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PREFACE
The EGIL Console Handbook was prepared by the Electrical Systems Group, DF73.

The primary responsibility is with Mission Operations Directorate (MOD), Systems
Division.

Questions concerning the technical content of this document should be directed to H.
Preston Easton at 281-244-2596, mail code DF?7.
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TITLE
INTRODUCTION
PURPOSE

The purpose of the Electrical Generation and lllumination (EGIL) Console Handbook is
to assist the EGIL and Electrical Power System (EPS) Mission Control Center (MCC)
console operators in their real-time mission responsibilities and to describe the systems
for which this position is responsible. The book is divided into seven sections as
follows:

Section 2: Fuel Cells - Describes Fuel Cell (FC) hardware, operation, procedures, and
failure history.

Section 3: Cryogenics and Consumables - Describes the Power Reactant Storage and
Distribution (PRSD) system hardware, operation, procedures, and failure history.

Section 4: Electrical Power Distribution System (EPDS) - Describes hardware,
operations, procedures, and failure history for the DC power distribution and control, AC
power system, general wiring and bus info, vehicle lighting, Orbiter Docking System
(ODS), and Assembly Power Converter Unit (APCU), as well as some general
information on the Spacehab and how it relates to EGIL systems.

Section 5: Caution and Warning (C&W) and Pyrotechnic (pyro) systems - Describes
hardware, operation, procedures, and failure history for the C&W and pyro systems.

Section 6: Console Operations - Describes console aids such as quick reference
material and console procedures.

Section 7: Workstations and Software - Describes many of the tools used while on
console for monitoring the vehicle and fulfilling console responsibilities.

RESPONSIBILITIES

The EGIL console positions have the overall responsibility for the real-time
configuration, operation, and use of the following space shuttle systems:

o Fuel cells

e PRSD
- Cryogenic oxygen and hydrogen
- Tank heaters and logic controllers
- O, heater sensors

- Tank and manifold valves

1-1
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EPDC

- DC power distribution and control

AC power distribution and control

Utility power

Circuit protection
e APCU
o Lighting
- Interior lights
- Exterior lights
- Annunciator lights
- Instrument and panel lighting
. Caution and Warning (C&W)

. Generalized operation of pyrotechnic NASA Standard Initiators (NSls) and
Pyrotechnic Initiator Controllers (PICs)

. Range safety system (status monitoring only, except Radio Frequency (RF)
components)

J Systems operation

- Systems monitoring
- Cryogenic usage, management, and predictions
- PRSD failure analysis and isolation
- Fuel cell load management, purging, standby, shutdown, and in-flight startup
- Fuel cell failure analysis and isolation
- DC and AC load management
- Electrical energy use vs. preflight predictions
- Powerdowns and configuration management
- EPDC failure analysis and isolation
- C&W failure analysis and isolation
- APCU analysis and isolation
- Lighting activation/deactivation monitoring
1-2
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TITLE

STANDARD CONSOLE PROCEDURES CHANGE PROCESS

PURPOSE

This Standard Console Procedure (SCP) provides instructions for making changes to
the EGIL Console Handbook.

PROCEDURE

To make changes to any of the SCPs in this handbook, the change initiator must
complete an SCP Change Request (CR) form and submit it to the JSC/DF73 Group
Lead for change implementation. An SCP CR form is shown in Figure 1.1-1. A copy of
the SCP CR form is also available in the front of the EGIL Console Handbook
immediately following the preface. A copy of this page should be used when submitting
an SCP CR.

If the CR includes changes related to command procedures, a Command Procedures
Handbook (CPH) CR will be written and the SCP CR attached to it. Contact the
Communications Systems Group Lead at JSC/DF24 for a CPH CR.

Instructions on how to fill out the SCP CR are provided below.
Initiated by: Indicate the name of the change initiator in this field.
Submit Date: Indicate the date the CR is being submitted.

CR #: The CR tracking number is determined by the EGIL CHB Book Manager. Leave
this field blank.

Title: Provide a brief descriptive title that indicates why the change is being proposed.

Description of Change or Addition: This field includes a detailed description of the
change, rationale for the change, and the initiator's organization/name.

Technical Author, Technical Reviewer, Assigned Completion Date, Assigned PCN,
Group Lead Authorization Signatures:

These fields are for administrative use only and will be completed by the EGIL CHB
Book Manager and Group Lead.

1.1-1
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Standard Console Procedures Change Request (CR) Form
Initiated by: Submit Date: CR #

For Administrative Use Only

Title:

Description of Change or Addition:

For Administrative Use Only

Technical Author: Assigned Completion Date:
Technical Reviewer: Assigned PCN:
Group Lead Authorization Signatures
IMPLEMENT CLOSE
Completion Date:
PCN =
Revised September 1999 Send to: JSC/DF73

Attention Group Lead

Figure 1.1-1. SCP CR form

1.1-2

Verify that this is the correct version before use



SHUTTLE OPS CONTENTS

EGIL/JSC-12830 01/31/02: REV.F PCN-1 SCP 2
SECTION 2
CONTENTS

Section Page
2.1 FUEL CELL - GENERAL OVERVIEW. ..., 2.1-1
2.2 FUEL CELL DUAL GAS REGULATOR OPERATION .....cccviiiiieeeieeee. 2.2-1
2.3 FUEL CELL ECU OPERATION ... 2.3-1
2.4  FUEL CELL REACTANT VALVES ... 2.4-1
25 FUEL CELL H;O RELIEF NOZZLE HEATER LOGIC. .......cooiiiiiiiiieeees 2.5-1
2.6 FUEL CELL PURGE ..ot 2.6-1
2.7 FUEL CELL/CHEMSTRIP PH TEST.....uuuttttiiiiiiiiiiiiiiiiiniiiiiniinnnnnnnnnnnnnns 2.7-1
2.8.1 N, DIAGNOSTICS AND CATHODE ACTIVATION ....ccoviiiviiieeeieeeee e, 2.8.1-1
2.8.2 FUEL CELL ACTIVATION ...ttt en e eene 2.8.2-1
2.9 FUEL CELL SHUTDOWNI... ...ttt e e e eaan 2.9-1
2.10 FUEL CELL STANDBY ..o ee e 2.10-1
2.11 FUEL CELL SAFING ...ttt e et e e e e e e e eaas 2.11-1
2.12 FUEL CELL CONTINGENCY POWERUP .......ccoiiiiiiee e 2.12-1
2.13 LFO1 MULTIPLEXER/DEMULTIPLEXER (MDM) WORKAROUND......... 2.13-1
2.14 DELTA AMPS MEASUREMENTS ... 2.14-1
2.15 FUEL CELL MONITORING SYSTEM.......ccooiiiiiieeeeeee e 2.15-1
2.16 HYDROGEN PUMP / H20 SEPARATOR.....coiiiiiiiiieiee 2.16-1
2.17 FUEL CELL COMPONENT FAILURES........ccooiie e, 2.17-1
2.18 STS-2 FUEL CELL 1 FAILURE ... 2.18-1
s 2-i

Verify that this is the correct version before use



SHUTTLE OPS ORIG: S. HIRSHORN FC GENERAL O/V
EGIL/JSC-12830 07/31/01: REV.F PCN-1 SCP 2.1

TITLE
FUEL CELL - GENERAL OVERVIEW
DISCUSSION

The fuel cell system produces all the electrical power required by the orbiter during all
mission phases. The three fuel cells, through a chemical reaction, operate as
independent electrical power sources. Each supplies its own isolated, simultaneously
operating 28-V DC bus. The fuel cell, as a unit, consists of two sections: a power
section, where the chemical reaction occurs, and an accessory section that controls and
monitors the power section performance (Figure 2.1-1). The power section, where the
electrical power is actually generated, consists of 96 individual cells contained in 3
substacks of 32 cells each. These three substacks, in turn, are connected end to end to
make up the fuel cell stack. The accessory section monitors the reactant flow, removes
the waste heat and water from the chemical reaction in the stack, and controls the
temperature of the stack. The accessory section consists of the H, and O, regulation
system, the fuel cell coolant loop, the Electrical Control Unit (ECU), the

Cell Performance Monitor (CPM), and the H, pump/H,O separator. The three fuel

cells are located in the midbody area of the orbiter under the payload bay envelope
(Figure 2.1-2).

Figure 2.1-1. Fuel cell powerplant
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Figure 2.1-2. Fuel cell locations
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DESCRIPTION

The following paragraphs describe the individual components of the fuel cell system.
Refer to Figure 2.1-3 for a functional drawing of a typical fuel cell. Drawing 3.4 in the
SSSH provides a more detailed view of the fuel cell.

A.

H, and O, flow

The cryogenic reactants, H, and O,, are supplied from the Power Reactant
Storage and Distribution (PRSD) system in a single-phase fluid state at a mass
rate as demanded by the fuel cells. Reactant consumption is directly related to the
current produced; if there are no internal or external loads on the fuel cell, no
reactants will be used. Because of this direct proportion, leaks may be detected
by comparing reactant consumption and current produced; an appreciable amount
of excess reactants used indicates a probable leak.

After entering the fuel cells, the reactants flow through a preheater, a 15-micron
filter, and a two-stage integrated dual gas regulator module. The first stage of the
regulator drops both the H, and O, pressure down to 100 to 120 psia; the second
stage regulates the O, pressure to a range of 60 to 65 psia and maintains the H,
pressure at 4.5 to 6 psia below the O, pressure. The regulated O line is
connected to the accumulator, which maintains an equalized pressure between
the O, and the fuel cell coolant. In cases where the O, and H, pressures
decrease for some reason, the coolant accumulator automatically decreases the
coolant pressure to prevent a large differential pressure inside the fuel cell stack.
A large differential pressure would crack the thin walls of the fuel cell that separate
the coolants, Hz and O,, effectively destroying the fuel cell. The O, from the dual
gas regulator module flows directly through two ports into a closed-end manifold in
the fuel cell stack, permitting optimum oxygen distribution in the cells. All oxygen
that flows into the stack is consumed, except during purge operations.

After leaving the dual gas regulator module, the incoming hydrogen mixes with the
hydrogen-water vapor exhaust from the fuel cell stack. This gas is routed through
a condenser, where the temperature of the mixture is reduced below the boiling
point of water, condensing the water. Liquid water is then separated from the
hydrogen-water mixture by the H, pump/H,O separator. The H, pump circulates
the H, gas back to the fuel cell stack, where some of the H is consumed in the
reaction. The remainder flows through the fuel cell stack, removing the product
water by evaporation from the fuel cell. The hydrogen-water vapor mixture then
combines with the regulated H, from the dual gas regulator module, and the loop
described earlier starts over again.

21-3
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B.

Water removal

Water and electrical power are the products of the chemical reaction of oxygen
and hydrogen that takes place in the fuel cells. This water must be removed, or
the stack will become saturated with water, causing decreased reaction efficiency.
The fuel cell can continue to operate for about 110 amp-hours before the fuel cell
floods with product water, thus effectively halting power generation. Therefore,
with an operating load of about 7 kW, it takes about 25 to 30 minutes to flood the
fuel cell. The Hy is pumped through the stack, reacting with the oxygen and
picking up and removing water vapor on the way. After being condensed, the
liquid water is separated from the H, pump/H,O separator and discharged from the
fuel cell to be stored in the potable water tanks.

A check valve in the water discharge line prevents a back pressure from the water
tanks from flooding the fuel cells. If the water tanks are full or if there is line
blockage, the water from the fuel cells will then flow through the alternate water
system. The alternate water system tees off each individual fuel cell prior to the
water relief panel and provides a redundant path for the water to flow to the
ECLSS tanks (Figure 2.1-4). The alternate water path connects directly into
supply H2O tank B. Each path in the alternate system has a relief valve that
operates at 6 to 8 psid above tank B pressure. This design allows an individual
fuel cell to flow through the backup system if it is the only one affected by a
blockage.

Each individual fuel cell also has a water relief valve, located on the water relief
panel, that allows the product water to relieve overboard if both the primary and
alternate paths fail to operate properly. The water relief valves crack at 45 psia to
allow the water to vent overboard through the H,O relief line and nozzle. For
redundancy, two thermostatically actuated heaters are wrapped around the
discharge and relief lines to prevent line blockage caused by the formation of ice in
the lines.

Purging

During normal fuel cell operation, the reactants, O, and H,, are presentin a
closed-loop system. Any inert gases or other contaminants present will slowly
accumulate in and around the porous electrodes in the cells. This accumulation
will reduce the reaction efficiency and load support capability of the fuel cell.
Purging is not to exceed 96 hours between each purge to cleanse the cells. When
a purge is initiated by opening the purge valves, the O, and H, become open-loop
systems with increased flows, allowing the reactants to circulate through the stack,
pick up the contaminants, and blow them out overboard

21-5
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through the purge lines and vents. Electrical power is continually being produced
throughout the entire purge sequence. The capability exists for either manual or
automatic control of the purge sequence but, independent of the mode selected,
the basic purge sequence is the same. Reference Section 2.6 for a detailed
review of the fuel cell purge sequence and commanding via manual or automatic
operation.
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D.

Coolant loop

In order to cool the fuel cell stack during its operation, distribute heat during fuel
cell startup, and warm up the cryogenic reactants entering the stack, the fuel cell
circulates a coolant, fluorinated carbon (FC-40), throughout the fuel cell. Figure
2.1-3 is a schematic of a fuel cell that shows the coolant loop in the fuel cell and its
interface with the orbiter Freon coolant loops. At the coolant entrance to the fuel
cell, the temperature of the coolant returning from the orbiter Freon loops is
sensed just before it passes through a 75-micron filter. After the filter are two
temperature-controlled premixing valves that allow some of the hot coolant to mix
with the cool coolant. This premixing conditions the temperature of the coolant
flowing into the condenser exit control valve and prevents it from undergoing
repeated oscillations. The condenser exit control valve adjusts the flow of the
coolant through the condenser to maintain the Hy/O, vapor exiting the condenser
at a temperature between 145° and 160° F. The stack inlet control valve
maintains the temperature of the coolant entering the stack between 178° and
190° F. The accumulator is the interface with the O, cryogenic reactant to
maintain an equalized pressure between the O, and the coolant (the O, and H;
pressures are equalized at the dual gas regulator) to preclude a high-pressure
differential in the stack, which could burst the thin walls of the cells. The pressure
in the coolant loop is sensed right before the coolant enters the stack.

The coolant is circulated through the fuel cell stack to absorb the waste heat from
the H,/O, reaction occurring in the individual cells. The hot coolant just out of the
stack flows through the O, and H, preheaters, where it warms the cryogenic
reactants before they enter the stack.

The coolant pump uses three-phase AC power to drive the coolant through its
loop. The AP sensor senses a pressure differential across the pump to determine
the status of the pump. Downstream of the pump is the flow control valve, which
is a temperature-actuated valve. It adjusts the coolant flow to maintain the fuel cell
coolant stack exit temperature between 196° and 235° F. The stack inlet control
valve and flow control valve have bypass orifices to allow coolant flow through the
coolant pump and to maintain some coolant flow through the condenser for water
condensation, even when the valves are fully closed because of the requirements
of thermal conditioning.

The coolant that is not made to bypass exits the fuel cell to interface with the
Freon loop fuel cell heat exchanger, where it transfers its excess heat to the
orbiter Freon system. In addition to the thermal conditioning by means of the
coolant loop, the fuel cell has internal startup and sustaining heaters. The startup
heater is used only during startup to warm the fuel cell to its operational level. The
sustaining heaters are normally used during low power periods to maintain the fuel
cells at their operational temperatures. To maintain constant temperature
throughout the stack prior to STS-26, the fuel cells had control elements attached
to the end cells at each end of the stack. After STS-26, end plates were added to
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the fuel cells that circulate warm coolant around the end cells of the stack to
maintain a constant temperature from end to end.

E. Electrical control unit

The ECU is the brain of the fuel cell. It is an electrical module located within the
fuel cell that contains the startup logic, heater thermostats, and 30-second timer
and is the interface with crew controls and displays for fuel cell startup, operation,
and shutdown. The ECU controls the supply of both AC power to the coolant
pumps, H, pump/H,O separator, and the pH sensor; the DC power supplied to the
flow control bypass valve (open only during startup), and the internal startup and
sustaining heaters. The ECU also controls the status of the “ready for load” and
“coolant pump DP” talkbacks. A detailed review of the ECU can be found in
Section 2.3.
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TITLE
FUEL CELL DUAL GAS REGULATOR OPERATION
PURPOSE

To describe the function and operation of the fuel cell dual gas regulator and to assist
the Electrical Power System (EPS) and EGIL console operators in recognizing nominal
and abnormal regulator operations.

REFERENCES

Orbiter Fuel Cell Powerplant Review and Training Course (booklet and videotapes),
International Fuel Cells, March 1999.

Orbiter Fuel Cell Powerplant Review and Training Course (part 10, videotape),
International Fuel Cells, March 1988.

Orbiter Fuel Cell Powerplant Review and Training Course 2103, Reactant Components
(videotape no. 2), 1978.

International Fuel Cells Letter FCR011203, TT&E Report, Reactant Regulator PN
800658A, August 3, 1990.

SSSH, drawing 3.4-1, Fuel Cell.
BACKGROUND

The dual gas regulator, officially called the coupled reactant regulator, is part of the
accessory section of the fuel cell. The regulator consists of two regulators, one for the
H, side and one for the O, side, coupled together through a small bellows (aneroid)
section. The regulator is built by Scott Aircraft and was originally designed for an
undersea program to withstand rugged conditions. In fact, each regulator is tested with
3500-psia inlet pressure.

Originally, during the Apollo program, the H, and O, regulators were not coupled.
Fourteen regulators failed because of an incorrect pressurization sequence, along with
other various causes, resulting in improper pressure balances between the O, and H,
sides of the fuel cell. In the early 1970’s, a coupling device was developed that
prevents H, from flowing into the regulator without the O, side already pressurized. No
power section has been lost due to pressure imbalance since the coupled design has
been in place.

