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FOREWORD

The Hp-0, Space Shuttle auxiliary power unit (APU) program is a NASA-
Lewis effort aimed at hardware demonstration of the technology required for
potential use ~n the Space Shuttle. Use of such a system on the Space Shuttle
would provide significant cost and weight advantages over the current baseline

design.

This program is being conducted under the direction of Harry M. Cameron,
Project Manager. It is a follow-on effort to two study programs conducted by
NASA-Lewis under Contracts NAS 3-14407 and NAS 3-14408. The results of these
studies were reported in the following NASA Contractor Reports: NASA CR-2001
and NASA CR-1994, 1995, 1996, 1997, 1993, and 1928.

This report is submitted in two volumes. Volume | covers the work to date
in the design of the APU. Volume Il contains the appendixes. Initial activi-
ties showed that the initial reference APU design could be modified to reduce
system uncertainties; these analyses for the initial reference system are
summarized in Appendix A. A new reference system was defined; this design,
along with that of the test unit, is described in Volume | ¢ :his report.
Appendix B of Volume Il contains the steady-state system analysic.

The requirements of NASA Policy Directive NPD 2220.4 (Sepiember 14, 1970)
regarding the use of S' units have been waived in accordance with the pro-
visions of paragraph 5d of that Directive by the Director of Lewis Research
Center.

Distribution of this report is provided in the interest of information
exchange. Responsibility for the contents resides in the author or organiza-
tion that prepared it.
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SECTION 1

I NTRODUCTION AND SUMMARY

Two study programs performed under Contracts NAS 3-14407 and NAS 3-14408
for the NASA-lewis Research Center showed a hydrogen-oxygen auxiliary power
unit (APU) system to be an attractive alternate to the Space Shuttle baseline
hydrazine APU system for minimum weight. In addition to providing a low
speci fic propellant consumption relative to hydrazine, an APU system using
cryogenic hydrogen has the capability for meeting many of the heat sink require-
ments for the Space Shuttle vehicle, thereby greatly reducing the amount of
water or other expendable evaporant that must be provided with the baseline APU
for cooling. Effective utilization of this cooling capacity requires careful
attention to design of the therma! management and control provisions. Digital
computer modeling techniques have bz2en developed and applied to handle both
problems simultaneously.

This report covers preliminary design and analysis of the current
reference system and detail design of the test version (APU-T) of this refer-
ence system. A summary of the test system combustor test results is also
included.

The reference system is intended to be a preliminary design of a flight
prototype APU. The test system is a close-coupled experimental test version
of the reference system. The APU-T incorporates all significant reference
system design features as well as additional options to be investigated and
includes instrumeni ition to allow investigation and development of the tech-
nology required to develop a flight-qualified APU design. It contains
“flight-type' components, which have appropriate dynamic characteristics and
have received sufficient evaluation to provide reasonable assurance of being
qualified for flight application with soue modi fication.

Early studies performed under NAS 3-14408 yielded a system design that
incorporated a recycle loop driven by a jet pump to maximize the amo int of
avai lable cooling. The work under the current program started with approxi-
mately that design. A steady-state digital computer program was formulated
and a large matrix of flight conditions, power settings, and design variables
such as turbine temperature, hydraulic cooling load, and system sizing was
examined. Although these design studies showed the operation of the system to
be feasible, there were performance prediction uncertainties associated with
the jet pump operation over a wide range of conditions. A new reference system
was then studied in which the jet pump was replaced by a new heat exchanger
called the regenerator, which also maximized the amount of available cooling.
The feasibility studies of this new reference system were based upon a modifi-
cation of the steady-state digital computer system analysis program. Again, a
large matrix of operating and design conditions was evaluated. These steady-
state system design study results were used to define component design
speci fications.
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The steady-state system computer program then was mod:fied for transient
analysis. Transients such as starting, load applications and removals, etc.
were evaluated to define the control requirements and further refine the system
design. A mathematical model of the control requirements was converted into a
breadboard circuit design through further analysis and laboratory work.

The preliminary design of the reference system served as a basis for the
detail design of the test system. The test system assembly was packaged with
emphasis on accessibility. Special features were added to the control for
turbine calibration and system development. In addition, some cost saving
modi fications were made where they would not affect the technical objectives.

The results of the Tasi 1| initial reference system (jet pump) analysis and
preliminary design are documented in Appendix A, as the initial design is now
of secondary interest. A tabulation of steady-state computer results app!li-
cable to the current system is included in Appenaix B.

Both appendixes are being published in Volume 11, NASA CR-134485,
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SECTION 2
REFERENCE SYSTEM

Reference System Description

The reference system, shown in fig, 2-1, consists of a propellant feed
and conditioning subsystem, turbopower subsystem, and control system. The
propellant feed and conditioning system begins at the outlet of the high-
pressure propellant tanks and contains all heat exchangers, valves, and the

. combustor. The turbopower subsystem contains a two-stage partial-admission
pressure-modulated 400-hp turbine, a O- to 4-g lubrication system, ard a
zero-g gearbox with multiple output pads to accommodate two hydraulic pumps
and an alternator.

The cold hydrogen is first heated in a hydrogen preheater by hydrogen
from the recuperator. Secondly, it flows through a regenerator where it
receives heat from the reentrant hydrogen flow that has been the sink for
hydraulic pump case drain waste heat, Out of the regenerator both hydrogen
streams are now between 400~ and 460 R, controlled by the preheater bypass
loop. One stream flows through the hydraulic cooler; the other through the
lube cooler and the recuperator. The last pass is through the hydrogen-oxygen
temperature equalizer where the oxygen is conditioned to be close to the
hydrogen temperature. Except for the flow bypass, one around the recuperator,
the other around the preheater that acts as flow divider, the hydrogen
describes a single path through the propellant conditioning system.

AT IO Vi s

The preheater bypass loop flow is controlled to maintain the lube o°1
temperature below the maximum permissible operating temperature6 but aboxe the
congealing temperature, and preferably in the range between 650 and 700 R.

As shown on the temperature schedule (inset in fig. 2-1), when the lube oil
temperature is 650 R the hydrogen temperature out of the first preheatgr pass
will be controlled by an appropriate preheater bypass flow rate to 460 R. As
the lube oil temperature increases (usuallx at low power output), the hydrogen
temperature will be controlled down to 40O 'R (but not lower, to avoid local
ccr .ealing).

4
-y
i

The preheater bypass loop flow increases with higher hydraulic and lube
cooler heat loads. In those cases, most of the preheating will occur in the
regenerator. The bypass flow also will increase with increasing hydrogen
fluid temperatures. This is the case with a thermally pressurized supercriti-
cal tank supply.

The reference system only provides case drain hydraulic fluid cooling.

v Ad.’ :ional cooling of the hydraulic fluid can be accommodated by routing the
rvdrogen flow through a full-flow hydraulic fluid cooler and by regenerative
Jtilization of the rejected heat in the tank thermal pressurization system.
This leads to a naturally stable tank pressurization system since the fluid
withdrawal rates are always directly proportional to the hydraulic waste heat.

The recuperator bypass loop flow is controlled by the hydrogen tempsra-

ture downstream of the temperature equalizer, attempting to maintain 750 R
combustor inlet. At high power levels, the engine operates nore efficiently

2-1
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and insufficient heat is available in the recuperator to attain this
temperagure even at zero bypass. Computer simulation shows, however, that
with 55°R hydrogeg inlet and full power combustor, inlet temperature will be
no lower than 650 R.

Each bypass loop is controlled by two putterfly valves, one in series,
the other in parallel with the heat exchanger throughflow. The two valves in
each loop are linked electronically so they act like a three-way valve. The
two valve sets are also electronically coupled in the control to prevent unde-
sirable interaction. It may be advantageous later actually to replace two
butterflies with a single three-way to achieve system simplification; however,
the system operation may be more forgiving of single valve failures with the
present design.

Two redundant pressure reculators are employed in the oxygen circuit,
since a single one sticking open would result in an overtemperature. They are
both located downstream of the temperature equalizer in order to maintain
supercritical pressure and avoid two-phase flow in the equalizer.

An accumulator is located downstream of the regulators in order to pro-
vide more equal stiffness in the hydrogen and oxygen control system, compen-
sating for a somewhat slow pressure regulator response (100 msec). The accu~
mulator has a dump valve that opens on shutdown signai to vent the oxygen.
This is an emergency provision in the event of an electrical failure in which
the oxygen controi valve fails in its nearly closed position and the hydrogen
valve fails open. Without oxygen dump, with both shutoff valves closed, a
high 0/F would result at the end of the hydrogen run-out. |In a later modifi-
cation, both the accumulator and the dump valve may be designed out of the
system if fast electronic requlators are substituted for the now specified
mechanical one.

A check valve is located downstream of the oxygen accumulator to prevent
hydrogen backflow into the accumulator during starting, as hydrogen lead is
used in starting to prevent overtemperature. The hydrogen and oxygen control
valves are electrically linked in the control. A. exciter is used to energize
the combustor spark plug during start and whenever the turbine temperature is
100°R below the set point, and the system is turned on. The combustor
delivers hydrogen-rich combustion products to the turbopower subsystem.

The turbine is a two-stage supersonic axial-flow design. The design
speed is 63,000 rpm with a turbine inlet temperature (TIT) of 1960°R using
V=57 alloy turbine wheels. The turbine is so designed that it can be retro-
fitted with U-700 wheels and operated at 70,000 rpm and 2060°R TIT. The case
drain oil from the hydraulic pumps mounted on the turbine gearbox is cooled by
hydrogen in the hydraulic oil cooler; the turbine gearbox o0il is cooled by
hydrogen in the lube 0il cooler.

The electronic control functions can be divided into primary and second-
ary. The gprimary control functions are to hold the TIT, rpm, and equalizer
outlet temperature constant by modulation of the hydrogen bypass and control
valves. The secondary control functions are start-and-stop sequences, over-
speed (rpm) and temperature (TIT) limits, fail-safe provisions, and automatic




AR . W AP DN

B AR ST Y T L L PR TP

Y ]

t

shutdown provisions including lube pressure and temperatur- , hydrocen
underpressure, turbine overspeed, and control internal monitoring. The
description of the components design and their function is treated in detail
in the pertinent section of this volume of the report. The system spacifica-

tions are summarized in Table 2-1.

TABLE 2-1

SUMMARY OF SYSTEM SPECIFICATIONS

Peak power:
Minimum power:

Output pads:

Turbine speed:

Turbine inlet temperature:
Hydrogen inlet temperature to APU:
Hydrogen inlet pressure:

Oxygen inlet temperature to APU:
Oxygen inlet pressure:

Design life:

Cooling capability at 400 hp (heat sink
for hydraulic system):

Potential cooling with integrated tank
pressurization at 400 IP:

Estimated dry weight:

400 kp gearbox shaft output
0 hp gearbox shaft output

2 pump pads at 5,000 rpn
1 generator pad at 12,000 rpm

63,000 rpm #1 percent steady state
t5 percent transient

1960°R

55° to 560%

575 psia

275° to 560°R

900 psia

1,000 hr hot operation (900 cycles)

and 2,000 hr on inert gas checkout
(600 cycles)

5,000 Btu/min

15,000 Btu min

280 1b
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Test System Description

The auxiliary power test unit (APU~T) is schematicall the same as shown
in fig. 2-1 and is a close-coupled experimental test versio., of the reference
system. To allow the investigation and demonstration of the t.<hnology
required for a flight-type APU, special cesign features and contr>] options
have been added.

Provisions in the controller permit variations in the rpm, TIT, and ~om-
bustor pressure to permit initial APU operation to be conducted at moderate
speeds and temperatures. The capability to improve system SfficienCy by
increasing the combustor inlet temperature from 750 to 900 R has also been
provided.

The APU-T system has been protected through automatic shutdown in the
event of exceedance of control values or component failures that are not
necessarily critical or do not give cause for shutdown of the flight system.

The APU-T utilizes all ''flight~-type''ss components except as listed below:

(1) The turbine bearing seal has been changed from a face seal to a
labyrinth seal with externally supplied nitrogen buffer gas in order
to avoid seal development.

(2) An external lvbe 0il pump supplies the turbine and gearbox

(3) Heat soakback problem at shutdown was solved in the reference tur-
bine design but was not carried through into the -T turbine since
lubricant flow from an external source can be maiatained after shut-
down.

(4) The gearbox has not been designed for zero-g flight capability and
hes two pump pads but no alternator pad.

(5) The recuperator had to be designes /u: yiuu:-d test in which interpal
pressure is reduced to vacuum ~nd the external one is at the ambient
pressure of the test environment.

The APU-T shown in fig. 2-2 was packaged for ease of component and
instrumentation accessibi lity and installation, without strict regard to
weight and volume. The controller is not included in the package because it
is located in the control room and is connected to the APU-T by an umbilical
cable.

*F1ight=type'’ components are similar in size, weight, and dynamic character-
istics and have received sufficient evaluation to provide reasonable assur-
ance that they are capable of being qualif'ed for the required flight appli-
cation with only minor modi f'cations.
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The APU-T assembly is built by brazing the following two major
subassemblies into a single unit:

(1) Turbine-gearbox=-pump assembly, which also will contain the combustor
and oxygen flow control valves, the oxygen check valve and accumula-
tor, and the oxygen regulators. All these components will Lte
mounted on the gearbox support structure.

(2) Tr2 heat exchanger assembly, wivich will include all heat exchangers
and bypass valves. This assembly includes a separate support struc-
ture.

The above twu subassemblies then will be combined into the complete APU-T
by brazing three interface joints: the oxygen line, the hydrojen line, and
the turbine exhaust duct. The entire assembly will be mounted on a base
structure that will serve both as a test stand and a structure to support the
assembly during transit and handling by forklift.

All joints in the hydrogen and oxygea circuits in the entire APU-T are
welded or brazed. Some mechanically sealed joints exist in the turbine,
valves, and certain instrumentation connections. 1wo hydroformed bellows are
used in the duct between the turbine discharge and the recuperator to allow
for thermal expansion. All other piping 2xpansions are compensated by loops
and bends in the piping. Each heat exchanger is mounted by a single fixed
point, with other support points flexible to allow for expansion. All compo-
nents are mounted for a one-g, one-direction environment.

The APU-T components and piping are so located that there is adequate
access for instrumentation and application of a 1-in. layer of insulation
material (Johns-Manville CRF-800 felted refractory insulation) that will be
applied after preliminary checkout testing.

The location of the instrumentation is shown in fig. 2-3.
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SECTION 3

SYSTEM ANALYSIS

The system analysis was based on the referenc system, utilizing the
component dynamic characteristics, which were also valid for the tes- systems.

The system was analyzed using a digital computer simulator. The .omnuter
simulator is used in both steady-state and transient anaiysis to size ar
evaluate the performance of the various components for the complete syst-m
operating range. The sizing of the components requires that the ‘corlincar
effects of the components be used, including major second-order component
effects within the system,

The resulting digital mddel must have sufficient transient accuracy to
permit identification of the system transfer functions. These transfer
functions are necessary to design the APU control. The resulting control
design, schematically shown in Fig. 3-1, is mechanized in the simulator to
verify stability and predict transient performance of the control interacting
with the nonlinear system.

Computer Program Description

The simulator is constructed using @ main subroutine (MAINSR) that reads
the control data cards. The data cards are of two types: (1) data to be used
during a solution, and (2) solution types (by-pass, no-bypass, design point,
off-design). The mode for data (to be used during a solution) is used to
define boundary conditions or tc scale particular components within the system,
Solution-type data are used to select the dependent relationships to be
satisfied and the independent parameters to oe manipulated to satisfy the
dependent conditions.

The steady-state solutions (fig. 3-2) are obtained by using the boundary
specified by various data cards and the required corditions for the particular
solution desired. The main subroutine (MAINSR) then dimensions the matrix
required for the solution as well as establishing the particular independent
variables (XEQ) and dependent relations (CLXSQ) to be used during the solution.
The next step is to call a subroutine that solves a set of algebraic equations
using a modified Newtonian technique (NEWTON). This in turn calls an external
subroutine (SSAPUT), which is specified in its argument list to determine the
algebraic relationships between the various independent and dependent variables,
The dependent relations are wri*ten in a form that allows NEWTON to drive the
dependent vector to the origin,

When the solution has been obtained, control is returned to MAINSR, which
in turn calls FINAL to print the solution, Finally, MAINSR reads another card
for instructions pertaining to the next case to be run.

The two primary uses for steady-stage solutions are (1) initial design
performance of the system and (2) to set the initial conditions for a transient

3-1
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solution. Design match (DMATCH) is the first steady-state solution usually
sought in the simulator program. It allows for a solution where some of the
variables are the geometric characteristics of the engine. This particular
option is reprogrammed for various solutions as the design proceeds, and
finally is eliminated altogether as the APU design becomes finalized., The
following paragraphs describe the use of the program to determine desirable
4 component and system characteristics and design points.

[

- N W

Flow Control Valve Sizing

U

This option was programmed to size the hydrogen flow control valve
(H2FLCA) and compared the turbine acceleration to a reference acceleration. ;
The controlled closure errors were the turbine inlet temperature, turbine
acceleration, combustor inlet temperature, and the hydrogen temperature at
the inlet 63,000 rpm, sea level. Solutions were obtained at 1000 rpm/sec
intervals (1000 rpm/sec, 2000 rpm/sec, 3000 rpm/sec, etc.) until the flow
control valves no longer had controllable pressure drop. This set of runs .
was plotted versus time for the turbine to change 1000 rpm against the result- ;
ing hydrogen flow control valve area and oxygen flow control valve area.

The curves (figs. 3-3 and 3-4) show a sharp knee as the pressure drops .
across the valve diminish to zero. This knee is dependent on the pressure drop '
in the system between the propellant supply pressure and the inlet to the
first-stage turbine nozzle. The location on the curve chosen for the electrical A
valve limit was an area equivalent to 10,000 rpm/sec, with a 350-hp load. :
This acceleration cannot be obtained at 60,000 rpm because of the constant
horsepower characteristic of the load, which results in a higher torque require- P
ment at lower speeds, However, sufficient acceleration capability in the {
system exists to provide acceptable response to system transients.
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With the maximum valve area established, the option was run at minimum
\ horsepower extraction at minimum altitude to determine the minimum valve areas
(figs. 3-5 and 3-6). The system was run at various decelerations from -1000
rpm/sec until the flow control valves become completely closed. The minimum
electrical limits on the valves were selected to yield a deceleration of i
-5000 rpm/sec. i

The selection of a lower limit for the deceleration as compared to the
acceleration limit is related to the load characteristics at each operating ;
limit., The maximum horsepower end of the spectrum has a load characteristic
that is primarily determined by the hydraulic pump characteristic. As the
speed increases, the pump does not need as much stroke to maintain the hydraulic
oil pressure; therefore, the pump stroke decreases, resulting in a decreased
torque. The decrease in the required torque for the pump is greater than the ¢
decrease in the turbine torque due to the increased speed, which makes the
system open loop unstable. At the other end of the load spectrum, the load
is determined by the hydraulic oil pump losses and the gearbox losses. This
load characteristic results in an increasing load horsepower with increasing
speed, and furthermore, an increasing load torque with an inzrease in turbine
speed. The turbine characteristic is similar to the high-power case, but
is open-loop stable., The range of operation that requires the largest

34
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adjustment for a corrective change is in the region of open-loop instability;
thus, the valve 7 -2a selected corresponds to 10,000 rpm/sec accel=zration
capability fully loaded and =500 rpm/sec minimum load.

Bypass Option

The bypass option is cne of the two options used to evaluate the steady-
state performance of the APU. The option uses four control variables for a
solution; the recuperator bypass to control the hydrogen temperature at the
inlet to the combustor, the preheater bypass valve to control the hydrogen
temperature at the inlet of the hydraulic oil cooler, the hydrogen flow control
valve to control the turbine speed, and the oxygen flow control valve to con-
trol the turbine inlet temperature. The remaining fifteen of nineteen vari-

ables (listed in Table 3-1) are to satisfy various boundary conditions through-
out the system,

No-Bypass Option

The no-bypass option is used when energy in the system is insufficient to
bring the temperature of hydrogen out of the equalizer up to 750°R. |If a
bypass option is used for such @ case, the dependent variables cannot all be
satisfied. The recuperator bypass valve area and the flow split recuperator
bypass valve are dropped from the independent vector. The controlled hydrogen
temperature at station 58 (fig. 3-6) and the pressure balance at station 50
between the heat exchanger flow and the bypass valve flow are eliminated from
the dependent vector. The no-bypass option is needed when the APU hydrogen
flow has more cooling capability than the system has waste heat to bring up
the temperature., The system approaches this condition as the horsepower
output is increased above 250 hp.

Transient program.--The transient options of the APU simulator were
developed for the controls analysis work. The options were used to identify
the control transfer functions of the APU (H2FLCA, 02FLCA, RECYCA, BYPSCA).
The control verification and the dynamic performance parametric studies were
used to establish the sufficiency of the various control systems and to study
the effects of various components on the APU performance (START, TRANS).

H2FLCA.--This particular option was written to identify the transfer func-
tions of the speed control. The option is used by first establishing the ini-
tial conditions of the APU by running a BYPASS or a NO BYPASS solution. This
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TABLE 3-1

INDEPENDENT VARIABLES AND DEPENDENT RELATIONSHIPS

Independent Variable

Derendent Relationship

Oxygen flow to combustor

Hydrogen flow to combustor

P.cacater bypass f'ow

Hydrogen flow control valve area

Oxygen flow control valve area

Prehcater bypass valve area

Hydrogen temperature at the recuperator exit

Hydrogen pressure at the recuperator exit

Hydrogen pressure at the nydraulic cooler exit

Oxygen inlet pressure to combustor

Turbine interstage static pressure

Turbine exhaust static pressurs

Recuperstor exhaust products exit pressu-e

Inlet lube oil temperature

Recuperator bypass valve area

Recupsrator bypass flow

inlet hydraulic fluid temperature

Oxygen accumulstor pressure

Hydrogen temperature at the hydraulic cuoler exit

Hydrogen pressure difference between the injector
exit pressure and the combustor pressure

wa difference between the ombustor flow and the
flow through the first stage of the turbine

The difference in pressure between the preheater
exit and the preheater Lypass valve exit

Torque balance between the tuibine and load

The temn~rature error of the hydrogen entering the
hydrsulic oil heat exchanger und the scheduled
temperature due to lube oil teaperature

The difference between the guessed mixed temper-
ature from the recuperator and the calculated
temnperature

The difference between the calculated recuperator
exit pressure and the guessed

The difference between the guesied and the calcu-
lated temperature of the hydrogen at the hydraulic
oil cooler exit

The diffeience between the calculated and guessed
pressure of the hydrogen at the hydraulic oil
cooler exit

The oxygen flow difference hetween the temperature
equalizer and the flow contrc! valve

The difference between the first-stage turbine flow
and the second-stage flw

tf the cxhaust duct is not choked, the closure
error between the static pressure at the end of the
exhaust duct and ambient pressure; |f the exhaust
duct is choked, matching the corrected flow at the
inlet to the extaust duct compared to the corrected
flow required to make the duct choke

The 2xhaust gas pressure at the exit to the
recunerator compared with the !rdependent varicble

Heat balance in the lube oil loop

The temperature generated by the combustion of the
hydrogen snd oxygen compared to the desired control
temperature.

The tempersture of the hydrogen entering the comius-
tion chamber compared to the desired controlled
temperature

The pressure at the ex't of ti.e recuperator bypass
valve compared to the oressure from the recuparator
exit

The tempersture st the hydraulic pump case return
compared to the temperature of the hydraulic nump
entering the hydraulic cooler

The difference beiween the oxygen flow through the
temperature squaiizer and the flow through the
pressure regulator

3-10
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provides a solution with the flow control valves in thke correct posi.ion to
balance the load torque and the turbine power. The sys.:m is then perturbed
by increasing the hydrogen flow control valve 5 percent while holding the heat
exchanger bypass valves in their initial positions. An ideal turbine inlet
temperature control is used to manipulate the oxygen flo.: control valve. Tur-
bine acceleration as a function of time was used tc deternine the Laplace
transforms that would v'eld this type >f step response. The transfer func-
tions were established at various operating points, 2ud a norlinear element in
series with the valve (as well as the required transfer functions for the con-
trol) were determined.

