original method is not sensitive to aspect ratio or solidity,

LI CﬁQEE?YSﬁ_QEEﬁ.lﬂlﬂﬂ[i) with Diffuser

This comnonent is only used to connect two centrifugal compressors, and
it has an intearal diffuser. The diffuser outside diameter (Do) is
talen to be 1.6 times the first impeller diameter and the length (L) is
samed to he 20% of the diFfuser dimeter. Weight of the crossover duct

i< potimited hv the following ralatinnshin:
AT = .5 L ox DO (3?)

where | and D are in ft.
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1.2.5 Diffuser

A diffuser is required when only one centrifugal stage is used. It is
normally feeding into a burner directly from the compressor. The outside
diameter of the diffuser is also 1.6 times the tip diameter of the

impeller, and the length is 7% of the diffuser diameter. The weight is
expressed by:

WT = 32.8L x D, (33)

1.7.6 Rear Frame

For small gas turbines, a turbine exit frame is normally required to
supoort ths turbine bearing, radial loads only. The front frame and
front hearing take the thrust loads, and this is sometimes an integral
part of the gearbox. The following equation is used to estimate the
weight of the rear frame, which includes the tailpipe and nose cone:

WT = 55.5 R,Z + 6.53 (34)
where R, is the turbine tip radius (ft).

1.2.7 Centrifugal Compressor Housing

This item is similar to the outer case in an axial compressor. Weight is
based on the length and the tip radius (Rt\ of the impeller:

WT = 163 x L x R, (35)

1.7.8 Gearhox and Accessories

The existing transmission weight method will give satisfactory results
for small enaines. Accessory weight however is a significantly higher
percentage of total weight. Accessories are typically about 17% of the
total enqine weight, excluding accessories.
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1.3 Other Program Functions and Capabilities

1.3.1 Flight envelope Maximization

In the normal use of the WATE-2 program, 3 flight envelope of engine
performance will be generated. Since the weight of each component is
affected by its maximum work, flow, temperature, and speed, these
maximized values are stored for use in the dimensions and weight
calculations. Thermodynamic output data from NNEP is scanned over all
points in the specified flight envelope, and tne maximum conditions are

stored. The flight condition is given in the output data where the
maximum condition occurs for each component.

1.3.7 Design Limits

As an aid to assist the user to achieve a reasonable enaine design, the
output data will provide a warning and suggested corrective action to
bring the engine design within reasonahle limite. These limits can he
specified, or default values will be used if not specified. Tahle 3
shows a list of warnings and corrective actions.

1.2.3 Automatic Airflow Scaling

The WATE-? program will automatically scale the engine to +20% of the
size that is defined in the NNEP cimulation. Up to <ix selected scale
factors can also he specified if the default scale factors of .8, 1.0,
and 1.2 are not adequate. A scaling exponent (€e) is calculated for a
hest-fit curve between the calculated data points. The curve-fit
equation is of the form:

L €

vt ()
REF

The scalina exponent (¢ ) and a short-form outnut for each enaine size 1S

nrovided in the output data.

1.2.4 Eﬂﬂiﬂf_ﬁfﬂﬁﬁﬂllﬁif?ﬁ?it@!
The center nf qgravitv of each component | except the rotational

components, 1S assumed to be the mid-point of its lenath. The moment




TABLE 3 DESIGN LIMITS

WARNING MESSAGE

ACTION RECOMMENDED

DEFAULT VALUE
TESTED AGAINST

BLADE PuLL STRESS EXCEEDED

REDUCE SHAFT SPEED
(BY RPM SCALAR) OR
INCREASE EXIT MACH
NUMBER

50000 HPT
60000 LPT
80000 FAN & HPC

h/t TOO LARGE

REDUCE HUB-TIP RATIO
INPUT

.93 HPC EXIT

h/t TOO SMALL

INCREASE HUB-TIP
RATIO INPUT

.32 FAN,HPC ENTRY
.50 HPT,LPT EXIT

STAGE LOADING TOO HIGH

INCREASE )\ INPUT
(WHICH IS 1/LOADING)

.28 HPT,LPT

STAGE PR TOO HIGK

REDUCE STAGE PRES-
SURE RATIO INPUT

1.8 FAN
1.4 HPC

FLOW VELOCITY TO HIGH

DECREASE STAGE INLET
MACH NUMBER INPUT

Mex .60 ALL COMPONENTS

BLADE SIZE TOO SMALL

CHANGE DES OVERALL
PRESSURE RATIO OR
REDUCE H/T INPUT

B .40 ALL COMPONENTS




relative to the front-flange of the engine is determined as a function of
the position of each component.

For rotating components, the weight of each stage is assumed to act at
mid-length of the stage., Moments are summed about the front flange for
each stage. The center of gravity of each rotating component and the
total engine is calculated. CG locations are shown in the output data
for the total engine and each component.

1.4 Proaram Validation

A verification of the accuracy of the method can only be done by applying
it to various tvpes of engines and comparing the results with the actual
measured engine weight and dimensions or with those estimated by the
manufacturer for proposed engines. Since the manufacturer's estimate of
proposed engines also includes some error, the real deviation or error of
the WATE-2 method can only be found by comparing enaines that have been
huilt in production quantities.

In order to judge the accuracy of the method, the NASA program manager
celected 3 large engines and one small engine for comparison. These
included hoth production and proposed engines. The selection was made
after the methnd was completed and submitted for approval. Results of
the WATE-? estimates for these engines are shown in Figure 30. As can be
<een, dimensions and weight of the 9 selected engines are within the +10%
accuracy goal.
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2.0 USER'S MANUAL

This section contains a description of input-output data, values of
typical inputs and sample cases. WATE-2 is designed to function around a
component-type engine cycle analysis program, the "NASA-NAVY Engine
Program, Reference 7. The calculated thermodynamic output data of NNEP

is not described here since it is unchanged from its normal mode of
operation,

The thermo c:sign point case of NNEP can be used to generate the WATE-2
inouts or additional NNEP off-desian points can he run and the output
data will be scanned for maximum conditions of shaft overspeed, work,
flow or temperature for each component. In order to produce the most
accurate weight estimate, the off-design cases should encompass the
maximum performance level required of each component. A1l components
that contribute weight must also be included in the NNEP engine model.

WATE-2 will not calculate weight for components which are not included in
the NNEP engine simulation.

WATE-2 also wil) accept an input weight scaler for each component so that
selected components can be increased or decreased (or eliminated

altogether) to determine sensitivities, etc. Both SI and English units
of measure can be used.

2.1 Proagram Structure and Deck Stacking

The overall program structure is shown in the f'ow chart, Fiqure 21,
NNEP design noint data is stored in the "thermodynamic data" for use in
calculatina weights and dimensions (W/D) in the WATE-2 part of the
program, Computer execution time, core storage, and output print
requirements have heen increased s'ightlv over the NNEP program,

The order of deck stacking of the Job Control cards and NNEP input data
are unchanged from the normal operation of NNEP. Two new inputs have
heen added to the NNEP indicator set, The indicators, IWT = TRUE and
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Figure 31. Overall Program Structure
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IPLT = TRUE signals that the weight and dimensions calculations are to be
performed, and the WATE-?2 Data Set is required following the NNEP

inputs, Figure 32 shows a typical card-stacking arrangement necessary to
operate NNEP and WATE-2.

2.2 Inout Description and Format

The WATE-2 inputs are free-field format (NAMELIST), and begin in Column
?. There is no specified order to the inputs; however, for the following
discussion they have been grouped into Plot-Print Indicators, Length
Indicators, Mechanical Design Indicators, and Desian Values. Figure 33
shows a complete input set for a typical case.

2.2.1 Plot-Print Indicators

TWT =0

Do not do weight caiculation

=1 - Turn on the thermodynamic parameter maximization of the
WATE code. Do not do weight calculation

= 72 - Do weight calculation using maximum thermodynamic
parameters

= 3 - Do weight calculation but do rot write maximum conditions
for the components

=4 - Do weight calculation with airflow scaling

1PLT = T - Gas path lavout
F - No gas path layout
RW - placed at end of NNEP inputs to signal beginning of

WATE-? inputs
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Figure 32. Deck Stacking
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MJLc 1 NOW BEING USED

aw

IPLT=T,

1511=F.

1510=F,

TOUTICO=Cy

ILENGELI=29390969T98:9,410,11,

AAMEC(L 2)=FAN ®4 Ly, 4 380,

IwMEC( L 43)=9SPLT %y 050,

IaMEC( L 94)=UICT (5%

InmbectlyS)=0 P "91920480,

AamMEL!196)=PEURY 3 195%0,

IAAEC Ly )= T *,0,53-5,3%0,

TaMEC(Llo8)=%PT Y91920 Ty3%¢(,

LAaMEC L ,9)=UIX *,0%0,

IwMECE Leav)=IUCT® 424420,

Iadc (Lo 18)="NQL %ylylupé* .y
TamSClLy A2 )="SHAF® 4198 93%0 42,

InMEC(Llead)=SHAr® 32,743%0,5,

DoSVALI L 12) 25809l aT 9004598 25903590 eD90653Ce90c9)ler eslerles
JEEVAL(143)=10%0.