The dual gas regulator steps down the pressure of the feed gas in two stages. The first
stage steps down the pressure to 100 to 120 psia, and the second stage regulates the
O, side to 65 psia. Hy is regulated to 5 psi below the O, pressure. The H,; molecules
are smaller than the O, molecules. The 5-psia delta keeps the H, molecules from
crossing over to the O, side, which would cause uncontrolled mixing of the two gases.
The coupling device maintains the pressure balance between the two regulators.
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Verify that this is the current version before use



SHUTTLE OPS ORIG: C. SWEITZER DUAL GAS REG
EGIL/JSC-12830 01/31/02: BASIC, REV. F SCP 2.2

Eight ports and 15 valves are within the regulator; two inlet ports, two exit ports (used
for venting or purging away from the power section), and four discharge ports from the
regulator to the power section. The rubber parts of the regulator are made from
neoprene. The body of the regulator is made of aluminum. The two sides of the
regulator are almost identical, with two exceptions: the O, dual feed valve and the
sizing of the valves in stage 2 are slightly different because of the difference in molecule
size between H; and O,. The regulator is a mechanical device and does not depend on
any electrical input, with the exception of the solenoid reactant valves.

The regulator is intolerant of contamination, and even a molecule can cause a leak to
develop. Filters are used to protect the regulator from contaminants in the feed gas and
within the stack. The regulator can supply enough reactant flow to support a 32-kW
load for a few seconds. This allows the regulator to support either fault clearing or to
burn out a large short. The regulator is guaranteed to supply full reactant flow with the
feed gas at 100 psi and might be able to support its full capacity with a small drop
below. With the feed gas at 70 psi, the regulator can continue to supply a certain
amount of reactant flow but will no longer have the ability to support its full capability.

All leak checks for the plumbing are performed at 100 psi, which is also referred to as
the lockup pressure of the regulator.

The regulator performs two major functions, as follows:

A. Supplies controlled pressured reactant to the cell stack - There are two primary
objectives for regulation of the cryogenic gases. The first is to maintain a balanced
pressure delta of 5 psia between the O, and H; sides, and the second is to
maintain pressure. This pressure differential takes precedence over all other
regulator priorities. The regulator will always try to balance pressure between the
Oz and H; sides before it tries to maintain pressure within the standard operational
range. ldeally, reactants from the regulator to the power section will be maintained
at approximately 60 psia.

B. Provides reactant purge capability - During powerplant operations, inert gases build
up on each cell plate, reducing available reaction surface and, subsequently, fuel
cell performance. Periodic purging, by increasing O, and H, flow through the fuel
cell power section, helps to cleanse the reaction sites and gain back some of the
lost performance. Although this SCP will discuss some aspects of the fuel cell
purge process from a regulator standpoint, reference Fuel Cell Purge, SCP 2.6, for
a full discussion on purging operations.

OPERATIONAL OVERVIEW

Oz and H; reactants flow from the PRSD system cryogenic tanks into the O, and H;
manifolds. Both the O, and H, reactants pass through a preheater that warms the
cryogenic fluid to prevent water and elastomer freezing in the regulator. The preheater
utilizes hot coolant coming out of the stack to warm the O, and then the H; fluid. The
cryogenics then enter the regulator to step down the reactant pressure prior to entering
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the stack. Reference the Fuel Cell General Overview, SCP 2.1, for further discussion
on overall fuel cell operation.

Two stages of pressure regulation are used to make it easier to regulate the pressure
within the stack. Each half of the regulator contains a two-stage pressure regulator.
Each first-stage regulator receives gas at the vehicle supply pressure (100 to 1050 psia
0>, 100 to 335 psia Hy) and reduces this pressure for presentation to the second stage
at a relatively constant pressure (100 to 120 psia), regardless of the supply pressure.
The cryogenic gas comes into the first stage through a filter screen before passing
though an inlet check valve. Check valves are incorporated into the first-stage regulator
sections to prevent powerplant depressurization, should one or both supply gas
pressures be removed. The second set of check valves prevents gas from backfilling
the regulator.

The second stage of the pressure regulators is mechanically coupled together and
referenced to an evacuated, sealed bellows so that output pressures at a level of 60
psia, nominally, are produced. The coupling device is an aneroid device with a chained
spring within it. The H, and O, bellows are sealed and evacuated. The pressure on
one side of the rubber diaphragm is at 60 psi, and the evacuated side is at the ambient
room pressure at the time when the regulator was sealed. The spring inside each is
then chained together.

In the early stages of fuel cell development, the regulator would vent uncontrollably
during dynamic simulator testing at 8.2g and Y-axis vibration tests. A damping fluid,
which is thicker than molasses and unaffected by temperature, fills half of the cavity to
resolve the venting problem. As a result, there is no venting at 3g and very slight
venting at 8g. Approximately 8 to 10/cm? of the fluid are utilized for this purpose. After
the fluid is inserted through a cap and sealed, Scott Aircraft performs a pressure test to
ensure that damping fluid is not leaking through the O-ring seals or the rubber
diaphragm.

The 5-psia bias between the O, and H, sides comes from the set of springs within the
coupler. The demand diaphragm (aneroid) evacuated reference spring pushes against
the path section of each side’s reference plunger. This set of springs pushes the
assembly toward the O, side and makes the O, side “think” that the H, side is at a
slightly higher pressure than it actually is. The two hooks inside the aneroid prevent
expansion beyond the operational range and allow tracking of depressurization within
the regulator. The total stroke of the regulator from zero to maximum flow (50 to 60 kW)
is less than 0.020 of an inch.

The whole coupler will slide over to let in either O, or H, depending on the pressure.
With no demand, the inlet check valves are seated with the 135-psi gas. As the fuel cell
consumes cryogenics to support the electrical demand, the pressure decreases within
the regulator, and the second stage of regulation is pushed against the demand
diaphragm, allowing the spring in the aneroid to expand. The spring is regulated to
press against the plunger, forcing the valve off its seat and allowing in the 135-psi gas.
When 60 psi on the H; side or 63 psi on the O side is reached, both sides will collapse
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and will be shut until the pressure drops. Because it is coupled, both sides must have
gas to maintain pressure. It is impossible to get adverse pressure, because the H, and
O, regulators adjust to one another mechanically. If pressure is lost on either the O, or
H, side, the regulator will drop pressure equally between the two sides, and damage will
not occur. This causes the regulator to fail in a safe mode.

The cryogenic fluid can flow in the regulator through several paths.

1. It can go straight overboard from the regulator to the inlet of the power section.

2. It can backflow in the second stage to maintain pressure balance and keep the
regulator operations smooth.

3. It can backflow to the first stage, so that if either O-ring develops a leak, pressure
can be built to force the vent valve to operate.

4. |t can flow into the vent valve/orifice area.
5. Onthe O; side, it can flow from the dual feed valve into the discharge manifold.

Figure 2.2-1 shows a functional representation of the two-stage pressure regulator
system.

A. O3 regulator

The major difference between the H, and O, sides of the regulator is that the H,
feeds through one manifold, while the O, feeds through two sides. During initial
development of the fuel cells, it was found that one feed on the O, side was
insufficient to adequately feed the end cells. The pressure differential became low
enough toward the end of the fuel cells that inadequate amounts of O, were being
received, which would starve the cells. As a result, the O, purge inlet port acts as a
feed port except during purges. This causes the O, to not be circulated, or
deadheaded, through the stack. A dual feed valve controls the O, path for both
nominal and purge operations. The dual feed valve acts as a purge vent valve,
check valve, and out vent port.

A solenoid operates the dual feed valve. When the solenoid is activated, it retracts
the pole, which allows the spring valve to close. When the spring valve closes, the
purge valve is opened, and then the gas can come from the exit port into the vent
port. The regulator utilizes the dual feed valve to deliver O, to the power section
“exit” manifold, in addition to the normal delivery from the regulator to the “inlet”
manifold. This dual feed valve diverts 30 percent of the feed flow to the power
section through the exit manifold during nonpurging periods. This provides a more
uniform distribution of O, within the power section for maximum cell performance
by preventing inerts from collecting at the cell exits.
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Figure 2.2-1. Regulator stage operation
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B.

Venting

The supply valves are smaller than the vent valves. If a supply valve sticks open,
the vent valve will open to get rid of it. This prevents overpressurization of the
powerplant, while still maintaining some pressure control on the powerplant. The
vent valve has a very rough operation. It has no monitoring capability, but opens
and shuts (burping).

If pressure builds up too much or if a pressure imbalance occurs, the vent valve is
tilted and allows some gas flow into a diaphragm and into the vent orifice. This will
build a back pressure to overcome the force and open the valve, allowing high-
pressure gas to flow through the vent valve/orifice and overboard. Normally, the
vent valves never operate except during depressurization-type modes. The vent
valve system has a tilt pilot valve, which can handle the majority of venting
requirements. When the power plant is depressurized, the valves can be heard
releasing the pressure. The vent valve is designed to open at 70 psia. For normal
operations, there is no venting required within the regulator. A leak inside the
regulator, such as one between the first and second stages, could cause venting.

Coolant pressure is usually lower than the O, side. If pressure between
accumulator and O, reaches 70 psi, the regulator will vent. A regulator
depressurization will activate both the purge valves and the shutoff supply valves
and will try to depressurize one side or the other first. Typically, H, is depressed
first, with O, tracking. If the delta pressure cannot be maintained because of the
rapidity of the depressurization, the vent valve will open to assist.

Overpressurization has other characteristics. Although the vent valve is designed
to relieve at 70 psia, there is a scenario that can cause the regulator to
overpressurize. If H, develops a problem and cannot relieve overboard, the O,
side will try to compensate to maintain pressure by allowing in more gas. The O,
will not vent at 70 psia because it is attempting to track the 5-psi delta against the
H, side. The power section can withstand up to 200 psia of pressure before
springing a leak overboard.

Purging

Contaminants, also known as inerts, begin to build on the cell plates over a period
of time, reducing the surface area for the reaction and, therefore, the ability to
generate voltage. When either a 0.2-volt degradation is seen in fuel cell
performance during a mission or when 96 hours have passed since the last purge,
a fuel cell purge is performed (Reference NSTS 12820, Space Shuttle Operational
Flight Rules, Volume A, FC purge, A9-52). Heaters are turned on along the fuel
cell purge lines to warm them and to prevent freezing of the lines and nozzle.

When the required temperatures are reached, the solenoid purge valves are
opened. The purge valves are 28 V DC nonlatching solenoid valves that can be
controlled by either a software command or by a manual switch. There are no
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operational constraints on the valves. Although the valves will get hot, there is no
concern that they will overheat.

The purge orifices are designed for the molecular weight of the gas. The size of
the O purge orifice is that of a toothpick. A drilled hole is immediately downstream
of the purge orifice. A gas of a heavier weight can clog the purge orifice. For
example, N3 is heavier than H; and could clog that side of the regulator.
Subsequently, venting would occur to compensate.

During nominal operations, the H, is constantly circulated through the stack, and
the O is deadheaded (i.e., not circulated). Purging is more critical on the O, side
because there is no constant flow completely through the stack, except during
purge operations. After the purge valves are opened, the O, path is changed so
that O, can freely pass through the stack and carry inerts away. Both O, and H,
reactants are flowed through the stack at a higher rate and are then expelled
overboard through the purge lines.

H, is delivered to the power section exit manifold (condenser inlet). The purge gas
does flow through the H, pump. The purge solenoid lifts, and the H, gas flows
through the purge inlet port and out the vent port.

When fuel cell purging is performed, electrical solenoids operate the valves so that
H, gas is returned from the exit manifold through a line to the regulator and then
overboard. The O, gas stops flowing to the power section through the dual feed
line to the O, exit manifold and, instead, returns to the regulator through this line,
carrying impurities overboard.

Figure 2.2-2 is a plot of fuel cell coolant pressure and reactant flows during pulse
purges prior to a fuel cell startup. When the reactant valves are closed, the coolant
pressure drops as the reactants are consumed. When the coolant pressure
reaches approximately 27 psi, it levels out for a time, and an increase in the O, flow
rate is seen. This occurs because H; is being consumed at a slower rate than the
O,, and the leveling of pressure allows the H, to catch up.

FAILURE MODES, POTENTIAL UPGRADES, AND HISTORY

Several potential failure modes are discussed, along with what the operator might see
within their data. Although leaks internal to the regulator are unlikely to cause the
pressure regulation to fail, there are several other scenarios that have been seen and
are realistic.

A. Failure modes

1. Pressure imbalance — If an imbalance occurs in regulated pressure between
the H, and O3 output pressures, the control moves immediately to restore
balance by admitting gas to the low-pressure side. If insufficient makeup gas
is available to achieve a pressure balance in this manner, or if additional gas
would exceed regulation pressure, the control vents excess gas from the
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Figure 2.2-2. Pulse purges
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high side to maintain a balanced pressure level. The regulator closes the
supply valve when the vent valve opens.

If a malfunction occurs that causes the powerplant to become overpressurized
for any reason, even though the reactant pressure remains balanced,
simultaneous reactant venting immediately reduces the excess pressure to the
60-psia regulated level. If venting is not possible, the regulator action
maintains the pressure balance but provides higher-pressure reactants until
the malfunction is cleared.

Figure 2.2-3 shows the operation of the regulator in balancing the regulated
pressure between O, and H..

2. H; overpressurization — A H, overpressurization is detrimental to the cells and
can be sustained only for a few minutes. The spec range is 4.5 to 6 psi for the
pressure difference between O, and H,, including purge operations. This 5-
psi delta is set by slightly adjusting a set of springs toward the O, side in the
reference bellows that joins the H, and O, regulators. The H; side then
compensates for this adjustment by lowering the H, pressure until it evenly
matches where it mechanically senses the O, pressure to be. The second
stage provides for minimal dropoff in regulated pressure as the demand flow
changes from zero to maximum and maintains all pressures within 4 psia of
the normal steady-state operating setting during fuel cell pressurization and
depressurization operations. Failure of the first stage of the regulator will not
prevent the second stage from regulating the output pressures. However, the
second stage would probably not operate within specifications.

3. Coupler - If the spring breaks within the coupler, the coupler loses the ability to
adjust pressure, both valves shut, and pressure drops. If the diaphragm
breaks, O, leaks in and fills the chamber. However, the area of the chambers
was designed to equal the diaphragm. The diaphragm will continue to
regulate O, within the coupler instead of without. As a result, no pressure
change will be seen. Both diaphragms would have to break for this to become
a problem.

IFC did receive a delivery of torn diaphragms, which had unnecessarily
sharper edges. IFC was able to recall all the regulators with this problem.

Another problem that has occurred with the coupler is that the silicon grease
used to damp the aneroid has absorbed N,. As a result, some outgassing
occurs, and the regulator pressure point has been offset.

An aneroid leak causes pressure to rise very slowly. This could start as a
pinhole leak. Checks for aneroid leaks are performed. The pressure could
reach 75 psi, because the vent system references the regulated gas pressures
so that the reference points will adjust together.
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4.

STS-31 regulator anomaly - During purges on STS-31, FC2 O, flow showed a
large increase near the end of the purge cycle. It was confirmed that the flow
increase was real, because the associated H; flows showed a decrease,
which is indicative of the regulator responding to a pressure drop on the O,
side (Figure 2.2-4). This failure signature occurred several times but was not
detected until a high O, flow alarm was enunciated. There were no
subsequent purges performed on the fuel cell.

The postflight investigation indicated that the purge anomaly was the result of
leakage of the O, dual feed tube O-ring, caused by KOH electrolyte corrosion
of the O-ring. The resulting high flow rate carried additional corrosion products
from the O exit manifold to the O-ring groove, which subsequently plugged
the leak site. The most likely source of KOH in the area was an inadvertent H,
overpressure at some time prior to the mission, which expelled some KOH into
the O, compartments of the cell and then to the O, exit manifold. From this
point, the KOH could easily migrate to the

O-ring if the powerplant was tilted in that direction.

Figure 2.2-4 is a plot of O, and H, flows on STS-31 during the fuel cell purge
anomaly. The plot demonstrates the reaction of the regulator to changes in
pressures and flows of one of the reactants. As the pressure was reduced on
the O, side of the regulator through the venting of reactants (seen by the
increased flows), the regulator responded by lowering the pressure on the H;
side (seen as a small drop in flow).
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Figure 2.2-4. STS-31 purge anomaly
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5. Potential upgrades

a.

Corrosion - The regulator body is made from aluminum that is
susceptible to corrosion from moisture, expelled KOH, and particulates
from stack corrosion. Water vapor from the stack will find a cool spot
and form water, and the aluminum eventually corrodes. IFC has seen
corrosion reduced over the past few years because of improved
treatment processes and better supply gas. Additionally, there is less
exposure to water corrosion because the amount of time between fuel
cell purges on orbit has increased since the beginning of the shuttle
program. IFC is looking at possible options for replacing aluminum, but
alternate materials will add weight to the fuel cell. The regulator can fail
from heavy corrosion, such as dumping electrolyte into the regulator
during flooding.

Elastomer degradation — Currently, the regulator does not meet
expected lifetime standards. The old elastomer is neoprene, which has
problems under normal regulator conditions. The seals have not lived
up to expectations and have been cracking and leaking after 1500 hours.
The suspected reason is that the preheater is more efficient than
expected, and the cryogenic fluid entering the regulator is hotter, which
exceeds the spec of the regulator seals. A new elastomer is being used,
and new regulators will be delivered in a few months. Degradation of
elastomers (o-ring, diaphragms, etc.) is caused by higher-than-expected
reactant temperature and could result in reactant leakage. To correct
this, a new elastomer material will be used and is included in the Fuel
Cell Powerplant (FCP) upgrade program.