The H2FLCA opticn uses a 12-by-12 Jacobian matrix during the transient
portion of the operation. The reduced complexitiv of the Jacobian is a result
of some of the independent variables becoming state-variables (described by
differential equations instead of algebraic equations). Also, the bypass
conrtrols have been frozen in their last position, which results in a further
reduction in the Jacobian size (Table 3-2).

Hydrogen accumulation effects.--The H2FLCA option also was used to
evaluate the effect of the hydrogen accumulation on the dynamics of the APU.
To raise the pressure in a heat exchanger, the hydrogen mass in the heat
exchanger must increase; this is the ''gas bag'' effect. The model used was to
calculate the mass of the hydrogen in the APJ from the shutoff valve through
the hydrogen-hydraulic oil heat exchangar. Then, an accumulation was selected
that would hold the same mass of hydrogen as the expected p-essure aud tempera-
ture found at the hydraulic oil heat exchanger exit. Thus, the pressure in
this accumulator and th. pressure out of the hydrogen shutoff valve become
the boundary counditions, which determines the hydrogen flow from station 26 to
station 36 within the APU. Similarly, an accumulator was placed between the
temperature equalizer and the hydrogen flow control valve, which held the
same mass of hydrogen as the lines .. ' heat exchangers between stat’'on 36 and
station 58. The combustor acc.~ -ai - was removed from the deck to provide
a comparison base without dynamics. 71he bace acceleration was a step in
turbine acceieration from 0 to 2672 rpm/sec. The actual run (figs. 3-7 and
3-8) shows that the acceleration peaks initially to 2880 rpm/sec (+7.8 perczent)
and then decuys to 2624 rpm/sec (-1.8 percent) at 5.6 msec. The response
reaches steady state at 16.8 msec. The disturbance from the nominal was verv
small and the Juration is shown, which verified the initial assumption that
the ''gas bag'' effect was not significant.

02FLCA.--The option to identify the characteristics of the system for the
temperature control is based on the coupled response of the speed control. The
speed control was mechanized to control the hydrogen flow contro! vaive (fig 3-9).
The oxygen tlow control was set at a fixed rativ of the hydrogen flow control
valve. This option is run after an initial bypass condition. The heat exzhanger
bypass valves were held in the initial position during the transient. The

3-1
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TABLE 3-2

H2FLCA OPTION: INDEPENDENT VARIABLES AND DEPENDENT RELATIONSHIPS

I ndependent Variable

Dependent Relationship

Oxygen flow to combustor

Hydrogen flow to
combus tor

Preheater bypass flow
Oxygen flow control
valve area

Hydrogen pressure at
the recuperator exit

Hydrogen pressure at the
hydraulic cooler exit

Oxygen inlet pressure
to combustor

Turbine interstage
static pressure

Turbine exhaust static
pressure

Recuperator exhaust
productc exit pressure

Recuperator bypass flow

Inlet hydraulic fluid
temperature

Hydrogen pressure difference between the injector
exit pressure and the combustor pressure

The difference in pressure between the preheater exit
and the preheater bypass valve exit

The difference between the calculated recuperator
exit pressure and the guessed

The difference between the calcuiated and guessed pres-
sure of the hydrogen at the hydraulic 0il cooler exit

The oxygen flow difference between the temperature
equalizer and the flow control valve

The difference between the first-stage turbine flow
and the second-stage flow

If the exhaust duct is not choked, the closure error
between the static pressure at the end of the exhaust
duct and ambient pressure; if the exhaust duct is
choked, matching the correct flow at the inlet to the
exhaust duct compared to the corrected flow required
to make the duct choke

The exhaust gas pressure at the exit to the recupera-
tor compared with the independent variable

The temperature generated by the combustion of the

kydrogen and oxygen compared to the desired control
temperatures

The pressure at the exit of the recuperator bypass

valve compared to the pressure from the recuperator
exit

The temperature at the hydraulic pump case return
compared to the temperature of the hydraulic pump
entering the hydrauiic cooler

The difference between the oxygen flow through the
temperature equalizer and the flow through the
pressure regulator

3-12
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Oxygen flow
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Figure 3-9.--Mechanization of 02FLCA Computer Option.

ratio of the oxygen flow control valve area to hydrogen flow control valve

area was the initial condition ratio plus 1 percent (i.e., if the initial
conditions indicated that the 0, valve was 18.4 percent of the H, valve,

then the transient would be run“with an 02/Hy area ratio of 19.4 percent.

The effect of this change in ratic is an increase in the turbine inlet tem-
perature, which provides more energy to the turbine, and the speed control
charges the valve areas to maintain turbine speed. The temperature control

is identified with the interaction of the speed control because the speed con-
trol reacts faster than the temperature control. This results in a temperature
control that mainly has a trimming function.

Bypass Control

The RECYCA option was used to determine the response of the hydrogen
temperatures throughout the system to a step in the preheater bypass control
valve area. The preheater bypass valve area and the preheater series valve
have compiementary areas, thus acting as a three-way valve. The hydrogen
temperatures at stations 32 and 58 were determined with the turbine speed
control and the turbine inlet temperature controls operable.

The procedure used to acquire the identifying transient was to step the
valve area and record the resulting temperature transients (fig. 3-16 and 3-11).
Similarly, the reaction of the system to a step in recuperation bypass (BYPSCA)
valve area was performed (figs. 3-12 and 3-13).

It is required to identify the transfer function from both valve area
changes to each of the temperatures to be controlled because there is a
considerable amount c¢f interaction between the control loops.




TR Lwe

¢

‘

60

s b g o 2

50
0

(=}
N

O
o

935/930 ‘3ILVY FONVHI FUNLVYIAWIL

I TAMETOR SRR SR R L D o

-+ 10

TIME, SECONDS

- L2
i
i
;
' L.
- - JE—— —— — - - P e P L e b e ‘e mme - ‘.Y
. . . . .
: 3
. .
. w . . .
k] ] . - 1
— o ——— —— e e - - - — bt o lJfolnl * ———— —— llltll»i'.ll...’:l ———— < e e |0 -
. i f R T .
IR . [ .
i - Y ‘ i
! ! . . & . H
: L ) -4 ..
- , . i Ch !
! c H :
t 1 ! N .
: ‘ i
—— -+ —_- - —_— ea e A e e per e e e - s PR B SR [ R it PR 40N

4
1
1

t

.

Figure 3-10.-- Rate of Change of ﬂé Téhpe}ature at Hydraulic 0il Cooler
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Inlet Due to Preheater Bypass Valve Step.
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Transient

The transient (TRANS) option in the MAINSR was used to evaluate the
performance of the control system to various disturbances. An example of the
performance of the system to a 1-sec maximum power pulse and then returning to
idle is shown in fig. 3-14. The response of the speed control is very symmetric
at high and low power; this is due to the nonlinearity placed in the speed control.
The variation in response rate of T(32) between high and low power is due to
the variatinon in hydrogen flow.

The TRANS option also was used to evaluate the variation in turbine inlet
temperature control as a function of accumulator volume and oxycen pressure
regulator charactieristics.

Turbine Control Variations

Turbine speed and temperature controls were analyzed to evaluate perform-
ance during transient operation. Several different system configurations were
run through the transient imposed by changing from idle power to full power
in 75 msec at sea level. The first system was considered the ''base' system
and the other configurations were changes to the base. |In each change, only
one characteristic was different from the base. The systems are listed in
table 3-3. Performance comparisons based on the several system configurations
are shown in figs. 3-15 through 3-19.

TABLE 3-3

SYSTEM CONFIGURATIONS FOR TRANSIENT ANALYSIS

Base Change Number
System 1 2 3 4
0, regulator 200 200 | 200 | 100 200
response, msec
0, accumulator | 44, 25 | 100 | 100 100
volume, cu in.

02 flow valve 115 Percent

--Per Specification --

maximum area of Spec
0, regulator |

2
sétting, psig 550 ] 550 | 565 | 550 550
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The start option was written to evaluate the performance of the control
system durina the start of the APU. The primary concern was the amount of
turbine speed overshoot that would be experienced. For the initial conditions,
all heat exchanger temperatures were set to 5199R, and the turbine soeed was
set to 100 rpm.

component Definitions

Two aspects of component descriptions are (1) the verification that the
results of the performance of the analysis model are compatible with more
sophisticated analysis techniques, and (2) the effect of the simulater analysis
on the component requiremerts.

The primary concern in the heat exchanger analysis is the transient
characteristic of the heat exchanger as ccmpared to performarnice of the same
component using more sophisticated modelis. The recuperator start transient
was considered to be the conditicn that wouid define the heat exchanger thermal
stress specification. The start transient was performed using a 144-mode
thermal analyzer program, The results closely matched the four-mode model
used in the system simulator (fig. 3-20).

In the base run the oxygyen flow control valve hit the full-open stop,
and the result was a drop in combustor temperature. The reason that the ox,gen
valve hit the limit was that the maximum flow requirement of the speed control
corresponded to the minimum pressure of the oxygen regulator-accumulator
subsystem.

The first change to the base system was to drop the oxygen accumulator
volume to 25 cu in. so as to reacn & minimum sooner and recover before the
flow requirement of the sneed control reached the maximum point. The smaller
accumulator did result in a faster subsystem but the disturbance amplification
resulted in a response that was unacceptable.

For the second change the pressure regulator was set to a nominal 565
psig. This provided sufficient pressure across the oxygen flow control valve
that travel was not limited. Thke increased pressure across the valve did re-
sult in a 112.99R range in the combustor temperature. The increased range is
due to the fact that change in oxygen flow with respect to combustor pressure
ts reduced and the short-term temperature gain of the combustor is increased.
It was this phenomenon which originally caused the introduction of the pressure
regulatcr to the system.

The third change to the system was to increase the response of the 0,
pressure regulator to 1C0 msec. The oxygen flow control valve did not hit the
limit and the temperature variation was 69.5°R. This change does not compromise
any other cperating conditinn and it is accomplished by sizing the orifice into
tne bellows chamber of the .ressure regulator.
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The last change to the system was to raise the oxygen flow control valve
area limit to 115 percant of the specification requirement. The temperature
range of the combustor (uring the transient was 74.1°R. The increase in the
oxygen flow control valve area requires that the oxygen flow contrcl valve have
a larger turn-down ratio, which would increase the difficulty in producing the
valve,

The selected configuraticn is the third change--0, regulator response
changed from 200 to 100 msec.

Flow Control Valves

The flow control valve requirements were defined from the digital computer
simulator. The speed of response was determined from the H2FLCA identification
runs, whereas the temperature extremes were derived from the BYPASS and NO
BYPASS options. The critical parameter, which was the size required for
control, was derived by use of a special control valve optior. The vaives
were sized such that the maximum acceleration under maximum load was greater
than the maximum deceleration under minimum load.

Bypass Valves

The simulator provided information on the size of the heat exchanger bypass
valves. Initially, 1-sq-in. valves were used to control the temperature. By
performing parametric studies on the valves, control of the flow split of the
hydrogen was shown to be ineffective with bypass areas of greater than 0.5 sq in.
This, coupled with the requirement of raising the hydrogen inlet temperatures to
ambient test conditions, resulted in the incorporation of series valves in the
system to provide the capability of 100 percent bypass of both the preheater and

the recuperator. The valves are driven to provide complementary areas (i.e., th2

sum of the area of the preheater bypass valve and the preheater series valve is
a constant).

The required response of the bypass valves was determined by the required
bandwidth of the bypass controls. The speed required by the valves can be seen
from the valve movement required during load transients,

Oxygen Pressure Regulator

The oxygen pressure regulator initially was incorporated in front of the
temperature equalizer, but was moved to prevent two-phase flow in the valve.
The response and sizing of the pressure regulator were initially prepared by
the valve group. With the regulator dynamics incorporated in the system simu-
lator. it was decided to lower the spring rate of the regulator. This reduced
ringing in the regulator and caused it to damp out faster.
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Oxygen Accumulator

The oxygen accumulator was added to the basic system to provide inherent
stability of the turbine inlet temperature. The oxygen pressure source is from
a supercritical oxvgen tank at 900 psia, whereas the hydrogen source pressure is
575 psia. This results in partial oxygen flow with respect to the combustor
pressure. The pressure in the combustion chamber is determined by the primary
flow rates of the hydrogen and oxygen and the oxygen-hydrogen ratio (0/F,
oxygen/fuel ratio). At a particular level of flow through the zombustor, the
primary driving force on the combustor pressure is the temperature of the com-
bustion products. As shown in fig. 3-21, the pressure increases as the square
root of the temperature; then the temperature will increase if a disturbance
occurs, and the temperature increase will increase pressure. Thus, if
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For no interaction between pressure and temperature, equation 3-1 must equal 1.
To accomplish this, the oxygen pressure regulator pressurc should be set such
that the pressure ~atio across the hydrogen flow control valve is equal to the
2 pressure ratio across the oxygen flow control valve.
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Figure 3-21.--Combustor Pressure and Temperature.
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The pressure regulator set point is at the hydrogen pressure source less
the pressure drop through the hydrogen temperature conditioning hardware. The
pressure regulator will tend to provide a stable temperature at low frequencies,
but as the disturbance becomes fast or contains high frequencies (which are
higher than the regulator reaction rate), combustion temperature variations
occur. To minimize this effect, the cxygen accumulator was incorporated. The
accumulator provides the pressure stability to higher frequency disturbances
and thus, coupled with the pressure regulator, provides a system with much less
interaction betveen combustion pressure and temperature.

Check Valve

The oxygen check valve was introduced upon analysis of the start transient.
The hydrogen pressure in the combustor increases until back flow from the com-
bustor to the oxygen accumulator is eliminated. This results in an explosive
H,-0, mixture being passed through the ignitur spark gap with the possibility
o% a flashback into the oxygen accumulator. The check valve between the oxvgen
accumulator and the oxygen flow contrcl valve will prevent this.
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SECTION 4

H CONTROL SUBSYSTEM

The control subsystem comprises two types of controls: primary and
secondary. The primary controls are the dynamic control loops that position
i the flow control valves and the bypass control valves. The secondary controls

are the logic circuitry required for system startup, shutdown, and monitoring.
These are discussed in this section.

The breadboard control functions as a flight-type controller would, but
contains certain features desirable for development that would not be incorpo-
rated into a flight design. The combustor pressure and temperature, turbine
speed, anc equalizer outlet temperature can be adjusted to various set points
other than the design values. This permits great flexibility in initial

testing. Design values will be used as confidence is gained in operation at
reduced values.

EY

Primary Controls

T bl

The primary controls are shown in Figure 4-1. These include:

(a) Turbine speed control

ot s RN

(b) Turbine temperature control

(c) Bypass controls

—n

Turbine speed control.--The turbine speed control requires the transfer
function from hydrogen flow control valve area to turbine speed, and was
identified by use of the H2FLCA simulator option. The identification was
performed at several points throughout the operating range. Three of these

conditions (defined in figs. 4-2 and 4-3) are described to show the variation
in the dynamics.

Condition 1 could have had a pole in the right-hand plane. The accelera-
tion was increasing with almost immeasurable positive jerk. Since the pole
was at a low enough frequency, an integrator was assumed for control design.
This results in a linear system model for which minimum phase control design
techr.iques can be used (such as Bode analysis).

A nonlinearity is placed between the linear portion of the control and
*he valve position loop to provide a more uniform gain for the complete range
of operating conditions. With the addition of an integrating control with
lead for stability, the control characteristics given in fig. 4-4 (in the
form of a Bode plot) are obtained.

Turbine inlet temperature control.--In determining the coupling betwzen
the speed control and the temperatur< control, the speed control was mechanized
with an idea) temperature control, and full load change transients were run.
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Condition 1--350-hp hydraulic output at 14,7-
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Figure 4-4,--Open-Loop Gain Characteristics
of Speed Control.
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The hydrogen flow control valve area was plotted against the oxygen flow control
valve area (fig. 4-5). This indicated a fixed relationship between the two
areas during the initial portion of the transient. Consequently, it was decided
to mechanize the turbine temperature loop output as a ratio of oxygen flow
control valve area to hydrogen flow control valve area. That is, with a change
in the position of the hydrogen flow control valve (as determined by the speed
control), the position of the oxygen flow control valve is changed simultan-
eously to maintain essentially the same valve area ratio during the initial

part of the transient. Oxygen valve position is subsequently trimmed by the
turbine inlet temperature control as required. In this way, close temperature
control can be maintained during a load transient using a temperature sensor .
with relatively slow response. At the same time, the accuracy of a closed-loop
control is obtained for steady-state operation at any load condition essentially
independent of ambient conditions or propellant inlet temperature.

e . bt

The 02FLCA option was used to identify the transfer function from the
oxygen valve/hydrogen valve area ratio to the turbine inlet temperature.
The conditions used for the control design were sea-level, maximum power and
maximum altitude, minimum power. The control loop uses a lead-lag network in
the feedback to provide some measure of thermocouple compensation, and an
integration with a lead in the feed forward. At minimum power the thermocouple
is undercompensated, which results in a controlled gas temperature that is '
high when the temperature of the thermocouple is low. As the thermocouple
approaches steady state, the gas temperature also approaches steady state,
while at maximum power the opposite occurs.

Bypass control.--The bypass controls were identified using the RECYCA and
PYPSCA transient options. The transfer functions for both T5g8 and T3, (fig.
3-1) for each of the valve disturbances were identified. The requirement for
both temperatures is due to the interaciion of both temperatures with a change
of either valve. The control loops for each of the temperatures were designed
using a lead-lag feedback and an integrating control. The control loops are
followed by a nondynamic cross-coupling of the bypass and series valves to pro-
vide a minimum interaction between the control loop and the expected crossover
frequencies.

o
3

T T T T 1 —
IDEAL TEMPERATURE CONTROL |-

.

)
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HYDROGEN FLOW CONTROL
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Figure 4-5.--Oxygen and Hydrogen Flow Control Valve Area Relationships for
Speed Controi with Ideal Temperature Control.
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Secondary Controls

The startup and shutdown logic shown in fig. 4-6 is primarily designed
to prevent an oxygen-rich mixture from passing over the hot turbomachinery.
This requires that the hydrogen shutoff valve be opened first. After the

hydrogen pressure is obtained, and the hydrogen flow is established, the
oxygen valve is opened.

For shutdown, the oxygen shutoff valve is closed. To detect that the
oxygen flow has been interrupted, the tuiJine inlet temperature sensor is used.
The hydrogen shutoff valve remains open until the temperature of the overtempera-
ture thermocouple is below 900°R; this temperature was selected because the
turbine inlet temperature control point can be selected as low as 960°R.

Monitor

The monitor philosophy of the APU system has been to look at selected
parameters and to initiate a normal shutdown upon detection of a possible
failure. The parameters were selected by weighing two factors: (1) the
criticality of the parameter, and (2) the ease of obtaining the data. Special
sensors were incorporated intc the system to obtain independent measu:rement of
the turbine speed and the turbine inlet temperatu:r:. The difference in turbine
inlet temperature as measured by the two thermocouples is accomplished by the
incorporation of an amplifier and two diodes. The approach has been to set
the failure limits conservatively with the hazard of unnecessary shutdowns.

The system is shut down and then the problem is determined. The limits are
shown in fig. 4-6. |If one of the monitored parameters is consistently shutting
down the system, the parameter limit can be changed or the monitoring of that
particular point can be deleted.

Sensors

The three types of sensors used to provide information to the controller
are (1) speed, (2) temperature, and (3) pressure.

Two speed sensors are used. The first counts the passage of the teeth of
the pump drive gear, which has 95 teeth, rotates at 5020 rpm, and provides a
nominal 7948-Hz signai to the controller for the primary speed control. A
second identical sensor is located so as to count a 60-tooth disk on the turbine
shaft. It provides a nominal 63,000-Hz signal that is used to detect an over-
speed condition. These sensors are described in fig. 4-7.

Four thermocouples are used to monitor gas temperatures in the system.
These thermocouples are of a special design to combine high response with re-
sistance to the effects of hot hydrogen gas and a vibratory environment. The
thermocouple joint is supported in a magnesium oxide insulation swaged in an
0.032-in.~dia irconel tube. This design will prcvide a time constant of ap-
proximately 0.2 to 0.4 sec, depending upon the gas flow rates. This type of
thermocouple is illustrated in fig. 4-8.
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Two pressure switches are used to provide a switched signal to the
controller in the event of over- or underpressure in the lubrication system.
An overpressure condition could occur if the oil in the oil cooler congealed

sufficientiy to block the flow. These commercially available switches are
described in fig. 4-9.

Control Circuit Design

In the following discussion, examples of portions of the electronic control
circuit design and the effects of selected component failures are presented.

Thermocouple amplifier and cold junction compensation.--The schematic for
turbine inlet control and overtemperature thermocouple ampiifier is shown in
fig. 4-10. The type of thermocougle to be used is chromel-alumel.

The combination Z,, ZZ’ and Zh comprises the turbine inlet control thermo-

couple signal conditioning. The cold junction compensation amplifier Z' com-
pensates the cold junction formed when the chromel-alumel wires are terminated

at the circuit board in the control system. The cold junction senses the
ambient temperature of the circuit board. Since the ambient temperature is
not constant, Z] and its associated circuitry provide a voltage that compen-

sates for the coid junction through the use of thermistor R7 (C-P nickel).

The temperature coefficient of the thermistor approximates the voltage versus
temperature properties of a chromel-alumel junction when the thermistor is

properly biased. This compensation can be repeated consistently to i3°F for
ambient temperature changes of 150°F.

Operational amplifier 22 is a high-voltage gain amplifier used to condi-

tion the voltage from the chromel-alumel thermocouple. This amplification is
necessary because the thermocouple has a low voltage versus temperature pro-
file. The gain of the thermocouple is approximately 23 pv/9F. In the case
of an open-circuit thermocouple, the combination of R16 tc R19 provides a low-
voltage bias that will cause the output of 22 to exceed its normal operating

range. When this exceedance occurs, a shutdown signal is provided to the
shutdown logic through CR2.

ZL+ is used to level shift and buffer the amplified thermocouple voltage

to its desired voltage scaling and level. The turbine inlet control will have
a final scaling of 10.0 mv/°R and have an output voltage of 5.000 v a* tcmper-
atures equal to 2000°R. The combination of Z_ and Z3 performs the scme

5

function as Z2 and 24, except that these condition the overtemperature thermo-
couple.

The purpose of 26 is to compare the difference between the two conditioned

thermocouple signals and to provide a shutdown signal for the shutdown logic
if the difference exceeds a predetermined value. The purpose of Z, and 18
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Electrical connector

MS33678-105L-3°P

: = |
B
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Pressure port
1/4-18 NPT

Switch application Figqure Set point
Lube oil overpressure A Opens (pins A-B) on increasing pressure 50-55 psig
Lube o1l underpressure A Opens (pins B-C) on decreasing pressure 25-20 psig
Hydrogen supply pressure B Closes (pins B-C) on increasing pressure 280-310 psig
Nitrogen underpressure A Opens {(pins B-C) on decreasing pressure 5-Ut psig

s-82237

Figure 4-9.--Pressure Switches Used on the H2-02 APU-T P/N 581170-1-1
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is to provide overtemperature shutdown; Z7 provides a steady-state limit,
while 28 takes into account the thermocouple dynamics to protect against

overtemperature during transient conditions.

Erequency to direct current converters.--A schematic diagram of the
frequency-to-dc converters is shown in fig. 4-11. The schematic includes the
converters for both the control conditioner and the overspeed conditioner;
both circuits are identical. The block diagram of the frequency-to-dc conver
is shown below.

lopen Squari Precision Ref Low
Monopole —circuit t?rcrfzg one e.:r:nce ass
detector] ut shot switcl £11ted

Each of these functional blocks is discussed below.

To sense an open circuit monopole, a dc current is passed through the
monopola as shown in fig. 4-11, |If the monopole has =lectrical continuity, Q
will remain in the saturated, or nonfailed, condition. |If the monopole
becomes an electrical open circuit, the base current, which ensures that Q]

is saturated, will drop to a level that will aliow QI to turn off. This

sequence sill provide a shutdown signal to the shutdown logic through CR1.