JESVAL 192 )=e4592%0erl leesl 1®Ce
JL:\VAL‘1'5,30‘0301035'.70'1oZ'd.'loD'o."bo'Co'l0900020910'
D GYVAL(1 y5)=1C00e9.015,

ULOTAL (107 )= ad90eldB gl el )l edoled e D9l Uil ag3eyle 9680,
VIOVALL L 02030599006 2%39) 59 09306900915 (CClep 0sl o9t®(ey
Dz=SvaL(lyvy1=1.%049

JeSVAL(19lu)=elelen

JeSVAL Llwil)=lesla®d.,y

Uz OVAL 1914 )=5000V e el 9085412304

VooVAL (L 943050080V ere39l3%( .,

L NU

Figure33. WATE-2 Input
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ISI1 = T - SI units input
F - English units input
1S10 = T - SI units output
F - English units
10UTCD =0 - Short form-engine weight, length, and maximum radius

1 - Long form-comporent weights and dimensions and short form

[10UTCD = 2 - Debuq option and long and short form

n




2.2.2 Length Indicators

The ILENG input specifies only those ¢

omponents that contribute to the
total additive engine length,

The NNEP comporent number ijs specified in

total lenqth, Thig must start with the first compressor and end with the

furthest downstream nozzle. Figure 34 shows a typical engine and the
TLENG inputs for that engine. The ILENG input does not include duct (4),

nozzle (5) or shafts (13) and (14) hecause these components do not
contribute to the total engine length,

\
/-—."‘——\
~—

DL P

ENGINE LAYOUT

4 5
(o} N
1 2 3
I C S

8 U 8 L 10 n 12

(o] C 8 T o] T
13
SH 14
SH

ILENG (1) - 1.2.3.6.28.910,11,12,

FLOWPATH AND COMPONENT NUIMBE RS

Figure 34. L ength inpuy
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2.2.3 Mechanical Design Indicators

The mechanical design indicators (IWMEC) must be specified for each
component of the NNEP simulation, with the exception of the NNEP

Controls, Inlet, and water Injection or any other component not
represented in WATE.?,

A number of shaft components may he required to simulate an engine in
NNEP, as shown in Figure 3%, WATE-?2 wil) determine the weight only for
connecting shafts of major components, such as the typical HP or (P
shaft. In the example of Figure 35, only shaft 15 and shaft 17 would be
specified. The smaller componznt number must always be used on the inner

shaft, with increasing component numbers as concentric shafts are added
around the inner shaft.

IWMEC is a two-dimensional integer array that contains all of the
mechanical desian indicators. [t is of the form IWMEC (N, M), where M is
the component number uysed in NNEP, and N is the variable number as
defined below for each component. Each variahle in the IWMEC array for

»ach component is identified as shown in Figure 23 in free-field NAMELTST
format,
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10 12

¢ 17 L

LSH‘ T

|
c l
OUTER SHAFT
18 15

SH | SH

14

INNER SHAFT

IWMEC (1,16) = - - .. . . .
IWMEC (1,17) = - - - - - ..

Figure 35. Shaft Input
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2.2.3.1 Compressors

[WMEC Array
Location

Description

Tvpe of compressor being weighed.

'FAN' - Typical fan

'FO' - Outer portion of non-rotating splitter fan
‘P! - Inner portion of non-rotating splitter fan
'RSFO! - Outer portion of rotatina splitter fan
'RSFI' - Inner portion of rotating splitter fan
'LPC* - Low pressure compressor

‘HPC* - High pressure compressor

This indicates if the fan or compressor has stators or if
the compressor is a centrifugal compressor.

- Stator weight is calculated
- Stator weight is not calculated
2 - Centrifugal compressor

This is the indicator for 'front' frames in compressors.
This input mav be:

0 - No frame

- Sinale hearing frame for turbofans and
turbojets with Power Takeoff (PTO)

- Single hearing frame with PTO

- Two bearing frame, such as the frame in
front of the HPC in the JT8D or TAD which
extends outward to the fan outer case and
holds two hearings with PTO
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Location

Description

This is the indicator for the 'rear' frame in a compressor

0 - No frame

1 - Single bearing frame for turbofans and
turbojet without Power Takeoff (PTO)
- Single bearing frame with POT

ro

4 - Two bearing frame, such as the frame in
front of the HPC in the JT8D or JT9D which
extends outward to the fan outer case and
holds two hearings with PTO

This is the component number connecting t¢ this component
for split flow compressors only, If this 1is the Fan
OQuter, the Fan Inner must he specified. If this is the
Rotating Snlitter OQuter, the inner splitter must be
specified, and vice versa.,

Gear box indicator - 0 - No aqear or component number of
shaft

Number of <tages




2.2.3.2 Turbines

Location

6

Description
This is the type of turbine
'"HPT! - High pressure turbine
'LPT! - Low pressure turbine

Indicator for turbine exit frame

0 - No frame
1 - Frame

Compressor number from which the RPM is determined
Component number from which the outer radius 1imit for the
turbine is determined. If the component number is
nositive, the outlet dimension is used. If negative, the
inlet dimension is used. If 0, it will use the outlet of
the feeding component.

Number of stages

Indicator for axial or radial turbine

0 - Axial turbine

? - Radial turbine
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2.2.3.3 Burners

Location

2.2.3.4 Ducts

Description

This is the type of burner being weighed. The input is
the burner name in four spaces.

'PBUR" - Primary burner (airframe will be included)
‘DBUR - Duct burner (a mean radius is specified)
'AUG' - Augmentor (no inner wall)

This is the indicator for frame weight, normally only for
primary burners., This frame includes a bearing.

0 - No frame
- Frame

Indicator as to type of duct

1 - Dummy - i.e., nc weight or length

> - Length input

3 - Length derived as in a duct connecting a
splitter and a mixer

4 - Cross over duct for centrifugal compressors

5 - Diffuser for centrifugal compressors

18




2.2.3.5 Shafts

Location

3-6

2.2.3.6 Mixers

Description
' SHAF' - Standard shaft
Shaft number from inner to outer, i.e., 1, 2, 3,4, 0r5
Turbine numbers connected to this shaft. The last entry
is the furthest downstream turbine. This is used for

power summation.

First upstream compressor connected to the shaft

Type of mixer

'MIX! - The coannular emergence of two streams
without mechanical mixer
'FMIX' - Forced mixer, mechanical, {.e., Daisy

lobed mixer

Indicator for primary input node

- Primary {is inner
1 - Primary is outer
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2.2.3.7 Nozzles

Location Description
1 'NOZ' - Input
? Nozzle type
- Convergent
2 - C-D variable area
3 Component number from which the nozzle inlet diameter can

be determined. If this diameter is taken from the inlet
of the component, the (-) component number must be
entered. If (+), the exit ncde wiil be used. If the
previous component determines th:o diameter, this location

' may be zero.
4 Thrust reverser type
0 - None
] - Fan
2 - Primary

The calculated component weight can be adjusted by an imput scaler,
DESVAL (15, M), which is a factor applied to the calculated weight. A
zero value, however, denotes that no scaling is used. If it is desired
to zero-out the weight of a component, the scaler can be set to a trivial
quantity such as .0001.
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2.2.3.8 Splitters

Location Description
1 'SPLT! - Input
2 1 - If inner stream is not primary

2.2.3.9 Annulus Inverting Valve

1 Input "VALV'
? Location of Valve
1 - Inner
2 - Outer
3 Component Number of Opposite Duct
4 0 if Fixed, 1 if Movable
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2.2.3.10 Heat Exchangers

Location Description
1 Input 'HTEX'
2 Type
1 - Fixed tube
2 - Rotary
3 Flow Direction
1 - Parallel flow
? - Counter flow

7.7.4 Design Values

This section contains the mechanical and aerodynamic design data
necessary to determine the weiaht and dimensions of each component, A
summary of this array is shown in Table 4. If desired, the default
values, Tahle &, can he used for any cemponent by not specifying the
inputs for that component. The data required is in the floating-point
two-dimensional array DFSVAL (N, MY, where M is the comnonent number from
NNEP and N is as defined below. A typical range of values is shown in
Tahle h,

Jesiaqn limits are built into the program, as shown in Tahle 7, and cannot
be altered hv inputs., If these limits are exceeded, the calculation
continues and a warning is orinted out.

82




Table 4 DESVA L/DEFAUL Array
POSITION
TYPE 1 2 3 4 5 6 7 8
COMP MN! PRM H/T 30LID ARI ARO MNG TMAX|
TURB MNI TeLe® SOLID ARI ARO MNO REFSTR MODE
.2% YIELD
STRESS FOR
DISK
BURN VR TR DIA MEAN | REFLLOC !
DUCTS MACH | I/H DIA MEAN | REFLOC 1
TRAN/
SHAFTS STRESS | RHO H/T
MIXERS L/H NO. Pass
AlvV L/H NO. PASS | MNI MNQ RH WTiC WTOC wWTW
HEATEX #TUBE | MNIP MNIS 8PR
NOZ L/D
SPLT MNI H/T
TP 2
ZgJA
h/NgTAGES
POSITION
TYPE 9 10 1 12 13 14 15
' COMP TMAXO RPMR RHO BLADE|] MODE RPMSC TMET WEIGHT
SCALER
TURB RPMR
BUPN
DUCTS
' SHAFTS 1
MIXERS
AlvV
HEATEX
¢ NOZ :
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Table 5 DEFAUL Array