The O-ring seal will harden and crack at high temperatures. As a result,
the high-pressure gas will flow under a separate path, causing the O,
pressure to build up and be vented overboard.

Coolant pressure transducer - The strain-gauge pressure transducer has
a precision based on a 10-volt supply and an extremely low output. The
coolant pressure reading tends to slowly drop between prelaunch and on
orbit. The pressure will then usually reflect prelaunch values after
touchdown. After studying this phenomenon for some time, IFC believes
that the bonding on the transducer elastically slips and creeps in zero g,
and the slow drop in coolant pressure during the course of the mission is
due to this slippage. At publication, the manufacturer does not yet have
a solution to this problem.
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TITLE
FUEL CELL ECU OPERATION
PURPOSE

This brief describes the operation of the fuel cell Electrical Control Unit (ECU) and
includes a detailed description of the startup and stop sequences.

DESCRIPTION

The ECU controls the startup, stop, and run sequences of the H, motor and the coolant
pump (Table 2.3-1). The ECU also controls the fuel cell thermal conditioning during the
startup sequence via the operation of various heaters, relays, valves, and solenoids. In
addition, the ECU serves as a junction box for the coolant pump differential pressure
(AP) status and ready for load discretes, which route to the Fuel Cell Power Plant (FCP)
external interface panel in the accessory section.

It should be noted that the ECU does not control FC operation. The FC stack will
produce electricity as long as the regulator and thermal control valves (TVC) are
working; not does the ECU monitor FC Health.

The power required to operate the ECU is 25W during startup and 15W once the FC is
running (this assumes 28Vdc ESS Bus power). The ECU can tolerate a total power
loss for up to 5 seconds.

Table 2.3-1. ECU controls

Nomenclature Panel Function
FUEL CELL 1 (2,3) PUMP L4 Supplies 3-phase ac power to the
cb (3) coolant pump and H; motor relay
contacts

STARTUP HEATER 1 (2,3) | R11U
INHIBIT Powers K5, which disables the power
path to the startup heater driver stages

ENABLE No contact, enables the power path to

the startup heater driver stages
FC1 (2,3) CNTLR 014 (015,016)

ON Supplies ESS1BC (2CA,3AB) power to
the ECU (ECU Bus through multiple
paths and the timer module)

OFF No contact, the ECU is unpowered

FUEL CELL 1 (2,3) R1

START Applies ESS1BC (2CA,3AB) power to
K8, which starts the timer module,
energizes the pump package relays,

2.3-1
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and starts the sustaining heater by
allowing ECU Bus (control) power
through

STOP Applies ESS1BC (2CA,3AB) power to

K4, which removes the control power
which unpowers the ECU Bus that is
holding all the relays in the correct
config

START SEQUENCE

Referring to the fuel cell ECU start sequence schematic in Figure 2.3-1, note that all
relay wipers have been oriented to show the direction of power/signal flow and then
labeled alphanumerically to represent the approximate closure sequence. Initial
conditions presume that the FC1 (2,3) CNTLR switch has been placed in the ON
position, and the STARTUP HEATER 1 (2,3) switch has been placed in the ENABLE
position. Additionally, the coolant pump Differential Pressure (AP) talkback (tb) and the
Ready For Load tb reads barber pole (bp). To begin the start sequence, a crew-
member holds the FC1(2,3) switch in the START position for approximately 5 seconds
or until the AP tb is gray. The ECU start sequence follows:

A:

B1:

B2:

Coil K8 energizes, which pulls in two contacts (B1 and B2).

The B1 contact closure applies power to the ECU bus (power comes from the
Cntrl Pwr switch).

The B2 contact closure routes ECU power to the K9:H2 contact.

Now that the ECU Bus is powered:

C1:
C2:
C3:

D1:

D2:

D3:

D4:

F:

G1:

ww_Chb_97.dot

The ECU 30-second timer module starts.
Coils K6A and K6B energize, pulling in three contacts (D1, D2, and D3).

With the ECU bus powered and a STK OUT T less than 185°, coil K2
energizes, pulling in one contact (D4).

Contact D1 closure (K6B) routes 3¢ AC power to the FC Pump package
(coolant pump and H2 motor) and single ¢ (¢A) power to the pH sensor.

Contact D2 closure (K6A) provides a redundant 3¢ AC power feed to the
pump package.

The D3 contact closure (K6A) completes one part of the circuit to power relay
KO.

The D4 contact closure (K2) allows power to the 870-W sustaining heater.
The fuel cell coolant pump and H, pump start (K6A/KGB).

Once the coolant pump builds up a AP of 5 £ 1 psid, the AP switch closes two
contacts (G1 and G2).
The fuel cell coolant pump AP tb changes to gray.
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G2: Contact G2 closure energizes coil K9, pulling in two contacts (H1 and H2).

H1: The H1 contact closure (K9) provides a redundant power feed to the ECU bus.

H2: The H2 contact closure (K9) completes the power path from the ECU Bus to
the coolant Inlet and Coolant Out temp since electronics units (1).

I: If the STK OUT T is less than 185° or the STK IN T is less than 212°, the
coolant temp electronics units enable coil K3A to energize (J).

J: Coil K3A energizes, pulling in four contacts (K1, K2, K3, and K4).

K1:  The K1 contact (K3A) closes to provide power to coil K3 (L).

K2: The K2 contact (K3A) closes to provide a redundant power feed from the ECU
Bus to the coolant temp electronics unitsK3:  The K3 contact (K3A) opens to
preclude ESS1BC power to the K10:Q2 (ready for load tb) contact.

K4: The K4 contact (K3A) closure powers the 1771-W startup heater.

L: Coil K3 energizes and pulls in one contact (M).

M: The M contact (K3) closes to provide power to coil K1 (N).

N: Coil K1 energizes (O).

O: The coolant bypass valve opens, allowing maximum flow through the loop.

P: Thirty seconds after receiving a “timer start” (C1), coil K10 energizes and pulls
in two contacts (Q1 and Q2).

Q1: Contact Q1 on K10 closes to provide a redundant power feed to the ECU bus
(power comes from the Cntrl Pwr switch).

Q2: Contact Q2 on K10 closes, once K3 closes the signal path to the ready for
load tb.

R: Once the STK OUT T reaches 185° or the STK IN T reaches 212°, the coolant
temp electronics units disable the startup heater driver stage by unpowering
coil K3A.

S: Coil K3A deenergizes and releases four contacts(T1, T2, T3, and T4 same
contacts as K1-K4).

T1:  Contact T1 on K3A opens, which removes power from coil K3 (U1).

T2: Contact T2 on K3A opens, which removes power from the coolant temperature
electronics units for the startup heater. (At this point, startup heater “lockout”
occurs.)

T3: Contact T3 on K3A closes, which completes the signal path to the ready for
load tb (U2).

T4: Contact T4 on K3A opens, which deenergizes the startup heater.

U1: Coil K3 deenergizes and releases one contact (V).

U2: The ready for load tb changes from bp to gray.
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V: The V contact (K3) opens, which interrupts power to coil K1.
W: Coil K1 deenergizes.
X: The bypass valve closes.

The fuel cell start sequence is complete.

The prime function of the timer module is to provide a backup to the FC AP switch so
that if it fails the FC can still be started and ran. It should be noted that if the AP switch
and the timer both fail, the FC may still be run by holding the FC switch in the START
position continuously.

Tables 2.3-2 and 2.3-3 show an ECU failure summary for the fuel cell startup sequence
and while the FC is in run.

2.3-4
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Figure 2.3-1. Fuel cell ECU start sequence

Table 2.3-2. ECU failure summary — fuel cell start
2.3-5
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Component | Failure Operational impact Symptoms Workaround
mode
K10/timer ON FC CNTLR power ON starts the | Ready for Load tb = gray | None
ECU without FC START throughout start
OFF Loss of redundant power to the Ready for Load tb fails to | Redundant
ECU bus transition to gray following | power via K9
startup and K8
K4 OFF None None
ON Pump package/timer cannot Coolant pump, H2 motor, | None
receive power and timer fail to start
K6A OFF Loss of redundant AC path; FC stack warmup slowed | Redundant AC
startup heater/bypass valve resulting in a prolonged power via K6B
lockout and loss of redundant start K10/timer
ECU Bus power (K9 unable to provides
energize) redundant ECU
Bus power
could also use
K8
ON Pump package runs AP tb remains gray Pull AC cb’s to
continuously regardless of FC STOP remove power
K6B OFF Loss of redundant AC path None Redundant
power via K6A
ON Pump package runs AP tb remains gray Pull AC cb’s to
continuously regardless of FC STOP remove power
K8 OFF ECU fails to start AP tb and Ready for Load | Possible LF
tb remain bp MDM
commanding or
FC contingency
powerup
ON FC CNTLR power ON starts the None
ECU without FC to Start
K2 ON Sustaining heater ON Elevated STK OUT T and | None
continuously Cryo usage
OFF Sustaining heater lost, Startup Prolonged Ready for Load | None
heater only warms stack tb to gray transition
K3A OFF Startup heater/bypass valve will | Prolonged FC start; ready | Connect FC to
NOT activate for load tb gray after 30 MN (Bootstrap
sec the FC)
ON Startup heater ON continuously | Ready for Load tb will Possible FC
remain bp; elevated STK | Shutdown
OUTT required
K3 OFF Bypass valve NEVER opens Prolonged FC start None
ON Bypass valve remains OPEN None
K9 OFF Startup heater/bypass valve FC stack warmup slowed | K10/timer
lockout; loss of redundant ECU | resulting in a prolonged provides

bus power

start

redundant ECU
power; can also
use K8
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ON Startup heater will activate as Coolant boil if
soon as FC START is coolant pump
commanded fails to start

Temp sense | OFF Startup/sustaining heaters lost Ready tb will not transition | Connect FC to
electronics to bp during FC start MN (Bootstrap
units the FC)

ON Sustaining heater will not Elevated Stk Out T INHIBIT startup
deactivate heater

AP Switch OFF Loss of K9 relay — Startup AP tb remains bp. FC K10/timer
heater/bypass valve lockout, stack warmup slowed provides
loss of redundant ECU Bus resulting in a prolonged redundant ECU
power star power; can also
use K8
ON None AP tb always gray None

Table 2.3-3. ECU failure summary — fuel cell run (assumes normal startup)

Component | Failure Operational impact Symptoms Workaround
mode
K10/timer ON None, FC in Run None None
OFF Loss of redundant power to the | Ready for Load tb bp Redundant
ECU bus power via K9
and K8
K4 OFF Crew will be unable to execute AP tb and Ready for FC CNTRL Pwr
FC STOP Load tb = gray after FC to OFF
taken to STOP
ON Loss of FC ECU Loss of FC Pump Possible LF
package and AP tb and MDM
Ready for Load tb bp commanding or
FC Contingency
Powerup
K6A OFF Loss of redundant AC path; loss | None Redundant AC
of redundant ECU Bus power power via K6B
(K9 lost) Redundant DC
power via
K10/timer or K8
ON Pump package runs AP tb remains gray Pull AC cb’s to
continuously regardless of FC STOP remove power or
FC CNTRL pwr
to OFF
K6B OFF Loss of redundant AC path None Redundant
power via K6A
K2 OFF Sustaining heater lost; None unless FC Stk T Increase FC
Operation below 2 kW may <185. load > 2 kW (at
cause FC flooding >2kW temps will

ww_Chb_97.dot
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decrease <183
Hold FC to
START to
enable the
startup heater
ON Sustaining Heater ON Increased FC Stk Temps | None
continuously
K9 OFF Loss of redundant ECU Bus None Redundant
power power via
K10/timer or K8
AP Switch OFF Loss of redundant ECU Bus AP tb transitions to bp Redundant
power (K9 lost) power via
K10/timer or K8
K8 ON FC STOP will be effective Take FC to
ONLY as long as the crew holds STOP and hold
the switch in the STOP position switch in that
position

STOP SEQUENCE

Referring to the fuel cell ECU stop sequence schematic in Figure 2.3-2, again note that
all relay wipers have been labeled alphanumerically to represent the approximate
release sequence. To begin the stop sequence, a crewmember holds the FC1(2,3)
switch in the STOP position for approximately 1 seconds. The ECU stop sequence

follows:

A:

B1:
B2:
C1:
C2:
C3:
D1:
D2:
D3:
D4:
D5:
E1:
E2:
F1:
F2:

ww_Chb_97.dot

Coil K4 energizes and pulls away three contacts.

The B1 contact set (two contact) (K4) opens. Resulting in C2 and C3.

The B2 contact (K4) closes, which immediately resets the timer.
Coil K10 deenergizes opening two contacts (D4 and D5).

Power is removed from the timer.

(C1)

Coils K6A and K6B deenergize opening three contacts (D1, D2, and D3).

Contact D1 (K6B) opens the redundant AC power to the FC pump package.

Contact D2 (K6A) opens, removing AC power to the FC pump package (E1).

Contact D3 (K6A) opens, interrupting the power path to relay K9
Contact D4 (K10) opens, removing redundant power to the ECU
Contact D5 (K10) opens causing the Ready for Load tb to go bp.
The fuel cell coolant pump and H, pump stop (E2 and F1).

Coil K9 deenergizes (F2).

The AP switch contacts open (G1).

opening F2.
bus.

Contact F2 (K9) opens, removing all power to the ECU bus (G2).

2.3-8
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G1: The fuel cell coolant pump AP tb changes to bp.
G2: Coil K2 deenergizes opening one contact (H1).
H1: Contact H1 (K2) opens, disabling the sustaining heater.

2.3-9
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Figure 2.3-2. Fuel cell ECU stop sequence
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TITLE
FUEL CELL REACTANT VALVE
BACKGROUND

The FC reactant valves are used to control the flow of cryogenic reactants to the FCs.
The O, and H; reactant valves on each FC are independent of each other, yet both
valves are commanded simultaneously via a switch on panel R1. The location of the
reactant valves is external to the FC, between the cryo tanks and the FC accessory
section. The reactant valves belong to a family of shutoff valves that are used to control
the cryogenics throughout the vehicle. A unidirectional valve has a positive shutoff
capability in the normal flow direction and relief capability in the opposite direction
(outlet to inlet). The relief function occurs when outlet pressure exceeds inlet pressure
by 15 to 30 psi.

The O, valves are required to be operated with an inlet pressure of 0 to 1035 psig, while
H, valves are operated at an inlet pressure of 0 to 320 psig. The valve has a filter with
an absolute rating of between 15 and 25 microns internal to the valve body at both the
inlet and outlet.

Figure 2.4-1 shows a cross-sectional drawing of the unidirectional valve. The basic part
number of the valve is MC284-0429-XXXX, where XXXX is a four-digit number for the
specific valve type (see chart on the drawing).

OPERATION

A. The reactant valves are solenoid-driven latching valves. The valve holds position
when unpowered. The valves are controlled by two electrical solenoid coils, an
Open Coil and a Close Coil. An electrical current is required to create the
magnetic field which drives the valve open/close. If for some reason (e.g.,
pressure relief) the plunger is moved to the open position without energizing the
Open cail, the plunger will not stay open. The valves are latched open when the
Open coil is energized, the plunger moves to the open position and is held there
by a permanent magnet. The valves are closed when the Close Coil is energized
and breaks the permanent magnet’s field, allowing the spring to force the plunger
down and hold it closed.

B. When the Open Coil is energized, the plunger moves up approximately 0.065 inch.
This movement unseats the check ball, allowing gas to flow through the filter and
up to the check ball. With nothing holding the ball in place, the pressure raises the
ball, allowing gas to flow past the ball, through the perforated sleeve, and out
through the outlet filter. The solid line on figure 2.4-1 indicates this flow path. The
perforated sleeve (see insert in fig. 2.4-1) has three holes which allow gas flow.

C. The electrical specifications of the solenoid require it to open or close with a
minimum operating voltage of 18V dc. Maximum current is specified at 5.0 amps

e 2.4-1
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at 32V dc. Test data has shown that the valve draws less than 1.5 amps at 28V
dc, and operates down to 16.5V dc drawing 0.55 amps.

D. A reed-type microswitch is mounted in the top of the valve to indicate when the
valve is open. The switch is actuated when the plunger is raised, closing the
contacts of the switch. Test data has shown that the switch is actuated when the
plunger rises approximately 0.037 inch, indicating the valve is open. From the fully
open position, the plunger drops approximately 0.020 inch before the switch
indicates closed. In other words, the switch is actuated at 0.042 + 0.005 of
plunger travel.

E. The unidirectional valves have a backup relief feature, which prevents pressure in
the output line from increasing to more than 35 psid above the input pressure. As
pressure in the outlet increases, the bellows mechanism overcomes the bellows
mechanism spring and rises. The bellows mechanism is connected to a pin which
pushes the check ball up, allowing gas to flow from the outlet line through the
perforated sleeve and into the input line. The dotted line in figure 2.4-1 indicates
the relief flow. As pressure is relieved, the bellows mechanism falls, allowing the
check ball to reseat. The bellows mechanism travels about 0.015 inch before
pressure relieves. This is not enough to cause the microswitch to indicate that the
valve is open. Also, since the Open Coil is not energized, there is no possibility
that the valve will latch open due to travel by the bellows mechanism.

F. Figure 2.4-2 (sheets 1 through 4 and figure 2.4-3 (sheets 1 through 4) were
published in Rockwell internal letter P&PP/EPS/81/010, dated 24 March 1981.
These charts indicate the time in seconds to FC failure after a reactant valve fails
closed at different tank quantities.
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Figure 2.4-1. Fuel cell reactant valve — unidirectional shutoff, H, and O,
(MC284-0429-XXXX)
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TITLE
FUEL CELL H,O RELIEF NOZZLE HEATER LOGIC
PURPOSE

The purpose of this brief is to clarify the operation of the fuel cell water overboard relief
system heaters.