The squaring circuit -onditions the output voltage from the monopole to
a signal level and amplitude compatible with the voltage levels and power
required to supply the precision one~-shot. The amplitude of an unconditicned
monopole would be unacceptab'e due to its variation in amplitude versus fre-
aguency characteristic; there:ore, the high gain squaring circuit eliminates
this restriction.

The precisinn one-shot is used to generate a stable time period. The
operation of the frequency-to-dc converte:r is based on the principle that the
average dc voltage level of a train of rectangular pulses is proportional to
the amplitude and to the period of the pulses, and is inversely proportional
to the time between pulses (see below).
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shot period| t
v
ref
Vave
0.0 volts
F———period =T = 1/fin————p
\* period = T = /fin -
T [ t ! T
1
Vave = -‘; [v(t)dt = 7 Veefdt +[odt:|
' Jo |- t

t
= T [ Vreft] = VTEft
o T

: where Vref is provided by the refererce switch.

I.l-

If the pulse width t and amplitude Vref are held constant, and the period

between pulses (Tin) is equal to the period of the input frequency that is
being converted, then

v 1
_ ref(t) . -_ .,
Vave Tin , and since Tin = input frequency,
then Vave = (constant) x (input frequency)

therefore, the average dc voltage is linearly proportional to the input
frequency.

The active filter serves to extract the average dc component from the
pulse train provided from the raference switch, It also serves to amplify
the average dc voltage to suitable scale factor. The dc ga 1 of the active
filter is chosen so that the output voltage level varies from 0 to S v for a
0 to 100 percent change in input frequency. The ac gain characteristics of
the active filter are such that the output response time, phase shift, and
ripple voltage in the dc output signal are controlled to acceptable limits.

L-14
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Zk is used to compare the two conditioned speed signals. |f the

difference between these exceeds an allowable limit, (as shown in fig. k-12)
a shutdown signal is supplied to the shutdown logic.

Hydrogen valve control loop.--The schematic of the hydrogen valve control
loop is shown in fig. 4-12. This control loop receives electrical inputs from
the conditioned P61 (combustor pressure) signal conditioner, N (turbine

speed) , AP61 (external adjustment for varying P61 control level), and speed

select (for selecting turbine speed control pcint). The circuit provides an
electrical signal that commands hydrogen valve position. A block diagram of
the control loop is shown below.

pressure

nm.!Or‘J

A gy 63,000 rpm (20,000 rpm)

(100 to 500, psia

N Turbine speed > 9245 (T 0.005 (0.0285+1)(0.25+1

0.006 < £ < 0.095%
€ 7950 , 5 {0.0055+1 °

E

Iw:—-(

(]

"
=
x
-
"
2
2
x

Hydrogen Valve Control Loop

The actual electronic circuit mechanization is included in fig. 4-13,
The mechanization contains two function generators designed to fit the required
type of curve by appropriate use of amplifiers in shunt and by discriminating
with diodes.

In figs. 4-12 and 4-13, the areas designated (:) are used to provide the
necessary loop dynamics as recuired for loop stability. These dynamics are
specified elsewhere. The two control mcdes (speed and pressure) must be
bounded limits to eliminate integrater windup. This is accomplished by
the function generator shown in fig. 4-13, which has a common feedback point
for the operational amplifiers to ensure that the integrating capacitors for
the speed and pressure loops have the same initial conditions. The mechaniza-
tion of the four-segment function generator indicated in the valve control

loop is shown in fig. 4-13 @ . A graph of the required function is as follows:

Eout : 1 H ZM
. 2 : 248
t [ 3 :25A
P L. zs8
Yiz. Va3 Vi
Eln

Function generator
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Each of the four distinct segments shown above is mechanized by an operational
amplifier. The individual characteristic of each amplifier is shown in the
required function plot. Since the outputs of each amplifier are OR'ed together
through CR19, CR22, CR25, and CR28, Z4A prevails until Ein approaches Vig

Z4B, Z5A, and Z5B are in negative saturation of the appropriate interloop
diodes. When Ein exceeds V12’ Z4B predominates because ZUA, Z5A, and Z5B

cannot control the output at a lower voltage than desired by Z4B. This same
concept applies to the remaining segments. This approach was extended to
high and low discriminator along the same lines as shown ir fig. 4-1.

Response of system with failed components.--Thi, 4 'scussic ohows how
the changes in specific components affect the systeii. Lumponents discussed

are (1) hydrogen flow control valve, (2) oxygen flow control valve, {3)
preheater bypass valve, (4) recuperator bypass valve, (5) monopole, (£) pres-
sure sensor, (7) temperature sensor, and (8) power supply.

Hydrogen flow control valve: The hydrogen flow control valve is primarily
coupled to turbine speed and temperature control loops. The two types of hard-
over failures of the hydrogen flow control valve are (1) a speed control fail-
ure causing both oxygen and hydrogen valves to be driven, and (2) a failure
that drives only the hydrogen flow control valve. |f both the hydrogen valve
and the oxygen valve are driven into the limit at the same time, the turbine
will start to accelerate. This provides considerable energy for turbine
acceleration, but the turbine inlet temperature is kept within a reasonable
limit. The turbine inlet temperature will drop if the hydrogen flow control
valve opens without the oxygen flow control valve moving. The energy available
with this failure is less than the energy with both valves opening, but the
turbine will still start to accelerate.

The hydrogen flow control valve is designed to return to half stroke
under loss of electrica' power. The valve uses a dual-wound torque motor as
the prime mover. Each of the coils is driven separately; however, if one coil
opens, the other coil can drive the valve from less than 25 percent stroke to
more than 75 percent stroke. Thus, an inoperable valve is not a complete
failure. Under certain circumstances it may permit limited or even full
utilization of the system.

I f the oxygen valve is also driven closed when the hydrogen valve is
driven full closed, the flame goes out and the turbine decelerates. |f the
hydrogen valve is driven clcsed and the oxygen valve remains in the last posi-
tion, the combustor will be:ome oxygen rich and the turbine inlet temperature
will exceed maximum allowable temperature as the mixture passes through
stoichiometric.

Oxygen flow control valve: The temperature will rise and the turbine will
start to accelerate if the oxygen flow control valve becomes fully opened. The
opposite occurs if the valve is closed.

Preheater bypass valve: The preheater bypass valve and the preheater
series valve should be considered at the same tima. The control is mechanized

so that the valve areas are complementary, For the first failure characteristics,
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the valves are assumed operating in a complementary fashion and the command
is erroneous. |f the preheater bypass valve is fully opened, the hydrogen
entering the lube oil cooler and the hydraulic oil cooler will drop. This
may cause the viscosity of the lube oil to become high enough to trip the
lube oil overpressure switch. {f the overpressure does not trip before zone
congealing in the oil cooler, the lube oil temperature will start to rise.
This is pecause the remaining area in the cooler becomes small enough and the
boundary layer becomes visc.us enough that the primary flow does not have a
chance to transfer the heat. As a result, the lube cil will become
excessively hot.

When the preheater bypass valve is fully closed, the hydrogen temperature
into the hydraulic oil cooler and the lube oil cooler will increase.

Recuperator bypass valve: The recuperator bypass and recuperator series
valves are complementary-coupied in a similar manner to the preheater bypass
valve. When the recuperator bypass valves are commanded full-npen or full-
closed, the temperature equalizer drifts down or up, respectively. The
system monitoring is not set up to detect this temperature drift. However,
the temperature change is slow enough to allow an operator to detect the
condition and shut down the system. Over most of the operating range of
the APU, the full closure of the recuperator bypass valve would not result in
damage to the system hardware. At no time would the complete loss of recupera-
tion (recuperator bypass valve fully open) result in hardware damage.

Monopole failure: The monopole is used as a speed sensor. |f the sensor
were shorted, the signal level would drop below the level of detectability by
the control. |f this were to happen to the overspeed protection sensor, it
would shut down the system as an underspeed. If the control sensor were to
fail, then the control would allow the turbine to overspeed and shut down.
Another failure would cccur when the signal path opens; this type of failure
is monitored and will cause a shutdown.

Pressure sensor: The pressure sensor is not needed for normal control,
but is used for turbine calibration. |f the pressure sensor erroneously
indicates an overpressure, turbine power will be lost and the turbine wiil
underspeed. |f the pressure sensor erroneously indicates that the pressure is
zero, the system pressure control will not function. This would result in the

APU operating in the same manner as when the pressure control set point is
500 psi.

Temperature sensors: The critical temperature control for the APU is the
turbine inlet temperature. This temperature is measured using redundant tem-
perature sensors. The monitor is designed to shut down the system if one of
the following cond_vions occurs: (1) the difference between the two sensois
is greater than 58 , (2) the overtemperature senso- indicates a temperature
greater than 1990 R, (3) the frequency compensaied temperature output is
greater than 2060°R.
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Power supply: Power is obtained from the facility power source. Loss of
facility power results in loss of the shutdown logic, which positions the sys-

tem valves as follows:
Valve
Hydrogen shutoff valve
Oxygen shutoff valve
Oxygen dump valve
uvdrogen flow control valve
Oxyaen flow control valve

All hydrogen bypass and series
valves

Pocition

Closed

Clised

Open

Mid position

Minimum stop (mechanical)

Last position

The position uf the flow control valves during loss ¢~ facility power will
cause the turbine inlet temperature to drop. The oxyyen dump valve prevents
the gas mixture in the combustor from becoming oxygen rich as propellants

empty from the system. The oxygen check valve prevents the combustion products

(especially hydrogen) from flowing back into the

oxygen accurwulator.

System Valve Specifications

The valve specifications resultinag from the preliminary design systew
are presented here and are applicable to both the reference system and test

system valves. Specifications are presented for:
(1) Hydrogen bypass valve
(2) Oxygen pressure regulator
(3) Hydrogen flow control valve

(4) Oxygen flow control valve

L-20
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Reference System Valve Spec!{ications
3/1/713

APU-T W/DROGEN BYPASS VALVE KEQUIREMENTS HB-1

General

It is the purpose of this document to define the requirements of the hydrogen
bypass valve for NASA approval and valve and data orocurement.
Description

The valve shall be a butterfly type valve which is used to bypass the pre-
heater and recuperator heat exchangers. The valve element shall be driven by an
available torque motor. A LVDT or RVDT sh="'l be incorporated in the design for
positive feedback. The valve sh>]l tend to fail closed upon loss of power. The
hardware shall be developed in accordanc: w~ith "research" requirements of Garrett
Operational Procedure 10.6.

Data Reyuirements

A design schedule is required prior tc authorization to proceed with design.
This schedule sliould give suificient visibilitv to show major design activities.
Fercent completinn and tecnical status reports will be required by the end of
each month. A schedule of planned eroenditures and actual expenditures will also
be required mo .thly. Upcn completion of the design a complete set of drawings,
and a design development description outlining the design and future activities
(i.e., stress and performance analysis, development plan, test plan, anticipated
problems, fabrication and development schedule, estimate (o complete and planned
expencitures vs. time), shall be required prior to suthorization to proceed with
fabrication and development.

Upon authorization to proceed with fabrication, monthly reporting will be re-
quired as described above. A development log book will be prepared as the hard-

ware is fabricated, inspected, and tested. All pertinent enqineering reccrds (i.e.,

inspection of critical dimensions by Q.C., rework activity, assembly rotes, and
test data), shall be recorded in this log book for ultimate delivery to NASA.

Critical dimensions will be defined by AiResearch and approved by MSA. An irformal
test report showing compliance with 'nd deviation from the valve - =:ification shail

be submitted separately. Valve performance test shall be condu. .u .it. air (ranm
temperature and 1350°R).
Hardware Requirements

Four functional valves are required for APU-T system test. Long lead tim~ and
critical details should be fabricated or ordered in su'{i-ient quantity so as to

meet the requirements of the schecule.
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APU-T HYDROGEN BYPASS VALVE SPECIFICATION HB-2
|__EQUIVALENT AIR
Ha 1350°2 520°R
Lesign Conditions "\
Maximum design pressure, psia 600 \.
Design ambient pressure, psia 0-15 \
Proof pressure, psia 900
Maximum design temp., °R 1350%
Ainimum design Lemp., °R 400
Perforiance Requirements
#tMaximum flow, Ib/min 7.83 18.5 29.8
Delta P, psi 0.8 0.8 0.8
Tomperature, °R 520 1350 520
Pressure in, psia 541 541 541
Pressure out, psia 540 540 540
cA (reference), in.? 0.477 0.477 0.477
“*Minimum flow, lb/min 0.0288 0.0703 0.113
Defta . nsi 0.6 0.6 0.6
Tempe: - » °R 550 1350 520
Pressure in, psia 563 563 563
Pressure out, psia Sue 562 562
CA (reference), in.? 0. 0022 0. 0022 0. 0022
LVDT resolution $0.5 percent
Response time = 200 ms frommin.~to-max. ¥*NOTE: Set inlet and out! ~onditions
condition and measure flow ft.minim ind maxi-
mun operating position.
Life: 000 Hours
— s =

General Requirements

Lil‘le size = 'co in. OQD.

Electrical requirements, TBD by available parts

External leakage: Lab. Std. practice (NASA to check 1079 scem He)

Valve stability -~ consistent with nperation over the anticipated ra.ge

withcut undesiiablie oscillaticns.

#NOTE: A new requirement -- previous maximum temperature was ,075°R.
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APU-T OXYGEN PRESSURE REGULATOR VALVE REQUIREMENTS

General

It is the purpose of this document to define the requirements of the
oxygen pressure regulator valve for NASA approval and valve and data procure-
ment.
Description

The valve shall be a pneumatically actuated, differential pressure reguiator,
tts function is to regulate oxygen from the equalizer to the oxyger control
valve. The design shall include provisions to srevent the outlet pressure from
exceeding the specified maximum value during fouled or failed conditions. The
ha~dware chall be developed in accordance with "research” requirements of
Garrett Operational Procedure 10.6.

Data Requircmnents

A design schedule is required prior to authorization to proceed with design.
This schedule should give sufficient visibility to show major design activities.
Percent completion and technical status reports will be required by the end of
each month. A schedule of planned expenditures #nd actual expenditures will
also be required monthly. Upon completion of the design 3 complete set of
drawings, and a design cevelopment description outlining the design and future
activities (i.e., stress and performance analysis, development plan, test plan,
anticipated problems, fabrication and development schedule, estimate to complete
and planned expenditures vs. time), shall be required prior to authorization to
proceed with fabrication and development.

Upon authorization to proceed with fabrication, monthly reporting will be re-
quired as described above. A development log book will be prepared as the hard-
ware is fabricated, inspected, and tested. Al!l pertinent ergineering records (i.e.,
inspection of critical dimensions by Q.C., rework activity, assembly notes and test
data), shall be recorded in this log book for ultimate delivery to NASA. Critical
dimensions will be defined by AiResearch and approved by NASA. An informal test re-
port showing compliance with and deviation from the valve specification shall be sub-
mitted separately. Valve performance test shall be conducted with air (room temp-
erature and 750°R), with an inlet pressure of 900 psia.

Hardware Requirements

Two functional valves are required for APU-T system test. Lonn lead f'ime and
critical details should be fabricated or ordered in sufficient quantity so as to

meet the requirements of the schedule.
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02 REGULATOR VALVE SPECIFICATION

Design Conditions

Maximum design inlet pressure, psia

Maximum design outlet pressure, psia

Design ambient pressure, psia
Proof pressure, psia
Maximum d=sign temperature, °R

Minimum design temperature, °R
Performa~.e Requirement-

Regulated outlet pressure ~ psig
Maximum t.ow, Ib/min (ref)
Inlet pressure, psia
Temperature ~ °R
CA (reference), in.?
Minimum flow, 1b/min (ref)
Inlet pressure, psia
Temperature ~ °R

CA {reference), in.?

Response Time 100 MS
Life 1000 hours

General Reguirements

Line size = 1/2 in. 0D

External Leakage: Lab standard practice at AiResearch

{NASA to check

Valve stability: Consisten: with operation over the anticipated

range withoul uidesirvabie oscillations

ho2h

Rev. 1t - 377/73

In2

goc
650
0 -1t
1350
900
400

550 + 25
6.62

878

663
0.00587
0.454
900

750
0.00072
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APU-T HYDROGEN CONTROL VALVE REQUIREMENTS

General

It is the purpose of this document to define the requirements of the hydrogen
control valve for NASA approval and valve and data procurement.
Description

The valve shall be a balanced poppet design which is electrically linted to
the oxygen control valve in the electronic APU-T control. The valve element shall
be driven by an available dry-type linear displacement torque motor. A LVDT shall
be incorporated in the design for positive feedback. The valve shall fail open
upon loss of power. A mechanical stop shall be provided to prevent full closure
of the valve. The hardware shall be developed in accordance with "research”
requirements of Garrett Operational Procedure 10.6.

Data Requirements

A design schedule is required prior to authorization to proceed with design.
This schedule should give sufficient visibility to show major design activities.
Per-cent complietion and technical status reports will be required by the end of
each month. A schedule of planned expenditures and actual expenditures will also
be required monthly. Upon completion of the design a complete set of drawings,
and a design development description outlining the design and future activities
(i.e., stress and performance analysis, development plan, test plan, anticipated
problems, fabrication and development schedule, estimate to complete and pianned
expenditures vs time), shall be required prior to authorization to proceed with
fabricatior and development.

Upon authorization to proceed with fabrication, monthly reporting will be
required as described above. A development log book will be prepared as the
hardware is fabricated, inspected, and tested. All pertinent engineering records
(i.e., inspection of cricical dimensions by Q.C., rework activity, assembly notes,
and test data), shall be recorded in this log book for ultimate delivery to NASA.
Critical dimensions will be defined by AiResearch and approved by NASA. An in-
formal test report showing compliance with and deviation from the valve specifi-
cation shall be submitted separately. Vaive performance test shall be conducted
with air {room temperature and 750°Rj, with a choked nozzie (effective area =
0.0655 in.2), downstream of the valve.

rd i n

One functional valve is required for APU-T system test., Lorg lead time
and criticel details should be fabricated or ordered in sufficient guantity
sO as to mzet the requirements of the schedule.

ha25 .

ge

st

ettt

o

R

*n s




1o B AT N N S OIS s i 1§58 0 | T 59 0 U PP T PSR I N

beooa

P

=k BN AR Y,

R

H2 CONTROL VALVE SPECIFICATION

Rev. | - 3/7/73

EQUIVALENT AIR

| Hy 750°R 520°R
| —
1 Design Conditions
E Maximum design pre<sure, psia 600
: Design ambient pressure, psia 0-15 \\\\
i Proof pressure, psia 900
Maximum design temperature, °R 900 \\\
Minimum design temperature, °R 400 \\
‘ Maximum system test temperature, °R TBO** \
! Performance Requirements
Maximum flow, 1b/min (reference) 9.02 34.4 41.8
Deita P, psi, max. 45.3 51 Sl
Temperature, °R 693 750 520
Pressure in, psia 506 506 506
Pressure out, psia 461 455 455
Ch* (reference), in.> 0.0950 0.0950 0.0950
Minimum flow, 1b/min (reference) 0.701 2.64 3.21
Delta P. psi, min. 540 540 540
Teperature, °R 750 750 520
Pressure in, psia 575 575 575
Pressure out, psia 35 35 35
CA* (reference), in.z 0.00400 0.00400 0.0040
LVDT resolution 0,5 percent NOTE: See outlet pressure and

Response time = 40 ms from min.=-to-max,
condition

| Life: 1000 hours

temperature and measure

AP at minimum and maximum
operating posicion,

Genera, Reguirements
Line size = 1.C in. 0D

Mechanical stops:

Full open, Reference CA = 0.1050 in.2 (110 percent of maximum operating)

Full close, Reference CA = 0.0030 in.z

Electrical requirements:

External leakage:

Valve Stability:

(75 percent of minimum operating)

TBD by availab’~ parts.

without . Jozirable oscillations,

Lab standara practice at AiResearch (NASA to check tc

107¢ scem He)

Consistent with operation over the anticipated range

* Actual CA variation vs LVDT position shall be linear to within 15%.
A system test case not a dcsign requirement, max. valve will take

L-26
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APU-T OXYGEN CONTROL VALVE REQUIREMENTS

General

It is the purpose of this document to define the requirements of the oxygen
control valve for NASA approval and valve and data procurements.
Description

The valve shall be a balanced poppet design which is electrically linked to
the hydrogen control valve in the electronic APU-T control. The valve element
shall be driven by an available dry-type linear displacement torque motor. A LVDT
shall be incorporated in the design for positive feedback. The valve shall fail
closed upon loss of power. A mechanical stop shall be provided to prevent full
closure of the valve., The hardware shall be developed in accordance with "research"
requirements of Garrett Operational Procedure i10G.6.

Data Requirements

A design schedule is required prior to authorization to proceed with design,
This schedule sheuld give sufficient visibility to show major design activities.
Percent completion and technical status reports will be required by the end of
each month. A schedule of planned expenditures and actual expenditures will also
be required monthly. Upon completion of the design a complete set of drewings, and
a design and development description outlining the design and future activities
(i.e., str=ss and performance analysis, development plan, test plan, anticipated
problems, fabrication and development schedule, estimate to completeand planned
expenditures vs time), shall be required prior tu uthorization to proceed with
fabricaticn and development.

Upon authorization to proceed with fabrication, monthly reporting will be
required as described above. A development log book will be prepared as the
hardware is fabricated, inspected, and tested. All pertinent engineering records
(i.e., inspection of critical dimensions by 0. C., rework activity, assembly notes
and test data), shall be recorded in this jog book for ultimaeta delivery to NASA.
Critical dimensions will be defined by AiResearch and appreoved by NASA. An in-
formal test report showing compliance with the deviation from the valve specifi-
cation shall be submitted separately. Valve performance test shall be conducted
with air (room temperature and 750°F), with a choked nozzle (effective area =
0.0109 in.z), downstream of the valve,

Hardware Requirements

One functional valve is required for APU-T system test. Lom lead time
and critical details should be fabricated or ordered in surficiert quantit; so

as to meet the requirements of the schedule.
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02 CONTROL VALVE SPECIFICATION

ORISR

H EQUIVALENT AIR |
% | 750°%%  520°% |
Desiqn Conditions r\\\ ﬁ\\\\ I
Maximum design pressure, psia f 60C N %
Design ambient pressure, psia 0-15 \\\ \\\
Proof pressure, psia ! 1350 ’ N
Minimum design temperature, °R ; 400 \\\\ ‘ \\
Maximum design temperature, °R 900 \\\ \
T—;;rféémanc;'Requirements
Maximum flow, lb/min {reference) 6.62 5.98 7.50
Delta P, psi, max. 61.8 62.8 | 62.5
Temperature, °R 663 750 é 520
Pressure in, psia 532 532 i 532
Pressure out, psia 470 469 469
CA* (reference), in.? 0.0135 0.0135 |  0.0135
Minimum flow, 1E/min (reference) 0.454 0.433 0.544 §
Delta P, psi, min. 536 536 | 536 |
: Temperature, °R 750 750 . 520
' Pressure in, psia 570 570 570
Pressure out, psia 34 34 34
CA* (reference), in. 0.00065 0.00065|  0.00065
LVDT resolution 0.5 percent NOTE: Set outlet pressure and
Response time = 40 ms from min,-to- temperature and measure
max. condition AP at minimum and maximum
Life: 1000 Hours operating position,

General Requirements
Line size = 1/2 in. 0D

Mechanicai stops:

Full ope1, Reference CA = 0.0145 in.2(107.5 percent of maximum operating)
Full close, Reference CA = 0.0004 in.2(62 percent of minimum operating)
El~ctrical requirements: TBD by available parts.

External leakage: Lab standard practice at AiResearch (NASA to check to
10-6 sccm He)

Valve stability: Consistent with operation over the anticipated range
without undesirable oscillations,

* Actual CA variation versus LVDT position shall be linear to within *5 percent.

L.28
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System Valve Design

The APU-T system valves include the following:

° Four identical hydrogen bypass valves

° Two identical oxygen pressure regulators
° A hydrogen flow control valve

o An oxygen flow control valve

All but the oxygen regulator are controlled by electrical signals from the
APU-T controller. The valves are desiyned to conform to reference system
specifications as a minimum but are not flight weight.

Hydrogen bypass valve.--The function and a description of the hydrogen
bypass valve are presented below.