TYPE ! 2 l 3 4 5 6 7 819 [10({11]12]13]14 mj
FAN 55 | 1.7 45 1.5 4, 3 4 lo lo|rv)2)n]|ajo}o.
LPC 5 15 4 1.5 LN 3 4 |o o |r]lol2]r]ojo
HPC 4 .4 J 15 3 1.5 3 o loajwolaj2}riao.
HPT 3 28 | 15 15 1.5 45 |[125000. |2. | 1. |6%0.
LP I 45 28 | \5 2. 'Y 55 |125000. | 2. | 1. |6°0,
PBUR | 100. 015 |13°0.
DBUR | 150. 015 |{13°%0.
AUG 300. 015 |13°%0.
puCT 4 0. -1 no.
SHAFT | 50000. 286 | 13°0.
MIXERS| 1. 8. 13°0.
NOZ | 1. 14°0.
AV 1. 8. 5 5 1.1 1.1 11
HTEX \ SOOOL -5 5 e .
- Table 6 Typical Range of Input Values for DESVAL/DEFAUL
rrvve 1 2 3 4 5 6 7 gloliwo|nj12|13]a]15
FAN | 5.6 151.8 | 4.5 115 3.5. .3 (4585 |0 (ol ]V {C"
LPC A5-6 1518 | 4.5 1.-1.5 3.6. | 2.3 lesss o jo | |0 |0 ][O}
HPC | .4-5 141.7 | 6-8 1.-1.5 2.5, 1.2, |23 olol|tr]jolejr]o]-
HPY 3.4 2.3 1-1.5 | L2 1.2. | 455 [100ksi| « |1.]0 0|0 | O}O
150 KSt|
LPT 4.5 2-3 115 | 2.3 46. ! 556 |100KSI| « | 1\
PBUR [100150 | 01-.02 | * . 160 KSI
DBUR [150-200 | 01-.02 | ° .
AUG |20030u , 01-.02 | O. .
pucs .4-5 * ° *
SHAFB [{0-50KSI| .28-31 | 0..85
MIXERS[1.2. | 1-8.
NOZ |tz ’ e |- .
v | 155 | 38 |+

“ *NOT APPLICABLE SEE TEXT
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TABLE 7 DESLIM ARRAY DEFAUL TYPE AND VALUES

PCSITION TYPE
BLADE PULL STRESS CAN NOT EXCEED:
1 FAN AND COMPRESSOR: 80000 PSI
2 +iP TURBINE: 50000 PSI
3 LP TURBINE: 60000 PSI
HUB/TIP FOR ALL COMPRESSORS CAN NOT EXCEED:
4 0.93
HUB/TIP CAN NOT BE LESS THAN:
5 FAN AND COMPRESSOR: 0.32
6 TURBINE: 0.50
TURBINE STAGE LOADING INPLT CAN NOT BE LESS THAN:
7 TURBINE: 0.28

FIRST STAGE ALLOWABLE PRESSURE RATIO CAN NOT EXCEED:

8 FAN: 1.8
9 COMPRESSOR: 1.4
LAST STAGE EXIT MACH NUMBER CAN NOT EXCEED:
10 FAN AND COMPRESSOR: 0.6
BLADE HEIGHT CAN NOT BE LESS THAN:
11 COMPRESSOR: 0.4 INCH
12-13 NOT USED
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2.2.4.1 Compressor

Array
Location

10

11

12

Description

Compressor face inlet Mach number

Maximum first stage pressure ratio

Compressor face hub-tip ratio, Rh/Rt

Blade soliaity, ratio of blade cord to blade spacing

Blade aspect ratio at first stage

Blade aspect ratio at last stage

Compressor exit Mach number
Maximum compressor inlet temperature. ZERO if design
point temperature is to be used for material selection
0, O

R, K.
Maximum compressor outlet temperature. ZERO if desired
point temperature is to be uscd for materail selection
0, O

R, K.

Maximum speed ratio - anmax/RP"design

Rlade material density. TERO if WATE-2 is to select
inaterial, lb/1n3, Kg/cc

Compressor design type

1. Constant hub radius design
?. Constant mean radius design
3. Constant tip radius design
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Location Description

13 RPM, scaler, normal irput is 1. - use to match known RPM
of engine
14 Temperature at which a change of material is required. If

ZERO 1160°R will be used, °R, K.

18 Compressor weight scaler, input ZERO if no scaling is
desired
16 Stator blade taper ratio. ZERO input sets '.8 for fans;

1.2 for compressors

i7 Blade volume ratio. 7ERO input sets 0.055 for fans; 0.1?
for compressors

{entrifuqal Compressors
Location Description
] Compressor inlet face Mach numher

Maximum firsc stage pressure ratio

3 Campressor hyb tip ratio

4 RPM ratio

5 Compressor exit Mach number

6 Gear ratio of the power shaft

’ Horse power of power shaft
.17 Not used




2.2.4.2 Turbines

Location

M

1R

]’)

13.14

Description
Turhine face inlet Mach number
Turbine loading parameter
u.2/2q%an/N
T stages
Blade solidity, blade cord/hlade spacing
Blade aspect ratio of first stage
8lade aspect ratio of last stage
Turhine exit Mach number
Disk reference stress - 7% vield, lh/in7, Newton's/cm?
Turbine design tvpe
1. Constant tip radius design
?. Constant mean radius desiqgn
1. Constant hub radius design
Maximum speed ratio - RPMmax/RPMdesiqn

Turhine control radius inches/cm - blank if transferred
from a component

Density of material in turbine blades - 1h/in’/Ka/cc

8lade volume factor. 7ERD input sets 0,155 for high and
intermediate turbines; 9.19§ for low turbines

Not used
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Location Description

15 Turbine weight scaler, input 7ERO. If no scaling is
desired

i5 Turbine blade taper ratio. ZERO input sets 1.0 for all
turbines

17 Stator blade volume factor. ZERO input sets 0.155 for

high and intermediate turbines; 0.195 for low turbines

Centrifugal Turbines

1 Turbine face inlet Mach number
2-5 Not used

6 Turbine exit Mach number
7-17 Not used

2.2.4.1 Rurpers

Location Description
1 Burner through-flow velocity. ft/sec, m/sec.
2 Burner airflow residency time, sec.
3 Btrner mean diameter, in. or cm. If zero, diameter is

calculated to match connecting component

4 Component number for calculating mean burner diameter,
Enter zero if diameter ic specified

5 Numher of cans for can hurners
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Location Description :;
6-14 Not used

15 Burner weight scaler, enter ZFRO. If no scaling is desired :j
16-17 Not used

2.2.4.4 Ducts

1 Duct Mach number

? Length to height ratio of duct, required if mode 2 is used
in IWMEC

3 Duct mean diameter, in. or cm. 1If 0., duct diameter is

calculated based on ncde specified below

4 Node number tc calculate mean diameter. Enter 0, if mean
diameter is specified. Enter -1, if connecting component
is to be used

5-14 Not used
15 Weight scaler, ZERD. If no scaling is desired
16-17 Not used
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2.2.4.5 Shafts

Location Description
1 shaft allowable stress. 1b/in, Newton's/cm’
2 Shaft material density. 1b/in°, Kg/cc
3 Diameter ratio of shaft Dinner/DOuter
4-7 Component numbers for total spool inertia
8-14 Not used
15 Shaft weight scaler. ZERO if no scaling desired
16-17 Not used

2.2.4.6 Mixers

\; 1 Effective lenath to diameter ratio of mechanical mixer,
L/Q;KVR, where L is the mixer length inlet to exit, A is
the total flow area. Enter 0. if not a mechanical
(forced) mixer .

? Number of passages for 1obes) in mixer of either hot or
cnld stream.

- ; .14 Not used
15 Weight scaler, Enter 7ERO. 1f no scalina is used
16-17 Not used
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2.2.4.7 Nozzles

2
Location Description
1 Length to diameter ratio of nozzle
)
? Bypass ratio for mixed flow nozzle for T/R weight
3-14 Not used
15 Weight scaler. ZERO. If no scaling desired
'6-17 Not used

?2.2.4.8 Splitters

1 Only input if first calculsted component in flow path Mach ;
numher in, i
|
? H/T ratio in, %
1
114 B1ank |
|
15 Weight scaler |
|
16-17 Not used
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2.2.4.9 Annulus Inverting Valve

Location Description
1 Specific length - L = VZZ?E
2 Number of passages.
3 Mach number of inner passage.
4 Mach number of outer passage.
5 Hub radius in inches/cm or - component number from which

hub radius is taken or blank if feeding component
determines the hub radius.

6 Inner cylinder weight - 1b/ft2, Kg/M2,
7 Outer cylinder weight - 1b/ft2, Kg/m2,
8 Wall weight - 1b/ft3, Kq/M?,

a.14 Blank,

15 Weight scaler.

16-17 Not used.

2.2.4.10 Heat Exchangers

1 Number of tubes if "Fixed" tyvpe.

~Ny

Mach number in prinary stream.
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3 Mach number in secondary stream.

4 Engine Bypass ratio if "Rotary" tvpe.
5-17 Not used.

2.2.4.11 Miscellaneous

"ACCS" is a one-dimensional namelist array that contains the value of the
accessory weight scaler. Default value is 0.1.

"DESLIM" is a one-dimensional namelist array that contains the mechanical
design 1imit values for the components. It can have 15 values. First 13
values are defaulted. Range of values is shown in Table 4.

"ISCALE" is a one-dimensional namelist integer array which controls the
engine scaling loaic of the program,

1scaLe(1) Output indicator

1 Debug option and long and short form for every scaled
engine point,

2 Debug option and long and short form for unscaled engine.
Long form for each of the scaled engines.

1SCALE(?) Number of scaling points default is three.

1sCALE(3) Not used.

“SCALE" is a one-dimensional namelist array that contains values of

scaling factors. It can have six values. First three values are
defaulted to 1., .8, 1.2.
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"ACCARM" 1is a namelist array that contains the value of the centroid
distance for the accessories component in the CG calculations. If no
value is input, accessories are not included in center of gravity
calculations.

"DISKWI" 1is a namelist array that is used as an indicator for the new
disk weight method.