BACKGROUND

The fuel cell water overboard relief system is a backup means of removing water from
the fuel cells when the product water cannot be routed to the ECLSS tanks by the
primary or the alternate water paths. The relief system is thermally conditioned by
heaters to prevent the water from freezing. The location of the relief heater system is
shown in Figure 2.5-1.

The single-exit nozzle (Figure 2.5-2) on the starboard side of the spacecraft has been
sized at 0.035 inch in diameter to ensure that the product water will be expelled at a
sufficient back pressure over the expected water quantity production range to prevent
icing in the relief system. To prevent water from freezing and plugging the nozzle in a
vacuum environment, a 48-watt heater surrounding the nozzle activates when water
flows through and shuts off after the water has ceased to flow. Nozzle temperature
feedback to the heater control logic is provided by two thermocouples embedded in the
nozzle faceplate.

Originally, there was total redundancy in the entire fuel cell water overboard relief heater
system, including two nozzle heaters (system A and system B). A single-point failure
was identified, whereby the A heater could fail on with no water relieving through the
nozzle. Analysis indicated that within approximately 3 minutes, the Room Temperature
Vulcanizing (RTV) around the nozzle barrel/spacecraft penetration would vaporize
because of the high temperature, possibly causing structural damage. The concern
was that during entry, plasma ingestion might occur through the weakened structure
around the nozzle.

As a result of this concern, the relief nozzle heater circuitry and the driver logic were
modified so that only one nozzle heater is operable (system B). Redundancy is retained
in the other relief system heaters.

Recent analyses indicate that a failed-on nozzle heater may not cause as much
damage as originally thought, but the A heater will probably not be rewired due to the
addition of the alternate water system.

The fuel cell relief nozzle heater system, as it now exists, is shown schematically in
Figure 2.5-3. The nozzle heater control signal generation schedule as a function of
measurement of DC voltage and temperature in °F is shown in Figure 2.5-4. The other
heaters in the system are diagrammed in Figure 2.5-5. The temperatures around the
relief nozzle when the nozzle heater comes on (with no water relieving) are shown in

2.5-1
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Figure 2.5-6. Nozzle heater duty cycle at 1 atmosphere as a function of ambient
temperature is estimated in Figure 2.5-7. On orbit, the barrel heater should keep the
nozzle temperature high enough so that the nozzle heater should cycle only if water
relieves through the nozzle.* On the pad, because of greater convective cooling, the
nozzle heater will cycle. A first-order approximation of the duty cycle for the system is
shown in Figure 2.5-7.

It should be emphasized that the relief system is a backup system to get rid of the
product water produced by the fuel cells; the primary and alternate H,O paths would
have to be inoperative. However, if the fuel cells are required to vent water through this
system and the nozzle blocks, all three fuel cells will flood in approximately 15 to 30
minutes, assuming orbital loads. When a fuel cell is flooded (average KOH
concentration of 24 percent), the damage is irreparable.

DISCUSSION

Each fuel cell has a relief valve that cracks at 45 psi, allowing fuel cell product water to
vent through the relief system. (The relief valve has full flow at 51 psi and closes at 43
psi). The relief valve heaters (3.5 watts each) are thermostatically controlled to cycle
ON at 70° F and OFF at 90° F. If water relieves through this system, these
temperatures indicate such an event via Telemetry (TM) by elevating to temperatures
around 120° F because of the hot fuel cell water flowing through the valve (Figures
2.5-1 and 2.5-5).

The barrel heater remains on continuously as long as the relief heater system is on.
While on orbit, it keeps the nozzle and barrel at a temperature above the point where
the nozzle heater activates, as long as water is not venting through the nozzle.* If water
vents through the nozzle, the orifice temperature rapidly decreases and the nozzle
heater comes on, preventing blockage by ice. If the nozzle heater fails and water is
required to vent, a problem results because even with the barrel heater on, the nozzle
will freeze in a few seconds and the fuel cells will flood. Discussions were held with
Rockwell thermal personnel about the possibility of pointing the nozzle at the Sun in
case of loss of the nozzle heater. Unfortunately, the Sun provides an equivalent of only
5 watts of heating power on the nozzle, and an additional 35 to 40 watts are required to
preclude freezing. Continuous purging of the fuel cell would remove only about 5
percent of the water required at nominal orbital loads.

There are six differential amplifier drivers, two each labeled “E” for emergency low, “N”
for normal, and “H” for high (Figure 2.5-3). Each driver uses a reference voltage from
the power supply, plus an input from one of the two thermocouples located at the nozzle
(T SNSR A/T SNSR B) and signal conditioned in the OM2 and OM1 signal conditioners.

Logic state diagrams for the E, H, and N drivers are shown in Figure 2.5-4. The
ordinate shows two scales: one is in volts (0 to 5 volts DC), and the other is a
parenthesized temperature scale. The thermistor range is 0° to 450° F, and this is

*For a worst-case cold STS-2 mission, the barrel heater will maintain the nozzle at 184° F.
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converted by the signal conditioners to a 0- to 5-volt DC analog voltage input to each
driver. When the nozzle initial temperature has been elevated to 360° F and the fuel
cell H,O relief heater switch is placed in A or B AUTO mode, the states of the E, H, and
N drivers are shown at 360° F (i.e., H is high; N and E are both low). The B NOZ HTR
can come on only when the two PNP power transistors are biased ON (Figure 2.5-3).
This occurs when the base of each transistor is low in this schematic. Now the base of
each power transistor is controlled by voting logic shown as NAND gates; the output of
the voting logic is low for only one set of input conditions: the N driver must be high
(A2), the H drivers must be low, and the A1 input must be high.

In the hypothetical situation in which the nozzle has been heated to 360° F, it can be
seen that the E driver is low, the N driver is low, and the H driver is high; therefore, the
heater is not on (Figure 2.5-4). As the nozzle cools to 279° F, the heavy vertical line
indicates that the H controller is expected to go low at that temperature; however, it
must go low at 270° F. The E and N drivers remain in a low state. At 216° F (the heavy
vertical line), the N controller can first be expected to change state. It normally will go
high at 198° F (indicated by the heavy arrow), but it must go high at approximately 180°
F. A similar line of discussion follows for the E controller. As the nozzle continues to
cool to 189° F (the dark vertical bar), the E controller can flip states: at 171° F, itis
expected to go high, but it must go high at 153° F. The voltage voting logic should go
low at 171° F, but it must go low at 153° F, turning on the nozzle heater. As the nozzle
heater drives the temperature to 189° F, the E driver will first be expected to go low at
189° F, will normally flip at approximately 210° F (but must flip at approximately 220° F),
and the heater will turn off. It is worth noting that the control range of the N and E
drivers overlap and that the N driver could flip and turn off the heater before the E driver
gets it. Assume that the drivers flip when they are supposed to. When that happens,
the E driver controls the temperature range and the nozzle heater cycles to keep the
nozzle between 171° and 207° F. Additionally, the barrel heater should keep the nozzle
at a sufficiently high temperature so that the nozzle heater will not come on unless
water passing through the orifice cools it to 171° F.

Refer to Figure 2.5-3 and notice that the two B-heater pass transistor base logic gates
are labeled _and _. When the RELIEF HTR switch is in the A-AUTO position, the A1
input on _ is driven high by the switch wiper, while the A1 input on _ is driven by the
output of the E driver. Also the A barrel, relief valve, and line heaters are selected. In
the B-AUTO position, the A1 input on _ is driven high by the switch wiper, while the A1
input on _is driven by the output of the E driver. The B barrel, relief valve, and line
heaters are activated.

The system has been modified so that certain component failures will manifest
themselves by controlling the nozzle temperatures to different ranges. As an example,
suppose that the pass transistor driven by NAND gate _ short-circuits, and the relief
system switch is in A-AUTO. As long as the switch remains in A-AUTO, the nozzle
heater will continue to cycle between 171° and 207° F. Switching to the B-AUTO
position, however, will now cause the temperature control range to shift to the 198° to
234° F range. If the switch is in A-AUTO and the control range shifts to the 198° to
2.5-3
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234° F range, the pass transistor driven by NAND gate _ may have shorted or the E
comparator (system B) may have failed high (as confirmed by the SEC HTR ON TM
discrete). The H drivers are cross-strapped so that an H output from either the A or the
B system will shut down the nozzle heater. As can be seen, only the E and N (system
B) drivers can turn on the nozzle heater, while H drivers for both systems A and B can
turn off the heater.

There are two TM points indicated in Figure 2.5-3. The point labeled SEC HTR ON is a
leftover from the days when two nozzle heaters were used. It now indicates that either
E driver has activated. The NOZ OVER T discrete indicates that one of the H drivers
has fired.

It should be noted that if the relief heater system is enabled and the system B nozzle
temperature sensor fails to zero, the logic will command the heater on. If the system A
temperature sensor is operative, the H driver (system A) will turn the heater off at
approximately 270° F.

If both temperature sensors fail to zero, the nozzle heater will fail ON unless the H,0
relief heater switch is placed to off. If only the system A temperature sensor fails to
zero, the system A “H” driver will not be operative to provide a redundant heater off
signal at 270° F, but the B system will control the heater normally. The system A
temperature sensor uses MDM OF2 and DSC OM2; the system B temperature sensor
uses MDM OF3 and DSC OM1. If the output of the MDM or DSC fails to zero, the same
effects described above will occur.

The nozzle heater system is fraught with single-point failures that will preclude the
operation of the nozzle heater. Some of these failures include the following: opening of
one of the driver transistors, physical breakage of the heater, failure of the N driver low
on the B system, H driver high, failure of the B signal conditioner, or temperature sensor
high.

It appears that the nozzle heater can fail on at least two failures. However, in many
cases the first failure will not be detected until the second failure occurs. The system A
heater was disabled because two single-point failures allowed the heater to come on
(i.e., the driver transistor shorts, or the NAND gate output fails low).

ASCENT AND ENTRY SIGNATURES

During both ascent and entry dynamic flight, the H,O relief line and nozzle temperature
show peculiar temperature transients.

Figure 2.5-8 shows the relief line temperature for STS-29. Lift-off was at a GMT of
072/14:57. Within 3 minutes, the temperature is already decreasing and finally levels
out approximately 45 minutes after lift-off. The cause of the drop in temperatures is
believed to be the result of residual water vapor in the line evaporating once the vehicle
is near vacuum. This phase change thus carries the heat with it as it is vented
overboard.
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The effects of entry on the relief nozzle temps are more pronounced and fully
understood. Figure 2.5-9 shows the nozzle temperatures on STS-26. TIG was at an
MET of 3:23:58, or just prior to 96 hours. It can be seen that at approximately 96:30 the
temperatures rise dramatically Offscale Hinges (OSH). This is the result of atmospheric
heating caused by reentry and begins just after entry interface.

SUMMARY

A.

The relief system is a backup means of allowing product water to be removed from
the fuel cells. The heater system consists of three relief valve heaters, one relief
line heater, one barrel heater, and one nozzle heater for each of the two systems
(A and B).

The system A nozzle heater has been disconnected because of a single-point
failure allowing the A nozzle heater to come on and cause possible damage to the
spacecraft.

As the system now exists, at least two failures are required for a nozzle heater to
fail on. Only the B controllers can activate the nozzle heater; however, the A
and/or B controller can turn it off.

On orbit, the barrel heater should keep the temperatures around the nozzle high
enough to prevent the nozzle heater from coming on unless water vents through
the nozzle.* On the pad, the nozzle heater can be expected to cycle ON for
approximately 1 minute out of 12 (Figure 2.5-7).

The relief heater switch in the spacecraft now performs the following functions:

1. In A-AUTO - Enables the A system relief valve heaters, barrel heaters, and

line heaters and controls the nozzle temperature between 171° and 207° F,
nominally.

2. In B-AUTO - Enables the B system relief valve heaters, barrel heaters, and

line heaters and controls the nozzle temperature between 171° and 207° F,
nominally.

If the temperature range changes to approximately 198° to 234° F, a malfunction
has occurred in the controller.

* For a worst-case cold STS-2 mission, the barrel heater will maintain the nozzle at 184° F.
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Figure 2.5-6. Hot case failed-on orifice heater at time = 60 minutes
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TITLE
FUEL CELL PURGE
PURPOSE

This brief describes reasons for performing a fuel cell purge, explains the mechanics
behind a purge, outlines console operations and operator responsibilities, and also
describes the various methods for performing a purge.

BACKGROUND

Fuel cell purges must be performed periodically throughout the mission to rid the fuel
cells of contaminant buildup, thus ensuring proper voltage at the fuel cell electrical
terminals and preventing “hot spots” caused by less reactant sites from occurring.
Typically, the contaminants are inert materials (He or N;) that enter the fuel cell from the
PRSD subsystem during normal mission phases. As the “dirty gas” enters the fuel cell,
the inerts randomly plug active O,/H; reaction sites. Over an extended period of time,
the fuel cell “loses” enough reaction sites to cause a drop in the overall terminal voltage,
which significantly decreases the efficiency of the fuel cell. To clear the reaction matrix
of the unwanted inerts, the fuel cell subsystem is equipped with purge valves that allow
flowthrough O, and H; gases to capture and carry inert materials overboard.

Purges are most critical on the O, side. O, flowing into the stack “deadheads” within
each cell, resulting in a layout containing an entrance but no exit. Therefore, the only
elements that can be removed from a cell are those that react. Because the
contaminants cannot react, they are left behind to occupy reaction sites normally
reserved for O, molecules. Activating the dual flow control purge valve closes one of
the O3 inlet paths and simultaneously opens an O, outlet path, which creates an O flow
path through each cell in the stack. Once trapped in the cell, impurities can be removed
by the mechanical scrubbing action of O, gas flowing through the cell.

The H; system, on the other hand, is not deadheaded. Because International Fuel Cells
(IFC) designed the H, system with a flowthrough path to accommodate water removal,
impurities inherently circulate through the stack, which minimizes the opportunity for
contaminants to occupy reaction sites on the H; side of the cell.

From the beginning of the space shuttle program with STS-1 to the completion of
STS-31, the crew routinely purged the fuel cells every 8 to 12 hours. However,
following a purge valve failed in the open position on STS-50, the fuel cell community
determined that frequent purging resulted in the expulsion of KOH from the cell matrix
and subsequently caused the breakdown of O, and H; sealing gaskets. Based on
observed fuel cell performance data, a method was drafted and adopted to begin fuel
cell performance purges, limiting in-flight purges to 96-hour intervals or when the actual
interface voltage drops 200 millivolts below the expected maximum interface voltage.

Purges can be performed either manually or automatically. As implied, manual purges
will be completed by the crew, requiring switch throws to activate the line heaters and
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the FC1 (2,3) purge valves. Automatic purge sequences run under the control of the
Systems Management (SM) machine (OPS 2,4) and can be initiated after a single
onboard switch throw or a Table Maintenance Block Update (TMBU). Additionally, the
Backup Flight System (BFS) can be used to command the heaters or purge valves
individually. Although the automatic purge sequence is normally performed, at least
one manual purge will be performed on orbit to verify the manual purge capability.
Automatic purges commanded through the BFS machine (OPS 1,3) take advantage of
Real-Time Commands (RTCs) that activate the purge line heaters and the purge valves
individually or simultaneously, using the Multiple Real-Time Command (MRTC).

PROCEDURE
A. Auto purge sequence

Once initiated, the auto sequence turns on the purge line heaters to preheat the
purge vent lines, opens the fuel cell purge valves sequentially for a specific
amount of time (normally 2 minutes), and then performs a purge line bakeout. The
auto purge software (see Flight Systems Software Requirements (FSSR)) also
monitors selected parameters during the purge. Refer to Space Shuttle Systems
Handbook (SSSH), drawing 3.4, sheet 2, for a description of the auto purge logic
sequence.

Before initiating an auto purge, the following switch configuration must be verified:

Panel R11U:
FC PURGE HEATER - GPC
FC PURGE VALVES 1(2,3) - GPC

The crewmember holds the FUEL CELL GPC PURGE SEQ switch to START until
the GPC PURGE SEQ talkback stays gray for 3 seconds. If the switch is not held
long enough for the purge software to sense an engaged talkback, the General
Purpose Computer (GPC) aborts the purge with an accompanying S69 FC
PURGE SEQ message. The crewmember must then attempt to restart the purge.
Following the auto sequence, a good talkback is now started and no further action
is required by the crewmember. Step E, SM Auto Purge Ground Command,
details the sequence start procedure using a TMBU.

At sequence initiation, one set of purge line heaters is commanded on, and the
GPC starts a 27-minute preheat timer. The heaters are redundantly powered by
two redundant Remote Power Controllers (RPCs), B and C-2, and are completely
independent of those used during a manual purge. The purge line temperatures
must meet minimum limits prior to expiration of the preheat timer. Specifically, the
limits are

O2 VENT LINE TEMP  (V45T0600A) - 69°F
H> VENT LINE TEMP 1 (V45T0699A) - 79°F
H> VENT LINE TEMP 2 (V45T0700A) - 40°F
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The expiration time for the timer satisfies the worst-case vehicle thermal
conditions. If the timer expires, the sequence stops and an SM alert is
annunciated for S69 FC PURGE TEMP. The vent line temperature transducer
locations can be seen in Figure 2.6-1 and Figure 2.6-2. Actual flight temperature
profiles and the associated purge reactant flows are shown in Figure 2.6-3.
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Figure 2.6-1. Typical fuel cell purge vent line nozzle
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Figure 2.6-3. Typical purge vent line temperatures and reactants flows during purge
(Note: FC1 H, flowmeter is failed in this example.)
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When all three temperature limits are satisfied, the GPC immediately begins fuel
cell purging. The GPC checks the FC1 purge valve switch and, if in the GPC
position, both purge valves are commanded open. After 10 seconds, the GPC
compares actual reactant flow against the calculated flow (actual flow - fuel cell
current x constant > delta). Historically, the check has been done to ensure that
the valves opened properly; however, because of instability in the flow
transducers, these measurements have effectively been inhibited by setting the
delta offscale low.