Function: The four identical hydrogen bypass valves in the system operate
in response to electrical drive signals from the system controller. Two of
the valves control bypass flow around the recuperatcr, and two of the valves
control bypass flow around the preheater. The bypass flow around these two
heat exchangers is varied as required to control hydrogen temperature at the
combus tor inlet and at the inlets to the hydraulic and lube oil coolers.

Description: The basic components of the bypass valve (see fig. 4-14)
are (1) a flat-plate butterfly valve and shaft (2) a dc, dry-type, rotary
displacement torque motor (Inland Motor Division, Kollmorgen Corporation
PN NT-2943B, rated at 0.90 1b-ft, 77 w), and (3) a rotary variable displace-
ment transformer (RVDT) (Schaevitz Engineering PN R30A). The valve has been
designed to meet the requi.ements of the bypass valve specification. Average
power corsumption of the torque motor will be approximately 10 w.

The valve modulates hydrogen flow by rotation of a ci-cular flat plate in
the flow duct. The plate is attached to a shaft that is connected to the
torque motor. Application of current to the torque motor causes the valve to
move toward open. With increasing current, the valve will continue to open,
with the travel limited to 80 deg by a mechanical stop. In the closed position,
the valve does not seal leak-tight.

4-29
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for use on the current APU-T being built for laboratory testing. In a flight-
type design, it is anticipated that active cooling (possibly incoming cryogenic
hydrogen) would be used to protect the torque motor and RVDT.

To prevent H, leakage along the valve shaft, redundant seals are

2
included at the upper end of the shaft (near the torque motor). A port is
provided in the valve body for checking and venting any hydrogen leakage that

' might get past the redundant seals. A single seal is included between the
port and torque motor.

In the current APU-T, two-valves are used for each of the heat exchanger
bypass circuits: one in series with the heat exchanger and one in parallel.
As one valve opens the other closes. In a flight-type design, each pair
of valves would be replaced by a three-way modulating valve.

Oxygen pressure regulator.--The functicon and a description of the
oxygen pressure regulator are presented below.

v, Function: The oxygen regulator regulates oxygen pressure at the inlet
to the combustor.

JF L

Description: In the oxygen pressure reyulator, a ceramic ball-poppet
valve is positioned by a calibration spring and differential pressure acting
on a bellows actuator (see fig. 4-15). The regulator has been designed to
meet the requirements of the oxygen regulator specification.

LR 2

The regulator is normally full-open. As downstream pressure reaches the
regulation band, the downstream pressure, which is vented tc one side of the
bellows actuator, overcomes an opposing load due to the calibration spring
plus ambient pressure acting on the other side of the actuator. The actuator
moves and allows a spring tc move the ball-poppet toward the closed position.
The balance of forces--downstream pressure on one side of the actuator and
the calibration spring and ambient pressure on the other--maintains the poppet
position required for regulation.

144

-

To achieve stable operation, the downstream pressure is sensed at a point
approximately 4-1/4 in. downstream cf the pcppet instead of at a point cluse
to the poppet. |If pressure were sensed in the area close to the poppet valve
discharge, flow turbulence could cause undesirable pressure fluctuations.
Although an orifice in the sensing passage would dampen fluctuations, it would
increase response time. The design does include a sensing passage in the valve
body immediately downstream of the poppet. However, this pe.sage will be sealed
with a plug, which, if necessary at some future time, could be modified by

. drilling an orifice.

A port is provided on the top of the valve body for connecting the

regulator to ambient. |If oxygen internal leakage should occur, it would be
ducted overboard (to ambient).
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Two identical regulators will be connected in series, with the downstream
regulator set 50 psi higher than the other. The downstream unit, therefore,

protects against an open failure of the prime unit without interfering with
normal regulation.

Hydrogen flow contro! vaive.--The function and a description of the
hydrogen flow control valve are presented below.

Function: The hydrogen control valve modulates hydrogen flow to the
combus tar in response to electrical control signals, and maintains constant
turbine speed under varying APU loads and system conditions.

Description: The basic components of the hydrogen flow control valve
(fig. 4-16) are (1) a dual-poppet assembly, (2) a dc, dry-type linear dis-
placement torque motor (Servotronics PN 99-D0202), and (3) a linear variable
displacement transfecrmer (LVDT) (Schaevitz Engineering Type 050 MHR). The

valve has been designed to meet the requirements of the hydrogen flow control
valve specification.

Electrical input signals from the control are applied to the torque
motor, which is connected to one end of a pivoted lever, The oppcsite end of
the lever is attached to the poppet valve shaft on which dual poppets are
mounted.

The normal (deenergized) position of the torque motor output shaft is
held at the midstroke position of the torque mcior by a high spring-rate
torque tube in tne motcr., This position corresponds to the midstroke of the
poppet valves. Upon application of polarized current (corresponding to a
"close valve'' signal) to the torque motor, the valve poppets are forced
against the poppet spring toward the closed position. As current is increased,
poppet movement continues until the poppet shaft is against a mechanical stop
(valve nearly closed). As current is decreased, the valve moves back toward
the central position., A change in torque motor polarity drives the poppets
toward the full-open position., This motinn is assistad by the poppet spring.

Poppet arrangement on a common shaft provides pressure force balancing
to minimize power requirements of the actuating torque moter. Because of the
large flow area of the hydrogen control valve, a velocity effect occurs that
unbalances the poppets toward the closed position. To restore poppet balance,
a deflector is mounted in the discharge path of one poppet to react with .low
forces,

Poppet position is fed back to the control circuitry by means of a !,00-Hz
LVDT. The LVDT case is attached to the valve .e and the movable core is
threaded to the poppet shaft. The position of che poppet is thus registered
within the control logic for control monitoring.

At the suggestion of NASA, gold plating is specified for the rubbing
surfaces of several parts in lieu of a dry=film lubricant. The parts to be
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nriated are the pivoted lever at the area of contact with the spherical nut on
the valve shaft, the spherical n:t, and the pin on which the lever pivots.
Gold plating will be applied in accordance with MIL-G-45204, Type i, Class 2.

Oxygen flow control valve.--The function and a dzscription of the oxygen
flow control valve are presented below.

Function: This valve m . ulates oxygen flow to the combustor in respon-e
to electrical control signals, and maintains turbine inlet tempersture con-
stant with varying load .nd system conditions.

Description: The basic components of the oxygen flow control valve
(fig. 4-17) are (1) a dual-poppet assembly, (2) a dc, dry-type, linear dis-
placement torque motor (Servotronics Part Number 99-D0201), and (3) an LVDT
(Schaevitz Engineering Type 050 MHR). The valve bac been designed to meet
the requirements of the oxygen flow control valve specification.

Electrical input signals from the contro! are ied to the torque motor,
whirh is direztly coupled to the dual poppet vaive shaft. As torque motor
current is increased from zero, the spring-loaded-closed poppet assembly is
displaced off its stop. This admits gaseous oxyjgen into the combus*or. Gas
flow increases as current is increased until the flow reaches a maximum value
at the full open position of the dual po;pets.

Poppet arrangement on a common shaft provides pressure force balancing
to minimize po.er requirements o1 the actuating torque motor. Because of this
balance effect, the torque motor output directly drives the poppet assembly.

An additiconal advantage of the dual poppets is the 4Yigh gain relationship
betveen the vaive stroke and gas flow. In this unit, where the required flow
is minimal, the reculting short valve stroke is within the scroke capatility
of the torque motor, and no additional linkage is required between the driving
and driven members,

Poppet positiion is ’ed “back to the control circuitry by means of a
LOoO-Hz LVDT. Tle LVDT case is atta.ned to the valve case, and the movable
core is threaded to the poppe: shaft. The position of the poppet is thus
registerec within the control logic for control monitoring.

The torque motor ascumes the ciosed vslve positinon with zero electrical
current input. An additional magnetic closing force exists at the zero cur-
rent cunditions. The separatzs noppet closit.g spring acts to force the puppets
closed. Thus, the oxvgen contr-:l valve has redundant forces in the -lusing
pos.tion in the event of puwer loss.

At NASA sug: stion, gold plating is specifi:d for the spherical nut,
which is the rubbing surface in the connection betweern the torque motor out-
put and the poppet shaft. The _>ld plating is i.rended as the lubricant
and wiil be applied in accordance with MIL-G-4520%, Type |, Class 2.
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SECTION 5

TURBINE AND GEARBOX DESIGN

st bR

In this section, the aerodynamic design of the reference and test system
turbine is discussed; the turbine mechanical design is presented; the turbine
thermal analysis is presented; turbine stress and dynamics .-e analyzed; and
the design of the gearbox is described.

» Drawing L-208529 shows the refecrence turbine design layout as it existed
prior to the design simplifications made to the T-system turbine (581192).
The aerodynamic design is the same for both.

it was initially intended that the design of the APU-T turbine would
be the same as the reference system turbine; however, following the final
design review of the turbine layout, it became clear that the fabrication of
that design would exceed the allowed budget. Further, the bearing cartridge
face seal that seals hydrogen-water vapor mixture from the bearings would
require a normal development with extensive turbine testing and several
assembly-dis~<sembly cycles. Too, the thermal isolation package that reduces
t. acceptabte limits the heat scakback from the turbine to the bearing
cartridge after shutdown requires some additional normal .:velopment. The
decision was, therefore, made to design a simplified turbine.

The thermal and stress analysis were both made for the initial design,
but on reevaluation showed themselves to be valid for the revised design.

The major changes from the reference to test system turbine gearbox
design are as follows: a nitrogen gas buffer seal replaces a rubbing seal;
an anti-he~t soakback thermal barrier has been removed; the mounting structure
for the turbine of f the gearbox has been simplified, and the zero-g gearbox
has been replaced by a more conventional type. The description and discussion
differentiates between these two designs in the affected areas.

CE B R el AN G VT Gl Y

ol

Turbine Aerodynamic Design

The system considerations that set the design point gas conditions and
performance requirements are presented in table 5-1. The turbine fulfilling
these reguirements is a two-stage pressure-compounded axial-impulse turbine,

In the meridianal flow path layout illustrated in fig. 5-1, the gas flows from
left to right. 1t expands through the first-stage nozzles into the first
rotor, and then enters the second-stage nozzles through an interstage plenum,
\ ) The six fii:t-stage nozzles are axisymmetric, while the second-stage nozzles
- are of two-dimensional design. The gas is at an intermediate pressure when
: entering the second-stage nozzles, where it expands again to the outlet pressure
B level flowing through the buckets of the second-stage wheel. Leaving the wheel,
the gas enters the discharge plenum through a channel, providing some diffusion
recovery of the rotational energy in the medium.

5-1/5-2
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TA3LE 5-1

% DES IGN POINT CONDITIONS
' ; Gas: H2/02 combustion product

T 0/F ratio: 0.6

| R Gas exponent: Y = 1,357
: Gas constant: R = 455.85 ft-1b/1b-"R

‘ inlet total pressure: P|N = 390.2 psia
Inlet total temperature: TIN = 1962.6 %
E Discharge static pressure: Py .. = 18.15 psia
; Exit duct area: AEX = 8 sq in.
Power required: HP = 400 hp
; Shaft speed: N = 63,000 rpm
? Tip Clearance 0.010 ir.
’

TN
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The design characteristics of the turbine are summarized in table 5-2 in
terms of the major geometric parameters of the two stages. The turbine design
point velocity triangles along the mean flow path are shown in fig. 5-2, with
schematic representations of nozzles and buckets.

The design of a first-stage nozzle is given in fig. 5-3¢ The nozzle is
axisymmetric and of the conical supersonic design. An 8-deg cone connects
the throat with the exit diameter. The area ratio is 1.539, which is about
the theoretical value required by a 4.6 pressure ratio. This can be accom-
plished because the first-stage pressure ratio remains constant at an overall
pressure ratios of about 7.5, as shown in fig. 5-k.

The design of the bucket is shown in fig. 5-5. This design is common
for both stages, and it is presented at the pitch diameter of the first stage.
The profile is assumed constant along the length of the bucket, and the chan-
nel between blades will be divergent about the radius of the wheel. The middle
point of the blade radius is exactly radial. The design of the buckets on
both wheels are identical; only the outside diameter of the wheels is trimmed
to the required measurements. The profile of the bucket represents the high
Mach number supersonic design, with the wedge transition into a constant radius
turn providing constant supersonic turning of the flow without the development
of shock fronts.

The design of the second-stage nozzles is shown in fig. 5-6. The
nozzles are two-dimensional. The profile shown represents the cross-section
at the pitch diameter of the second stage. There are 24 nozzle channels.
Since the flow coming from the first stage has considerable velocity energy,
the profiles should allow recovery of the major portion of it. It is assumed
that 50-percent pressure recovery will occur at the entry of the nozzles.

The nozzles are designed for 1.10 area ratio, giving good performance at a
wide range of operating conditions. The relative positions of the first-

and second-stage nozzles are shown in fig. 5-7; those positions are important
to secure maximum inlet efficiency. The velocity distribution on the nozzle
pressure and suction surfaces is shown in fig. 5-8.

Performance of Turbine

To predict the design point and off-~design performance of this two-stage
axial-impulse turbine, a computer program named TMAP has been used.

The printout of the results of the computer calculation for the design
point performance is presented in fig. 5-9. To evaluate the overali performance
capabilities of the turbine, off-design performance calculations have been run
with the TMAP program. The pressure ratio distribution between the first and
second stage is given in fig. 5-4 as a function of overall pressure ratio.

5-7
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TABLE 5-2

TURBINE DESIGN PARAMETERS

First Stage

Second Stage

Effective nozzle throat area, sq in,
Nozzle exit area, sq in,
Nozzle type

No. of nozzles
Admission, percent
Bucket height, in.

Axial chord length, in.
No. of blades

Pitch diameter, in.
Nozzle angle, deg
Bucket inlet angle, deg

Bucket exit angle, deg

0.1517
0.2335
Axisymmetric
€

29

0. 265
0. 350
85
5.566
16.0
23.0

21.7

0.6300
0.6930

Two-dimensional

2L
60
0.330
0.350
85
5.631
16.0
23.0
21.7
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The overall efficiency is shown in fig. 5-10 as a function of the
velocity ratio (u/co) at several pressure ratios, and the overall efficiency

as a function of overall pressure ratio at different back pressures is illus~
trated in fig. 5-11, The overall efficiency versus shaft power (at constant
speed of 63,000 rpm) developed at several back-pressure values is given in
fig. 5-12. All these computations assumed the gas composition indicated in
table 5-1.

HZ-O2 APY Turbine Mechanical Design

Mechanical design of the H -02 turbine included consideration of the

2

turbine aerodynamics, thermal management, stress analysis, and metallurgical
problems, all of which influenced the final configuration. Important parameters
that influenced the final design include the need for an efficient two-stage,
partial-admission impulse-turbine design, running with close tip clearance
(0.010-in.); the use of hydrogen-rich working fluid; the need to avoid heat
soak-back after shutdown; and the requirements of long-life, including many
starts and stops. The overall cross section of the machire is shown in

dwg. 581192.

Because of efficiency, the radial and axial location of first-stage turbine
blading relative to the inlet nozzle is critical. Clearance between the blade
tips and the stationary segments must be minimal at the hot desigr operating
conditions. To predict these clearances, it is necessary to determine by means
of a thermal model the hot temperature distribution at several specified
conditions., The prediction of tip clearance is further subject to uncertainties
because distortion may be present. Referring to fig. 5-13, the turbine housing
that supports the seal segments around both wheels must reach back to the
gearbox through the hot zone of the turbine exhaust torus. |t is desirable to
keep the structure supporting the hot structure uniform in temperature and as
cool as possible to minimize distortions.

The first->tage turbine wheel is mounted to the second-stage wheel, and the
two are attached to the shaft by four studs. Centering and power transmission
is accomplished by curvic couplings, shown schematically in figs. 5-14 and 5-15.
To maximize heat transfer between the two wheels, the conventional convex-to-
concave curvic coupling configuration is used, while the second-stage, wheel-
to-shaft attachment is done through cornvex-to-convex curvic couplings. The
poorer heat transfer through the convex-to-convex coupling will minimize the
heat flux into the shaft and the bearings. The four studs are loaded in
tension to the design load of 3900 Ib uy a hydraulic loader that attaches to
the portion of the stud extending beyond the nut. This extension is later
cut off. Each nut is supported by the turbine wheel, thus preventing loading
of tne stud end caused by centrifugal force. Lands on the studs provide support
for the stud in the wheel during rotation.

The spline coupling, bearing, and bearing spacer are held in place by a
center tie bolt (see dwg. 581192) loaded in tension to about 10,000 1b, which
stiffens the rotating assembly. The shaft effective diameter in bending is
increased in this way to approximately that of the bail bearing inner race.
The shaft stiffness increases roughly as the cube of the diameter.
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The outside of the shaft is slotted for the full lengch of the bearing {
fit. 0il for ball bearing inner race cooling is pumped through these siots
by a centrifugal slinger. Internal splines at the end of the thaft opposite
the turbine wheels trensmit the output torque to gearbox via a quill shaft.

The hydrogen rick working fluid mey have a deleterious effect on all hot
metallic parts. This limits the choice of materials available, and imposes
additional restraints on the acceptable working stresses for turbine components.

The two turbine wheels, the four studs and nuts, and the shaft are made
of CRES V-57 steel, a modified CRES A286. V-57 was selected because of its
resistance to hydrogen embrittliement. The central tie-bolt material is
INCO 718 stressed to about 126,000 psi. To protect it from the hydrogen
environment, a cap is welded to the shaft end. Both bail bearings are made
of M-50 tool steei and have a silver-plated 4340 steel separator.

Some additional features of the rotating assembly are shown in fig. 5-16.
The bearing carrier is a rugged structure supporting the bearings and a stationary
labyrinth seal on the turbine side. Resilient mounts are provided for bcoth ball
bearings (stiffness 60,000 1b/in.). These are secured with pins to prevent axial
movement and rotation. Two springs and spring guides are used to provide a
double bearing preload in the event of a thrust reversal. 0il is delivered
to the bearings from two oil jets that are an integral part ot the bearing
carrier. Excess oil is carried away from the bearings to two slingers on
the outboard of each bearing and by drain holes in the center of the bearing
carrier. Early in the design of this machine, the use of carbon-face-type
seals was considered to prevent oil from leaking into the turbine cavity.
Because of development costs involved, it was decided to use a gas-pressurized
labyrinth seal for the test hardware. Nitrogen buffer gas is introduced under
pressure in the center of the labyrinth seal, and its flow in both directions
prevents oil from leaking to the outside and hydrogen from entering the
bearing cavity.

The turbine assembly is supported from the gearbox by a support housing
(detail 6, in dwg. 581192), which is attached to the gearbox housing by a
flange and 12 0.25-in.~dia bolts. The bearing carrier is bolted to the
support housing by six 10/32-in. screws., Shims are provided between the bear-
ing carrier and support housing to adjust the axial clearance between the
first-stage turbine and nozzle. The support housiig is bolted to the contain-
ment ring, which reaches through the holes in the turbine outlet torus by
means of six lugs. Since the containment ring is cooler, it is used to
provide support and guidance for the turbine housing. The hot turbine housing
is supported from the containment ring by twelve radial pins. These pins
permit radial growth of the tuibine housing and at the same time maintain the .
concentricity of the hot turbine housing relative to the containment ring anc
the rotating assembly. Because the turbine housing expands and contracts with
temperature, all connections between it and any cooler structure must have
flexibility. During startup when the hot gases first begin to flow through
the gas passages, an aimost instantaneous heating and expansion of the structure
in contact with the gas will occur, The lighter the cross-section of the com-
ponent, the quicker will be its thermal response. The surrounding heavier
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slructure will not respond as fast, resulting in a relative movement betwee:
the two parts that must be accommodated. Flexible structures are used in a
number of places, e.g., between the first-stage nozzle torus and thc flauge of
turbine housing, to reduce the stresses between the hot and cold pa.ts.

This is mandatory for high fatigue life.

After shutdown, heat contained in the turbie wheels and hot static
structure will soak back to the cooler gearbox. The rate of this hect transfer
will affect the temperature of turbine seal and besrings. This temse-ature
will first rise and then fall as the entire APU reaches a thermal equ librium
condition. The maximum bearing temperature attained is critic'l nnty if it
exceeds the coking temperature of lubricatina oi’. Thermal cycling of hot
portions of the turbine can lead tc low cycle fatigue failures of the bLot
static structure. This imposed additional limitations on the maximum operating
<tress level of all components.

in addition to allowing for radial dimensional changes between pa“ts,
provision is made for their free axial growth. The radial pins in e contain-
ment ring establish the axial location of the inlet torus and leave the
turbine outlet torus free to move. When this occurs leakage of exhaust
products is prevented by a double piston ring expansion joint. The nitrigen
buffer gas used for the labyrinth shaft seal is also directed into the srace
between the two piston rings. Since “he nitrogen gas pressure is higher
than the ambient and higher than hydrogen outlet pressure, nitrogen will flow
outward in both directions, preventing leakage of hydrogen to the atmosphere,

The hydrogen/oxygen combustor is shown in the upper right corner of
dwg. 581192, To prevent a localized hot area in the first-stage nozzle torus,
the hot gas from the combustor is introduced tcngentially downstraam just beyond
the last drilled nozzle. In this way, the hot gas must travel circumferentially
almost 170-deg before entering the first nozzle, providing uniform heating of the
nozzie torus. A similar feature is built into the second-stage nozzle assembly.
The annulus between the inlet of the second-stage nozzle and the discharge of the
first-stage turbine wheel permits circuiation of hot gas.

Although great effort has been made to minimize distortions, the possibility
of rubbin, between the rotating and stationary parts exists. If this should
occur, it should not be detrimental. Stationary segments installed over the
turbine blade tips (segmented to provide for expansion) are fitted on the inner
diameter with an abradable material that will wear readily if touched by the
rotating turbine blades. In the same way, the three labyrinth seal stators
wi !l wear to establish a running clearance with the rotor. The stator of the
shaft labyrinth is lined with breonze whila the two turbine seals are made
of 1/32 celi size stainless steel honeycomb,

The rotating assembly is suilt up as a separate cartridge that can be
installe: or removed from the turbine housing. Trapped batween the two turbine
wheels is the second-stage nozzle ring, which is supported for balancing from
the bearing carrier by a special assemwbly fixture. This fixture prevents damage
to the intermediate labyrinth seal. The rotating assembly is dynamically balanced
outside of the turbine in a special balancing fixture.
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Bearings

The ball bearings select=d for the APU are 205-size angular ~ontact
type with relieved inner ring and outer land riding machined separator.
The material is M-50 for the balls and rings and silyer plated stzel for the
ball separator. The nominal! DN number is 1.575 x 106. Computer analysis was
carried out to design the bearing for the loads and speeds encountered during
ground check, liftoff, reentry, horizontal flight, and landing. =~ Byg fatigue
life (90 percent survivai) of 1000 hr is forecast under the des’ v ' iF-:tion
acceleration, and unbalance conditions. The bearings are lubricated by
directed flow from an oil jet and ccoled by the same lubricating cil and also
by the oil flowing under the bearing bores through si~ts cut on the shaft.

Turbine Thermal Ar-~lysis

Introduction.-=A sari¢, of computerized thermal analyses of the turbine
assembly was performed for the configuraticn shown in fig. 5-17 just prior to
the final design (fig. 5-18). The carbon ravc real and the .ai barriers were
replaced by a nitrogen pressurized labyrinth <eal tc reduce devalopment costs
for the final test design. The thermal design configuration and the final
desigr configuraticn are thermally conservatively similar. The purpose of
the therma! design analyses was to support the mecharical design effort and
verify thermal performance, acceptability, ana reliability of the p.oposed
turbine concept.

Analytical method.--A detailed thermal model (nodal network) simulating
the above-mentioned turbine thermal design configuration was first constructed
for use with the AiResearch thermal analyzer computer program (H0298) that
is described in the following section. This model, consisting of over
200 nodes (temperature elements) and shown in fig. 5-19, was subjected to
various boundary conditions corresponding to specified s_eady-state and
transient operating/soakback and startup conditions. The ensuing computer
runs gave the temperature results reported herein.

AiResearch thermal analyzer computer program (H0298) description.--To
perform the detailed conduction, convection, radiation, and fluid stream heat
transfer calculations, an analog of the thermal problem was constructed on the
transient and steady-state thermal analyzer computer program (H0298) described
below.