0 Do disk weight calculations using the old method.
1 Do disk weight calculations using the new method.
2.3 Program Output

The output from WATE-2 may pe selected in any of three output formats,
Either English or SI units can be selected. Examples cof the output are
shown for the short output in Figure 36, the long form, Figure 37, and
the debug output, Figure 38. This output shows the mechanical design and
weight breakdown within the individual component. The units in the
output section are shown in Table 8 for English and SI units. The type
of units used are noted in the units section of the output.

A flow path layout is also availahle for conventional tvpe enaines. A

typical layout is shown in Figure 39, The laycut is scaled such that it
will fit on one page of the output.
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TUMAL LARE enGINE welHT= ¢yl o, AL LESSURIES=E 202.0¢

ESTIMATED TUTAL LENGTH=  2Jb. ESTIMATED MAXIMUM KADLIUS= (9,

Figure 36. Short Output

AEIGHT INPUT UDATA IN ENGL JUNI1TS
WElonT oUTPUT UATA IN ENGL UNITS !

oMl p wil CUMP  ACCU UPSTREAM RADIUS DOWNS TREAM RADIUS
NJ ol LtN LEN R1 RU Rl RO R1 RO R1 RO NS TAGE
1l Ua Je O. O O. Ve Oe Oe O. O. Q, 0
< lueYy,. 29 . 2%. S. Cue Co O. 13. i8. O. O. 3
3 Ge Ve 29 . Ce Je G. O. 1. 16. 16. 18, Q
b 29e 62. 91. 16 ld. Oe Je 16. 18. O. O. 0
3 C1b6. 25 ¢ 54 Se 13, (. Ve lle. l1l. O O. 16 L
6 250. 1. 2. Y. 12, 0. Geo Y. 13, 0. C. c
I 126 Se 18 « 10. ide Oe Oe 10. 13. O. O. 2 ;
8 40Y . 15. 91 . e 1‘0 0. Q. 9 . 1‘00 0. Oo 2
v Oe Je 9. “e lo. l6. il. 4, 21. O. O. 0
iu “4be 583« lav. Oe 29 Ue O. 0. 29. O. O. 0
il 295 56, Z(ba Ce £EYe i Ce Cea 27 O. O. 0
12 DIVIN 0. 0. S. 20. 10. 110 0. 0. 0. 0. 0 1
l: lae. O O. 9. 13, O. O. Oe. 0. 0. 0. 0

TUMAL LARE ciNGINE WELGHT= 291b.  ACCLESSORIES= 262.02
ESTIMATED TUTAL LENGTH= 206. ESTIMATED MAXIMUM RADIUS= Z9,

Figure 37. Long Output

96 1




SRR AEBRRRS |

* x
*  FAN 2 % . ;1
] » !
LS RIS RS L L2 0 :
ouct
M NO veL T TO7 P 10T P STAT AREA GAM
0.524 573. 51%. 1905, 1579, 69517 1.4005
U TIP STRESS DEN W/AREA TR H/T

1¢58.9 ¢6757.6 00168 2,339 1.800 C.450

CUMPRESSUR 2 MECHANICAL DESIGN

LUADING N STG DIAM y TIP C RPM C RPM
O.874 3.00 39,98 1258.9 72169 M16.9
FkaMe WY = 95.67
STAGE 1

wD wis WS WN WC CL RHOB  RHOD AR
65, 5Y. HYe J. 26 Tob 00168 (el68 3.50

PK UEL H MACK AREA R HUB R TIP NB U TIP STR WEIGHT TIN
1.4789 10e7 0.524 6952 8.99 19.9y 59 1256.9 26758, 209. 519.

STAGE 2
wD nB WS WN wWC cL RHOB RH3D AR
9la 4. 34 51- 210 6.2 00168 0.168 3000
PK UkL H MACH AREA Kk nHUB R TIP N8B U TIP STR WEIGHT TIN

STALE 3
w0 w8 WS WN o L KH05 RAJD AR
YTle 23e L3¢ 4be 19 Se7 0.168 (al68 2.50
PR UEL H MACH ARtEA R HUB R TIP NB L TiP STR WEIGHT TIN
1e307l 16e7 Va&?> 4017 12447 18,23 70 1148.1 15768, 208. 658.

FRAME WT = 275,15

N STG wZlLHT LENGTH
3 1iC28.68 28.80

wuLT
M NO velL T 70T P TOT P STAT AREA GAM
Je«55 SB82e. 127 S56a4T. L4143, 362206 13951
PR AD EF PO T0 HP
28600 ULBT00 bHé&4Te2 12669 16910
Hl HC Wl CnWl

12395 174.57 238.50 265.00

*osrsesnsnsrrssssss TOTAL CUMP WEIGHY 1S 1028.680

Figure 38.Debug Output
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I
A"“,
"7',' . d !

N ¥

2

LR

el

o i s s e
e v AR ON SRR IR S Sori - ARB S T

PSR AERENEE

* *

* HWPC 5

* *

AR RISRBERNRR]

LUCY

M NO VEL T 107 p 107 P STAl Al EA GAM
0.4%0 5Sb2e 127 5447 wla3. le2l9G¢ 13951
u TIP STRESS JEN W/AREA TR H/T

1c65a1 &3321e5 Uelo 8 Ce 687 1.20C C. 700

CUMPRESSIR 5 MECHANI CAL UDESIUN

LCAUING N STo DIam U T1P C RPM L RPM
Lveb5l 1l. vy 25.58 108656 1151545 9727.5

FRAMZE WwT = 118.2¢

ST ALE 1

D w D WS HN Wl L RHUB  wHJD AR
CHe Lbe 14, 36 . 10. 445 0.105 00108 2000

PR DEL H  “MACH ARtA R HUB R T11P N8B U TIP STR WEIGHTY TIN
le3603 1lep Oe=5C 1.320 393 1léeT9 50 1285.1 23331, 99, 127.

STAGE 2

(1Y) Ae wS AN WC oL RnUD KHOD AR
Qe Ye Je 2Y e te 3.6 0.168 0168 1.94

Pk ol M MACH  ARtA KR HUS K TIP NB U TIP STR WEIGHT TIN
le3cal ATeE Jea3d  lubhe JubZ lieowd ©6C 125C.7 18f10. 75. 80Ce.

STAGE 5
"y P WS wN WC CL 08 RAQD AR
16e 6o Oe £50 Te .5;0 0-108 0.166 1-59 -
P wbbL H  MACH  ARLA R HUB R T1P NB U TIP STR WEIGHT TIN
Lo .Guc 17.0 Leall 1.174 975 12419 7¢C 12253 15046, 59, 873.

st AGE 4
Wi Wi WS wN Wl cL Rh3p  RR3D AR
Loe “ e “4e 2. Oe 2.6 Ve l63 C.lod 1.83
e bl H Maurt ARCA R U3 R TIP N8 U TIP STR WEIGHT TIN

l-(.-IO‘v ilet Cewl0 DawilV el 1400 bl 1206.2 12‘0?7. 49, Q4L

sTAvL 5
") ) nS wh wC cL KHOU3  RHUU AR
1l. 3. 3. 1lbe Se 2.2 Jelbs Uelos 1.78
P UEL H Malr  AREA K HUB R TIP No U TIP STR WEIGHT TIN
1e2499 LTeb 0e390 wvabld 10.15 1l.86 93 1191.5 1052 7. 41. 1017,

STALE o

wh) wi WS whN wC CL RHOB RHOD AR

1Ce. Je 3. 1c. e 2.0 Oel68 Velb b 1.72

Pk DEL A MALH ARes R HuB Kk TIP NB U TIiP STR WEIGHT TIN
Leddce LTeb U3/ CeT701l 10.28 1lleT74 104 1180.1 9018, 36, 1089,

Figure 38. Cont.
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ST Aot ]

"o Wb AS WN wC CL RHUs  KROD AR

Ye “ e Lo 1. “e le8 Velobd Uelb8 leb7

PR uel B MACH  AREA WK HUB K TIP NB U TIP STR WEIGHT TIN
Lecl?3 1760 Ue30) Ueb08 10.39 l11.6% 115 1171.0 7829, 12. 1159,

StAL: 3
WU Wi WS AN WC ct RHUB  RhOD AR
lta Je e 13. Je lebd VecBo CGecB6 l1.61
PR Lt H MACH ARtA R HUB K TIP NB U TIP STR WEIGHT TIN
Lecu4e 1740 04395 (o534 10.47 11.58 1J6 1104.6 11712, 39, 1229.