After a default purge time (I-loaded 2 minutes), the GPC commands the valves
closed. It should be noted that the same purge duration time is used for all three
fuel cells; however, a TMBU will allow changing a particular fuel cell purge duration
time independently of the other two fuel cells. (The single purge duration time is a
TMBU constant and can be changed by sending a TMBU for parameter
VO2W0635C.) The numeric value supplied should be in decimal minutes. To
change individual fuel cell purge times, see step E, SM Auto Purge Ground
Command. GPC once again performs a flow check to ensure that the valves
closed properly. Again, instability in the flow transducers drove the need to
disable the computation, which is accomplished by setting the delta value to an
offscale high number. Because the flow checks are still performed in the software
by the GPC, there will be a 10-second wait between successive fuel cell purges.

When the GPC completes the FC1 purge, the software repeats the entire process
for FC2 and then FC3. After FC3 has been purged, the GPC continues to power
the purge line heaters for 30 minutes to bake residuals out of the lines. The GPC
PURGE SEQ talkback transmitting to bp after bakeout is complete.

The line heaters are not thermostatically controlled; however, some temperature
fluctuations may be observed as the reactants flow through the lines. After the
fuel cells are purged, the line temperatures will increase steadily, perhaps in
excess of 300° F. The H, VENT LINE TEMP 2 may not increase much, because
the heat goes into ice vaporization and is dissipated. The O, Vent Line
Temperature (VLT) may show little increase, perhaps even some decrease.
Typical flight temperature responses during bakeout can be seen in Figure 2.6-3.
If, during the sequence, a temperature indicates an uncharacteristic decreasing
trend, a heater failure may have occurred. In this situation, the auto purge
sequence is lost and subsequent purges must be performed manually. The
manual purge heaters must be used to bake out the lines, and this is
accomplished by switching the FC PURGE HEATER from GPC to ON.
Consideration may be given to extending the bakeout time for an extra
accumulation of ice or water. If the failure occurred in the H; vent system, the
bakeout time should be extended to 2 hours, which ensures complete ice removal
in the line or at the port (ref. Shuttle Orbiter EPS Thermal Control Design and
Analysis, Rockwell SD77-SH-0284, pp. 108). The 2-hour bakeout is also
recommended for failures in the O, system.
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It should be noted that when the line temperature limits are satisfied and the first
actual purge begins, the purge sequence will not abort for a failed heater element
or line temperature transducer failure (both of which produce a substandard line
temperature reading). Also, placing an individual purge valve switch in the CLOSE
position while purging that particular fuel cell will not cause the software sequence
to abort, because the GPC checks the switch position prior to commanding the
purge valves open. On the other hand, removing power from the heater elements,
whether it is done by intentionally moving the heater switch to the OFF position or
from a bus loss, RPC, or switch failure, will cause the software sequence to abort.
This occurs because the loss of heater power causes the loss of the FC AUTO
PURGE ON discrete, which the GPC uses to sequence through the purge logic
flows.

The only constraints on fuel cell purges, besides verification of the normal switch
positions, are to restrain from purging while fuel cell currents exceed 350 amps
and within 3 hours prior to deorbit Time to Ignition (TIG). The 350-amp constraint
is observed to ensure that total reactant flows (normal + purge flows) do not
exceed the capacity of the reactant preheaters, thus causing dual gas regulator
freeze-up. For off-nominal or contingency situations, the fuel cell may be purged
for 2 minutes at load levels up to 430 amps. The 3 hours before deorbit TIG
constraint is intended to prevent an ops transition from disturbing the purge, to
allow bakeout, to prevent lines from being hot, and to prevent possible nozzle
damage caused by entry heating.

To summarize the auto purge sequence

1. If the fuel cell purge valve switch is in the CLOSE position, the GPC
bypasses that particular fuel cell and purging continues with the next fuel cell.

2.  Purge sequence start can be commanded via single switch initiation (must
hold >3 seconds) or by TMBU (MCC).

3. One set of line heaters will be activated for warmup.
4. If the purge lines reach minimum temperature in < 27 minutes

a. Fuel cells are purged sequentially for default 2 minutes (may be
changed by TMBU).

b. Lines are baked out for 30 minutes after last purge.
5.  The following conditions are monitored for purge sequence abort:
a. S69 FC PURGE TEMP - Lines not warmed in <27 minutes.

b. S69 FC PURGE - Heater power lost during sequence. (The GPCs
produce the same message if the start switch is not held long enough.)
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6. Normal purges will not be performed for fuel cell current in excess of 350
amps or 3 hours prior to deorbit TIG.

B. Manual purge

The manual purge process accomplishes the same function as the auto purge
process, but the crewmember must manipulate the heaters and purge valves
manually. The manual purge procedure is normally performed once per flight to
validate the operation of the manual heater string, and it is also performed as a
backup procedure to complete the fuel cell purge. It is almost completely
redundant in the fact that it has separate heater elements, powered through
separate RPCs (A and C-1), and separate control bus power to the switch
contacts. The only common components are the purge valves themselves.

The manual purge procedure for the crew can be found in the Orbit Operations
Checklist, which requires crew verification that the fuel cell to be purged is active
and is supporting less than 350 amps of load. The purge line heaters are then
activated on panel R11 to bring the lines up to minimum temperatures. The crew
then sequentially opens the appropriate purge valve by using the associated
switch on panel R11. The crew verifies that the flow increases are within specified
limits, maintains the valves open for 2 minutes, and finally closes the purge valves
to complete the purge. When the last purge valve has been closed, the heaters
are left on for an additional 30 minutes to bake out of the lines any ice that may
have formed.

C. Console monitoring

In the past, fuel cell purges were scrutinized very heavily by the Electrical Power
System (EPS) operator. All purge characteristics were recorded on strip-chart
recorders and verified against normal signatures. Purges performed during Loss
of Signal (LOS) periods were reviewed by requesting playbacks of data when the
onboard ops recorders were dumped. This intense level of scrutiny changed to
merely watching digital data of the purges and also requesting Orbiter Data
Reduction Center (ODRC) plots of purges performed during LOS.

Although we have relaxed our intensity in reviewing fuel cell purges, it is important
not to downplay the importance of these data. As we know from experience,
certain fuel cell failures can be detected by monitoring fuel cell purges. Hindsight
shows that certain AC bus current changes during purges can be indicative of H,
pump blockage, which eventually caused the loss of FC1 on STS-2. Data
collected during purges on STS 61-B indicated that no performance gain could be
noted on FC2 during or after purges. This eventually led to the discovery of a
faulty purge valve in the dual gas regulator. High purge flows seen on STS-31 as
a result of a fuel cell regulator failure led to the discovery that high flows on a
previous purge had been overlooked.

Using ODRC, it has become much less labor intensive to review purges performed
during LOS. ltis, therefore, suggested that all EPS operators use this capability to
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review purges, providing that it is done on a noninterference basis with higher-
priority issues. Such items that can be reviewed are as follows:

1.

ww_ISS_FCOH_97.dot

Reactant flows

a. DELTAVOLTS response

b. STACK OUT TEMP/TCE response
c. AC bus current response

d. Vent line temperatures

If watching purge line temperature warmup in real time, verify the following
parameters on MSK FC_EPDC:

a. FC1,2,3 PURGE VALVES - GPC (if auto purge).

b. PURGE HEATERS - GPC (if auto purge).

c. AUTO PURGE DISCRETE (if applicable).

d. Appropriate heater RPCs (B and C-2) or (A and C-1).

e. Oz and H; line temperature responses.

f. Record all reactant flows (6) before valves open.

g. Record all DELTA VOLTS comps (3) before valves open.
During a purge

a. GPC discrete indicating which fuel cell is purging (if applicable).
b.  Purge valves manually opened (if applicable).

c. Reactant flow increase of 0.6 (H2) and 3.3 (O3) Ib/hr and steady.

d. AC bus current changes as noted on Plotting In Real-Time (PIRT)
charts.

e. Verify that COOL PRESS is maintained.

f. Note STACK OUT TEMP/TCE response.

After a purge

a. Verify that GPC fuel cell-specific purge discrete is gone (if applicable).
b.  Verify purge valve - GPC (after manual purge).

c. Verify that reactant flows are returned to prepurge values.
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d. Record new DELTA VOLTS reading after fuel cell stabilizes (typically
average value).

e. Check for any AC bus current changes.
f. Scan all other fuel cell parameters for abnormalities.
5.  After all fuel cells have been purged
a. Verify that heaters remain on for 30 minutes after purge.
b.  Verify line temperature response.

c. Change limit lines on the performance format in Mission Evaluation
Workstation System (MEWS).

D. BFS command procedures

WARNING

This procedure is governed by FCOH SOP 3.1,
COMMAND POLICY FOR MOD, and cannot be
modified without prior approval of the FOIG or the
Flight Director (during real-time operations).

Hazard safety implication: The commands 5400-5407 are safed in group 1.
Sending any purge valve open command without sending RTC 5406, Purge
Heaters ON, could result in freezing of the purge vent lines.

Valid software major modes: All BFS

Valid Ol loads: All

Vehicle, LRU/hardware version constraints: None

Time constraints, crew coordination requirements: None

The BFS purge commands provide a means by which to initiate a fuel cell purge
while the crew is strapped into their seats and cannot access the purge switches
on panel R11U.

The ground must command the purges for certain failure cases during ascent and
entry. Fuel cell purging will be initiated using the RTC function available through
the INCO console.

These RTCs set specific PL MDM output bits that subsequently command the
purge valves and line heaters. In order for the RTCs to function properly, the
associated purge heater switch and the three purge valve switches must be
configured to the GPC position before crew seat ingress.
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The RTC command set provides options for turning on the purge heaters and then
purging a selected fuel cell or issuing an MRTC, which energizes the heaters and
opens the purge valves on all three fuel cells simultaneously.

The only failure mode currently identified that requires a simultaneous purge on all
three fuel cells is for loss of both Freon loops in the orbiter. With loss of both
Freon loops, cooling and water removal capability in the fuel cells are lost. Purge
flow through the fuel cells offers a minor degree of compensation for cooling
losses.

RTC command numbers and their associated functions are listed below. To
execute the purge(s), you must use CMD procedure in the Flight Control
Operations Handbook (FCOH), Sections 3.1 and 3.2.3. For successful
commanding, it is mandatory that the following switch configuration be verified
via telemetry:

Panel R11U:

FC PURGE HEATER - GPC
FC PURGE VALVES 1 (2,3) - GPC

CAUTION

Sending any purge valve open command without
sending RTC 5406, Purge Heaters ON, could result in
freezing of the purge vent lines.

Function RTC
MRTC - All purge valves open and 5410
heaters on
Purge line heaters - ON 5406
Purge line heaters — OFF 5407
FC1 valves - OPEN 5404
FC1 valves — CLOSED 5405
FC2 valves - OPEN 5402
FC2 valves — CLOSED 5403
FC3 valves - OPEN 5400
FC3 valves — CLOSED 5401

Command group 1 (5400 to 5407 and MRTC 5410) must be unsafed before
MRTC 5410 can be sent. After sending 5410, RTC group 1 should be resafed.
Reference FCOH, Section 3.1.5, for safing and unsafing.
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E. SM auto purge ground command

WARNING

This procedure is governed by FCOH, SOP 3.1,
COMMAND POLICY FOR MOD, and cannot be modified
without prior approval of the FOIG or the Flight Director
(during real-time operations).

Hazard/safety implication: None

Valid software major modes: SM Ops 2 and Ops 4

Valid Ol loads: All

Vehicle, LRU/hardware version constraints: None

Time constraints, crew coordination requirements: None

This section documents the auto initiation capability for SM OPS 2 or 4 fuel cell
auto purges from the ground. Also included are the crew procedures to initiate an
auto purge and change purge timers using the SPEC 60 SM Table Maintenance
page.

With the exception of one manual purge per flight, the MCC performs nominal fuel
cell purges via TMBU (see the TMBU process, reference the FCOH, 3.3.2. and the
EGIL Console Procedures Handbook). The TMBU command that begins the auto
purge sequence performs in the same manner as a crew switch throw on panel
R11U. Commanding the auto purge discrete to a “1” using the TMBU process
starts the sequence. The Measurement Stimulation Identification

(MSID) is

AUTO PURGE SEQ START - V92X0634X 1 = Start

When the purge sequence is complete or if the purge sequence fails, the discrete
will return to “0.” Refer to the Space Shuttle Systems Handbook (SSSH), drawing
3.4, sheet 2.
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The steps required by the flight crew to initiate an auto purge using the SPEC 60
page are as follows:

R11U 1. FCPURGE VLV (three) - GPC
2. HTR - GPC

SM 60 SM TABLE MAINT

CRT CONSTANT ID - ITEM 16 + 0920634 EXEC

3
4. A+Update of ID
5.  VALUE - ITEM 17 + 1 EXEC

6. “Update of VALUE

Additionally, the fuel cell purge time during the auto purge sequence can be
adjusted independently. The purge times (the Y-minute time value in the purge
sequence) can be changed from the default value of 2 minutes using the following
MSIDs in the TMBU program:

FC 1 AUTO PURGE TIME - V92W0636C (set in minutes)
FC 2 AUTO PURGE TIME - V92W0637C
FC 3 AUTO PURGE TIME - V92W0638C

Note: Setting the time to “0” will still result in the fuel cell purging for 10 seconds
because of the design of the purge software. To bypass a fuel cell purge
during the auto purge sequence, the fuel cell purge valve switch on R11U
must be in the CLOSED position.
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The steps required by the flight crews to change the fuel cell purge times are as
follows:

SM 60 SM TABLE MAINT
CRT 1. CONSTANTID-ITEM16+__ EXEC
(ID = 0920636 for FC1
0920637 for FC2
0920638 for FC3)

2. Update of ID

3. VALUE-ITEM17+____ EXEC (minutes)
4. ~Update of VALUE

5 Notify MCC of changed VALUE(s)

If the auto purge sequence is interrupted for any reason, the purge
switch must be placed in the ON position for 30 minutes to bake out
the purge lines to prevent freezing.
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Fuel cell purge commands procedure

BFS
1.  Coordinate with INCO to unsafe command group 1 and RTC 5410 if needed.
2.  Send commands.

Safed command groups

Group Commands Enable/disable DSM no. Command

1 8 Disable 5400 FC3 Purge VIv A/B Open

5401 FC3 Purge VIv A/B Closed

5402 FC2 Purge VIv A/B Open

5403 FC2 Purge VIv A/B Closed

5404 FC1 Purge ViIv A/B Open

5405 FC1 Purge VIv A/B Closed

5406 FC Purge Heaters On

5407 FC Purge Heater Off

RTC inventory

DSM MSID Command MDM1/2 RST MDM1/2 Set

5400 V45K0837U FC3 Purge Viv A/B 708A 0000 788A C000
Open

5401 V45K0838U FC3 Purge Viv A/B 708A C000 788A 0000
Closed

5402 V45K0839U FC2 Purge Viv A/B E089 0000 E889 C000
Open

5403 V45K0840U FC2 Purge Viv A/B E089 C000 E889 0000
Closed

5403 V45K0841U FC1 Purge Viv A/B 7089 0000 7889 C000
Open

5405 V45K0842U FC1 Purge Viv A/B 7089 C000 7889 0000
Closed

5406 V45K0843U FC Purge Heaters On EO8A 0000 E88A C000

5407 V45K0844U FC Purge Heaters Off EO8A C000 E88A 0000
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MRTC inventory

5410 FC Purge start (heaters on, valves open) 5406, 5400, 5402, 5404
1/2/3

PASS/SM (TMBU)

Sequence start V92X0634X (setto 1)

FC1 time VIO2W0636C (set value in minutes)
FC2 time VO2WO0637C (set value in minutes)
FC3 time VO2W0638C (set value in minutes)

Fuel cell auto purge line temps:

02 =69° Hy - Temp1 = 79°,
H, — Temp2 = 40°
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TITLE

FUEL CELL/CHEMSTRIP PH TEST

PURPOSE

This brief will describe one use of the pH Wide Stick strips carried onboard the orbiter.
Although it is not the main purpose of the strips to detect abnormal levels of pH in the
crew’s drinking water, the EPS pH-high malfunction procedure uses the strips for that
purpose.

DISCUSSION

During the course of failure definition and procedure development for a flooding fuel
cell, it was determined that if the fuel cell releases KOH from within its cell matrix, the
KOH will cause a high pH condition in the fuel cell product water. This pH condition
should be picked up by the pH transducers located in the primary water flow path from
the orbiter fuel cells (see Figure 2.7-1). Each fuel cell has an individual pH transducer
located outside the fuel cell, but before the water relief panel. Once the water paths
from the three fuel cells meet and leave the water relief panel, the water then flows past
a common pH transducer before entering the supply water tanks.

The pH sensor is a conductivity sensor, so the presence of any conductive ions (not just
KOH) will appear as a high pH condition in the telemetry. The pH strip is used to verify
that an actual alkaline situation is present and that there is not some other conductive
contaminant or a sensor failure causing a false indication.

Two possible EGIL-related uses for the pH Wide Stick are documented: (1) check
water alkalinity to verify early signs of fuel cell flooding and (2) verify water purity
following the flushing of contaminated water lines.