Transient heat transfer caiculations are ceveloped by the explicit finite
difference method desc-ibed by Dusinberre (ref. 5-1). This .ethod is based
on the transfer of heat along thermal resistance paths by virtue of a tem-
perature difference between heat storage elements that absorb or release heat
as a result of a temperature increase or decrease.

Steady-state heat transfer calculations are based on the conservation of
energy under equilibrium cenditions. This means that all the heat flowing
into an element plus the heat generated within the element must equal the
heat flowing out of the element. The resulting equations in a steady-state
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solution may be reduced to a set of simultaneous linear equations. These
equations may be solved by he iteration method, also known as the Gauss-
Seidel method. The iteration or successive substitution method follows a
fixed sequence of operations that (when repeated a sufficient number of times)
will give a solution accurate within the limits of the model. In this method
the temperature of each element is calculated as the weighted average of the
temperatures of its neighbors plus the temperature rise due to heat genera-
tion. This process is repeated for each element in the problem, and new
values of the thermal resistance between elements are calculated on the basis
of the new temperatures where necessary. These new resistance and temperature
values are used to calculate successive sets of values, and the process is
repeated until the temperature change between successive substitutions is
acceptably small and the heat flow intc eich a2leme ;* matches the heat flow
out within 2 percent.

Heat transfer calculations may be input to fluid stream elements by
conduction, convection, or radiation. Fluid stream heat transfer calculations
have provision for preventing the outlet fluid temperature from overshooting
the surrounding surface temperature, a thermodynamic impossiblity. The
steady-state fluid stream calculations are based on thermal capacity rate
caiculations, while transient fluid stream calculations may be based on the
thermal capacitance of each element moving in the fluid streat to simulate
lag conditicns.

Heat transfer to the turbine blades is evaluated using the relative total
temperature (TT) of the hot gas flowing over the turbine blades and the

turbulent flow flat plate heat transfer coefficient calculated from eq. (5-1)
below.

Kf L Vb pf 0.8 1/3
h, = 0.0296 +— |—m P (5-1)
uf f

In eq. (5-1), the fluid properties are determined at Eckert's (ref. 5=2)
reference temperature, as shown in eq. (5-2),

Te = T, +0.5 (Tb - TS) + 0.22 (T;dw - TS) (5-2)
vhetre
To=Tr- ;—:t-"-)-;—c . (5-3)
c p
Taww = Tt 0y PO (5-4)
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Heat transfer along the sides of the turbine disks is calculated cun-
sidering disk pumping and windage friccion. Di<k pumping produces a recir-
culation flow of hot gas between the turbine disk and shroud, and the windage
friction adds heat to this recirculation flow.

The heat transfer coefficients along the sides of the disk are calculated
by the methods described by Richardsor and Saunders (re:. 5-3). The laminar
flow equation used for RE < 200,000 is given as eq. (5-5).

' %g RZ (remyp \2]'" P 1/3
hy = 0.4 (c,) Eﬁ GRAS ~ v W (5-5)

Ti.e turbulent flow equation used for RE > 200,000 is given as egq, (5-6).

Ke [23 r2 (RPM)P]O'S(PI_ )'/3
hy = 0.0195 (¢,) = — o (5-6)

if the value of H calculated from either falls below SKF (2)/DG, when DG is
the gap spacing between the rotating disk and a static shroud, then the value
of H = SKF(2)/DG. Windage friction is calculated from egs. (5-7), (5-8),
¢5-9), and (5-10) for enclosed rotating disks, the app]|Cdb|e equation depend-
ing on the regimne of flow.

|;0

2.21
Regime 1: When RE € 2.8 ( ) and RE < 1.58 x 10°

06 ;
i
(RPM )3 (3?5 p ;
_ 9 11000 5/ 32.2 - {
Aing = 7-58 %10 RE(QE (5-7) ;
v)
R\ 2.2) 5 %
Regime 2: when RE 2 2.8#(56) and RE < 1.58 x 10
e (2) () (%)
9 \1000 5 32.2/ \R )
%yind L. 48 x 10 =05 (5-8)

Regime 3: When 1.58 x 10° < RE < 1 x 10° §

() (P
Qg = 0-1237 x 109 \ 1000 5 0;2.2 R (5-9) N

RE ?

!
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Regime 4: When RE >1 x 106
3 5
7 rPM R P o
Qing = 0-627 x 10 (mo) (E) 372 (5-10;
where (_é__g’) R2 (PPM) )
RE m

R = disk radius, ft
RPM = revolutions/mir
P = density, Ib/cu ft

H = wviscosity, Ib/ft sec
DG = gap between rotating disk and static shroud, ft
windage heating, watts

Yind
Heat trunsfe. in the nozzies is calculated by the method given in Bartz
(ref. 5-4). Conduction heat transfer throughout the turbine assembly con-

siders thc variation of thermal conductivity and specific heat of each mate-
rial with temperature.

Thermal results.--A series of eight thermal analyses was performed on the
thermal model shown in fig. 5-19. Four steady-state and four transient
thermal analyses were performed. Six of the eict thermal analyses assumed
Udimet 700 turbine disks with a turbine iniet temperature of 1600 F, while the
remaining two cases ascumed V-5/ turbine disks and tie bolts with a ISOOOF
turbine inlet temperature.

The following steady-state and transient tnermal analyses were performed:

Case 1: Sea-leveé, full-power, s ...y = ate conditions with 1600°F
TIT, 200°F oil, and Udimet 700 dicls.

Case 2: Seaalevel, idle, steady-state conditions with 1600°F TIT,
200 F oil, and Udimet 700 disks.

Case 3: Altituoe, idle, steady-state conditions with 1600°F TIT, 200°F
oil, and Udiment disks.

Case 4: A transient soakback analy:is from altitude, idle conditions
obtained frcm case 3.

Case §5: A 70¢F start acceleration tcosea-level idle conditions
described in case 2 with 100 F oil.

NS U A S
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Case 6: A 70o start acceleration tc 3ea-level, full-power conditions
descrited in case 1 with 100°F oil.

Case 7: A 70°F stgrt accelergtion to sea-level, full-power conditions
with 1500 F TIT, 100"F oil. and V-57 bolts and disks.

Case 8: Seaalevel, full-power, steady-state conditions with ISOOOF TIT,
100 °F oil, and V-57 bolts and disks.

Labyrinth seal leakage, disk pumping, and oil flow.--In order to perform

the thermal analysis of the turbine assembly,

it was necessary to calculate

the lsbyrinth seal leakage flow rate (1) from the tirst stage overboard,
{2) between the first and seccnd stages, and (3) f:om the second-stage over-

board.

The disk pumping flow rate and the cooling o0il flow rates also were
required.

Table 5-3 listc the labyrinth seal leakagc flow, the disk npump-
ing flow, and the cooling oil flow for each of the conditions

lezcd.

The labyrinth seal leakage flow was estimated using the technique given
in Rossler (ref. 5-5).

The disk pumping flow was estimated using Metzger

(ref. 5-6).
Table 5-3
LABYRINTH SEAL LEAKAGE, DISK PUMPING, AND CGOLING 0IL FLOW
Disk pumping
Labyrinth seal
leal-age First stage Second stage Cooling oil
Flow
Front, | Aft, Aft, Rate, Inlet
Zase | No. 1, | No. 2, |No. 3, b/ b/ Front,|1b/ b/ temp.,
no. | Ib/hr | Ib/hr hr hr hr {lb/hr | hr min of
1 25.316 | 26.236 | 3.9y84 | 13.02 | 23.37| 0.0 | 6.762 | 8.013 | 200
2 2.82 2.821 | L4.782 L.976] 5.3271 0.0 | 4.682 | 8.013 | 200
3 3.3 3.391 | 0.4815} 2.566| 2.7190 0.0 | 1.792 | 8.013 | 200
b 0.0 0.0 0.0 0.0 0.0 0.0 { 0.0 0.0 N/A
5 2.82 2.821 | 0.10 4L.976| 5.327] 0.0 | 4.646 | 8.013 | 100
6 25.316 | 26.236 | 3.984 | 13.02 | 23.37| 0.0 | 6.762 | 8.013 | 100
7 24,094 | 24.946 | 4.187 9.95 | 18.7 0.0 | 5.96 §.012 | 100
8 24,094 | 24,946 | L.187 9.95 | 18.7 0.0 | 5.96 8.013 | 100
5-39
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Steady-state results.--Temperature distribution, for the four steady-
state thermal analyses of the turbine assembly {(including disks) during
steady-state operations are shown in figs. 5-20 through 5-29.

Fig. 5-20 presents the thermal distribution of the turbine assembly
for a turbine inlat temperature of 1600°F at sea-level full-power conditions.
The analysis alsc assumes a 200°F oil inlet temperature and Udimet 700 disks.
The temperatures were found to range from 203°F for the quill shaft to 1541CF
for the first-stage nozzle assembly. The first-stage blade was found to be
13539F and the second-stage hlade 1026°F. The disk temperatures varied from
1272° to 1333°F for the first stage and 1100°to 1046°F for the second
stage. Note that the rim of the second-stage disk is slightly cooler than the
pore of the disk. This is due to axia! ceonducticn into the bearing sump.

Fig. 5-21 presents the thermal distribution of the turbine assembly
for a lurbine inlet temperature of 1600°F at sea-level idle power conditions.
An oil inlet temperature of 200°F was assumed, as were Udimet 700 disks. The
temperatures were found to vary from 202°F for the quill shaft to 1485°F for
the first-stage nozzle assembly. The first-stage blade was 1366°F with a

first-stage disk ranging frgm 1287°F at the bore to 1372°F at the rém. The
second-stage biade was 1201°F with a disk temperature range of 1185°F at the
bors to 1203 F at the rim.

Fig. 5-22 presents the thermal distribution of the turbine assembly
for a turbine inlet teiperature cf 1600°F at altitude, idle power conditions.
An oil inlet temperature of 200 F was assumed, as were Udimei 700 disks. The
temperatures varied from 201°F for the quill shaft te 1Wh0°F for the first-
stage nozzle assembly.o The first-stage blade was I3SQOF with a first-stage
disk ranging frcm 1259 °F at the bore to 1337 F at the rim. The second-stage
blade was 1055°F with a disk ranging from 1108°F at the bore to 1069°F at the
rim. Again, the effects of axial conduction into the sump are evident since
the second-stage disk rim temperature is lower than the bore temperature.

Fig. 5-23 presents the thermal gistribution of the turbine assembly for
a turbine inlet temperature of 1500 F at sea-level, full-pcwer conditions. An
oil inlet temperature of 100 F and V-57 golts and disks were assumed. The
temperatures were found to vary from 107 F for the quill shaft to 1447 F for
the first-stage nozzle assembly. The first-stage blade was 1282°F wi*™ a
tirst-stage disk ranging from 1207°F at the bore to 1264°F at the rim. The
second-stage biade was found to be 991 F vith a disk temperature range of
10497F at the bore to 1008 F at the rim. Again, the effects of axial conduc-
tion on the second-stage disk temperatures are noticeable.

Startup transient results.--Startup transient thermal resuits were
obtained primarily to determine the turbine disk temperature gradients and
resuiting thermal stresses that occur during such extreme transient ¢ (di-
tions. Two types of transient thermal results are presented. The first is
a thermal distribution of the entire turbine at a specific time i.to the
transient, and the second is a family of curves for both the first- and
second-stage turbine disks showing the temperature history of the various
disks as a function of time and disk radius.
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for Case 1. .
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Figure 5-24.--Space Shuttle APU Turbine Assembly Temperature Distribution
for Case 5 at Startup, t = L0 sec.
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Figs. 5-24 and 5-25 present the thermal distribution at t = 40 sec
and the temperature history vs radius for the first- and second-stage disks.
These results are based on an initial (starting) uniform turbine assembly
temperature of 70°F, in addition to the same houndary conditions previously
stated for the sea-level, idle, steady-state results, This, of course, assumes
that the boundary conditions remain reasonsoly constant throughout the startup
transient from initial conditions to sea lavei idle. As expected, the results
indicate large turbine disk temperature gradients immediately after startup
initiation, particularly for the first-stage disk. These gradients are
gradua'ly reauced until they are at their minimum when steady state is
achieved. The steady-state condition corresponds to case 2.

Figs. 5-2¢ and 5-27 present the transient thermal results trom a
70°F start to sea-level, full-power conditions with a turbine inlet iemperature
of 1600 F. The thermal results are similar to the previous case. The s teady-
state condition corresponds to case 1.

gigs. 5-28 and 5-29 present the transient thermal results for the
1500°F turbine inlet temperature condition with V-57 bol:s and disks from a
7J0°F start to sea-level full power. The steady-state condition corresponds
to case 8. Again, the thermal results are similar to the previcus two cases.

Shutdown transient results.--Figs. 5-24 and 5-25 present the thermal
results of a soakback thermal analysis from an altitude, idle, 1602 F turbine
inlet temperature condition. The soakback transient thermal analysis was
obtained primarily to determine the maximum (hot-end) turbine bearing and
stagnant oil temperatures that occur during shutdown thermal soakback follow-
ing normal altitude, idle, steady-state operation. During steady-state opera-
tion, there is no problem with the bearing and ci! temperatures since active
thermal control is provided by oil flow through the baarings and shaft; now-
ever, after shutdown, oil flow stops, and there is no longer any thermal
control (unless it is provided by other means). The large amount of energy
stored in the turbine disks during steady-state operation (at much higher
temperatures) now slowly conducts (soaks back) to the shaft, bearings, and
other low-temperature surroundings until an equilibrium conduction eventually
is achieved. During this time the bearing and oil temperatures continue to
increase until this condition is reached. Thus, it is obvious that the max-
imum bearing and oil temperatures during shutdown soakback are primarily
dependent on two factors: (1) the thermal energy level of the turbine disks
as determired by the turbine inlet temperature during steady-state operation,
and (2) the thermal capacity (ability to absorb heat) of the materials sur-
rounding the disks, especially in the area of the bearings.

Fig. .~30 presents the temperature distribution of the turbine assembly
during a soakback from altitude idle at t = 80 sec. Fig. 5-31 presents
temperature histories of various parts and components of the turbine during
soakback. These include the first-stage disk, the second-stage disk, the
turbine shroud, the face seal support, the face seal rotor, the turbine end
bearing, and the gear end bearing. The results indicate that no danger of oi.
coking during soakback exists for this turbine design.
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Stress and Dynamics

In the analysis of the structural integrity of the Hzo APY for the
operating environment described below. particular attentlo% was paid to the
dynamic and thermal aspects of the design. The APU rotor is designed for

2000 stop-start duty cycles and 1000 hr of operation. In the life calcula-
tions, it was assumed that the worst operating condition was the only mode of
operation for the full 1000 hr and 2000 duty cycles. Other pertinent design
criteria are listed in table §-4. The design loading conditions listed in
table 5-5 were formulated with NASA-Lewis approval from several sources of
published data and specifications for the Space Shuttle program. All loads are
assumed to be applied to the APU rotor simultaneously and to act continuously
throuch the operation.

TABLE 5-5

LOAD CONDITIONS

Type of loading Magni tude

Acceleration t4g

Gyroscopic 3.5 rad/sec

Vibration t5g

Unbalance 0.02 gm-in. (each wheel)

Turbine wneel stress analysis.--For turbine wheel disc stresses, the
radial and tangential components of the combined centrifugal and thermal
stresses on the first-stage turbine wheel disc from transient to steady-state
condition are shown in figs. 5-32 through 5-35. Temperature distribution in
the disc is presented in fig. 5-36 for the 1500°F TIT, sea-level, full-power
operating condition at & turbine speed of 63,000 rpm. The combined stresses
on the second-stage turbine wheza! are shown in figs. 5-37 and 5-38, and fig.
5-39 indicates its temperature distribution in the disc for the same operating
condition as the first-stage wheel. I!n both steady-state and transient stress
distributions, the discontinuity in stress at midradius is due to the influence
of the curvic coupling platform.

The disc rims of the first- and second-stage wheels experience compressive
tangential stresses during startup due to high thermal gradients from the disc.
Lip to the center of the wheel (as shown in figs. 5-32, 5-33, 5-34, and 5-37).
The maximum elastic compressive tangential stress at the disc rims is shown in
fig. 5-40 as 110 ksi at 9 sec and 76 ksi at 18 sec after startup for the first-
and second-stage wheals, respectively. The radial tip growth of the first-
stage turbine wheel during transient to steady-state operation is shown in fig.
5-41.-
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TABLE 5-4

PERTINENT DESIGN CRITERIA

Compon:nt Parameter Design criteria
Turbine Overspeed Design overspeed to be 1.35 x 63,000 rpm
wheel (hot run) = 85,000 rpm
Average stress in the turbine disc to be
less than 80 percent of the ultimate
strength
Disc radial Total creep strain that turbine disc
growth experiences at the end of 1000 hr to
be approximately 0.2 percent
Operational iife Combined effect of creep and fatigue to
be considered
Uses a cumulative damage theory; a 0.5
percent creep strain is considered to
be failure strain
Turbine Design Simultaneous application of accelera-
wheel bolt environment tion, vibration, gyroscopic, thermal,
and central centrifugal, and wheel unbalance loads
tie-bolt
Operational life Fatigue and relaxation to be considered
Assembly lockup No looseness permitted under the com-
bined loadings
Static Design Design only for grourd operation
structure environment
Thermal and pressure loads to be
considered
Rotor Critical speed Critical speeds tou be excluded from the
dynamics operating speed range
Containment Wheel burst Design to contain all wheel fragments at
structure burst
Material Properties Use available minimum properties in the

strength calculation
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Figure 5-32.--First-Stage Turbine Wheel Disk Stress vs Radius.
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Figure 5-33.--First~-Stage Turbine Wheel Disk Stress vs Radius.
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For turbine wheel operational life, the criteria investigated include
fatigue, creep, and the combined effect of fatigue and creep. The analysis is
centered on the bolt-hole region of the wheel and the disc rim, where theoreti-
cal stress concentration factors of 2.1 and 1.2 exist at the bolt hole and the
rim, respectively.

Fatigue cycles to failure were determined by the AiResearch computer pro-
gram, which uses the Wetzel-Morrow elastic-plastic method in combination with
the Manson-Hirschberg universal slopes technique for predicting life. Scacter
factors of 10 for high cycle fatigue «~d 3 for low cycle fatigue are applied
to the calculated cycles to failure. Further, the 0.5 percent creep strain is
considered a conservative rupture strain for determining the comtined effect
of fatique and crecp. The creep data for an austenitic alloy V-57, grade E
(as obtained from NASA-Lewis) are shown in figs. 5-42 and %-43.

The combi~ed effect of fatigue and creep is based on the following
cumylative dawage theorv: ?

z %-+ %- = 1.9
where n = number of required stop-start Juty cycles
N = cycles to failure
t = required operating hours

C = time tc creep 0.5 percent strain

In the analysis, it is assumed that two stop-s:tart Juty cycles per 1-hr opera-
tion will occur. Since the first-stage turbire wheel is more critical than
the second-stage wheel in terms of stress and thermal distribution, the
analysis is conducted only for the first-stage wheel.

The result of the stop-start duty cycles at turbine bolt hole is shown
in fig. 5-44, The effect of overspeed (to prestress the bolt hole) to 82,000
rpm prior to the first duty cycle is included in the analysis. At the design
turbine speed of 63,000 rpm, the steady-state stress level during operation
at the bolt hole, which is located 0.75 in. from the rotational axis, is 42.0
ksi (see fig. 5-35). This stress level at the wheel metul temperature of
12159F determines the stop-start duty cycles of the wheel at the bolt hole.
Assuming that the stress fluctuates from O to-42.0-to O ksi. the cycles tc
failure are 77,500 cycies. A typical computer output is chown in table 5-6.
As shown in fig. 5-45, the time to creep 0.5 percent strain at 12159F is
approximately 10,000 hr. :
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Combined fatigue and creep effects for the wheel at the bolt hole as a
function of speed is given in fig. 5-46. The total operational life of the
wheel at the bolt hols is 7910 hr and 15,800 duty cycles.

The operational life of the disc rim of the first-stage turbine wheel is
controlled by fatique. The creep damage to the rim is negligible because the
stress lev~l during the steady-state operation is low (see fig. 5-35). The
result of Lhe stop-start duty cycles at the disc rim is presented in table
5-7; (fatigue only) the operational life is 3210 hr and 6420 duty cycles,
(combined fatigue and creep).

The total creep strain experienced by the first-stage turbine wheel during

1600 hr of operation will be approximately 0.2 percent strain (see fig. 5-26);
the permanent radial growth of the wheel is 0.00583 in. at the end of 1000 hr
operation,

Critical speed analysis.--A critical speed analysis of the rotating
assembly was performed using an AiResearch critical speed analysis computer
program. The analytical model and the critical speeds as a function of Lbear-
ing resilient mount spring rate are shown in fig. 5-47. The resilient mount
bearing stiffness is 60,0060 lb/in. for both bearings. Shown in fig. 5-L8
are the radiai deflections at the first-stage turbine wheel with a maximum
out-of balance tolerance of 0.02 gm-in. with no damping ir the bearings.

Past experience has shown that traversing balanced rigid body mcdes will

not produce any problems. As shown in figs. 5-47 and 5-48, the operating speed

range is well clear of both rigid body and flexible mode..

Containment analysis:--The containment structural analysis was conducted
to determine the geometrical requirements for the containmert structure for
safely containing the turbine wheel fragments from a burst wheel. The design
is intended to prevent the following two types of failure:

(1) Piercing--The thickness that prevents piercing the containment
ring is selected on @& basis that permits deformation up to the
point of cracking the armor.

(2) Hoop burst--The quantity of ring materiai and its configuration is
selected on a basis such that the total transiational fragment
energy in a wheel is absorbed by plastic deformation of the armor.
The volume of the materiai selected is such that a tensiie hoop
failure »f the armor is prevented.

AiResearch conducted numerc. whirl-pit wheel burst tests using a
variety of ccitainments, wheel materials, and shapes. Based on the test data
with theoretical interpretation, an empirical formula was developed to design
a safce conteinment structure. The subject containment ring is designed to
operate at the metal temperature of S5CO°F and will contain a quad-hub burst
(because of four turbine bolt holes) of the wheel at the turbine speed of
113,400 rpm. The containment material is a maraging steel 18 Ni-250.
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Turbine wheel bolt analysis: The turbine wheel bolts used in assembling
the first- and second-stage wheels to the rotor shaft are designed to take
simultaneous loads from acceleration, vibration, gyroscopic, thermal, cen-
trifugal, and 'theel urhalance imposed on the two wheels during the APU opera-
tion. The pertinent design loads are listed in table 5-5.

The bolt preload is carefully determined so that no separaticn between
the wheels and the rotor shaft occurs during the APU operation under the
combined loads. Furthermore, the stress level at bolt operating temperature
should be jow enough such that only a negligible amount of bolt relaxation
will result in 1000 hr of operation. An appreciabie amoun: of rciaxation
will result in loss of preload and allow wheel separai »n fron (ne ~oter shaft
under external loads. The bolt preload also must overcome axial disc shrinkage
of the wheels due to centrifugal-thermal loads and relative thermal expansion
of wheels and bolts.

Bolt materia® is an austenitic alloy V-57, which is the same as that used
for the turbine wheels and thus minimizes the bolt preload required to over-
come differential thermal expansion between bolt and wheei. The material
exhibits good relaxation resistance and fatigue properties at operating
temperature.

The required preload for room temperature assembly is 3443 to 3880 Ib,
and the nominal bolt stress levels are 71.30 and 80.0 ksi, respectively. At
an operating speed of 63,000 rpm and operating temperature of IIOOOF, the
wheel bolt preload stress level becomes 26.1 to 33.0 ksi. This reduction in
stress level is due primarily to the axial wheel shrinkage and the relative
bol t-to-wheel expansion. As shown in fig. 5-49, bol: relaxation in 1000 hr
is negligible at 1100°F and a stress level of 33.0 ksi. The stop-start duty
cycle capabiliily of the bolt at the thread root is 2500 cycles, with a
reduction factor of 10 on the calculated 25,000 cycles.