STact v
Wi Wb W W iv WwC CL RHUB  RHOUL AR
1:). De De l(o de 1.5 0.&’80 0.;85 1.56
Pk utt B MACH  ARtA R HUB K TlP NB U Tlp STR WEIGHT TIN
LedYen 1760 Ua330 Ga4l5 1052 11.52 136 1157.7 10407, 36. 1299,

SHALE 18

WU Wb S Lh wC cL RHUB KHOL AR

L “e Ce lie 3. led Ua2b0 U286 1.50

P wtl b MACH  AREA K HUD K T1p NB U TIP STR WEIGHT TIN
lelbes 170 Ua31Y 0.42¢ 10.59 1le47 leo 11%2.8 9343, 33. 1307,

NoSTL WEIGHMT  LENGTH
10 Olba.uy 25443

DuULT
M NU vEL T 137 P 127 P STAT AREA GAM
Ue3LL  duve (436 51230. 43221, Veld874 1.353¢y
PK Au LF PU TC HP
Yed4UbU Vablul 51235.9 1435.6 32965 .
Hl HU nl oWl

l"".\)' .’5‘."(13 13‘0.75 01097

FINRS ks e s e TUJAL COMP Wt LGisT 1S 616477

LE RS X E S WY XY I

*« *
* PRUR o »
* *
FEBIEERNAE RN
JURNEL L NUMBE & o
KIN ROUT LENGTH MACH wWSPLEC
belbo 12.909 18 .000 .05 445490
CAS wT LIN wi NJOZ Wl INC wWT FRAME LARS
2ol G409 17.8 ) QPN 151.3 250el

Figure 38. Cont.
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i b > £ 3 B s

'SESEEREE LR ERE

e

* *
» HPT 7 »
* »
'SUTITETE LR L W
Ju Y
M NO  viL T TO7 P 107 P STAT AREA GAM
0.5%0 lltoe 2021e «wollle 393 L% Jed977 1e2%8
o TiP  STRESS DEN W/AREA LS H/T
1luo.0 %8195 0.286 (o246 1.00C 0922
TUR3INE 7 MeCHANICAL Ve SIGN
H/ 1 N STG LUADING ARLA
Qa2 s 2e00V 0.2860 0.39u
uT T1iP KHUB CEL K RPM TGRG
11Coe vy 11.0 10.1 17«.5 11512.5 18813,
STAuE 1
v isK bBLALUE VANE HWD CASE AR
s Z..—} 8 e 2107 400 lobu
Pn UEL R MACLH AREA K Hud R TIP NB U T1P STR
le8453 EtT742 04509 0.398 lJel« 4101 18C 1106.0 9820.
STALE 2
v 16K pLALUL VANC HA D CASt AR
10.0 O el 237 35.5 6ol 1. 50
e ULl H MACH ARLA KR Hus K TIP NB U T1P STR

“ealOu vleo \10523

0. 6006 lUel®

1l1.59 116 1160.9 164560

v STG LENGTH  WE 1GHT
2 Ledl 1¢6.03
DULT
4 NQ O Vel T ¥aT P 10T P STAT AREtA GAM
Oubou lluve culbe 12436. 1G243. 1.c07 1.3127
PR LE AUl EF PJ TU TLel

3.,7081 12928 040000 12435.6 L02tel 2U2TeT

1 AN A OUT AREA FLOW HP

CYYed B Scuela Sel T L1.7.5¢ 209069,
sssessanssnsessnsss TUTAL TUKS wekllAT 15 126.028
I TEISTEI IR Y 3
* *
s LPT ¢ ¥

* *
YT ITSREELE L P
DUl

M NJ Vil T TUT P TO7 P STA1 AK tA CAM
0.)‘)0 ll""t ‘Ulﬁo 11‘038. 102‘050 lnL‘o.'b 103127

Figure 38. Cont.
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J TIp  STEREDD DEN W/ARtA TK H/T
TclaG 1170065 0.280 Ce 771 1.00C Le?O>

TWKBINL & MLUHANLICAL UESIGN

H/1 N STu LUADING ARE A
VelOb 2«00 002‘03 l.ZOI
ol KiIP RHUB vel H RP M TONQ
127.¢C 11.5 8.8 B6.9 121069 147663,
STALE i
U LSK oLADE  VANLE Ha D CASE AR
Hel 220 60 .0 38e Y YeY <00

Pna utL H ™ACH ARtA Kk HUB K TIP NB U TP STR WEIGHT LENGTH

1.900% 3e% veb5U laduT 380 llese 8C T7<7.C 11709, 142.18 Lo, 17
STAGE 2
U AOR bLADY  VANE HA D CASE AR

Oe' :’.O Dl ot j‘f.b 9..’ 3000

b UL h  MALH ARLA R Hus K T1P NB U TP STR WEIGHT LENGTH
Lool o 40e% uedln> lebbde oe80 1229 95 T8C.6 WCl9. 159.21 “4el7
FRAME w1l = 167,19

N >To LoNGTH WE LOHT

2 Loewl ~69.18
vuilT
4 NJO Vil T 107 P 707 P STAT AR cA GAM
U-f:('\} ll‘)"o l?é{. 559‘0. ""Jbo £033l3 1032‘09
PR TR AD cF PJ 1) TC.1
Lullse lal719 UeB000 HD93.7 A2l 1721.5
b IN H Oul AREA FLOwW HP

crssessaressassssss TOTAL TUR® WEILHT 1S 469 .18«

Ce ISR OVEEDEY

- *
v AUL 10 *
[ J L

003 ERERS)
HURNEY NUMbEKR 10

RIN RIJT LENGL TH MACH wSPe(C
Uel! RETS P Y] 48 000 Velwd 11.899
LAS Wl LIN WY NOZ W) INC w1 wiO1

:5.7 120. 0 &%.1 0.¢C ‘.3.’.8

Figure38. Cont.
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XELESREERE RN

s *
* NJIZ 11 =
» »
AEBORFABER AN
NuZZlLe 11

A loHT = 208495 LENGTH= +8¢439 TR Wi=

LR AL E R 2 Y Py

¥ *
FOOUWL 4
* *

2IERE KRR,
OulT [ &

Rnz 15.78 RT= 17.69 LENG= olelb
AxnEA= le4Cl RHO=.l03g
LAS WT INC WT wWTOT
loesaGb 13.8556 29.3y64

TI®XRXP 2 BN KK

¥ *

*OSHAER 12 0w

* x*

*4*4#}‘1*&‘*2

SHarT 12
o4 vl LENG DN WwT
3.59 3.0l 48,74 G065 40,03

‘*##4.‘1“*##

x %

* SHAF ]2 x

x *

MARE L L X X 2L PP

SHAFT 13
ud ul LENG UN W7l
“4a35 3.94 18B.0C 1.27 la.3,

EPERE AR Ry nn

» »
*  OACCS wWT *
¥ L

A AL L IY Y

ALLS wWT-= Sul dbld

Figure 38, Cont,
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WELGHT INPUT ULATA IN ENGL UNITS
WEIGhT OUTPUT DATA IN ENGL UNITS

Cume wl cuMP  ACCU UPSTKEAM KADIUS DOWNSTREAM RADIUS
¢ NJ ST LEN LEN R1 YY) RI RO R1 RO R1 RO NSTAGE
i Ve Oe. 0. Ue O, Ue O. O. 0. Q. O. 0
¢ 113¢. 29. 29 . 9. 2G. Oe O. 13. 18, 0. 0. 3
3 VI C. 29 . O. 0. Ce O. 13. 16. 16. 18. 0
-+ 34 62 . 91. 16. 180 0. 00 lb. 180 00 0. 0
4 ) oT8e. 25. 54, 9. 13, Cea Ce 11. 11l. O. C. 10
o 21%. 18 12 9. 13. Ce. O. 9. 13. O O. 0
[ 159. 5 7. 1V li. Qe O 10. 13, O. O. 2
3 516 13, 91. 9. ) PP Ve O. 9. l4. O. O. 2
’ Oe Coe 91. 4 16 16, (<l 4. 21. 0. O. o
1y “Hee 48 o 139. Oe 24, Ce O. C. 24 Qe Ve 0
R 11 L O LB e 187. Ge Lwe (e Ce CGe 22. 0. 0. 0
12 G4 Oe 0. Ye 20 10. 11. 0, 0. O. O. 0
L3 16, e Ue Ye 13. Oe 0. Ce O. O. O. 0

TUTAL bARE ENGINE WEIGHT= 3941 ACCLSSORIES= 301 .4l
ESTIMATED TOTAL LENGTH= 107. ESTIMATED MAXIMUM RADIUS= 24.

Figure 38.Cont.
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Table 8. Output Units

VARIABLE

ST UNITS

ENGLISH UNITS

Velocity
Temperature
Pressure
Area

Stress
Density
Weight
Length
Enthalpy
Horsepower

Weight flow

Weiaht flow/unit area

Radius

m/sec

kwatts
kwatts

kg/sec

kg/mzsec

cm

ft/sec

°r

1b/ft2
ft2

1b/in?

1b/in3

1b

in

btu/sec

hp

1b/sec
1b/ft2 sec

in
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2.4 Sample Cases
2.4.1 Large Engine

A simple mixed flow augmented turbofan is used as an example for the
WATE-?2 input and execution. Figure 40 shows a schematic and a block

diagram of the engine. From this block diagram, the component numbers
are determined.

To construct the input deck the indicator section must first be set,
Figure 41. 1In this example, the units in and out are English, so TSIT
and ISI0 are set false. Since the weight and gqas path Tlayout are
desired, IWT and IPLT are set true. The debug option is turned on with
I0UTCD set equal to 2. The length inputs are then entered in ILENG.
Since the duct (4) and shaft (12) and (13) do not contribute to the total

fength, they are not entered. Also, the components are entered as the
flow would progress through the engine.

The IWMEC values are now entered. Since no inlet weight calculations are
done, the inlet is not entered. This is true with any component entered
in the NNEP KONFIG section; it is not entered in IWMEC if no routine
exists to weigh it. In the example, the IWMEC (1,2) card says a "fan" is
being weighed. The weight will include stators, IWMEC (2,2)=1, a front
frame, IWMEC (3,2)=1, and an intermediate frame, IWMEC (4,2)=4. The
IWMEC (1,8) card says a "LPT" is being weighed. 1t has a turbine exit
frame, IWMEC (2,8)=1, and it is connected to component 2, (IWMEC
(3,8)=7. The nozzle has variahle area capability, IWMEC (2,11)= 2, and
its diameter will be taken from the dnlet to the augmentor, IWMEC
(3,111=10. Since the augmentor has constant diameter, the node position
tor taking the diameter is of no consequence,

“he DESVAL inputs follow the IWMEC inputs. Component numbers used in
DESVAL must agree with those used in IWMEC. Input o DESVAL data will
override the default values. For the example case, the fan design card
DESVAL (1,?) indicates that the compressor inlet Mach number is 0,524,
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Figure 40. Engine Schematic




MO DE 1 NUW BEING USED

&A

IPLT=T,

ISII=F’

ISI0=F.