The alkalinity check is required because pH sensors may give a false reading in cases
where other contaminants are present. An IFM procedure (IFM, W-13) is performed
that checks the water at the galley interface. A sufficient amount of time must pass after
the pH sensor indication is received before the reading can be taken. This allows for
the contamination to travel through the lines and into the crew module. It takes
approximately 10 minutes after a fuel cell pH alarm is received for contaminated water
to get to the common pH sensor and another 10 minutes before the water reaches the
tank A inlet. Depending on which sensor occurs first, the crew must wait either 10 or 20
minutes before checking the water. If the results of the water test indicate that KOH is
present (>9 pH) and the sensor telemetry does not clear, the fuel cell will be shut down
and safed. Following shutdown, another IFM procedure (IFM, W-15) will flush out the
supply water lines into the wastewater system. The water will again be checked with
the pH strip to verify that the flush worked.

The primary use of the pH Wide Stick strips onboard the orbiter is to monitor the crew’s
health. The crew will use the pH chart on a chart flown with the strips to determine the
pH level of the drinking water (see Figure 2.7-2). The crew will look for a dark green
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test result as an indication of unacceptably high pH levels in the drinking water. Water
with a pH of approximately 8.5 may be reported as having an unpleasant alkaline taste
that could be described as “bitter”, “soapy”, or “soda-like”. Water with a pH indication of
9 or greater is considered too high for crew consumption. At a pH level of 10 or greater,
the water is likely to cause skin or eye irritation.
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Figure 2.7-1. Primary water flow path from the orbiter fuel cells
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Figure 2.7-2. pH Wide Stick label

HAZARD

MILD HAZARD
MO REAL DAMGER
NOW HAZARDOUS

pH D'to pH 2 Strongly Acid, Hydrochloric, Sulfurie, Mitric Acid.
pH 3 1o pH 5 Maderately Acid, Acetic, Phosphoric, Cilric, Tarlaric,

pH 6 fo pH 65 Mildly Acid.

pH 70 Meutral.
pH 8.0 fo pH 9.0 Mildly Alkaline o .
pH 10 fo pH 12 Strongly Alkaline, Ammenia, Soda Ash, Sodium Silicate.

pH 12 1o pH 14 Caustic, anid Strongly Alkaline Hydroxides. CAUTION: Hazard to Eyes and Skin.

(b) Back

Figure 2.7-2. Concluded
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TITLE
N2 DIAGNOSTICS AND CATHODE ACTIVATION
PURPOSE

To describe the processes and procedures performed on the fuel cell during turnaround
at Kennedy Space Center (KSC) and the cathode activation test performed at IFC.

INTRODUCTION

The N, diagnostics test and cathode activation are performed every flight or every time
oxygen has been introduced to the fuel cell. Approximately 2 to 3 weeks after landing,
the N, diagnostics test and cold cathode activation are performed as part of the KSC
ground procedures (OMI V1093 and V1040.003). The cathode activation test is
performed at IFC on fuel cells with more than 1000 hours to detect the presence of O,

port plugging.
Inerting

Inerting is the process of backfilling the fuel cell with either He or N, on both the O, and
H, sides of the fuel cell. (KSC uses He; IFC uses N».) This process occurs after
landing during the turnaround process to keep the fuel cell pressurized and to minimize
stored energy in the fuel cell in case of handling damage, a fuel cell failure, or a bus
fault. The inert gas used must have a purity of 99.99 percent. The purity requirement is
similar to that of the reactant gases. Two different gases can be used at the same time
to inert the fuel cell. However, the inert gas used on the O, side must have a higher
molecular weight to allow the regulator to maintain the proper differential pressure
control. The fuel cells are inerted whenever they are nonoperational.

N, Diagnostics

The N, diagnostics test determines the health of the individual cells. When the test is
performed, the fuel cell has approximately 200 hours of predictive operation. The test
looks for any signs of shorting or crossover by measuring the voltage drop on each cell
when only the O; side of the fuel cell is inerted. Shorting is a continuous low-level load
on the cell. Crossover is a function of corrosion within a cell that develops very slowly
and will eventually lead to uncontrolled mixing of reactants within the cell across the cell
matrix.

IFC believes that when crossover begins to occur, it can be run for several hundred
hours as a benign situation before the problem will escalate. The N, diagnostics test
is mandatory because the test is sensitive to low levels of crossover or shorting that
may not be detected through any other method. IFC testing has proven that crossover
will not be seen in the CPM until well into the failure. An example of this situation
occurred during the evaluation of extending fuel cell lifetime.

2.8.1-1
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A fuel cell developed crossover at 2800 hours and was kept running until 3000 hours.
The crossover in this case was caused by frame corrosion within three to five cells. The
voltage indications were insignificant and, without the diagnostics test, the crossover
would not have been detected.

The requirements to start the N, diagnostics test are for the fuel cell to be
cold/nonoperating and for the fuel cell to be pressurized with reactants (O, Hz). The N>
diagnostics test begins by removing and replacing the inerts in the fuel cell with
pressurized O, and Hy (in their respective sides) by performing a flowthrough purge and
three pulse purges. The Oz and H; are then allowed to sit in the stack for 10 minutes to
stabilize. During this 10-minute period, the single-cell voltages are recorded once per
minute. After the stabilization time is complete, a flowthrough purge of N, is performed
on the O3 side of the fuel cell for 10 minutes while recording the single-cell voltages
once per minute. The 10-minute purge is terminated by closing the purge valves, and
the fuel cell remains filled with N2 while the single-cell voltages are recorded once per
minute for 10 minutes.

Any cell voltages that decay below 0.5 mV are suspected of having shorting or cross-
over. The N, diagnostics test cannot distinguish between cell shorting or crossover.
When the O, supply is removed from the cell, the short will consume any remaining O
that is absorbed on the catalyst, thus lowering the voltage potential of the cell. The
magnitude of the short is proportional to the voltage loss. If crossover is occurring, the
H, will diffuse to the cathode, where it reacts with the O, to form H,O. When the O,
supply is removed, the H; continues to diffuse while consuming any O, remaining on the
catalyst, thus lowering the cell’s potential. The magnitude of the crossover is also
proportional to the voltage loss.

Cathode Activation

Two types of cathode activation tests are performed on the fuel cell. KSC performs a
cold cathode activation test to regain fuel cell performance. IFC performs a test to
detect O, port plugging. Both tests are described in detail in the following paragraphs.

A. KSC cathode activation

The KSC cathode activation test is performed to remove any form of Oz on the
cathode catalyst. This procedure is not mandatory, but does ensure the highest
voltage from the fuel cell. A load is placed on the fuel cell when gaseous He (or
N>) is applied to the O side of the stack and H; is supplied to the H; side. The
cathode activation will dissipate any O, contaminates that have accumulated on the
cathode catalyst, restoring approximately 0.3 volts of performance that were “lost”
because of previous fuel cell operations.

Cathode activation is performed at KSC during turnaround. For a scrub
turnaround, there is an option in the Operations and Maintenance Requirements
and Specifications Document (OMRSD) to not perform the cathode activation
based on engineering judgment. This decision is based on the fuel cell
performance and consumables analysis.
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The procedure starts by inhibiting the startup heater and sending the fuel cell start
command, allowing the fuel cell to run for 90 to 120 seconds. The start command
activates only the fuel cell sustaining heater to create a load on the fuel cell stack.
The fuel cell uses any remaining oxygen molecules in the stack to supply the
energy needed for the sustaining heaters to operate. The voltage will be reduced
to approximately 1 volt. The fuel cell is then stopped and the startup heater is
enabled. When the cathode activation procedure is complete, both sides of the
fuel cell reactants are backfilled with He.

B. IFC cathode activation test

The cathode activation test is performed at IFC on fuel cells that have more than
1000 hours of operation. The test detects the presence of O, port plugging by
measuring the voltage dropoff over time when the O, side is inerted. Port plugging
detection is desirable because the CPM cannot distinguish between port plugging
and other cell failures. Port plugging can also bias the results of the N, diagnostics
test because port plugging prevents O, from being removed from the cell.
Therefore, when the N, diagnostic is performed, the cell that has port plugging still
contains Oy, which will present itself as a crossover or a shorting situation.

The fuel cell must be nonoperating at the time of the test. The first step of the
cathode activation test is to stabilize the fuel cell by purging the H, and O, systems
with reactants for 10 minutes and recording the single-cell voltages every 30
seconds. At the end of the 10 minutes, the O side is inerted. The O is inerted by
inhibiting the startup heater, closing the fuel cell purge valves, and switching the O,
reactant supply system to He or N,. The next step is to simultaneously send the
fuel cell start command and open the fuel cell purge valves. When the fuel cell is
started, only the sustaining heater turns on, creating an internal load on the fuel
cell. The single-cell voltages are recorded every 30 seconds for the next

15 minutes. The fuel cell uses any remaining oxygen molecules in the stack to
supply the energy needed for the sustaining heaters to operate. The voltage is
reduced to approximately 0.1 volts. After the 15 minutes have passed, the fuel cell
is stopped and the startup heater is enabled.

If the cell voltage decays within 10 minutes, it does not have any port plugging.
Any cells that require 10 minutes or more to decay to 0.1 volt are suspected of port
plugging. If port plugging is found, the data are compared with the CPM data for a
history of shifting.

REFERENCES
Orbiter Fuel Cell Powerplant Review and Training Course, March 1999.

KSC Procedures, OMI V1093 and OMI V1040.003, sequences 9 and 10.
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TITLE

FUEL CELL ACTIVATION

PURPOSE

To describe the fuel cell startup sequence of events and workarounds of potential
problems.

INTRODUCTION

The fuel cells are activated approximately 12 hours prior to lift-off and provide
continuous orbiter power until deactivated postlanding. Nominally, each fuel cell will be
connected to its associated main bus.

On-orbit restarts of the fuel cell are possible, but depend on the severity of the fuel cell
problems, its thermal condition, and/or the criticality of regaining the fuel cell. The
restart capability was demonstrated on orbit during the STS-54 Detailed Test Objective
(DTO).

Prelaunch Fuel Cell Activation

Fuel cell startup procedures are found in OMRSD, file Ill, Volume 45, and OMI S0007,
Prelaunch Countdown. Startup procedures typically involve three phases:

1. Preparing the fuel cell for activation with purges
2. Starting the fuel cell
3. Monitoring the startup sequence

The first step in prelaunch fuel cell activation is to remove the inert gases from the fuel
cell. Itis desired to have less than 1 percent inert gases in the stack prior to use. The
flowthrough purge and pulse purges, respectively, are performed prior to startup to
remove the inert gases that are present in the fuel cell during turnaround operations. A
flowthrough purge is performed for 10 minutes, allowing O, and H, to flow through the
stack and out of the vehicle’s overboard purge vent lines. The majority of the inerts are
pushed out of the stack and replaced with O, and H, supplied by the Ground Support
Equipment (GSE). (The orbiter does not use the cryogenics in the tanks until about T-2
minutes, 30 seconds prior to lift-off when the GSE supply valves are closed.) The
flowthrough purge cannot remove all the inerts because of the parallel passages within
the stack.

Next, the pulse purges are performed three times on each fuel cell. First, the purge

valves (O,, Hy) are opened and the reactant valves are closed, allowing the O, and H>
to evacuate the stack, causing the stack pressure to decay. When the pressure of the
stack drops below 20 psia, the reactant valves are opened to allow O, and H; flow into
the stack. The pulse purge should remove any remaining inert from the fuel cell stack.
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A precaution during the pulse purge is to NOT overpressure the H; side of the stack,
because cell electrolyte (KOH) could be expelled. Some possible causes of H,
overpressurization are restricted/blocked purge overboard vent lines, improper
pressurization (i.e., the H; side is pressurized prior to the O;), or improper
depressurization (i.e., the O side is depressurized prior to the H>).

After the inerts have been removed, the Astronaut Support Personnel (ASP) (KSC
personnel preparing the vehicle for flight) verify that the following equipment is in the
proper configuration before proceeding with fuel cell activation:

A. Pnl R1 - Fuel cell disconnected from main and essential buses.
B. Pnl R1 - Fuel cell Oz, H; reactant valves are open (tb-OP).

C. PnlL4 - AC fuel cell pumps cb’s closed.

D. PnlO14, 015,016 - FC CNTLR in ON position.

E. PnlR11-FC STARTUP HEATER in ENABLE position.

Fuel cell activation usually requires approximately 23 minutes, depending on the initial
thermal conditions of the stack. A flowthrough purge is initiated 2 minutes prior to
starting the fuel cell to clear any condensate from the H, pump impeller and to preclude
a hard start because of water buildup on the pump. Next, the fuel cell is started by
sending the fuel cell start command through the GSE Multiplexers/Demultiplexers
(MDMs). This activates the Electrical Control Unit (ECU) that controls power to the
coolant pump, H, pump, pH sensor, and sustaining heaters. As soon as power is
received, the pH sensor performs a self-test that annunciates a pH alert for
approximately 30 seconds. When the coolant delta P switch closes, the startup heater
is activated, and the coolant bypass valve opens. The purge continues to clear residual
inerts. The heaters warm up the coolant flowing through the stack, which heats the
stack until one of the following two conditions is met:

A. The stack exit temperature reaches 186° F.
B. The stack inlet temperature reaches 212° F.

When this criterion is met, the startup heater is deactivated, and the ready-for-load
talkback goes barber pole. The sustaining heater will maintain stack temperature until
the fuel cell is connected to its main bus. When the ready-for-load indication is
received, the fuel cell is connected to its main bus, and the flowthrough purge continues
for 10 more minutes.

Fuel Cell Monitoring System (FCMS) data are available during prelaunch for more
insight into single-cell performance. Also, the operator should use the fuel cell Start
RT-Plots with the background lines.

Figure 2.8.2-1 shows a nominal prelaunch fuel cell activation.
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Fuel Cell On Orbit

The on-orbit fuel cell startup procedure is MAL EPS SSR-6. It is important to verify that
the stack temperature of the shut down fuel cell has always been maintained above
40° F to avoid the possibility of freezing. Block 1 in EPS SSR-6 FC RESTART verifies
the following:

A. PnlL4-cb’s AC FC PUMPS closed

Pnl O14, O15, 016 - FC CNTLR ON

Pnl R11U - FC STARTUP HEATER enabled
Pnl R11U - FC PURGE VLV GPC

Pnl R11U - FC PURGE HEATER ON

Pnl R1 - FC/MN Bus OFF

Pnl R1 - ESS BUS to FC OFF

Pnl R1 - Open REACs (tb-OP)

I M mMU O W

Block 1 instructs the crew to turn on the purge heaters and ensures that the reactant
valves are open, allowing the heaters adequate time to bring purge line temperatures
within operating range for a purge to be initiated. If the reactant valves are not open
prior to fuel cell ECU activation, the fuel cell will begin safing itself as soon as its internal
loads (sustaining and/or startup heaters) come on.

If the fuel cell software Caution and Warning (C&W) parameters are changed while the
fuel cell is shut down, the next step is to reset the parameters back to nominal values.
Typically, this is performed through the use of a TMBU. Otherwise, the crew can
accomplish this by using SPEC 60. Blocks 3 through 18 of SSR-6 can be utilized as a
guide for building the TMBU. A verification that all parameters changed for shutdown
are changed for the restart should be performed. When the software C&W changes are
implemented, the fuel cell is restarted.

In Block 20, the crew starts the fuel cell with an MCC “go” by taking the switch on pnl R1
FC to START and holding it until the coolant pump delta P talkback goes gray, but not
for more than 10 seconds. At this, time the coolant pump and H, pump start running
(~0.8 amps/phase increase on the associated AC bus), and the sustaining heaters turn
on (flow increase ~0.6 Ib/hr, and fuel cell volts go from open circuit voltage ~38V to
~31V). The fuel cell pH sensor will perform a self-test, which should clear after
approximately 30 seconds.

2.8.2-4

Verify that this is the correct version before use



SHUTTLE OPS ORIG: K. MILLER FC ACTIVATION
EGIL/JSC-12830 01/31/02: REV. F PCN-1 SCP 2.8.2

Failure of the coolant pump delta P talkback will inhibit the fuel cell startup from
continuing. If the coolant pump delta P talkback does not go gray, the EPS operator
should verify whether the pump is operating nominally by checking the AC currents
associated with that fuel cell. If the pump is operating nominally, the crew can hold the
fuel cell switch to START for longer than 30 seconds to bypass the logic timer in the
ECU and allow the startup to continue.

The EPS must also verify that the Hz, motor is running with nominal currents. If the
currents are slightly degraded, Block 23 will initiate a purge to try to remove any slugs of
water that may have built up on the H, motor. If the H, motor currents return to normal
range within 2 minutes, startup can proceed and the purge is continued. If the H, motor
currents are not nominal within 2 minutes, the purge is terminated and the fuel cell is
shut down.

After the fuel cell pumps and heaters are activated, the operator should verify that the
temperatures are increasing within 2 minutes of startup, per Block 26. If the
temperatures are increasing when the ready-for-load indication is received, the fuel cell
can be connected to its associated main bus. If temperatures do not increase, it could
indicate that the startup heater has failed. This condition can be confirmed by
evaluating the amount of cryogenics being utilized by the fuel cell along with fuel cell
voltage. If the startup heater has failed, the fuel cell should be connected to its
associated main and essential buses (Block 28). The fuel cell will generate sufficient
heat by supporting the main bus to raise its temperatures within operational limits. If the
ready-for-load talkback is not received and the fuel cell stack temperature is less than
187°, the fuel cell should be shut down. For a ready-for-load talkback failure, proceed
with fuel cell startup.

Block 36 monitors the fuel cell for any performance problems for a 20-minute time
period. The following conditions are evaluated during that time: fuel cell stack
temperature <185° or >243° F, fuel cell exit temperature <130° or >160° F, fuel cell
stack temperature minus fuel cell exit temperature <30° or >70° F, fuel cell SS AV 1, 2,
or 3 >150 mV, or fuel cell pH indication continuously for >10 minutes. If any of the
conditions are met, the fuel cell should be shut down. If fuel cell performance is nominal
and none of the conditions are met, the bus tie is broken (Block 38); the fuel cell
hardware C&W parameters (Block 39), backup C&W, and the remainder of the SM
parameters (Block 48) are reset to their nominal values. The pnl R11U fuel cell purge
heater switch is placed in GPC position, and a FC AUTO Purge is initiated. The purge
is required to recover performance lost with the fuel cell shutdown and restart. Fuel cell
restart is now complete.