Central tie bolt analysis: The central tie bolt used to assemble all
the rotating assembly stacks (e.g., ball bearings, oil slingers, and a bearing
spacer) as one rigid rotor is designed to take simultaneous loads from accel-
eration, vibration, gyroscopic, thermal, centrifugal, and wheel unbalance
imposed on tne two-stage wheels and on the rotor shaft during the APU opera-
tion. The pertinent design loads are listed ir table 5 5. Bascd con the
design criterion that no looseness is permitted in the rotating assembly during
the APU operation, the bolt preload was determined so that no separation of
the rotating assembly stacks occurs when subjected to various enternal loading
conditions. Since the temperature of the compression stack is lower than that
of the tie bolt during operation, a bolt consisting of Inconel 718 AMS 5662
was selected because its thermal coefficient of expansion is lower than that
of the compression stack, and also it has good fatigue properties.

The required assembly preloads are 8970 to 10,140 1b, anc the nominal
bolt stresses are 112.3 and 127.0 ksi, respectively. Similar.y, the steady-
state operating stress levels in the bolt are 62.4 to 76.3 ksi. The stop-start
duty cycles of the tie boli at bolt head is approximately 10,000 cycles at
the metal temperature of 850 F, with a reductior factor of 10 on the calculated
cycles of 100,000 cycles. CLrcep was not critical because the stiess and tem-
perature levels are relatively moderate for Inconel 718.
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Static structure analysis: Critical areas of the stratic structure have

been designed for 300 hr of ground testing. The thermal levels for this con-
dition are 1500 and 1600°F TIT. Temperature gradients and operating pressures
used in the analysis are listed in table 5-8. Structural items 1 through 6 (as
defined in fig. 5-50) are considered to be critical, and detailed analyses were
performed and adequate margins of safety established. Particulair areas such as
the inlet manifold flexible joint and the first- and second-stage seals (items 2,
3, and 4) have .high transient temperature gradients during the startup pnase of
the oparation; therefore, special attention was given to »he load induced by the
thermal differential deflection between the element and connecting structures.

A typical structural computer model is shown in fig. 5-51. This model
is used for tnhe stress analysis conducted for the first-stage seal
(PN 581221-1.) The basic structural member incorporated in the computer pro-
gram is a circuiar ring element having a triangular cross-sectional area.
Each elemert is assumed to be isotropic, but temperatures, moduius of elastic-
ity, and thermal coefficients of expansion are specified at each nodal point
of the structural model, The pressures are assumed tu be constant across
each element surface and the temperatures are specified at each nodal point.
Displacements for each nodal point and stresses {includ .g the Von Mises
effective stresses for each triangular element) are a ccmputer output. Maxi-
mum stresses existing‘in items 1 through 6 and margins of cafety for possible
failure modes considered in the analysis are briefly summarized in table 5-8.

R = R - A

K-

Gearbox Design

The preliminary design of the gearbex for the reference system is
entirely different from the detail design of test system gearbox. A major
consideration was fabrication cost of the test unit. Both designs are
described below. '

oo BRI

Zero-gravity-gearbox design.--This gearbox is a flight-type lightweight
design incorporating zero-gravicy (0-g) lub:rication features and three power
output pads, two for hydraulic pumps and a third for an alterpmator. It ir-.or-
porates a carrier-gas lubricant scavenge system. Fig. 5-52 shows the gearbox
design, which involves a nitrogen recirculating fan, gas pbassages tc scavenge
lubricant from the turbine carrier and alternator, and the centrifugal separator
design to handle the carrier gas return flow.

Design requirements: The gearbox has the following design requirements:
Qutput pad for electrical aiternator‘(12,000 rpm)
Qutput pads for hydraulic pumps (€000 rpm)

Means of circulating oil through the gearbox and the rotating
assembly

Input pad for the rotating assembly (70,000 rpm)

|~ L
...
N

Structural! support for the entire turbine power unit
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The gearbox was sized to accommodate the following typical components:
Abex Model AP 27V-1 variable-delivery hydraulic pumps
Westinghouse Part No. UQN6OF alternator

Description: The gearbox shown in fig. 5-52 is a straight spur gear
configuration with a single mesh reduction to the .lternator and a double mesh
reduction to each of the hydraulic pumps. This arrangement results in the
minimum number of gears and a lightweight, close coupled, rigid housing
assembly. Gear size and propertions have been computer designed and are
based on a 20-deg tooth pressure angle. The tooth loading on the high-speed
pinion and the pinion bearing load are the most critical parts of the entire
assembly. AjResearch experience in similar designs indicates that conservative
design values should be used in such cases, particularly where the pinion is
driving a pulsating load such as a multicylinder, high-pressure pump. Accord-
ingly, the pinion tooth Hertz stresses have been limited to 150 ksi.

Input drive to the gearbox is provided by a quill shaft connecting the
turbine shaft and gearbox input shaft. Use of a quill shaft permits consider-
able freedom in the choice of the bearing mount flexibility and also minimizes
the effects of alignment variances and torque pulsations.

The gearbox housing consists of a lightweight assembly of two halves,
each of cast, ribbed construction. Housing material is 355 aluminum alloy.
The requirements vor tightweight, high rigidity, and minimum internal free
volume for the oil are satisfied by this design.

The gearbox lubrication system is designed for operation in a zero-g as
well as one-g environment. The concept used for circulating the oil mist
through the gears and bearings is based on the NASA-sponsored technology
developed in the Brayton cycle program. Some modifications have been made,
however, to ensure that the oil mist is carried throughout the more complex
gearbox.

The operation of the system is shown schematically in fig. 5-53. The oil
and nitrogen gas are separated in the gearbox using the alternator gear as a
centrifugal separator. The oil is then collected in the gear scoops and fed
through the lubrication heat exchanger into two passages that distribute the
oil to the alternator, hearings, and gear interfaces. The nitrogen gas is
separated and fed out through the gear shaft into a nitrogen gas blower that
distributes the gas through two passages, one to the alternator and one to
the turbine bearing housing. The nitrogen mixture from the turbine housing
and the alternator then enters the gearbox. Each of the four gears that
drive the two pumps must be designed to collect the oil-foam mixture and
direct the mixture to the alternator gear inner disk. This is achieved by
minimizing the clearance volume around the gears and locating the baffiing
so that each gear will operate as a drag pump.
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Test system gearbox.--The test system gearbox will use many existing
components. The starting point for the gear train design was the planetary
gearbox manufactured for the Lockheed SST-ECS compressor, which was designed
and tested to operate at comparabie input speeds ard horsepower. Twh speeds
were given: a turbine speed of 63,000 rpm and a hylraulic pump speed of 5000
rpm. In addition, the size of the two ABEX hydraulic pumps dictated the center
spacing of the two output gears. The input horsepower from the turbine was
given as 400. These basic parameters established the gearbox shown in the
general cross section of dwg. 581193 and the gear train shown in fig. 5-54.

The first-stage speed reduction comprises an 18-tooth pinion, three 54~
tooth planet gears with carrier, and a 126-tooth ring gear. This combination
provides a reduction of 7:1, or an output speed of 9000 rpm. The carrier
supporting the planet gears is nonrotating. An arrangement of a cluster of
three planets arouna the pinion reduces the load on the pinion gear teeth,
and the radial loads on the pinion bearings. This is critical when pinion
speeds of approximateiy 63,000 rpm are considered. The pinion is supported
by two ball bearings, preloaded in one direction by a coil spring. A quill
shaft transmits the torque from the turbine to internal splines in the pinion.
The torque from the pinion is divided between three planet gears that rotate
on bushings about fixed pins in the carrier. The planet gears also engage the
ring gear, made somewhat fiexible by its sm~1l radial thickness and its
extz2rnal spline connection to the ring gear hub., Flexibility of the ring gear
will compensate for inaccuracies in the gear system, assuring nore equal load
sharing between the three planet gears.

The ring gear hub is pinned to the 9000-rpm pinion and held axially by
a locknut on the end of the shaft. Torque from this gear is split equally
between the two mating gears, and the speed is reduced to an output rmp of
5000 by the tooth ratio of 55:95. By placing of the two output gears symmetri-
cally about the pinion, the load on the pinion bearings becomes negligible,
The twe shaft of the output cears are provided with internal splines for
coupling to two ABEX hydraulic pumps.

As shown in fig. 5-54, the housing for the gearbox is made of two slabs of
aluminum joined together on the vertical face. All bearings are installed in
steel bushings that are bolted and shrunk in the aluminum housing and line-
bored in place. The steel planet carrier is attached to the turbire side
aluminum housing, and becomes the basis for the location of the other bearings.
It carries the high-speed planet bearings and provides support for one of the
9000-rpm pinion bearings.

The gearbox and the turbine are lubricated by an external oil supply
distributed tc e gears and bearings as shown in fig. 5-55. 0°1 to the high-
speed turbin arings is supplied from the gearbox and enters the turbine
bearing carri.. via a coupling tube. In the turbine bearing carrier, one jet
lubricates each pearing, and the oil is returned to the sump by means of an
oil slinger. 0il for cooling the turbine bearings enters the tube shown at the 8
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left of fig. 5-55, flows through the tube shoun at the left, and flows through
the tube inside the 9000-.pm hollovi pinion shiaft to the high-speed pinion,
where it jets into the hollow quill shaft. Fron the quill shaft, the oil enters
the turbine shaft and flows through axial grouves under the two ball buarings
and ball bearing spacer to the slinger, vhere it is purped out and into the
pump. Uil-jets within the gearbox are provided for lubricating the 63,000-~rpm
piniot, the 9000-rpm gear, and the two bearings suppurtirg this gear. The rest
of the bearing ana gears are sp'ash lubricated. The planet bushings are lub-
ricated by internal passages in the planet carricr that feed cil to the three
statiodnary pins.

The two ABEX hydraulic pumps =re attached it the gearbox using standard

accessory pads. To prevert oil from leaking into the pad cavity, each snaft is
fitted with a carbon-face-type sea!.
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SECTION 6

COMBUSTION DESIGN AND DEVELOPMENT

Combustor Design

The hydrogen-oxygen combustor was designed to provide efficient combustion

of fuel-rich gaseous hydrogen-oxygen mixtures, Additional! requirements included:

(1) Good mixing within a short distance

(2) Wwall temperatures compatibie with common high-temperature structural
materials

(3) Operation over a turndown ratio of at least 10:1
(k) Operation over an oxidizer-to-fuel ratio range of 0.4 to 0.9

(5) Reliable ignition at startup without a requirement for sequencing
the propellant flows

(6) Capability of immediate relight in the event of flameout

The combustor designed for the APU-T, illustrated in fig. 6-1, meets all
these regquirements.

Fig. 6-2, a cross-sectional view of the combustor, illustrates most of
the design features. The principal characteristics of the combustor are listed
in table 6-1.

Oxygen is fed into an annular manifold in the head of the combustor sur-
rounding the spark plug cavity; then it is metered through eight nozzles
arranged in a circle in the injector head and that discharge parallel to the
combustor axis. A ninth oxygen passage, leading from the oxygen manifold to the
spark plug cavity, is described later as part of the ignition system.

Hydrogen is fed into a larger annular manifold in the combustcer head just
downs tream of the oxygen manifold. From here, approximately 40 percent of the
flow is directed into the cooling jacket {described later) and the reamining
60 percent passes through the eight annular openings that surround the oxygen
jets. Thus, the combustor burner has eight annular hydrogen-oxygen jets with
the hydrogen on the outside. The oxygen is completely consumed before it can
come in contact with any hot metal parts.

The combusted gas mixture resulting from the main burner has a mixed tem-
perature of approximately 2650°R, which is too high to be allowed to come into
contact with uncooled walls. Therefore, the combustion chamber is surrounded
by a copper liner that has an extended heat transfer surface of expanded metal
fins brazed on its 0D (fig. 6=1). The previously mentioned cooling hydrogen
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Figure 6-1.-- Hydrogen-0Oxygen Combustor (Prototype Test Unit).
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Figure 6-2.~-Sectional View of the APU-T Hydrogen-Oxygen Combustor.
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copper liner. After the cooling hydrogen is passed through the fins, it is
injected into the combusted gas stream to provide additional mixing and
further cooling.

g flows past these fins and maintains an allowable wall temperature on the
9

Ignition is obtained from a spark plug in which oxygen gas is fed into

‘ the annulus between the electrode insulator and the spark plug body. This

\ oxygen then passes through the spark gap and out into the combustor. As the
oxygen passes through the spark, some oxygen molecules are heated to a very
high temperature and immediately come into contact with hydrogen molecules
in the combustion chamber. This causes the oxygen jet issuing from the spark .
plug to ignite and form a pilot light for the remaining jets in the combustor.
There are no special provisions to feed hydrogen to the area of ignition, as
inherently there is sufficient hydrogen in the region because of the hydrogen-
rich atmosphere in the combustion chamber. This type of ignition system will
work under steady-state flow conditions in the combustor and does not require
any special transient control of either of the propellant gases.

This type of combustor is inherently capable of operation over wide pres-
sure and/or oxidizer-to-fuel ratio ranges. The combustion zones are identical
in principle to the common gas burner jet except that the oxidizer is the im »r
jet in this combustor. The length of the jet increases as the oxidizer-to-fuel
ratio range is increased, just as a gas stove jet increases when the gas (inner j
jet) flow is increased. Chamber pressure has no effect upon the length of the
jet, so combustor operation essentially is independent of chamber pressure
throughout the desired region of operation.

The combustor is made entirely of type 347 corrosion-resistant steel ex-
cept for the copper liner assembly. The prototype test unit, illustrated in
fig. 6-1, was built in several pieces and bolted together to tacilitate exami-
nation, modification, and assembly. This unit is to be reworked as shown in
- fig. 6-2 and welded or brazed together so the combustor body and manifold are
a one-piece assembly.

Vo R e ot Siedaniiie? Mo i, LA

Combustor Test Results

The combustor was tested in accordance with the combustor test ptan ex-
cept as noted herein, The only hardware modification required during the en-
tire test program was to reduce the spark gap from 0.035 to 0.015 in. to obtain i
a spark at the higher operational pressures (200 to 300 psia before ignition). :
The combustor met all design performance requirements. !

Nozzle flow coefficient.-~The flow coefficient of the combustor nozzle 5
was determined by flowing hydrogen gas through the combustor and calibrating :
it against the NASA-supplied venturi PN V6 (0.2725 x 0.0680). The experiment- *
ally determined flow coefficient of 0.993 was used in subsequent data analyses,
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injector pressure drops.--The injector pressure drops were measured and
found to meet the design objectives. Also, the flow split between the hydrogen
injectors and the cooling jacket was found to be 35 percent through the cooling
jacket. The design objective was 4O percent, but since the liner temperature
remained less than 900°F, this coolant flow rate was considered to be sufficient.

Qperational envelope.--The combustor was ignited and perfarmance tested
over a range that exceeded the specified operational envelope of the test plan,
as shown in fig. 6~3. The three test plan curves represent 1.5 5,0, and 15.0
Ib/min total propellant flow rates.

Light-off limits.-~-The combustor originally was fitted with a spark plug
with 0.035-in. electrode gap. Using this plug, it was found that the combustor
failed to ignite at unlit chamber pressures in excess of 240 psia. A review
of Pashen's Law, which describes the relationship between the breakadown poten-
tial of a spark gap as a function of the pressure-distance multiple, indicated
that a gap of 0.035 in. was indeed too great. Therafore, a spark plug with a
0.015-in, gap was used during the March 13, 1973 tests, and successful ignition
was achieved under all conditions attempted. A summary of these conditions is
presented in fig. 6-3, which shows succe.sful ignition at points completely
surrounding the APU operational envelope. The typical design points plotted
in fig. 6-3,were taken from a compilation of system computer runs made on
December 7, 1972 to describe the operation of the p-esently defined APU.

Characteristic velocity (C¥).--The rharacteristic velocity as determined
by the test data is shown in fig. 6-4, Characteristic velocity was determined
by the equation:

PAg
C»x = t
. w
At = AngR
where: Ag = geometric area of throat, sq in.
fTR = influence factor correcting for change in throat area

caused by metal temperature change during firing

This is plotted against a background curve of theoretical C* provided by NASA
for propellant inlet temperature of 530°R.

Cx efficiency.-~The C efficiency, calculated from test data is shown
in figs. 6-5 and 6-6. In fig. 6-5, C* efficiency is plotted as a function of
oxidizer-to-fuel ratio and in fig. 6-6 as a function of chamber pressure.
Neither parameter appears to have an appreciable effect upon the chamber
performance.

6-5
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Figure 6-3.--Summary of Test Points.
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o afficiency.--The C* efficiency, calculated from test data, is shown
in figs. 6-5 and 6-6. In fig. 6-5, C* efficiency is plotted as a function of
oxidizer-to-fuel ratio and in fig. 6-6 as a function of chamber pressure.
Meither parameter appears to have an appreciable effect upon the chamber
performance.

Chamber wall temperature.--During all runs the combustor nozzle metal
temperatures were recorded. After each run prior to March 13, 1973, the unin-
sulated portion of the combustor wall was observed and the heat- induced dis-
colorations indicated uniform heating of the wall downstream of the copper
liner. The near-the-wall thermocouple of the temperature profile tests indi-
cated no hot zones throughout the five locations of rotation. The tip of the

copper liner was coated with The'midexR paint during the February 2, 1973 test
sequence and observations of the color pattern on several occasions during the
te<t sequence indicated uniform heating and a maxicum liner temperature greater
than 770°R and less than 900°F. This includes operation with the average tem-
perature of 19039F (the average of the four gas stream temperature profile
thermocouples).

Gas stream temperature profile.--The gas stream profile was mapped by
means of four thermocouples located 4,25 in, downstream of the injectors. Dur-
ing the test sequence the injector head and copper liner were rotated through
five circumferential positions to provide for twenty tem rature data points
under each test condition, These results showed that the combustor and cooling
gases were well mixed by this point.

6-10
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SECTICN 7

SYSTEM HE .1 EXCHANGERS

The heat exchanger specifications resulting from the preliminary design
system analysis are presented below. The regenerator and preheater are identi-
cal. The hydraulic and lube oil coolers are also identical.

Specification

SSAPU Lubricating and Hydraulic 0il Cocler

FUNCTION 5-1-73

This heat exchanger is utilized in two different applications in the
SSAPU propellant conditioring system. The uce of one heat exchanaer for two
different applications was dictated by economic con~:derations, The lubrica-
ting and hydraulic oils are cooled in order to maintain acceptable gearbox
and hydraulic pump temperatures. The heat sink is hydrogen which has been
condi tioned to an acceptable temperature level by the prehearer and the regen-
erator.

DESIGN POINT
Table 7-1 lists the heat transfer design point for the lube/hydraulic
cooler design shown on drawing L-198787. The design point was established

by system analysis, and represents a hydraulic oil operating condition. "This
design is adequate for all lubricating and hydraulic oil operating points.

TABLE 7-1

LUBE/HYDRAULIC COOLER HEAT TRANSFER DESIGN POINT

Cold Side Hot Side
Fluid Hydrogen MIL-H-83282
Flow rate, lh/min 1.026 52
Inlet temperature, °R 400 775
Outlet temperature, °R 757.¢ 733
Inlet pressure, psia 600 200
Core pressure drop, psi 0.098 1.70
Effectiveness 0.953 0.112
Duct diameter, in. I.0 1.0
Tota)l Heat Transferred, Btu/min 1282
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DESCRIPTION

The lube/hydraulic cooler is a tube and shell multipass crossflow heat
vaehanger.  In both configurations, the overall flow direction is counterflou.
The heat exchanger., as shown on drawing L-198787, has the following core
qeoietry.

Number of tubes 120
Tube diaveter 0.125 in. OD
Tube wall thickness 0.008 in.

Tube desiagnation
Inside DMPOS
Qutside SLi125025

The hydrogen inside the tubes makes a single pass through the heat
exchanger. and the shell side fluid flows across the tube bundle four ti~es,

PERFORMANCE

Figure 7-1 presents the hydrogen pressure drop of the heat exchanger and
Figure 7-2 presents the same information for the oil side. These pressure drops
do rot account for inlet and outlet manifold losses, and are thus represerta-
tive of core and internal turning losses only. Manifold losses are accourtecd
for in the syster program as a portion of the ducting tcsses. Figures 7-3 and
7-4 present the heat transfer conductance for the hydrogen and oil sides respec-
tively. The syster progr®- evaluates these conductances as 8 function cf
flow. currects them for temperature and pressure dependent variations in
physical properties, and then combines the corrected conductarces cr the tuc
sides into an overall heat transfer conductance for the heat exchanger at the
particular operating point. This overall heat transfer conductance, anc¢ t@e
ratio of the weight flow-specific heat products uniquely deterrine the per-
fcrrance of the heat exchanger. When used as the lube il cooler the syste-
prograr alsc corrects the oil side values to account for the different cil,

DISCUSSION

The AiResearch therral analyzer prograr has been utilized tc exa~ire i-
detail the operating conditic=s of the lube/hydraulic ccoler. Two rodal ~ccels
were utilized. each with a total of 198 rodes; one ~cdel was erployed for t-e
lube oil configuration, and the other for the hydraulic application. Steacd;
state operating conditions 14 and 158 were exarined and the results ve-ified
the perfor~ance and pressure drop predicted by the syster co~puter prag-a~
from Figures 7-1 thru 7-4. The results of the thermal analyzer study were also
atilized to define the structural requirerents cf the heat excharger, arc tc
ersu-e that ro local te~peratures cccur that would lead to corgealirg =f tne

cil.
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Although the heat transfer design point is defined by a hydraulic oil
operating condition, the most sevare structural environment occurs when the
heat exchanger is operated as the lube oil cooler. Although operating points
exist with higher hot fluid inlet temperatures than Condition 14, temperature
level alone is not the determining factor of stress level. The combination
of flow, temperature, and matrix temperatures for lube oil cooler operation
at Condition 14 indicate the worst thermal stress condition, and thus the
unit, which has been stressed to these levels, will be adequate at all other
operating points. The structural design point is listed in Table 7-2.

TABLE 7-2
LUBE/HYDRAULIC COOLER STRUCTURAL REQUIREMENTS
Life: 1000 Start Stop Cycles

Material: 347 Stainless Steel
Operating Conditions:

Hot Side Cold Side
Fluid MIL-L-23699 Hydrogen
Flow rate, 1b/min 28.5 8.331
Inlet temperature, °r 6it.1 469.7
Outlet temperature, °R Si18.1 509.0
Inlet pressure, psia 200 600
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SPECIFICATION

SSAPU REGENERATOR AND PREHEATER

FUNCTION

This heat exchanger is utilized in two different applications in the
SSAPU propellant conditioning system. The use of one heat exchanger for two
di fferent applications was dictated by economic considerations. The preheater
warms the cryogenic hydrogen to an acceptable temperature level such that,
after passing through the regenerator, the hydrogen represents an acceptable
temperature heat sink for the hydraulic oil. The heat source for the pre-
heater is hot hydrogen from the recuperator. The regenerator cools the
hydrogen after it has absorbed the hydraulic heat load, so that it is at a
suitable temperature level to cool the lube oil. The heat sink in the regen-
erator is the hydrogen outlet from the preheater.

DESIGN POINT

Table 7-3 lists the heat transfer design point for the preheater/regenerator
desian shown on drawing L-198786. The design point was established by system

analysis, and represents a regenerator operating condition. This design is
adequate for all preheater and regenerator operating points.

TABLE 7-3

PREHEATER/REGENERATOR HEAT TRANSFER DESIGN POINT

Cold Side Hot Side
Fluid Hydrogen Hydrogen
Flow rate, 1b/min 1.026 1.026
Inlet temperature, °R 88 755
Outlet temperature, °R 400 420
Inlet pressure, psia 600 600
Core pressure drop, psi 0.0756 0.0867
Effectiveness 0.468 0.502
Duct diameter, in. 1.0 1.0
Total Heat Transferred, Btu/min 1237
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DESCRIPTION

The preheater/regenerator is a tube and shell multipass crossfliow heat
exchanger. In the preheater configuration, the overall flow direction is
counterflow, whereas in the regenerator application, the unit is operated in
parallel flow. The heat exchanger, as shown on drawing L-198786, has the
fellowing core geometry.

Number of tubes 83
Tube diameter ) 0.125 in. 0D
Tube wall thickness 0.008 in.