I0UTCD=2,

ILENG( 11329395069 T79899910,411,

IWMECIL2)="FAN 51,1y 4y3%0,

IWMEC(1,3)="SPLT®*, 6%0,

IWMEC(1+4)='DUCTY,3,5%0,

TuMEC({L95)="HPC #,14294%0,

IWMEC(L1,6)="PBUR "y 1,5%0y

INMEC(147)="HPT %,Cy5¢~543%0,

IWMEC(1,8)=LPT *,1,2,7,3%0,

IWMEC(1,9)="MIX *,6%0,

INMEC(1400)="AUG * ,6%0,

INMEC(1411)="NOZ *,429y=~104%0,
IAMEC({1912)="SHAF® 3198 ¢3%0 42,
INMEC(L1913)='SHAF® 2,37 ¢3%0,5,
DtSVAL(192)‘.524,1.71.“591.593.5’2¢5|o4510.'0‘91.90072.91.7091.11
DESVAL(143)=14%Caylely

DtSV,\L(l'{#’:o‘QSQZ*OQ v11. 910%0, slely
Dr.SVAL(1,5)=.~¢5.1.359.70.1 02'2.,105’ 03900'00’1 PR ¢ PRy 1.10’1 01’
DESVAL(146)=100e9e01590095¢910%0,9l1ele
DCSVAL(1'7)3059028'105'105Qlo5’o55'150000"3.’1.75‘00'101’
U&SVAL‘1'8,=.55’0243'105’2 oy 3. '.6’150000. ’3. ’l .'5‘00 ’101'
DESVAL(1,99)=14%0eylely

DESVAL(L910)=250.9 «016312%0. 91l
DESVAL(1912)=50000eye39e85911%0e9lely
DESVAL(1'11’=1.'13‘0.' 1.11
DESVAL(1413)=50000e9e34912%0,,11,

&END

Figure 41. WATE-2 Input Example
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the maximum first stage pressure ratio is 1.7 and the inlet hub/tip ratio
is 0.45. The compressor has a blade solidity of 1.5 with a first blade
aspect ratio of 3.5. The last stage has an aspect ratio of 2.5 and an
exit Mach number of 0.45. The inlet and exit temperatures calculated in
NNEP will be used for disk material determination, DESVAL (8,2) and
DESVAL (9,?) are 0.: the RPM ratio between maximum and desigr is 1.0,
The blade material will also be chosen by the code because DESVAL (11,2)
is 0. The design of the fan is a constant mean line since the mode,
DESVAL (12,2) equals 2. Also, no speed scaling or weight scali.g will be
done since DESVAL (13,2) is 1.0 and DESVAL (175,2) is 0. A material
change temperature of 11600R will be used since DESVAL (12.,?) is 0.

The HP turbine DESVAL (1,7) has an inlet Mach number of 0.5 and a turbine
loading of 0.28. It has 1.5 solidity with inlet and exit blade aspect
ratio equal to 1.5. The exit Mach number is 0.55. The disk material is
a high strength super/alloy with a reference stress of 150,000 psi. A
constant tio radius is used in the design, DESVAL (8,7)=3., and a speed

ratio of 1. is specified for stress calculations.

To end the inputs, a "&END" is entered. This will initiate execution of
WATE-2. The output of WATE-2 is shown in Fiqure 42 for the example case.




S REBRAERR KRS

* *
* AN Z %
* *
LA RS R T T2F )
DUCH

M NO velL T TUT P T07 P STAT AREA GAM
0.524 570, 519. 1905, 157y, 69517 1.4005

U TIP STRESS DEN W/AREA TR H/T

125849 ¢6757.6 0.168 2339 1.800 Cue450

LUMPRESSUR 2 MECHANICAL DESIGN

L GAD INu N STG OIAM U TIP C KPM C RPM
Ces 74 3.00 39.98 12589 T7216.9 T216.9
FhaMe WY = 95.67
STAGE 1

wD Wi WS AN WwC CL RHO8 KHOD AR
6. 59. 59, Qe 26 Te4 0.168 (o168 3.50

P UEL H MACH AREA R HUB R TIP NB U TIP STR
1.4789 107 J.5249 64952 8.99 19«9y 5% 1256.9 z6758.

STAGLE 2
WD Wi WS WN wC CL RHO8 RHJD AR
Yle 39e 34¢ 51. 21. 6.2 G.108 0,168 3.C0
PK  UEL H MALHM AREA Kk HUB R TIP NB U TIP STR
Le4wlss 167 05499 5.180 1100£ lbog') 1 1193.2 20191.

ST AGE 3
WO wB WS WiN WC cL KNOo  KrdD AR
Yle d3e L3¢ 464 19 S«7 O.l08B Ull68 «50
PR LVEL H MACH AREA K HU3 R TIP NB L TiIP STR

FRAME WT = 285.1%

N 5T wZloHT  LENGTH
3 1028 .63 288V

JULT
M NI vel T TOT P TOT P STAT 4REA GAM
UeuS4 202. 727 Sau4l. 4745, 22206 1.,395])
PK AD tF (40 T0O HP
zubbUU Uob7\lu 9%702 "20..7 lb"lbt
Hi HO Al Cwl

123495 174.07  (33.50 265.0C

¥RAEEI er 0009k kes TOTAL COMP WEIGHT 1S 1028.£80
Figure 42. WATE-2 Output Example
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LR XX S LS 2

x *
* HPC 5 »
* x
*“‘**"“*‘:
LDUCT
M NO VEL T Y07 P 107 P STAT ARtA M
Oewtyu bSb2. 127 5441, “l43, le28l9G 1.3951
U TIP STRESS JEN W/AREA TR H/T
1‘&5.1 ZJJJI.S L;olos CobB? l.ZCC 00700
CULMPRESSIOR 5 MECHANICAL ULESION
LCADING N ST SJIAM U T1lP ( ReM L RPM
VebD] | RUPVIV] 25.58 108546 11515.5 9727.%
FRAME WT = 118.7¢
STALE 1
w0 w3 WS WN WC CL RHUM rRHJD AR
b lae 14, 36« 1 0. 445 0ulod 0O.lo8 2.0G
PR bEL H MACH ARtA R Hu8 R TI1P NS U TIP STR
1e3003 1740 00930 10320 3e9Y3 1ie?9Y 5O 1285.1 23331,
STAGE 2
o we wS AN wC ol KRUS KHOD AR
«De Ye Fe 2Y o Ue 3.6 0.10608 Q.168 1.9
PK Ll H O MACH  AREA K HUS K TIP Nb U TIP STR
1.3&"1 L,.t J."’}) lo%g Yeltd la..":' o( 125C07 lb.‘lb.
STAGE >
wl wo wS wN wWC CL Kb 33 KHAQD AR
Lo Oe Oe Y e leo 3.0 Uelod Vel 5 l1.89
Phouel B MALH ARLA R HU3 K T1P NB U TIP STR
Lecno 17.0 ‘1.‘02\. l. 171 S.7% 12.19 Xt 12(5.3 150“?’0
S ALE “
w0 Wi WS wN wC L Rhdo  KH3D AR
loe “ o “Ye Zle. [+ 79 e \Jolod 0.106 1083
PR sEL H o MACH ARCA R HUS K 11P NB U T1P STR
lLectCn afletr Cealo Qaviv Yot ldoob ol 1206.2 12‘.77'
sTAuvt o
Wo NB WS wiN Wl cL RHUA KHUL AR
11. de Je lo. Se 2.2 Jolod Uolbu l.?b
PR UEL H Malnd ARcA Kk U3 R TIP N8 U T1IP STR
ledayy it u.)gu U-blb 10.15 11.80 95 1191.5 l05270
STAue o
wuU wty N AL WL CL kH08  KkHQD AR
10 Joe de 10. “o 2e) \)0105 vVeltd l. T
PR UEL A MALH  AREA R HUB K TIiv Nb U TP STR
Lecircu Lleo Jeldro '\/.70‘ lO.(d ll",“ | QVRS 1180.1 ‘)CIPO

Figure 42. Cont.
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a

STAGE ?

w0 We AS WN wC cL RHUB KRHOD AR

Y. e e l4e 4o 1.8 0,168 0.168 1.67

M UEL H MACH AREA R HUB R TIP NB U TIP STR
1.2173 178 0360 0.608 10.39 11.65 115 1171.0 7829.