For certain situations, the fuel cell may need to be restarted soon after it was shut down.
In this case, the fuel cell has not had time to thermally cool down and can be restarted
by working the fuel cell shutdown procedure steps in reverse order. This should be
performed only when the fuel cell is at its nominal operating temperatures.
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Adding Fuel Cell Start Background Lines in RT-Plot

There are three plots in RT-PLOT called FC1 (2,3) start to monitor fuel cell startup.
Background lines can be added to these plots to show a nominal fuel cell startup
temperature profile. The console operator should bring up the FC1, FC2, and FC3 start
plots in RT-PLOT during the prelaunch shift to monitor fuel cell start. When the fuel cell
start plots have been opened, the operator should go to COMMAND>PLOT INFO and
click on the FC1 start plot. This will bring up the window shown in Figure 2.8.2-2.

RTPLOT Information

[4] PLOT NAME : FC1 START
TITLE : FC1 START
STATUS : Static
DATA FILE : /mcc/rw_local/egil/RTPLOT/EGIL/DATASrtp.folstart

BACK FILE : /moc/rw_remotescommons/egil /RTPLOT/EPS/DATA/folstart.bklinel
BACK COLOR : YELLOW

BACK FILE : /mcoc/rw_remcte/common/egil /RTPLOT/EFS/DATASfolstart. bkline2
BACK COLOR : GREEM

BACK FILE : /mcc/rw_remote/common/egil /RTPLOT/EFS/DATASfolstart.bkline3
BACK COLOR : CORAL

COLOR : MIDMIGHTELUE
FONT @ 9x15
RATE : 10
TYPE : Scroll
X 8PAM : 000/00:30:00
X SAVE : 25%
X TIME : Time
X AUTO : Auto-scale
Y AUTO : Auto-scale

X MIM @ MNone

X MAX @ None

Y OMIN @ O

Y OMAX 250
LO LIMIT : Mone
HI LIMIT : Hone

LO YALUE : Mone
HI YALUE : Mone

X MAME : MET

X MSID : M50QO0Z7HF
X WALUE : Mone S

X UNITS : DODAHH:MY:SS5

Y MAME : FC1 STK OUT T
Y MSID : ¥45T0120A
Y WALUE : 200.8477385
Y UNITS : deg. F
Y COLOR : GREEN

Y CONMECT : Step

Y MAME : FC1 STK IM T
Y MSID : W45T0113A
[+] Y WALUE : 179.1475468

Figure 2.8.2-2. FC1 Start plot info window

To set the fuel cell start background lines GMT, go to COMMANDS>CHANGE BIAS in
the RT-PLOT INFORMATION window, then click on the BACK FILE line. An additional
window will appear. Set the GMT to the expected fuel cell start GMT. This must be
repeated for all three BACK FILE lines in the RT-PLOT INFORMATION window. (To
get an accurate time, set the GMT for the fuel cell start background lines to 2 minutes
after the fuel cell purge is initiated in the fuel cell start sequence.) When all three BACK
FILE lines have been set to the correct GMT in the RT-PLOT INFORMATION window,
go to COMMAND>INFO OFF. The background lines for FC1 start should now be
updated and aligned for the actual FC1 start.

Repeat the above for FC2 start and for FC3 start.
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TITLE
FUEL CELL SHUTDOWN
PURPOSE

To describe the procedure and sequence of events during fuel cell shutdown and the
definition of a reusable fuel cell. The fuel cell shutdown procedures for the first fuel cell
will be discussed, followed by the second fuel cell shutdown.

INTRODUCTION

On orbit, fuel cell shutdowns are not performed unless a fuel cell has failed or if required
to troubleshoot off-nominal situations in the fuel cell, power distribution, or cryogenic
systems. A fuel cell is considered shut down when it has been disconnected from its
associated main and essential buses, the ECU has been taken to stop (stopping the
pumps and disabling the sustaining heater), and the reactant valves are closed. (For
more information, refer to the ECU operation procedure.) For a fuel cell that is
considered reusable in flight, the reactant valves do not need to be closed.
Disconnecting a fuel cell from its main and essential bus removes all the external loads.
Taking a fuel cell to stop removes power from its ECU, which turns off the internal loads
(sustaining heater), the coolant pump, and the H, pump.

For more information on the on-orbit shutdown and restart Detailed Test Objectives
(DTOs) on STS-54, STS-57, and STS-51, reference the Fuel Cell On-Orbit
Shutdown/Restart Developmental Test Objective report (JSC-26545, February 1994).
This report is an excellent resource for more information on the signatures observed
during the DTOs.

FC SHUTDOWN PROCEDURE

The fuel cell shutdown procedures are found in the Ascent/Entry Systems Procedure
(AESP), the Ascent Pocket Checklist (APCL), the Orbit Pocket Checklist (OPCL), the
Entry Pocket Checklist (EPCL), and on the PLT cue card (attached with Velcro to
panel R1).

The first step in the fuel cell shutdown procedure is to turn the Master Modular Auxiliary
Data System (MADS) to off. The Master MADS is an archival data recorder that
records orbiter flight data (temperatures, pressures, etc.), primarily during the ascent
and entry timeframe, for postmission analysis. Unpowering the Master MADS is a
general power savings of about 350 watts, which is especially significant during the
ascent/entry timeframe when the Master MADS is at its highest power level.

The second step is to bus tie the main bus on the affected fuel cell to a main bus on a
healthy fuel cell. The bus tie will prevent interruption of power or dropping the
associated main bus during the shutdown. The IF ORB (NOT D/O PREP), kW>18: MN
BUS TIE (three) -ON step was added to the procedure to prevent the load from
becoming too high on one of the two remaining good fuel cells. The fuel cell maximum

2.9-1

Verify that this is the correct version before use



SHUTTLE OPS ORIG: K. E.MILLER FC SHUTDOWN
EGIL/JSC-12830 01/31/02: BASIC, REV. F SCP 2.9

load should not exceed 12 kW continuous, or 12 to 13 kW for a maximum of 4 hours.
The intent of tying three across is to divide the load between the remaining two good
fuel cells and for the load balancing to be accomplished later in the powerdown
procedures.

Next, the fuel cell is disconnected from its essential bus. It is necessary to disconnect
the essential bus prior to disconnecting the fuel cell's associated main bus because the
essential bus would be exposed to open circuit voltage. This may cause the essential
bus voltage to be greater than essential bus LRUs spec limit of 38.5 volts. It would be
acceptable to disconnect the essential bus after the main bus, but that is not the
recommended sequence because the essential bus LRUs are rated up to 38 volts.
When the fuel cell is disconnected from its essential bus, it is disconnected from its
associated main bus. This will disconnect the majority of the external load on the fuel
cell. The loads that were previously on that fuel cell/main bus will now be powered by
the other fuel cell via the main bus tie.

The next step is to take the fuel cell to STOP. Taking the fuel cell to stop unpowers the
ECU, which unpowers the pumps (coolant and Hy) and fuel cell internal heaters. There
is a note for the FC-STOP switch to be held until the "Cool Pump AP tb-bp or 1 sec," to
ensure that the ECU is deenergized. The fuel cell is now technically shut down. The
rest of the shutdown procedure isolates the system and proceeds to the necessary
powerdown.

The next step in the shutdown procedure is to close the reactant valves. This will
isolate the fuel cell from the cryogenic O, and H,. Closing the reactant valves in a shut
down fuel cell precludes any additional reactants from entering the fuel cell in a
crossover, shorting, internal load, or leak situation (reference Flight Rule A9.1.2-5A,
FC Shutdown Definition). However, for the situation in which the fuel cell is considered
reusable in flight, the reactant valves can be left open. Leaving the reactant valves
open eliminates the failure scenario of the reactant valve failing to reopen when restart
is attempted.

The last step of the fuel cell shutdown procedure is to work the appropriate loss of one
fuel cell powerdown procedure. When one fuel cell is shut down, the electrical loads
should be reduced to protect for the next-worst failure, a second fuel cell shutdown.
The intent of the powerdown procedure is to unpower only noncritical equipment and to
put the orbiter in a configuration that could withstand a second fuel cell failure. On orbit,
the loss of one fuel cell powerdown procedure manages the electrical loads to be <18
kW. (The 18-kW number was derived on engineering judgment.) The loss of one fuel
cell powerdown also sends the crew to MAL EPS SSR-3, FC SHUTDOWN C&W LIMIT
CHANGE and will have the crew perform the necessary Flight Data File pen and ink
changes.

The first block of EPS SSR-3 is to verify that fuel cell H,O line heaters are in A-Auto or
B-Auto and to take the shut down fuel cell’'s purge valve to the closed position. The fuel
cell H,O line heaters are verified to be on to ensure that freezing the H,O line does not
occur. Taking the purge valve to close will prevent the fuel cell from purging while it is
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shut down. If the fuel cell is purged while shut down (with its associated reactant valves
closed), all the cryogenic O, and H, downstream of the reactant valves would escape
and the fuel cell would be exposed to vacuum, essentially safing the fuel cell. The crew
will need to perform the hardware C&W changes. The Mission Control Center (MCC)
will uplink the backup C&W and the SM alert parameter changes via TMBU if the TMBU
capability is available.

Second Fuel Cell Shutdown
A. Second fuel cell shutdown in the APCL/OPCL/EPCL

The second fuel cell shutdown procedure is essentially the same in the APCL,
OPCL, and EPCL Flight Data File books. The procedure reconfigures the tie so
that the one remaining good fuel cell can support two main buses and dioded loads
while the second fuel cell is being shut down. If the fuel cell being shut down
powers only one main bus, the procedure continues with shutting down the fuel cell
(no tie reconfiguration). This will drop the associated main bus for that fuel cell,
which is an instantaneous powerdown. The dropped main bus will be recovered
later in the loss of second fuel cell powerdown procedure. If time allows,
MCC/EGIL can make a real-time call for the preferred bus tie so that the main bus
dropped temporarily is of the least impact to the vehicle.

If the fuel cell being shut down is powering two main buses, the bus tie is
reconfigured. To reconfigure the tie, all three tie switches are taken to off. This will
cause the main bus with the previous fuel cell shutdown to be dropped (instant
powerdown). Next, the fuel cell being shut down is tied to the remaining good fuel
cell.

With the exception of the bus tie steps, the second fuel cell shutdown procedure is
identical to the first fuel cell shutdown procedure. The general intent of the loss of
second fuel cell powerdown is to achieve a power level of about 12 kW by
unpowering all unnecessary equipment. If any of the equipment that is unpowered
is needed for a flight-critical function, it can be repowered for use. When a safe
power level is reached in the powerdown, the buses will be tied three across via a
long-form bus tie to regain flight-critical redundancy.

B. Second fuel cell shutdown procedure in the AESP

The loss of second fuel cell shutdown in the AESP unpowers equipment and
reconfigures the ties so that one fuel cell can support two main buses and dioded
loads. For the entry portion of the AESP, the procedures for a nominal entry are
different from the procedures for the Glide Return to Landing/Launch Site
(GRTLS)/Transoceanic Abort Landing (TAL) because, during ascent, the electrical
loads are higher. The first step in the powered flight and GRTLS/TAL procedures
is for the commander to start the powerdown, while the pilot continues in the
second fuel cell shutdown.
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When the initial powerdown actions are complete, a main bus tie is configured to
support two main buses. When the system is in a good configuration, the second
fuel cell is shut down (disconnected from its main and essential buses, fuel cell to
stop, and reactant valves closed). When the second fuel cell is shut down, the pilot
(and commander for nominal entry) proceeds with the loss of second fuel cell
powerdown procedure.

Note: For more rationale about the above procedure steps, refer to the Flight
Procedures Handbook.

Reusable Fuel Cell

A fuel cell that is shut down and considered reusable must be thermally maintained to
>48° F (operationally). It is also mandatory that the restart capability be demonstrated
when the fuel cell has reached thermal equilibrium with its environment. For a -ZLV
attitude, restart demonstration will need to be performed about 48 hours after shutdown.
The thermal data were based on fuel cell shutdown data from STS-2, STS-54, and STS-
51 (all three flights were a -ZLV attitude). For STS-54, the thermal data were based on
the accessory section of the fuel cell during the 9-hour shutdown time period. On STS-
51, the fuel cell was shut down for 25 hours.

Note: On STS-2, the fuel cell had only two substacks and had less thermal
blanketing.

When it is demonstrated on orbit that a fuel cell can be restarted when it reaches
thermal equilibrium, the requirement to demonstrate restart capability will go away.
(Reference Flight Rule A9.1.2-5B, FC Shutdown Definition.)
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TITLE

FUEL CELL STANDBY

PURPOSE

To describe the procedures associated with putting a fuel cell in standby.
INTRODUCTION

To define the term, a fuel cell is in "standby" when its associated main and essential
buses are disconnected, but the ECU remains powered (sustaining heaters, coolant
pump, and Hy motor still running), and the reactant valves are left open. The standby
operating condition will allow the fuel cell to maintain its thermal operating temperatures
and thus be available for immediate use.

PROCEDURE

The fuel cell standby procedure can be found in the Malfunction Procedures Handbook,
EPS SSR-4. In short, the steps for placing a fuel cell in standby are

1. Perform a bus tie (prevent dropping main bus).
2. Take the fuel cell to essential bus source off.

3. Take the fuel cell to main bus off. The ECU will continue to operate, and the
reactant valves are left open.

The external load on the fuel cell is removed by disconnecting the main and essential
buses. Because the ECU remains powered, the fuel cell sustaining heater will continue
to cycle as required to maintain proper operating temperatures on the fuel cell. When
the fuel cell starts to cool down and the coolant leaving the stack (STACK OUT TEMP)
reaches 183° F, the sustaining heater will cycle on. When the coolant leaving the stack
reaches 185° F, the sustaining heater will cycle off. The sustaining heater will continue
to cycle on and off to keep the fuel cell at operating temperatures. The sustaining
heater acts as a load on the fuel cell, causing the fuel cell to produce water. The ECU
also keeps the coolant pump running to circulate the fuel cell coolant and the H, motor
running to remove any water produced by the fuel cell.

The reactant valves are left open to supply reactants to the fuel cell to operate the
sustaining heater. The reactant valves must remain open at all times. If the reactant
valves are closed while the ECU is still powered, the cycling sustaining heater will safe
the fuel cell as the remaining reactants in the fuel cell are consumed.

2.10-1

Verify that this is the correct version before use



SHUTTLE OPS ORIG: K. E.MILLER FC STANDBY
EGIL/JSC-12830 01/31/02: BASIC, REV. F SCP 2.10

To monitor a fuel cell in standby conditions, the EPS operator will need to verify good
sustaining heater operations. The EPS operator should verify that when the stack out
temperature reaches 183° F, the sustaining heater comes on, and then the sustaining
heater turns off again at 185° F. To verify the operation of the sustaining heater, the
operator should observe the following indications:

1.  The stack in and out temperatures should increase.

2. The fuel cell O, and H; flows will increase (~0.6 Ib/hr O,, ~0.08 Ib/hr Hy).
The sustaining heater draws approximately 870 watts.

3. The fuel cell voltage should drop from open circuit voltage to ~32 V (see Flight and
Testing Data in this section for more information on the expected voltage).

Onboard Limit Changes

To avoid receiving nuisance alarms while the fuel cell is in standby, the onboard SM
Fault Detection and Annunciation (FDA) limits for the following parameters must be
modified. The EGIL team will take care of modifying these limits by using prebuilt
TMBUSs for this purpose. These onboard limit changes are also documented in EPS
SSR-4 in case MCC uplink commanding is unavailable and the crew has to update the
limits.

SM FDA to be changed:

Parameter Lower/upper New value Previous value
1. Fuel cell current Upper 20.0 360
Lower -10.0 54
2. Fuel cell voltage Upper 37.5 32.5
Lower 31.0 27.5
3. Fuel cell product Lower 50.8 60
HOLnT
4. Fuel cell delta V SS Inhibit Enable
1,2,3

There are no hardware C&W parameters requiring changes. When the fuel cell is
backed out of standby, the SM alert parameters that were previously changed should be
reset to their nominal values.

Flight and Testing Data
A. IFC development test

In March 1988, IFC performed a fuel cell powerplant incremental development test
to demonstrate fuel cell-to-standby capability. The fuel cell was started and when
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the ready talkback was received, no load was ever placed on the fuel cell. The fuel
cell was run for 24 hours under no load. The sustaining heater cycled, keeping the
fuel cell at its thermal operating temperatures. A purge was performed every 8
hours. After 24 hours, the fuel cell was placed under a 4.5-kW load for 3 hours and
then manually shut down.

All fuel cell systems functioned nominally, resulting in good temperature and
electrolyte control. A normal 70 percent sustaining heater duty cycle was
observed. The sustaining heater switched on at an average stack exit temperature
of 183° F and turned off at an average of 186° F. Stack inlet temperature cycled
with the sustaining heater between 179° F and 195° F. The condenser exit
temperature cycled between 151° F and 152° F. The test concluded that the fuel
cell is capable of sustained operation under no load. (Reference: Orbiter Fuel Cell
Program, Fuel Cell Powerplant Incremental Development Test Report, Twenty-
Four Hour Zero Net Power Test, Fuel Cell R-9389, March 14, 1988.)