Tube designation

Inside DMPOB
Outside 125108

The hydrogen inside the tubes makes a single pass through the heat
exchanger, and the shell side hydrogen flows across the tube bundle six times.
One header plate is fixed, and the other incorporates a sliding joing which
eliminates thermal expansion problems.

PERFORMANCE

Figure 7-5 presents the hydrogen pressure drop of both sides of the heat
exchanger. These prussu-e drops do not account for inlet and outlet manifold
losses, and are thus representative of core and internal turning losses only.
Manifold losses are accounted for 'n the system program as a portion of the
ducting losses. Figure 7-6 presents the heat transfer conductance for hydrogen
flowing on the two sides of the heat exchanger. The system program evaluates
these conductances as a function of flow, corrects them for temperature and
pressure dependent variations in physical properties, and then combines the
corrected conductances on the two sides into an overall heat transfer conduc-
tance for the heat exchanger at the particular operating point. This overall
heat transfer conductance, the ratio of the weight flow-specific heat products,
and the flow configuration (parallel or counter? uniquely determine the per-
formance of the heat exchanger,

DISCUSSION

The AiResearch thermal analyzer »rogram has been utilized to examine in
detai) the operating conditions of the preheater/regenerator. Two nodal! models
were utilized, each with a total of 222 nodes; one model was employed for the
preheater (counterflow) configuration, and the other for the regenerator
(parallel flow) application. Steadv state operating conditions 14 and 158
were examined and tae results verified the performance and pressure drop pre-
dicted by the system computer program from Figures 7-5 and 7-6. The results of
the thermal analyzer study were also utilized to define the structural require-
ments of the heat exchanger.
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Although the heat transfer design point is defined by a regenerator

operating conditinn, the must severe structural environments occur when the
heat exchanger is operated as the praheater.

In Jefining the structural
operating conditions, no-bypass operat’.; points were not considered. Although

bypass operating points exist with hig :r hot fiuld inlet temperatures than
Condition |4, temperature level alone is not the determining factor of stress
level.

The combination of flow, temperature, and matrix temperatures for
preheater operation at Condition 14 indizate the worst condition, and thus the

unit, which has been stressed to these levels, will be adequate at ali other
~perating points. The structural design point is listed in Table 7-4.

TABLE 7-4
PREHEATER /REGENERATOR STRUCTURAL REQUIREMENTS

Life: 1000 Stert Stop Cycles
Materlal: 347 Stalnless Steel
Operating Conditions:

Hot Side Cold Side

Fluid Hydrogen Hydrogen
Flow rate, 1b/min 7.693 8.331
Inlet temperature, °R 1152 55
Outlet temperature, °R 675 426
Inlet pressure, psia 600 600
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SSAPU TEMPERATURE EQUALIZER

FUNCTION 5-1-73

;-
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The hydrogen-oxygen temperature equalizer functions to bring the tempera-
ture of the two propellant flows to nearly the same level at the iniet to the
propellant flow control valves. This component tends tou reduce the turndown

- ratio required for the reference APU system and may thereby facilitate system
controllability. A vented buffer zone is provided between the hydrogen and
oxygen passages, thus orecluding mixing of the two fluids in the unlikely
event of a leak in one »f the fluid passages.

v

DESIGN POINT

H

Table 7-5 lists the heat transfer desiga point . the temperature equalizer

design shown on drawing 159580, The design point w .ablished by system
analysis, and the resulting design is adequate for + ! arating conditions.
TABLE 7-5

TEMPERATURE EQUALIZER HEAT TRANSFER DESIGN POINT

P L A T e  ahld
gitt ﬁ{i‘gm‘&@iﬁﬁ R

%’ Cold Side Hot Side
£ Fluid Oxygen Hydrogen
§§ Flow rate, lb/min 6.034 3.422
K g Inlet temperature, °R 300 707.9
- %: Outlet temperature, °R 661.6 , 688.6
2 Inlet pressure, psia 674.,6 507.4
; Core pressure drop, psi 1.50 8.16
? buct diameter, in. 0.5 i.0
? Total Heat Transferred, Btu/min 569

The structural design point is listed in Table 7-6. This condition represents
the worst case combination of pressures and temperatures. The equalizer has
been designed to withstand the conditions of Table 7-6.

DESCRIPTION

The temperature equalizer is an annular plate fin heat exchanger. Three
concentric finned passages are provided. The inner passage carrles the oxygen,
and the outer the hydrogen. The middle passage separates the two fluids and

e ;?‘MWW?’* TE gy
.

EIRRDLL
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TABLE 7-6

TEMPFZATURE EQUALIZER STRUCTURAL DESIGN POINT

Life 1000 start stop cycles
Material 347 stainless steel

Hydrogen side operating pressure 700 psig

Hydrogen side proof pre: sure 1050 psia
Oxygen side operating pressure 900 psig
Oxygen side proof pressure 350 psig
Hydrogen inlet temperature 700 - 1100°R
Oxygen inlet temperature 275 - 560°R
Hydrogen outlet temperature 680 - 1100°%R
Oxygen outlet temperature 650 - 1100°R

is vented, thus providing a buffer zone between the two highly reactive fluids.
The fin designation in *he three passages is listed b.-low:

Oxygen fin 28R-0.100-0.1(0)-.006

Buffer fin  28R-0.040-0.1(0)-.006

Hydrogen fin 12R-0,125-0.5(0)-.006
The heat exchanger is constructed of stainless steel, with the exception of

the heat transfer fins, whic) are formed from copper. This fin material was
selected from thermal performance optimization considerations.

PERFORMANCE

Figure 7-7 presents the pressure drop characteristic of both sidas of the
heat exchanger. Figure 7-8 presents the corresponding heat transfer conductances.
The buffer passage conduction resistance has been combined with the oxygen
conductance. These curves represent the performance and pressure o, o0p utilized
by the system performance program.

7-14
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PRELIMiNARY SPECIFICATION

SSAPU RECUPERATOR

FUNCTION

This heat exchanger operates with hydrogen on the coic side and turbine
exhaust gas on the hot side. It serves to provide sufficient heat input into
. the cycle for propellant thermal conditioning and to improve cycle thermal
efficiency by recovering waste heat from the turbine exhaust.

TN

4
{

DESIGN REQUIREMENTS

Table 7-7 lists the design point for the heat exchanger design shown

in Drawing No. L-198783. This design point was established by system analysis,
and the resulting design is adequate for ali operating points.

et 0 F

[ TSP SRR

TABLE 7-7

RECUPERATOR DESIGN POINT

3

Vet B R RN D AL .
N B bt g g vl w%@ "/Mi"ﬁ'ﬁm LA gt b, e

. Cold Side Hot Side
& Fluid Hydrogen Hydrogen=-5t eam
(60-40 by Mass)
Flow rate, lb/min 8.43 14.47
: Inlet temperature, °R 503 1366
% Outlet temperature, o 1122 785%
*VE Iniet pressure, psia 600 16.8
Core pressure drop, psi 1.8 1.86
Effectiveness 0.717 0.673
- Duct diameter, in. 1.0 4.0
. Total heat transferred, Btu/min 18,059

* Minimum allowable outlet temperature = 700°R

-
-
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DESCRIPTION

The recuperator is a box and U-tube design, as shown in Drawing No.
L-198783, with the following core geonetry:

pr—

-

s

Number of tubes 768

Tube diameter 0.125 in. 0D

Tube wali thickness 2.010 in.
Tube designation

Inside DMP 08
Qutside 150100

The exhaust gas from the turbine flows in a single pass through the shell
, side of the heat exchanger. This minimizes the pressure drop in the exhau:t
i gas stream. The hydrogen flows in cross counterflow through the tubes of tve
’ unit. This flow arrangement allows the box structure to be lightly pressure-
loaded by the exaust gas and the high pressure hydrogen is contained within
the tubes of the heat exchanger.

: PERFORMANCE

Figures 7-9 and 7-10 present the corrected pressure drop of the exhaust pro-
ducts and hydrogen side, respectively. These pressure drops dc not account for
: inlet and outlet manifold losses, and are thus representative of core loss
2 only. Manifold losses are accounted for in the system program as a portion of
) the ducting losses. Figures 7-11 and 7-12 present the heat transfer conductance
for the exhaust gas and hydrogen sides of the heat exchanger, respectively as
a function of flow. The system program evaluates these conductances as a
function of flow, corrects them for *emperature and prascure dependent vari-
ations in physical properties, and .nen combines the conductances on the two
sides into ar. overall heat transfer conductance for the recuperator at the
particular operating point. This overall heat transfer conductance and the
ratio of the weight flow-specific heat products uniquely determine the per-
formance of the heat exchanger.

fhaee aie ;*aimm WL Lo s oo s o SNSRI A SN 135554

N ‘ DISCUSSION

The AiResearch thermal analyzer program has been utilized to examine in
detail the operating conditions of the recuperator. A nodal model utitizing
144 metal and fluid nodes was used. The steady state operating conditions
examined were numbers 14 and 158. 1In addition, the start transient was ex- |
\ amined. The results of these studi_s verified the performance and pressure
: drop predicted by the system computer prcjram from Figures 7-9 through 7-i2. The
results of the thermal analyzer study were also utilized to define the struc-
tural requirements of the heat exchanger.
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The nodal mode!l indicates that all metal temperatures are above 700°R at
condition 158, and thus no water will be condensed from the exhaust products.
At condition |4, approximately 12 percent of the matrix is below 700°R, and
thus some condensation will occur. This condition will not impose operating
penalties, and cannot cause freezeup on shutdown. The condensation occurs &*
the exit face of the core, and orly over one-third of the tube length. The
water condensc” will be immediately carried downstream, and thus cannot fill
the core. In addition, this operating condition represents sea lev.l full
power. In the unlikely event of shutdown from full power, the residual water

will not be exposed to the hard vacuum of space and the attendant {lash freez-
ing.

Thus the recuperator preliminary design presented here is adequate in
all respects for the intended application.

7-23




-

I LA e aas L

e, Yy " ot st oo e e

Test System Heat Exchangers

This section summarizes the analyses performed to assure adequate per-
formance and structural integrity for the six heat exchangers contained in the
system. Each of two of the heat exchangers Is uti{lized in two separate loca-
tions in the system, which was made possible by similarity of requirements.
A1l heat exchangers were designed to conform to the specification presented
in this section.

System design iterations.--The heat exchangers described in this section
represent the result of many design itarations. To define Individual require-
ments, system operation must be investigated over a wide range of operating
parameters. Representative heat exchangers are designed and the performance
calculated. The performence characteristics are then input to the APU system
program, and many operating conditions are investigated.

As system operating points that cause undesirable conditions are identified,
scaling factors may be utilized to modify the calculated heat exchanger per-
formance. This procedure results in a new set of heat exchanger requirements.
The heat exchangers are redesigned, the performance over a wide range of con-
ditions calculated, and new inputs prepared for the system program.

Design procedure.--The design of the heat exchangers is performed with the
aid of standard computer programs. The allowable fluid pressure drops and the
heat transfer required form the basis for the problem statement. The fluid
flow rates and temperatures and pressures are also required conditions.

The heat transfer and pressure loss characteristics of the many heat
exchanger surfaces available at AiResearch have been accumulated over may
years of te.ting. These data have been compliied and are stored in computer
data banks.

Based on the input conditions, the design computer programs determine the
heat exchanger required to satisfy the single operating point. During this
design process, many solutions to the single-point operating condition are
calculated. Each solution represents one combination of the many heat transfer
surfaces available, allowing the most attractive to be selected.

Once a particular heat exchanger has been selected for a given application,
its performance over the full range of operating parameters is required.
Ancther type of computer program, performance prediction, Is utilized to gen-
erate the required information.

In the performance prediction computer programs, the geometry of the heat
exchange: and the pertinent characteristics of the surfaces are input. Fluid
flow rates and temperature levels may be varied over any range desirsd. The
performance at each operating conditlon specified is calculated and the result-
ing performance map is utilized as input to the APU system program.
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The next step in the design procedure occurs after the heat exchanger Is
determined acceptable for all system operating conditions. Thermal analyzer
programs are utilized to investigate local phenomena in the heat exchanger
core, such as congealing of oil, condensation of water from the exhaust pro-
ducts, and the effects of flow maldistribution. In addition, local temperature
levels and profiles used to determine thermal stress levels. At th!s stage In
the design process, a layout drawing is prepared.

A detailed stress analysis of the heat exchanger as depicted on the layout
drawing is preformed. The conditions investigated include proof and burst
pressure, pressure cycling, flow-induced vibrations, and both steady-state and

4 transient cyclic thermal stresses. The heat exchanger is modified as necessary
to withstand all Imposed loading.

CE R

Upon completion of the above design procedures and approval following a
design review, the heat exchanger detail drawings are made.

Lube oil hydraulic oil cooler.--The test system lube/hydraulic oil cooler

i is shown in dwg. 159550. In this tube-and-shell, four-pass, cross-counterflow

- heat exchanger, the hydrogen flows inside the tubes, and the oil flows across

the tube bundle four times in an overall counterflow direction. The unit is

of all-stainless~steel brazed and welded construction. Since the unit does -
not experience the high temperature gradients of some of the rema2ining heat

exchangers, it is a more conventional design. This type of construction fis

typical of many oil cooling heat exchangers manufactured by AiResearch.

o

RS Ev i i 7 Rty S o A

The hydrogen flows inside the tubes for pressure containment reasons, and
the lower pressure oils flow in the shell side. The tubes are periodically
ring-dimpled for turbulence promotion, and are arranged in a staggered pattern
with respect to oil flow direction.

G Res. W A

The lube/hydraulic oil cooler was modeled in detail in the thermal analyzer
computer program. The nodal model employed is presented in fig. 7-13. The
steady-state metal temperatures for two operating conditions are presented in
tables 7-8 and 7-9. The solutions presented in table 7-8 Indicate the condi-
tions that.exist when lube oil is the hot fluid. Table 7-9 presents the cor-
responding information when the heat exchanger is utilized to cool hydraulic
fluid. The inlet conditions, flow and temperature, are taken from the input
of the APU system computer program. In addition to providing the metal tem-

2, perature information, the steady-state solutions indicate that fluid outlet

= temperatures are in agreement with the system program. Thus, the detailed

% model for the thermal analyzer has verified the performance predictions of the
other computer programs utilized.

B4t

32k ok

The lube/hydraulic oil cooler was structurally analyzed for pressure test,
tube variation, and pressure-thermal cycle life requirements. The design shown
in dwg. 159550 was found satisfactory for the structural loads encountered
in the lube oil and hydraulic oll cooling applications. A summary of stresses,
margins of safety, and cyclic life fraction summation are given in table 7-10.
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Figure 7-13.--Lutz 0il and Hydraulic Fluid Coolers Nodal Model.
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409,19
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47R,.89
490,58
482,14
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491,03
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498,62
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312.37
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518,46
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649,03
073003
85,34
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70wen}
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Ti5.5¢
119,48
$34.18
555,26
57d.08
5%1.06
e13,20
627,34
639,98
650,98
70,84
686,50
686,82
095,75
705.13
711615
716,33
- 720,78
529.12
950.21
569,38 .
585,83
014,06}
829,32
642.23
653,42
608,48
€78,05
686.19
693,38
705.96
T12.13
T17.80
721,94
24,089
$36,09
564,28
580,77
616,80
634,90
0aY,03
658,31
686,59
675.59°
684,26
691,29
10/,¢22
713.50
718,81
725,208
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Fluid conditions

Condition 14: Maximum power,
sea ievel, 550°R bulk temperature
of hydraulic fluid

Hot flow, 1b/min 28.5

T in, OR 61
T out, 9 532
Cold flow, Ib/min 8.33 ¢
T in, R 470
T out, 9R 508

Condition 16B: tidle power,
altitude

Hot flow, Ib/min‘  28.5

T in, OR 744
T out, ©OR 663
Cold flow, 1b/min 1.17
T in, OR 422
T out, °R 706

Note: See fig. 7-13 for node

locations.
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TABLE 7-9

HYDRAULIC FLUID COOLER METAL NODE STEADY-STATE SOLUTION
Fluid conditions

Condition 14

SIUE

CE~NT VE N

NG,

TEmMP,

474,98
417,496
480,906
482,48
485,24
487,05
490,00
492,30
497,10
500,41
503,04
505,99
503,49
511.02
513,47
515,83
474,90
477,006
479.50
481,06
489,41
487,90
490,42
492,09
497.19
499,81
502,36
504,84
508,69
511.350
515,83

. 518427

474,17
476,458
Q78,95
481,26
485,59
488,16
490,66
493.10
496,76
499,50
501,78
504.19

T 508.92

S1lebd
S14,.c2
516,73
473,76
476411
478,42
489,66
485,80
488,45
491,03
493,04
4964356
423,83
501,23
5035457
509.22
%12,01
510.08

. 517429

Condition 158
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604,07
622.248
638.75
652.54
665,05
o6To.44
685,99
695,93
707.84
713,51
717,173
721.31
724.18
7126.79
728,95
730411
597,96
616,96
634,03
648,79
666,50
677.86
687,55
695,23
706.57
712.16
716,70

. 120.39

724,43
727.09
729.24
730,99
591.98
611,09
029.29
644,57

_ 668,08

079.39
686,80

. 096457

705,35
711,05
715.70
719,50
T24,76
T27.42
729.56
731.29
586429
606,066
624,06
680,40
669.65
681,06
699,36
697,99
104,22
709,99
Ti4. 74
Tib,04
7259.14
127,78
729,90
731,60
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Condition 14:

Maximum power,

sea level, 5509R bulk temperature

of hydraulic fluid

Hot flow, 1b/min 57

T in, OR 596

T out, Op 539
Cold flow, !b/min  8.33

T in, OR 460

T out, ©R 505
Condition 15B: Idle power,
altitude

Hot flow, lb/min 57

T in, °R 738

T out, ©R 698
Cold flow, Ib/min 1.17

T in, OR 397

T out, ©OR 735
Note: See fig. 7-13 for node

locations.
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TABLE 7-10

SUMMARY CF LUBE/HYDRAULIC OfL COOLER STRESSES

A

Part names and Stress, Allowables, M.S. or
numbers Design condition ksi ksi I n/Mx%
Tubes at dimples Proof pressure, 38.7 32.0 txpical -0.172%
900 psi at 150°F
Vibratory 2.4
Pressure-thermal 29.8 0.50
cycling (1000)
Header plate Proof pressure, 32.5 32.0 -0.015
900 psi 1
Pressure-thermal 36.1 0 -0003 i
cycling (1000) Zn/N :
Head manifold Proof pressure, 26.8 32.0 0.196
900 psi .
i
Pressure thermal 30.2 ~-0.00 ?
cycling (1000) ;
i
Housing case Proof pressure, 10.8 32.0 1.97 §
300 psi f

“See discussion on page 7-2.

“*The cyclic life fraction summation is an application of Miner's rule, where
n is the required number of cycles at a given applied load and N is the
expected cyclic life at this load.

s e A A e e 0 i o Tl

The oil cooler structural design is controlled by the proof pressure
requirement of 300 psig on the oil side and 900 psig on the hydrogen side.
AiResearch computer program X0560 (used for analysis of shell-and-tube heat
exchangers) was used to determine the pressure stresses. The analysis was
based on pressure test of each heat exchanger flow circuit with the other
circuit unpressurized. Results of the analysis show that the material yield
strength is slightly exceeded at the center of the header plates and at the
dimples adjacent to the header plates in tubes closest to the shell. These
stresses are very localized and are considered acceptable. The header plate
cyciic life fraction is very low and indicates a high margin of safety. The
tube dimple stress of 38.7 ksi resulted from application of a stress concentra-
tion factor of 2.5, which was used for the dimple throughout the analysis and
is appropriate for fatigue and cycle life calculations. However, the use of
this fac.or in the proof pressure stress is conservative, and on the basis of
experience, the tubes are considered ctructurally satisfactory.
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Calculated fatigue damage resulting from 1000 pressure-thermal cycles and
vibratory loading indicates a high margin of safety for the oil cooler. Acoustic
noise and tube vibration levels for this unit are low.

Recuperater.--The recuperator, shown in dwg. 159560, is a tubular two-pass,
cross-counterflow design of ali stainless steel brazed and welded constriction.
The hot-fluid, turbine exhaust products flow across the tubes once to minimize
pressure drop, and the hydrogen makes two passes through the tubes. Due to the
large pressure and temperature differentials between the two fluids, a U-tube
design was selected to minimize thermal stresses.

The tubes are dimpled periodically in the straight heat transfer sections
to promote turbulence in the hydrogen. The U-bends are not dimpled. With this
arrangement, the majority of the pressure drop occurs in the dimpled sections,
and the unequal flow lengths in the U bends do not adversely affect flow dis-
tribution. The tubes are arranged in a staggered pattern with respect to
exhaust gas flow so that there is direct impingement on every tube, thus maxi-
mizing the heat transfer coefficient. Five sound supprecsion baffles installed
in the unit to eliminate acoustic noise caused by vortex shedding from the
individual tubes.

Since the recuperator experiences the most severe high-temperature
thermal environment of any heat exchangers in the system, the thermal analyzer
computer program was utilized to investigate both steady-state and transient
operating conditions. The model utilized is presented in fig. 7-14. In
addition to the nodes, this model also utilized sections. The average temper-
ature of each section and the section-to-section temperature differences are
of prime interest in the U-tube design. These values dictate the differential
thermal expansion, and thus the bending stress2s. The results list section
temperatures in addition to the node temperatures at the end of each section.

Table 7-11 presents the metal matrix temperatures for two steady-state
operating conditions. These conditions represent the extremes of operation,
full power and idle.

The sea level maximum power condition indicates that the metal temperatures
in approximately 6 percent of the core are such that condensation of water may
occur. This is not considered a serious condition because condensation will
occur only at the exhaust products exit face, and any water will be carried
out of the unit. 1In addition, if a sudden shutdown were to occur, there would
be no freezing because the remaining water is exposed to 14.7 psia.