STAGE 8
wo wb LN WN WC cL RHGB  RHOD AR
ice. 3. 3. 13. Se leb UecBb Qo286 1.6l
Pk UtiL H MACH ARtA R HUB R TIP NB U TIP STR
LecU4e 176 04345 0.534 10.47 t1.58 120 1l63.6 11712,

ST aut 9
w0 wh LIS WiN wC cL RHOB RHOD AR
15. De De ) P de 1.5 0.286 0.28606 1.56
¥k  utlL H MACH AREA R HUB8 K TIP NB U TI?P STR
1.i%¢6 17eb ue330 04475 10.53 11.52 136 1157.7 16407,

STAGE 10
WU Wb 45 LA wC cL RHUB  RHOL AR
ive Lo le llo 3. 1-“ 00256 00286 1050
Pk LEL B MACH AREA R HuB R TlP NB U TIP STR
lolcse 178 04315 0,426 10,59 11l.47 la6 1152.8 9343,

N STG  WEIGHT  LENGTH
10 616.4J 25443

DULT
M NUJU  VEL T 107 P TIT7 P STAT AKtA GAM
De3LU Du4e i936. 5l23be. 3251, 0.3874 1.3539
PR AU LF PO T0 HP
94060 Oebul 512359 1435.6 33965.
1 HU al Cwl

174.07 352423 134475 6l1.97

sasxksnssrsarsontsss TOJAL COMP WELGHT IS 616 477

FESIREBR KRS

* »
* PBJUR o h4
* *
L EEYEER EER R 2
JURNER NUMBER ()
KRIN rROuT LENGCTH MACH wSP tC
beldo 12.909 18 000 Ua05) 4.5906
CAS wWT LIN Wi NUZ WT INC wWT FRAME LARSS
2462 404 17.8 loes 1513 250ec

Figure 42. Cont.
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AREEEEBEER KRR

* *

* HKPT I %

* »

TSI TESIER Y V)

VULl

M N3 vikL T 107 P 107 P STAT AREA GAM
0.500 llboe 2021e 4“0ll2e 39307, De3977 1a2%38
v TIP STRESS DEN W/AREA TR H/Y

1160.0 9819.5 0.286 C.2406 1. 000 0.922

TURSINE 7 MeCHANICAL DESIGN

H/ 1 N STG LUOADING ARE A
a2 2 e00V 0.280 C.39¢b
ul KT1P RHUB CEL K RPM TORQ
1100.0 11.0 10.1 174.5% 11515.5 18%913.
STALE 1
v IsK BLADL VANE HWD CASE AR
Oet 23 8 e 21le7 4.0 1led0

P JEL H MACH AREA K HUd R TIP NB U T1P STR WEIGHT
1.3455 &7e% 0500 00398 10.14 11.01 18C 1106.0 9820, 42.84

ST ALk 2
L 15K bLADEL VANE WD CASt AK
10.5 O et ZJ.? 35.b b8 l.‘)o

PR ULL H MACH ARtA R HU3 K TIP NB U TI1P STR WEIGHT
Cealw0 0T eo VDb 0.000 lUel4 lleob 116 1160.9 16456. 83.19

v STG  LENGTH  WE 1IGHT

2 a3l 1¢6.03

DULt
M NJ viL T 107 P 107 P STAT AREA GAM
O.b)U ll‘ﬁ\’o dJZG. 12‘0360 102‘03. lo‘:07“ 1.3127

PR K AD EF PO Tu TLel
310081 02928 048000 12435.6 20277 2WT.7
AN H OUT AREA FLOW HP
OYYec 8 Sl Sel 7 1.7.56 22969,

sesevsssssxnssssss TUTAL TURB wblGAT 1S 126,028

CBIEED SR ONNEDR

* *
s LT 8 »
* *
YREXITENEL R E B
Dull
M NJ O VEL T TU¥ P TUT P STAY Ak tA GAM
Qe 200 lieve ulboe 12‘038. 10245 lo‘.‘o'n. 1031(7

Figure 42. Cont.
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U T1P STRESS DEN W/AREA TR H/T
1¢7.06 11708.5 0.2806 C.T777 1. 000 Ce7065

TWBINE & MitCHANICAL DESIGN

! H/1 N STG LUADING ARE A
0.765 2000 0e243 1.207
uT KTIP RHUB DEL H RPM TORQ
727.C 11.5 8.8 B6e9 T216.9 147693,
STAaut i
- U LSK bLADc VANE HWD CASE AR
- Hel 22e4 60 <0 389 Ye¥ <600
P utL H MACH AREA K HUB K TIP NB U T1p STR WEIGHT LENGTH
1.2400Y% <43e4 Se550 1,207 B8e83 1lle.ve 80 727.0 11709, 142.18 4. 77
i STAutE 2
- U L5K bLADE VANE HAD CASE AK
[o 2le0 Bl «4 344,06 9.3 3.00
Fi UL h MALH AREA R HU3 K TIP NB U T1P STR WEIGHT LENGTH
- Loolno  42e% ueS5T> labbe 383 12.09 98 780.6 16019. 159.21 4017
B
FRAME wT = 167.79
' N >To  LoNGTH  wWELIGHT
. o loa-sl ‘009018
vl
- 4 NO o VEL T 707 P 107 P STAT AkcA GAM
Ve 60J Libue 1722 5594 4436 . 2e3313 1.3249
R TR AD EF PQ TI T0.1
L2236 141779 UB800D0 5593.7 1721.% 1721.5
ty IN o OuT AREA FLOW HP

LJL‘Q.I’ ‘037.(" 16.80 137.56 16912.

~ovesrsavssrssnssss TOTAL TURB WEIGLHT IS 469,184

IR INEEVEF

L *
* AUL 1y *
E ¥

IV IFRGEES
BUKNES NU4bER 10

RIN rIJT LENLTH MACH wsSPtC
Ueu 24100 48 .000 Qelws 11.899

LAS wl LIN wT NUZ Wl INC wT wiol
236 12¢a C 29.1 0. C 439.8

Figure 42. Cont.
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VRN

RESEEEEBEERE S

» ¥
* NOZ 11 »=»
* *

TRt Y
NuZlice il
Wt IGHT = 568.95 LENGTH= 4+8+239 TR Wi=

LA RIS TR 2L 2 X

* ¥*

* PDUCT 4 =

L

L XX I ST RS L )

Du(T [} &

Ri= 15.78 RT= 17.69 LENG= 0le.l 6

AKEA= 1.4C1 RHO=.1068
LAY WT INC WT WTQT
15.25408 13.8556 29.3964

L EELESE S L LY 33
* L
¥ SHAr 12 =
* *
L EEI ST RS L TE L))
SHAFT 1o
DV DI LENG DN WY

LRI E2 22 2L

*® *

¥ sHAF 13 ¥

» »

ISR RERRES )

SHAFT 13
vd ul LENG ON L)
4035 3.94 18.G: 1.27 14.33

I ERIEE NSRS LT

» .
* ACCH Wl x
¥ »

SAINKISRRE KA

ACLS WT= LHUl.4ls

Figure 42. Cont.
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WELGHT INPUT pATA IN ENGL UNITS
WEIGHT QuTPUT DATA IN ENGL UNITS

CuMp wT CUMP Accu UPSTKEAM KAD TUS DOWNS TREAM RADIUS
NG ST LEN LEN R1 KU RI RO RI RO R1 RO

Ue O. O. O. Oe (V)8 O. 0. 0. 0. 0.

1132, 29. 29 . 9. 2G. O. 0. 13. 18, 0. 0.

Ue o. 9. Do C. . 0. 13. 1e. 18.

EPIN 62, 91 “ . 18, O. O. l6. 18, o.

ol8, 25. £ /e ls, Ca C. 11. 11, 0.
2is. l8. 2. 9. 13. C. 0. Q. 13, 0.
159, Se 3. 10. il. Oe O. ) SN 13, O.
516, lis, 91. 9. ) P8 Oe 0. 9. ls, Ce

O Oe 91. 4  16. s, 2le 4. 21, 0.

10 4y, 48 o 139, Oe 24, Ce Oe. Ge 24, Je
11 Clib,e 48 o 187. Ge due {. Ce. Ce 220 0.
12 Ga, Oa O. Ye 20, 10, 11. 0. 0. C.
i3 16. 0. Oo Ye 150 0. 0. 00 00 00

[
OOOOQNNOOOOWO

TOIAL bakE ENGINE wWEIGHT= 391, ACCLSSORIES= 3C1 .41
ESTIMATED TOTAL LENGTH= la7. ESTIMATED MAXIMUM RADIUS= 24,

Figure 42 cont,
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?2.4.2 Small Engine

A typical turboshaft engine as illustrated in Figure 22 has been
represented by the inputs shown in Figure 43. The general input format
for small engines is the same as for large engines. Major differences
are the IWMEC inputs that call for centrifugal stages instead of axial,
and the IWMEC input that calls for the optional disc weight procedure for
the axial-flow turhine.

Component input data should be selected to be representative of this type
of engine. For example, biade volume factors may be significantly larager
because of the small-size blades. Blade geometry also may be
considerably different than the default values. Samll engines generally
have larger blade taper than large engines.

Output data for the sample case is shown in Figure 44. Since the engine

geometry and component arrangement does not generalize for small engines,
it is not possible to automate a computer drawn flow path lTayout as was
done for the large engines. Radial component dimensional data also is
not readily defined, except for the major envelope dimensions which are
shown in the output. The same output options also are available for the
small engines.

2.5 Program Diagnostics

The WATE-2 program contains error printout to aid the user in trouble
shooting an input deck. A listing of the error messages and their
meanings are shown in Table 9, None of these errors will cause
termination of the program. The component routine in which the error
occurred will be terminated and the program will continue its calcula-
tions. The components calculated after an error may or may nnt bhe in
error,
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CIeTZ241IP.T=T, ST
ISII=FoISIO=F4I0UTCD=2,

TLENG(1)2243¢4

JISKWI=1ley ) T ' o

ACCS=,417

FWMZC(142)22HPC *9206G0e090oele0y
'IHHEC(l03)='95UR’|U'5*5v

TwMECCL o323 APT 2459292¢3 90l

TWMECCi95)=9N02 241,540,
IUHEC(lob):’SHAF’019493'3920 “
)iSVQL(112)207Q15.'.QEQ-?296'03915oolQSo-olG*Uoo
)LSVAL(1'3)=3UoocU37912.9v(..13'9.Q
)ESVAL(I.#):-Z’.QZQIo2oo9v3-11.30A505&0oq3-01oo6'0.93.vl.50
JESVAL(1e5)=1a9lavi,,
DESVQL(1vb)=bﬁuLLc9-3003392o04011;*soo

$END

Figure 43. Small Engine inputs
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L 4
3
I EE R XA RS RESRSES]
' * .
« CENC 2 =
® *
YRR ZRE R IR B BA
M8 X CINDITIONS OCCUR AT
ARE R R A ARNR TR T AN AN AR B R AR R NN A SRR CEN NN, A E R
ALT Mh VALUE
PTOT Je Je T 147 L3/SQIN
TTOo7 Ce Telvu 5147 DZ6G R
c4IN e et 12¢7 Lo/SEC
Y RS LA A R EZZ Z R E R R R R X SRR R R AR RN S & 8 & {
2JCT
¥ NO VvEL T TOT P TGT P STLT ARLtA GaM
e74L  TH%e 5173 21156, 1471, e2594 1.47)5
STAGE 1
STPR RAM RTIP INERTIA LENGTH WEIGHT
Bl 3225325 57 . 12649 TS 13.8
STAGE <
= STPR RPM RT1P INERTIA LENGTH WEIuHT
343 Lud0zed 25 Gle2 3¢5 1364

tewCOMP AIUSING swn
AZIGHT=s  ClaT7

*+x*CR0SSTVER
LINGTHE X

ucTt
2 Azl

»

G T— 192
xx )] FF SR

| LINGTH=Z o174 whbIOGHT= Sel

e a7 AR AN aww
3547 = 135%e GEAR K= 15¢0 SHAFT Pz 2 .24, 8
aZIGHTZ 2.%e9 ) ;

N OSTo  wWilorl LINGTA  CINGRa  IANRTIA

2 SlenH Ted4 37 165241

2JCT

L I Vi T 121 PoOoTCT P STAT ARE A GAM

I I Y56 4. 85 16330 192 e « "BAL 161754

eE A) £F PO 1% " ¥
Jet v e s 1695236t 1.3 ec 214 .

Hl "o ol Cwl :
125435 226 0 12477 124290

Figure 44. Smell Engine Output
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I AS LSRR ERER R ]
i b
*

*

M Iy

MAX CONJITIONS OCCUR AT
I R SRR AR R R SRS R E R RE AR R R R AR R RSN
ALT MN VALUE
107 Je 2ely 7 1036e2 DIG R
CdlIN Ce Jefllu 2¢1 L3/SEC
1A A2 A SR AR EERERE RS SSE R R R RS R RR SRR N
3JRNER NUMBER 3 ' ) -
XIN 10JT LENSTH MaCH WSPEC
3a4721 o235 13,32 . o1 1e625
CAS WT LIV 7T NOZ T INC T FRAME
Z2ed 1644 8eb 1.1 0.0

IR R R R R R
* *
+  HPT 4w
* *
[ EEEEER X RN

MAX CONJUITIONS OCCUR AT
AR R RN AR A RN TR RN T AR R AN AT RN ERARNRA AR NN N
ALT UN VALUE

PTOT Oe Datluy 11242 L3/SQAIN
TT07 ie Telul 0 210046 DEIG R
CdOUT (e Nebuu fe8 L3I/SEC
I 2B R R RS EEEREEZERESE SR EREI R AR S RZ R AR R AR RS
JJCT T ) T o
M ND VEL. T TOT P TOT P STAT AREA GAM
«200 43%e 2110e 16151 15734, 01990 143130
JTIPMAX STRESS DEN W /AREA TR H/T
120562 1342345 W86 547 340706 743
TURBINE & MECHANICAL DESIGN

H/T N STG LOADING AREA

.7‘023 3.:(0 .‘42(" 0199

ut RTIP RHUH DEL H RPM MAXRPM TCRQ

122342 446 2.4 2073 3035246 30352,6 7429,

Figure 44. (continued)
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Figure 44. (continued)
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Table 9 Error Messagas

"Compressor, I, préssure ratio is too high" - more than 20
compressor stages calculated. First stage maximum pressure

ratio too small.

"Compressor, I. stage and blade parameters, meaningless" -
stage inlet Mach number less than or equal to zero, or hub

radius of compressor equals zero.

"Duct is not converging - error only called for rotating
splitter fan component. Inlet or exit Mach numbers of fan

may be input incorrectly.

"Error in shaft" - iteration for shaft diameter not converging.

Creck shaft inputs.

"Turbine, I, work or radius too high, RC = , X.xx" - more
than 9 turbine stages calculated - turbine Toading parameter

too small or control radius improperly input.

"Turbine, I, stage and blade parameters meaningless" - Mach

number or hub radius less than or equal to zero.
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2.6 Program Structure

The execution flow was designed to minimize the interaction of the basic
NNEP program and the weight estimation routines. The only data flowing
between the two is via the common blocks SNGL and DBL and the variables
IWT and IPLT. The subroutine THERM 1is wused to obtain thermodynamic
properties of the fluid. An assumption is made that the thermodynamic
properties are established at each station prior to calling WTEST
subroutine, which is flow charted in Fiqure 45.

WTEST calls the component routines. These component routines are
independent of each other, and some use the same lower level routines as
some other components. After all weights and dimensions have bheen
estimated ENGPLT is called to make the printer plot. For a description
of subroutine connectivity, see Figure 46.

The code is in FORTRAN IV and has been checked out on IBM 370/168. The
code is single precision except for the values in the Navy-NASA Engine
Program  (NNEP). The code was designed to minimize conversion
requirements to other machines. No subroutines are required beyond those
in the IBM FORTRAN IV manual, and there is no character manipulation,
only full word tests are used when testing BCD input.

The NNEP/WATE-1 code requires 7584816 core (48212010 bytes) to run
without buffers. The execution of a design point followed hy a weight
estimation and printer plot is 4 seconds CPU time, using an existing load
module (all data reference 370/16R),

The followina variables in NNEP common blocks may be referenced hy a
component weight estimating routine depending on the component tvpe:
DATOUT, WTF, TOPRES, TOTEMP, FAR, CORFLO, JCONF, JTYPE, NCOMP, NOSTAT,
NFINIS. In no case is any value changed by the weight estimation code.
Each call to WTEST routine will cause a NAMELIST read of "W" data. This
is the one and orlv read in weight estimation code. Based on the

information in NCOMP and JTYPE the proper component routine is called
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10000

. FALSE
JRUE | INITIALIZE READ INPUT NAMPR
START — —
LWT OUTPUT ARRAYS
]
4
PROCESS LENGTH CONTRIBUTING VECTOR ILENG
i WTNOZ |
l COMP TURB WMIXR COMBWT DUCTW {
" WSPLT i
ACCUME LENGTH IN DOWNSTREAM NODE FOR PROCESSED COMPONENTS
N SET SECONDARY UPSTREAM NODE ACCUMULATED LENGTH IF IT EXISTS
SET ENGINE LENGTH
PROCESS REMAINING COMPONENTS EXCEPT DUCTS, SHAFTS, & NOZZLES
' :
| COMP TURB WMIXR COMBWT WSPLT i
sl S
PROCESS DUCTS DUCTW
PROCESS NOZZLES WTNOZ
I
| ACCUME LENGTH OF REMAINING COMPONENTS PROCESS SHAFTS SHAFT
)
A ]
L SEARCH RQ FOR MAXIMUM RADIUS PUT IN XR ]

!

[
L SUM COMPONENT WEIGHTS TO GET ENGINE WEIGHT IN WATENG I

v

LMAKE COMPONENT PRINT IF REQUIRED IN CORRECT UNITS

'

MAKE SUMMARY PRINT IN CORRECT UNITS

—

FALSE TRUE

T N

RETURN
Figure 45. Functional Flow Chart of WTEST
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with the compoent number (1) as an argument.

Figure 46. Diagram of Subroutine Connectivity

Each component is expected

to £i11 WATE (1), ALENG (1), TLENG (1), RO (1,1), RO (2,1), RI (1,1), RI

(2,1,

Rota*ing components also fill RPMT (I). The shaft component fills
DSHAFT IN) where N is the shaft count from the inside out.




The array CONVER in common CONVER are conversion factors to convert English units to Sl

units:

ARRAY #

45306
L0929
02768
689475
4.882
555
1.05435
07457
47.88

UNITS
ENGLISH
inch

feet

by,

ft>
lbm/m3
ibg/in2
by, /ft2
OR
BTU/sec
HP
Iby/ft2

UNITS

S
cm
meter
Kg

meter:’-

Kg!cm3

Newton/cm=
l(g,l’m2

oK

K WATTS

K WATTS

Newton/m-2




.0 CONCLUSIONS AND RECOMMENDATIONS

The WATE-2 method can provide a reasonable level of accuracy in
predicting weight and dimensions of large and small gas turbine engines,
Flexibility of modeling the engine cycle and gas-path allows virtually
any conventional or non-conventional gas turhine engine to be analyzed.
Normally, all components can be sized from the stage by stage calculation
of state conditions that are accomplished internally,

A number of new capabilities have been added to the original program that
will also make it more useful: small qas turbines, rotating interia,
airflow scaling, center of gravity, engine design diagnostic aids, and
flight envelope maximization of component size., Accuracy of the program
has also been improved with the addition of a new preliminary design
procedure for discs. The disc weight correlations that were previously
developed did not include the effects of blade aspect ratio or disc
stress; it was only sensitive to blade pull stress and disc radius. Both
methods are available as options, however it is recommended that the new
disc desian procedure be used for all types of enaines rather than the
disc weight correlation procedure.

Further improvements to the program are also recommended. An engine

desian procedure similar to that described in Reference 8 could be built
into the program to eliminate external iterations of the engine design,
Exit Mach numher in turbines should he used to estahlish blade sizes
rather than the entry Mach numher as now used. Since there is usually
less variation in the exit anqle and exit Mach number than there is at
the entry of turbines, this would provide a better hlade sizing
criteria,  The program could also be changed to a constant-mean radius
desian orocedure rather than the constant-area area definition that is

currently used. The former method is more commonly used in the industry,
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