A worst-case start transient was also investigated. The transient con-
ditions and metal temperatures are presented in table 7-12. The transient
conditions assumed constitute the most severe environment in that instantaneous
attainment of flow and temperature are assumed at zero time. The gas outlet
temperatures during the transient are plotted in fig. 7-15. The sudden temper-
ature change at 0.8 sec is caused by the exhaust products flow rate change.
This characteristic has been essentially duplicated by the APU system
computer program.
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TABLE 7-11

RECUPERATOR STEADY-STATE
THERMAL ANALYZER SOLUTIONS

Temperature, OR Temperature, OR
Section Condition 14 |Condition |5 Node Condition 14 | Condition 15
1 866 1324 42 779 1353
2 1031 1373 30 824 1362
2 798 1283 18 873 1367
4 1047 1374 6 925 1369
S 743 1243 7 951 1368
6 1083 1374 19 940 1368
7 693 1204 31 952 1368
43 996 1370
Notes: ® All temperatures are
metal temperatures in °R. 37 604 934
e Temperatures for sections 25 641 998
are average values. i3 692 1080
© Temperatures for nodes ) 767 1187
pertain to the node point
12 1 1377
o Condition 14:
24 1146 1377
Maximum power
Sea level 36 1194 1377
550°R hydraulic fluid 48 1254 1377
e Condition 15B 7g,f!°w’ 8.33 0.293
Idle power min
Altitude H, temp 509 707
750°R hydraulic fluid ||if., °R
H, temp 1145 1377
olit, °R
Exhaust 14.3 1.95
products
flow,
1b/min
Exhaust 1384 1377
products
temp in
Exhaust 783 1215
products
temp out
7-38
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TABLE 7-12
METAL TEMPERATURES FOR RECUPERATOR START TRANSIENT

Time, sec
Section 0.1 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
1 550 576 628 686 740 777 785 793 801 808 816
2 550 593 678 767 845 892 902 911 919 | 928 936
3 550 566 601 644 686 716 721 726 732 i 7137 742
4 550 623 741 845 922 967 975 983 992 ]IOOO 1008
5 550 559 586 615 647 671 675 679 682 ; 686 690
6 550 676 847 964 1035 1073 1081 1091 1100 1109 1118
7 550 556 572 595 620 638 641 644 646 649 651
8 550 773 1022 1137 1185 1210 1227 1243 1256 {1267 1276
Node
42 550 556 573 599 629 652 658 664 670 676 681
30 550 559 586 620 659 686 694 701 708 715 722
18 550 566 604 651 698 731 739 747 755 763 770
6 550 576 633 694 751 787 794 801 808 815 822
7 550 593 666 731 787 822 825 829 833 838 843
19 550 623 710 771 815 847 846 847 850 853 857
31 550 676 791 850 883 9210 908 909 912 915 919
43 550 773 932 983 |1002 1025 1036 1046 |1054 1061 1066
37 550 556 568 583 598 609 606 604 602 601 600
25 550 559 578 599 619 635 632 629 628 627 673
13 550 566 593 622 651 674 67i 670 670 671 673
1 550 576 616 658 698 731 7134 739 745 750 756
12 550 593 683 788 888 950 966 981 996 1009 1023
24 550 623 756 890 1000 674 1077 1093 (1108 1121 1134
36 550 676 875 1036 (1145 1198 1214 1229 1243 |1256 (1268
48 550 773 1069 1237 1319 1351 1367 1381 1394 1406 1415
Conditions of start transient-unit soaked at 550°R
Cold inlet temperature constant at 550"R
oo
8.2 1b/min .§ u/min é ‘;‘ 16I’SOR o
- " ow 1571°R
c 3t 3 1b/min g
~ 1.8 1b/min €3 el a9
T — w O o -l
e o . £ o\ )
0,3 sec 0.gisec w 0.§7sec
$-81270
7-39
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1400
Ultimate
H2 outlet temp steady-state
y\’/""—-—-—— 1347 temperature ‘
1200 —
: o< 1000 §
: ¢
g ® Start conditions are ;
% o shown in table 12-§ ,
i g |
# 2 800 '
% Exhaust products outlet temperature 756
N 600 ¥ ;
4oo
0 2 4 6 8
Time, sec $-81255

Figure 7-15,--Recuperator Start Transient.
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The recuperator was analyzed for loads imposed by temperature, pressure,
and acoustic vibration of the tubes. Preliminary designs and subsequent
analysis led to the structural configuration of dwg. 159560, which meets the
specified cperational and test requirements. Each of the heat exchanger flow
circuits was analyzed for the proof pressure at the maximum temperature con-
dition. Calculated stresses and margins of safety are summarized in table 7-13.

A minimum U-tube bend radius of 1.50 in. was established to achieve a
thermal stress level of 17.0 ksi at the first dimple, which is 0.75 in. away
from the supporting plate adjacent to the bend. The analysis indicates that
the cantilevered U-bend portions of the tubes may require lateral suprirt for
flight use to reduce vibration response.

Structural design of the hydrogen manifold region of the heat exchanger
was dictated by pressure containment and thermal deformation. The cylindrical
inlet and outlet manifolds are used to obtain acceptable pressure and thermal
stresses. Direct attachment between manifolds was avoided, and attachment of
the manifolds to the shell is by centrally located welds that allci for
longitudinal thermal expansion. The shell structure surrounding the manifolds
has the flexibility necessary to accommodate the required thermal deformaticn.
Reduced stresses around the hydrogen inlet and outlet duct penetrations of the
shell are obtained by the use of doublers.

Four beads on the side plates in the direction of the tubes are necessary.
These beads are tied into the tube support plates to provide a structure that
will withstand external collapsing prassure loads. The side plates fit closely
to hydrogen manifolds, but are not attached to avoid thermal loads.

Bidirectional reinforcement of the combustion product ducts also was
required to resist external pressure and buckling.

The entering combustion products are near sonic velocity and cause nhoise
and vibration excitation of the tubes. Vortex shedding frequency is estimated
as high as 67,000 Hz. This excites transverse vibration of the gas column and
presents an acoustic noise probiem. To eliminate it completely, 16 baffles
(almost one per tube row) would te required. Five baffles are installed in
the present design to suppress the audible noise. At least three times as
many supporting plates are ne>ded to eliminate tube vibration. With five
supporting plates, the tubes vibrate in the fundamental mode under operatirg
conditions with a 1.0 ksi bending stress at 210 g's. This corresponds to a
small, acceptable displacement,

Preheater/Regenerator.--The preheater/regenerator, as shown in dwg. 159570,
is of tube-and-shell, all-stainless-steel, brazed-and-welded construction. The
large temperature differences between the tube and shell sides necessitated
special provisions for thermal growtk. Therefore, a bellows assembly has been
incorporated in the unit. The colder hydrogen flows inside of the tube in both
applications. The warmer hydrogen makes six passes across the tube bundle.

The overall flow direction is cross-counterflow for the preheater and cross-
parallel for the regenerator.
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TABLE 7-13

SUMMARY OF STRESSES

Design Stresses,| Allowable G,
Part names and numbers conditions ks i or tife N M. S
U-tubes Proof pressure, | 11.50 | 20.00(1100°F)| o0.74
900 psig
Thermal stress 17.00
Vibratory stress 8.69 <0.30*
Head pan assembly Proof pressure, | 17.71 | 21.50(800°F) 1.214
900 psig
Thermal stress 10.15 N high#s*
Side plate assembly Proof, 14.7 bsi | 10.91 | 20.0(1100°F) 0.83
external
Thermal stress L.28 N high#*
Return cap Proof, 14.7 psi 2.46 | 21.5(800°F) High
external
Combustion product ducts | Proof, 14.7 psi 11.20 20.0(1100°F) 0.79

external

*From the Modified Goodman diagram
**N = Allowable number of cycles at the given condition

7 =l2
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The heat transfer design point occurs at a regenerator operating condition,

whereas the most severe thermal environments exist when the heat exchanger is
operated as the preheater.

This unit also was investigated in detail by use of the thermal analyzer
corputer program. Since the start and power change transients are expected
to be much slower than the recuperator, only steady-state operating cond’tions
were investigated. The nodal models utili:ed are depicted in figs. 7-16 and
7-17. The two models are essentially the same, except for the direction of
shell-side fluid flow with respect to the flow inside of the tubes.

The steady-state results at both maximum power and idle when the unit is
operated as the recuperator are presented in table 7-14. The temperature
difference between various portions of the core are not ext.emely large.

The corresponding solutions when the unit is operated as the preheater
are given in table 7-15. The temperature gradients are much greater for this
mode of operation. These gradients recessitated the vse of a bellows to com-
pensate for the differential thermal expansion between the :tube bundle and
the shell, which orerates at essentially hot fluid temperature.

The more severe pressure and temperature requirements of the preheater
were used in the stress analysis. The analysis considered the proof and
burst pressure cornditions at temperature as well as the 1000 start-stop life
cycle requirement. The analysis indicates that the design shown in dwg. 159570
will meet the specified structural requirements.

The tubular heat exchanger with a cylindrical shell and hemispherical caps
is a confiquration well suited for pressure containment. The design pressures
and allowable stresses at temperature are shown in table 7-16., The allowable
stresses are AiResearch-established minimums for type-347 stainless steel.
Calculated stress conditions are shown in table 7-17 for proof and burst
pressures.

The large temperature difference between the tube bundle and the shell
dictated the structural design with a floating header and a bellows seal. The
normal operating stresses in the tube bundle are low, and the shell is the
primary structural corsideration. The heat exchanger was analyzed for the
specified operating conditions 14 and 158, as shown in table 7-18.

A computer program for static analysis of thin elastic shells of revolution
was used to calculate the thermal stresses in the shell and the cap. Only one-
half of the shell and one cap were analyzed, because the shell is considered
free to grow radially at its centerline, and the slope is considered as fixed

7 =45
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Figure 7-17. --Preheater Nodal Model, Six-Pass, Cross-Counterflow.

7-46




P

o BRI

;xR R s LT bl sl

b drt

iﬁfﬁk

Condition 14

NODUE NO,

O® NG VE W

TENP,

458,86
461,27
463,58
463,05
469,38
466,90
461.85
4b4,04

LLTTS Y BN

46d 92
465,06
463.93
464,42
465,79
dod, td
b, 48
460,59
62,93
465,21

. 462,78

464,37
465,94
462,51
465,74
444,00
465,73
LTS
365,23

483,77

464,29
604,78

. 464.09

464,44
464477
us2,348
464,08
460,95
461,83
463,47
£65,903
463,43
464,596
465,02
463,38
404,18
464,85
464,16
Q64,08
465,17
4bu 42
44,77
465410
4bu,18
460,52
4ob,.78
461,08
462,05
464.19
464,30
469,43
Q60,49
465,09
463,83
d64e53
464,090
465,18
465,00
dbu,l8
465,12
465,44

TABLE 7-14

REGENERATOR METAL NODE STEADY-STATE SOLUTION

Condition 158

NOOE NO.

OCENCVE WA -

TEnP,
454,45
464,56
460,74
45483
463,52
473,40
411,487 _
dtd.le
424,85
422,45 _
425,95
£29.09
416,65
Q18,29
19,43
dlleubd _
418,28
419,05
497,10
488,06
489,27
438,06 __
wus.28
458,91
415,82 _
422.92
429,09
418,79

T a22e40

425,67
437024
418,98
420,57

_. . e17.87

ate.l2
419,50

. 523,43

Slu.482
S14.16
25,13
43%.062
486,99

 a22.84

429,82
436,37

_816.77

420,33
323,56
416,96
4204606
422,19
419403
419,89
420,52
551,30
981.79%
540,98 .
414,00
425,98
436,57
430,856
431,29
445,00
415,00
418,93
422,08
421,07
42e.08
424,31
420,841
421,09
421,78
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Condition 14:

Fluld conditions

R RS

Maximum power,

sea level, 550°R bulk temperature

of hydraulic fluid.

Hot flow, lb/min
Tin, %R
T out,R

Cold flow,lb/min
T in,%R
T out, R

Condition 158: Idle

altitude

Hot flow, Ib/min
Tin,%R
T out, R

Cold flow,lb/min
T in,°R
T out,°R

Note:
.locations.

8.33
505
469

8.33
426
461

power,

1.17
716
422

1.17
140
416

See Fig. 7-16 for node
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TABLE 7-15 ‘
PREHEATER METAL NQDE STEADY-STATE SOLUTION

Condition 14 Condition 158 Fluid conditions
me‘No. :::::;l "°°“"°' 'g::;, Condition 14: Maximum power, %
2 399,87 — & — S6,48 sea level, 550°R bulk temperature :
3 395,48 3 S6.0b of hydraulic fluid, :
o i 470457 *——-; *::n:; i
501452
2 n::a . oz:ux Het flow, 1b/min 7.69
7 ::z.o; _ :--_,m ::.:; T in,°§ 1152
8 N .
M 20758 ° . 65.40 T out, °R 561 .
10 630,24 }o ::.g; ,
' o3e.d8 T . Cold flow,1b/min 8.33
ii 646499 :; ::';g T in,%R ' 55
670429
}i oag:n 14 100202 - T out, R 555
19 09/.07 ‘s 102.80
le 175045 — it Qondition 158: Idle power,
17 193,37 187, < _
18 808,10 10 199.68  altitude
19 454,15 L 56460
20 415092 oA H e Hot flow, Ib/min 0.147
22 uBb.u0 :; ©0,20 ]l_' in, féR gzs
23 486,62 23T 80480 out
24 482,08 24 61.33 ’
(1Y 64,9 .
2 A 26 - oS 76 Cold flow,lb/min  1.17
27 521,49 27 66,62 T in,"R 55
28 009:09 28 80.57 T out, OR 148 i
29 7 #15.86 “29 T 81,99 :
30 025,18 30 83.47 Ses Fig. 7-17 g
3) o87.26 31 108,41 Note; See Fig. 7- or node
3¢ T T 700442 32 -109.85 locations.
14 rgz.u 33 5 113,10
34 197,17 34 218,88
35 T T 811446 — 35— 233,48 -
3s 826.07 3s 285,75 3
37 L. "0..0;_‘. 37 :;lg;
38 428,46 — 38 -
19 42109 39 57.59
[T 470.02 [ 1] S9,46 4
a1 T T ANt — -8~ 59.98 :
ae 468,06 a2 60,47
a3 543,39 a3 06,49
4 T T 837,17 —ag " 87,42 -
as 537.59 as 68,51
4o 590,41 a8 To.43
61 T 597,96 —=--a7 - 1.’0?‘
us 607.t8 a8 79,35
49 o 707.02 R 49 123,09
50 720.15 T8 T 124498
51 731,98 S1 128,08
5S¢ 819,71 52 200,08
53 835,40 §3 -——— 303,02
5S4 847,42
54 311.42
SY a78.32 ss §7,6¢
Se Y Py Y] ~s‘~—-—-——~~—s7.qi
57 430.18
sa 456419 57 58.21
59 T 457,28 ;: o g‘-':
00 456405 9.4
: .0 59,83
61 S6l.dk o1
62 555,40 o ::-Z},
03 5564417 3 . A
64 572,90 70,08
785 T T s81.23 68 1553 :
66 591.68 63 74,87 :
o7 729,37 &4 76,44 ]
- ; 87 148,13 {
68 78i.13
Y] j41,20 *
89 752.20 . 9
70 843,48 34 ©o152.92 3
. 70 388,66 .
71 856,47 —_ 3
12 869,81 n 396,68 ;
12 395,86 N
7-h48 %
3
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TABLE 7-16
ALLOWABLE STRESSES

Cold cap and tube pressure, psig
Hot shell pressure, psig
AP across passes, psig

Type 347 stainless steel at 630°F
Fuy ksi

Type 347 stainless steel at 630°F
Fey ksi

Load conditions

»

Operating Proof Burst
700 1050 1750
600 to 700 900 to 1050 1500 to 1750
100 150 250
21.5
57.0

*Proof pressure revised to 900 psig after completion of analysis.

TABLE 7-17

CALCULATED STRESS CONDITIONS

Tubes Cylindrical shell]| Spherical caps
Testing condition Proof Burst Proof Burst | Proof | Burst
Pressure, psig 1050% 1750 1050% 1750 1050+ 1750
Temoerature, °F 360 360 630 630 | 630 630
Allowable stress, ksi 24,0 60.0 21.5 57.0 |21.5 57.0
Tangential stress, ksi 16.4 17.6 13.65 22.6 |11.0 18.3
Meridianal stress, ksi 21.2 35.3 7.0 11.0 7.8 11.0
Axial load, 1b/tube 14.5
Critical buckling, 66.0

1b/ tube

*Proof pressure revised to 900 psig after completion of analysis.
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TABLE 7-18
OPERATING CONDITIONS

Condition
14 158

Hot Flow, 1b/min 7.693 0.147

Tin» OR 1152 875

Touts °R 560.5 59.1

Prassure, psig 460 to 560 LED to 560
Cold Flow, Ib/min 8.331 1.168

Tins °R 55 55

Tout» CR 554.8 148

Pressure, psig 560 560

at the longitudinal midooint (the shell is symmetric). The dimensions and
temperature profile of this skell-cap structure are shown in fig. 7-18. The
stresses for the shell and cap are plotted in figs. 7-19 and 7-20. The stress
of 42.2 ksi at the joint of the branch duct and the shell is a theoretical
value. This theoretical stress is very localized and may be regarded as a
"'singular point' of the computer model that will have a 14.2-ksi stress in

the fabricated part. The joint at the branch duct, duct, and sphere will have
an equivalent thickness of 3 times the 0.08 in. and a stress concentration
factor KT = 3. Therefore, the stress at this point will be 14.2 ksi instead

of 42.5 ksi. Also, at one-half the shell thickness (X = 0.062 in.) from the
joint, the meridianal stress in the branch duct has been reduced to 21 ksi.
The maximum stress in this shell cap structure is the meridianal stress in the
spherical shell at its joint to the duct, where the stress is 26.0 ksi. The
number of cycles that type 347 stainless steel can take at 26.0 ksi at 630°F

operating temperature should be more than 106 cycles; this provides a good

margin of safety over the required thermal and pressure cycles of 103 cycles.

Temperature equalizer.--The temperature equalizer shown in dwg. 159580 is
of a specialized type of plate-fin construction, with annular passages. A
vented buffer zone is included between the oxygen and hydrogen p«.-ages to
prevent mixing of the fluids in the event of a leak. The heat exc>anger is of
all-stainless-steel, brazed-and-welded construction. The alternate tubes and
fin layers are assembled and then brazed to form a single unit, which is then
pressure tested. Upon completion of leak checks, the manifolds are welded on,
completing the assembly.
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The pure parallel configuration of the temperature equalizer greatly
simplifies the thermal analysis. All temperature gradients are linear and are
estimated based on the relative magnitude of the heat transfer coefticients
and the conduction resistances of the walls and buffer zone. Slnce no circum-
ferential temperature gradients exist, the calculation of temperature distri-
bution within the equalizer is relatively straightforward, and the use of the
thermal analyzer computer program is not required.

The stress analysis of the temperature equalizer considered the loads
imposed by pressure, temperature, and duct interface connections. The con-
figuration and construction shown in dwg. 159580 were determined satisfactory
for the specified loading conditions. Thermal stresses are summarized in
tables 7-19 and 7-20, and pressure stresses are summarized in table 7-21,

The unit was analyzed for a proof pressure of 1050 psi at 250°F on the
hydrogen side and 1350 psi on the oxygen side. The design was based on proof
pressure rather than burst because the ratio of ultimate-to-ylield stresses
for type-347 stainless steel is larger than the ratio of ultimate-to-yield
stresses for type-347 stainless steel is larger than the ratio of burst-to-
proof pressure factors. Each side is considered pressurized while thz other
is at atmospheric pressure. Calculated stresses not exceeding 80 percent of
the material yield stress were used as design criteria.

The 0.040-in.-thick inner shell is not loaded by pressure bz:cause the
central cavity is vented to the oxygen flow passage. The 0.062-in.-thick
outer shell is loaded by internal pressure only,

The buffer passage tube comprises two concentric cylindrical shells sep-
arated by fins and rings, and can be considered as a structure that can be
under either external or internal pressure. Critical (buckling) pressure for
the entire tube is in excess of the proof pressure. The actual hoop stress
in the tube has a margin of safety of 0.7h4.

7-5h
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i# TABLE 7-19

MAXIMUM PROUF PRESSURE STRESSES AND MARGIN OF SAFETY

gt A R Vo 1D . L3

«-:culated

Margin of
Wall Allowable | maximum safety,
thickness Tempersture, stress, stress, M.S. =911 -1
t(in.) T (°F) 0;|| (psi)| o (psi) c
OQuter shell 0.062 230 21,200 21,170 0.0015
Tube
Hydrogen
side 0.045 200 21,600 12,400 0.74
Oxygen
side 0.940
Inner shell 0.040 -160 No pressure 'oad
Muff
Torus 0.08 250 20,800 7900 1.63
Muff 0.10 250 20,800 19,650 0.06
flange

*Critical (buckling) pressure of the tube:

7-57

5000 psi
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TABLE 7-20

SHELL MAXIMUM THERMAL STRESSES AND LIFE

F- Meridonal I Hoop [
stress, stress Combined stress,2
o, (psi) S (psi O = g2 -0172 + o3 Lifex
1 2 2 1
Inner shell +33,000 +47,200 42,000 Approximately .
600,000 cycles
Oxygen +11,060 +9700 10,500 Infinite ‘
side
Hydrogen -7000 -18,350 16,000 Infinite :
side s
Outer shell -14,300 -30,900 26 )0 Infinite ?

*Based on elastic-plastic analysis, usin: Wetr:1-Morr-w method (AiResearch )
computer program X0870) for type 347 siainless steel brazed at 200°F (R=0) :

TABLE 7-21 X

FIN MAXIMUM STRESSES AND LIFE

**Based on fatigue data for OFHC copper (R = -1), from Cryogenic Matls. Data
Handbook, by Air Force Matls. Lab., Wright-Patterson AFB, Ohio,
AFML-TDR-64-280.

Direct Shoar Combined stre ‘

stress, stress, SS _ k

9 (psi) T (psi) o, = ﬁ:% < 378 Lifexx é

Oxygen fin, 12,160 6300 17,000 Infiaite :
$7053 |
3

Buffer fin, 13,700 8600 20,000 Infinite :
S 7052 :
i

Hydrogen fin, 21,400 14,300 32,800 Approximately !
57051 100,000 cycles §
i

§

by
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Thermal analysis.--The thermal stress analysis is based on the temperature
distribution shown in fig. 7-21. To simplify the calculations, average shell
metal temperatures were used. The analysis was concentrated around the oxygen
and hydrogen inlet end of the equalizer because the temperature differences
are the largest in this area. A radial and a longitudinal analysis were per-
formed; the results are combined and shown in tables 7-20 and 7-21. A model
for the radial analysis was constructed as shown below:

Model for radial analysis

5-81352

Where Kl’ K2, K3 and Kk represent the radiat spring rates of the shells starting
from the inside shell, and KiZ’ K23 and K34 represent the spring rates of oxygen,

buffer, and hydrogen fins, respectively. At operating temperature, each of
these seven component springs will undergo some thermal expansion and an equi-
librium will be reached. The difference between unrestricted length and length

at equilibrium is necessary to calculates hoop stresses, and ultimately the
cyclic life.

Iln a imilar manner, the longitudinal analysis was performed. The model
for the ana ysis is shown below:

Kyt

AAA
K

3L

A

KaL

* ‘A""'

vevw

e A

¥udel for longitudinal analysis  s-81353
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Where KIL’ KZL’ K3L’ and KbL represent the longitudinal spring rates of the
inner, tube (oxygen side, hydragen side), and outer shell, respectively.
As shown in table 7-21,. the hydrogen fin is the weakest component. This

determines the life of the unit, which is predicted to be approximately 10,000
cycles from room temperature, to the operating temperatures shown in fig. 7-21,

Hydrogen Z
’ outlet ;
muff ;
300} | ‘
! ;
) Gas temperature, hydrogen I
1 outer shell S
Jool \\ -
l H
100 i
> !
o*fﬂqP o , %
OLL :‘“bea o.-\(‘ ;
- QQ ;f
o > o g
8 > :
L d e 3
g (z‘o‘ Equalizer length
Qo ¢ |
5 ! dﬁﬁ |
§ i
*° |
-100}-
4 Hydrogen inlet muff
-20
o'— $-81357

Figure 7-21,-~Temperature Distribution Used in the Stress Analysis
of the Hydrogen/Oxygen Temperature Equalizer (NASA APU,
Space Shuttle),

Pid 7 -60
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SECTION 8

RESULTS AND CONCLUSIONS

Early studies of the NASA initial reference system (with jet pump) showed
that, although the system was sensitive to component design and jet pump pre-
dicted performance, a system could be designed to meet program objectives. The
NASA-directed feasibility analysis of an alternate APU system (without jet pump)
showed, based principally upon steady-state comg ter modeling, that such a
system also could meet the program objectives without the uncertainties

associated with the prediction of jet pump performance. Furtiier dynamic modeling

and computer analysis resulted in minor system design changes and demonstrated
analytically the feasibility of controlling the alternate within the desired

limits. A mathematical model of the required controls was prepared and converted

into a breadboard design for test and development of the test system.

The APU turbine design initially was envisioned to be essentiaily
flight-type hardware. All anticipated design probiems were solved. A major
design effort was required for resolution of heat soakback and thermal tran-
sients. The resulting design was evaluated in regard to the test requirements
of this technology program. This evaluation resulted in the decision by NASA
‘o simplify the turbine design by deviating from some flight requirements to
obtain a simpler and less costly development program. To this end, design
changes were made without compromising the program test ObJeCtIVeS The
resulting design has a speed of 63,000 rpm at a TIT of 1960 R, but can be
retrofitted with higher performance turbine wheels at 2060°R and 70,000 rpm.
The test gearbox design is a workhorse unit and is of secondary interest.

In the design of the heat exchangers it was found that the same mechanical
design could be used for the hydrogen preheater and hydrogen regenerator,
al though the preheater is a counterflow installation and the regenerator a
parallel flow installation. The same mechanical design also was used for the
hydraulic and lube oil coolers. Due to high anticipated thermal stresses,
the recuperator design uses a U-tube approach. Manuiacturing drawings were
completed for the test system components, and no unique or unusual designs were
required to achieve design goals.

Early testing of the combustor showed its . "ormance to be high and its
operational characteristics very satisfactory.
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