B. STS-83 flight data

On STS-83, FC2 was safed on orbit by closing the reactant valves and letting the
sustaining heater cycle on. The fuel cell safing flight data can be referenced as to
what the signature of a fuel cell in standby should look like. Prior to safing, the fuel
cell was operating at ~180 amps and 30.8 V. When the essential and main buses
were disconnected, the open-circuit voltage was approximately 37 V. When the
sustaining heater turned on, the fuel cell voltage dropped to approximately 33 V.
Because of problems related to this fuel cell, the open-circuit voltage may have
been slightly exaggerated. Typically, open-circuit voltage is about 36 V.

REFERENCES

Orbiter Fuel Cell Program, Fuel Cell Powerplant Incremental Development Test Report,
Twenty-Four Hour Zero Net Power Test, Fuel Cell R-9389, March 14, 1988.

Orbiter Fuel Cell Powerplant Review and Training Course, IFC, March 1999.
STS-83 Flight Data; Flight Rule A9.1.2-4, FC Standby Definition.
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TITLE

FUEL CELL SAFING

PURPOSE

This SCP describes the procedures and the sequence of events during fuel cell safing.
INTRODUCTION

A fuel cell is safed to preclude a dangerous fuel cell condition. Flight Rule A9.1.2-6, FC
Safing, dictates that a fuel cell will be safed under the following circumstances:

A. Confirmed pH high in the fuel cell product water

B. Crossover of reactants within the fuel cell

C. A short circuit within the fuel cell

D. Confirmed coolant pressure >74.1 psia operational limit (actual limit 75 psia)

To safe a fuel cell, the reactant valves are closed while the fuel cell is still trying to
supply power to an electrical load. The fuel cell will consume reactants remaining
downstream of the reactant valves as it attempts to supply power to the electrical load.
As the reactants are consumed, the pressure within the fuel cell stack drops. The
decreasing pressure is reflected in the fuel cell coolant pressure, because the coolant
pressure provides direct insight into the pressure of the stack. When the fuel cell
coolant pressure has decreased to below 15 psi, the fuel cell is considered safed. A
fuel cell that has been safed cannot be restarted for on-orbit use.

Two fuel cells have been safed while on orbit, on STS-2 and STS-83. The STS-2 fuel
cell was safed because the fuel cell H, pump degraded and water removal decreased,
causing the fuel cell to flood. The STS-83 fuel cell was safed because of unexplainable
CPM readings, which could have been indicative of a crossover condition.

FUEL CELL SAFING BACKGROUND

Originally, a fuel cell was safed by disconnecting the fuel cell from its main bus, closing
the reactant valves, and letting the internal heaters produce an internal load sufficient to
consume the remaining reactants until the fuel cell stack pressure was below 15 psia.
When the pressure was below 15 psia, the fuel cell was taken to “stop.” This process of
safing the fuel cell took approximately 20 minutes to complete. Both the STS-2 and
STS-83 fuel cells were safed using this method.

Since STS-83, a new philosophy was adopted to safe a fuel cell. The reactant valves
are closed while the fuel cell is still connected to its main and essential buses, and the
pumps continue to run. The new method safes the fuel cell in a timelier manner, which
minimizes the exposure to the hazardous situation, because the fuel cell spends less
than 1 minute at 7 kW. The original method of safing, allowing the sustaining heater
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load to consume the reactants, takes about 30 minutes. In addition, exposing a fuel cell
experiencing crossover to open-circuit voltage will aggravate the situation and can
accelerate crossover. In either method, it is critical to keep the pumps running to
provide cooling to the fuel cell until safing is complete. This will help to remove any
localized heating at the site of crossover.

During the flight rule CR process to update Flight Rule A9.1.2-6, FC Safing, to reflect
the new philosophy, the following data were brought to light. If the fuel cell current is
equal to zero amps before the coolant pressure is less than 15 psi, the fuel cell should
be disconnected from its essential and main buses to allow the sustaining heaters to
complete fuel cell safing. The fuel cell being safed must be disconnected from its main
and essential buses when the amps reach zero, because when two fuel cells are in
parallel (bus tied to one another), the healthy fuel cell could drive the cells of the
unhealthy fuel cell in the negative direction. Driving the cells in the negative direction
would result in the evolution of free O, and H, molecules on either side of the cell,
creating extra heat and water production. Therefore, if at any time the fuel cell amps
are zero during fuel cell safing, the fuel cell will be disconnected from its main and
essential bus. Fuel cell safing is complete when the coolant pressure decreases to less
than 15 psi. When the safing is complete, the fuel cell will be taken to stop, which
unpowers the ECU, thus turning off the sustaining heater and pumps.

FUEL CELL SAFING PROCEDURE

The fuel cell safing procedures in the OPCL, APCL, and EPCL are essentially the same.
The first step of the procedure determines if the fuel cell requiring safing has already
been shut down.

A. If fuel cell is already shut down

The procedure assumes that the bus tie is already complete because the fuel cell
has been previously shut down. If the reactant valves were not closed during the
shutdown, they should be closed. After the reactant valves are closed or verified
closed, the fuel cell is taken to start via the panel R1 FC START switch. This
powers the ECU, providing cooling and water removal to the fuel cell by starting the
fuel cell coolant and H, pumps. When the fuel cell is started, it is connected to its
main bus. The load of the main bus will consume the reactants downstream of the
reactant valves. If the fuel cell amps are zero prior to the coolant pressure
becoming less than 15 psi, the fuel cell is disconnected from its main bus. The
sustaining heater will provide the load to finish safing the fuel cell. When the
coolant pressure reaches less than 15 psi, the fuel cell is safed, disconnected from
its main bus, and taken to stop via the panel R1 FC STOP switch.
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B.

If fuel cell is not already shut down

The Master MADS is powered off. The Master MADS is an archival data recorder
that records orbiter flight data (temperatures, pressures, etc.), primarily during the
ascent and entry timeframe, for postmission analysis. Unpowering the Master
MADS is a general power savings of about 350 watts. This is especially significant
during the ascent/entry timeframe when the Master MADS is at its highest power
level.

If a bus tie has not already been performed, the main bus of the fuel cell to be
safed should be bus tied to the main bus of a healthy fuel cell. Some calling
procedures perform a bus tie to provide insight into fuel cell health. As soon as a
good bus tie is established, the reactant valves are closed. If the reactant valves
do not close, the circuit breaker on panel C3 will be closed, and the reactant valves
will be closed via the C3 panel. If the reactant valves are not successfully closed
with the C3 panel switch, a switch retention device will be installed on the panel R1
switch to try to close the reactant valves. Refer to the PRSD System Failures brief
for more information on the reactant valve failing to close.

The main and essential bus loads will consume the reactants downstream of the
reactant valves. When the fuel cell coolant pressure is less than 15 psi, the
essential bus followed by the main bus is disconnected from the fuel cell. After the
fuel cell has been disconnected from its essential and main buses, the fuel cell is
taken to stop and the ECU is unpowered, stopping the coolant and H, pumps.
Safing is now complete. During fuel cell safing, if the fuel cell amps are zero prior
to the coolant pressure becoming less than 15 psi, the fuel cell will be disconnected
from its essential and main bus. The sustaining heater will provide the load to
finish safing the fuel cell. When the coolant pressure is less than 15 psi, the fuel
cell is taken to stop, and safing is complete. The appropriate powerdown should
be worked to achieve a safe operating power level.

The only difference in the fuel cell safing procedure between the ascent, entry, and
orbit pockets is in the orbit pocket. In the orbit pocket, after the bus tie is
performed, it asks if the mission phase is orbit or deorbit prep and if the power level
is greater than 18 kW. If the power level is greater than 18 kW, the main buses will
be tied three across. The old Shuttle Operations Data Book (SODB) maximum
power level on one fuel cell (with one fuel cell lost) was 10 kW. This step was
added to ensure that neither of the two remaining fuel cells will supply greater than
10 kW.
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C. Fuel cell safing in the Ascent/Entry System Procedures (AESP)

There is no fuel cell safing procedure in the AESP. The steps to safe a fuel cell are
embedded in the procedures of the MN BUS UNDER V/FC V, FC pH{, or FC
DELTAYV, FC STACK T, and the FC COOL P procedures. Closing the reactant
valves is the only step taken in these procedures to safe the fuel cell in a
hazardous situation. Closing the reactant valves will cut off the supply of reactants
to the fuel cell, and the loads of the main and essential buses will consume all
reactants downstream of the reactant valves. All other steps to finish the fuel cell
safing, disconnecting the fuel cell from its main and essential bus, and stopping the
fuel cell will be performed post-Main Engine Cutoff (MECO) or postlanding.

REFERENCES

Orbit Pocket Checklist.

Ascent Pocket Checklist.

Entry Pocket Checklist.
Ascent/Entry System Procedures.
Flight Procedures Handbook.
SODB.

SSSH.

Flight Rules, Section 9.
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TITLE

FUEL CELL CONTINGENCY POWERUP

PURPOSE

To describe the fuel cell contingency powerup procedures in the STS Flight Data File
(FDF) and the failures that would result in the use of the procedures. This procedure
will be executed per Flight Rule 9-41, Preflight Test Bus Management.

DISCUSSION

Some failures exist that can cause loss of AC power to the fuel cell Hy/water separator
and coolant pumps. This, of course, will result in loss of the fuel cell. For some of these
failures, it is possible to implement an In-Flight Maintenance (IFM) procedure to regain
AC power to the fuel cell pump package. This procedure takes advantage of a circuit in
the ECU used preflight to check the pump package (Figure 2.12-1). To accomplish this
procedure, thermal debris traps and lockers must first be removed to access the
applicable Power Controller Assembly (PCA) and MDM LF1. DC utility power
(MNC/MNA, depending on which fuel cell is lost) should be verified OFF. An IFM power
cable is connected between a DC utility outlet (MO30F/FC1) and an IFM breakout box.
One lead from the breakout box is connected to the F10 fuse receptacle on a Forward
Power Controller (FPC) with a fuse cap test lead. This will supply power (28 V DC) to
the fuel cell pump check load driver in a Mid Power Controller (MPC) through the
preflight test bus. The other lead will be connected to launch MDM LF1 (Figure 2.12-1).
This connection will supply 28 V DC power to the enable input of the same pump check
load driver. This final connection will cause relay K7 in the ECU to operate applying AC
power to the pump package.

The types of failures that can occur requiring this IFM action are as follows: short-to-
ground in the ECU on the circuit noted in heavy lines in Figure 2.12-2, or in the fuel cell
control power load driver circuit causing the 3-amp fuse to blow; fuel cell control power
switch failure; and loss of the ESS bus in the MPC or in the FD. However, if a short
occurred on ESS1BC DA1 (FC1), ESS2CA DA2 (FC2), or ESS3AB DA3 (FC3), this
procedure would not work because the preflight test bus attempts to power the ESS
APC bus through a 15-amp RPC (Figure 2.12-3). For any of these failures where the
fuel pumps can be restarted with the IFM procedure, it is mandatory that the fuel cell be
shut down immediately when the failure is confirmed. The signature (for fuel cell
parameters) of the failures mentioned above would be coolant pump AP tb and ready for
load tb both bp; H, pump status will read 0.0, accompanied by a fuel cell pump C&W
and SM alert message. MCC would also receive these indications. Also, the
appropriate AC three-phase loading would decrease by 0.8 amps/phase (10 Pulse
Code Modulation (PCM) counts). If the ESS MPC or FD sub-bus failed, other
indications would be observed as listed in the malfunction bus loss SSRs.
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PROCEDURE

The Malfunction Procedure EPS SSR-202, Preflight Test Bus Use, identifies appropriate
steps to perform for the recovery of a fuel cell. There is a definite risk associated with
powering up a preflight test bus. Other preflight test circuits are powered by these
buses. A failure in a driver in one of these circuits could result in an “uncommanded on”
condition in the driver and cause that test circuit to function. These test circuits include
fuel cell valves and MN bus control functions. Because of these circuits, powering up
the preflight test bus puts the vehicle in a single-point failure condition. Therefore, the
use of the IFM procedure should be considered carefully. For any problems
experienced that could be attributed to preflight bus, remove power to the preflight bus,
recover lost systems, and shut down affected fuel cell within 9 minutes, if required.

The fuel cell contingency powerup procedure can be modified to operate some of the
other test circuitry previously mentioned. The commands are sent to the appropriate
drivers by changing the plug and pin assignments from the LF1 MDM as required. The
LF1 pin/plug assignments are documented in SCP 2.13. Once again, using this
procedure is risky, and the amount of time that a preflight test bus is energized should
be minimized.

REFERENCES
Preflight Test Bus Setup, Flight Data File, In-Flight Maintenance Checklist.
Preflight Test Bus Use, EPS SSR-202, Flight Data File, Malfunction Procedures.

Space Shuttle Operational Flight Rules A9.1.2-7, Reusable Fuel Cell, and
A9.1.3-10, Preflight Test Bus Management.
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TITLE
LFO1 MULTIPLEXER/DEMULTIPLEXER (MDM) WORKAROUND
BACKGROUND

The orbiter Malfunction Procedures book contains a procedure (MAL SSR-202) to
power the preflight test bus. It refers to the In-Flight Maintenance (IFM) Checkilist,
which contains a procedure (PREFLIGHT TEST BUS SETUP) to perform a contingency
powerup of the fuel cell in the event that power is lost to a fuel cell ECU. The procedure
uses the launch MDM LFO1 ground-switching capability as a workaround. There are
many more functions that could be performed by inserting proper plug and pin numbers.
The following table lists some of the functions and associated plug-pin numbers that can
be worked around using the LFO1 MDM cables. Some items in the table require a
specific preflight bus to be powered in addition to the LFO1 input. These are identified in
the bus power required column. Note that some functions require multiple commands.
Other functions can be identified using the integrated schematics and wire lists for the
LFO1 MDM (81V72A32). Always double-check this table with the wire list when
performing this IFM.

Input P+P MS ID Title Bus power required
J02-026 V45K0109N FCP 1 STOP-A ESS1BC MPC1
J04-038 V45K0110N FCP 1 STOP-B ESS1BC MPC1
J02-015 V45K0112N FUEL CELL NO 1 START ESS1BC MPC1
J02-094 V45K0209N FCP 2 STOP-A ESS2CA MPC2
J04-108 V45K0210N FCP 2 STOP-B ESS2CA MPC2
J02-096 V45K0212N FUEL CELL NO 2 START ESS2CA MPC2
J06-094 V45K0309N FCP 3 STOP-A ESS3AB MPC3
J08-061 V45K0310N FCP 3 STOP-B ESS3AB MPC3
J06-096 V45K0312N FUEL CELL NO 3 START ESS3AB MPC3
J02-003 V45K0811N FCP 1 PURGE VLVS MNL OPEN-A MNA MPC1
J02-091 V45K0812N FCP 1 PURGE VLVS MNL OPEN-B MNA MPC1
J02-013 V45K0821N FCP 2 PURGE VLVS MNL OPEN-A MNB MPC2
J02-079 V45K0822N FCP 2 PURGE VLVS MNL OPEN-B MNB MPC2
JO01-126 V45K0831N FCP 3 PURGE VLVS MNL OPEN-A MNC MPC3
JO1-054 V45K0832N FCP 3 PURGE VLVS MNL OPEN-B MNC MPC3
J04-060 V45K1084N PRSD O2 ECS PRI SPLY VLV-OPEN A MNA MPC1
J04-050 V45K1088N PRSD O2 ECS PRI SPLY VLV-OPEN B MNA MPC1
J04-048 V45K1085N PRSD O2 ECS PRI SPLY VLV-CLOSE A MNA MPC1
J04-052 V45K1089N PRSD O2 ECS PRI SPLY VLV-CLOSE B MNA MPC1
J04-122 V45K1086N PRSD O2 ECS SEC SPLY VLV-OPEN A MNB MPC2
J04-117 V45K1090N PRSD O2 ECS SEC SPLY VLV-OPEN B MNB MPC2
J04-106 V45K1087N PRSD O2 ECS SEC SPLY VLV-CLOSE A MNB MPC2
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Input P+P MS ID Title Bus power required
J04-110 V45K1091N PRSD 02 ECS SEC SPLY VLV-CLOSE B MNB MPC2
J03-095 V45K1103N PRSD O2 TANK 1 ANNULUS VAC-ON PREFLT 1
J03-094 V45K1116N PRSD 02 TK 1 HTR CUR SNSR-RESET PREFLT 1
J03-096 V45K1117N PRSD 02 TK 1 HTR CUR SNSR-TEST PREFLT 1 or ESS 2CA FD
J02-017 V45K1121N FCP 1 PUMP POWER PREFLT 1 MPC1
J02-072 V45K1124N FCP 2 PUMP POWER PREFLT 2 MPC2
J06-072 V45K1127N FCP 3 PUMP POWER PREFLT 2 MPC3
J04-064 V45K1128N PRSD O2 TANK 1 QUANTITY CHECK PREFLT 1
J02-009 V45K1143N PRSD O2 MANF 1 ISLN VLV-OPEN-A ESS1BC MPC1
J06-087 V45K1171N PRSD O2 MANF 1 ISLN VLV-OPEN-B ESS1BC MPC1
J02-010 V45K1144N PRSD O2 MANF 1 ISLN VLV-CLOSE A ESS1BC MPC1
J06-088 V45K1173N PRSD O2 MANF 1 ISLN VLV-CLOSE-B ESS1BC MPC1
J02-087 V45K1148N PRSD O2 MANF 2 ISLN VLV-OPEN A ESS2CA MPC2
J04-051 V45K1176N PRSD O2 MANF 2 ISLN VLV-OPEN-B ESS2CA MPC2
J02-088 V45K1149N PRSD O2 MANF 2 ISLN VLV-CLOSE-A ESS2CA MPC2
J04-053 V45K1178N PRSD O2 MANF 2 ISLN VLV-CLOSE-B ESS2CA MPC2
J04-063 V45K1151N PRSD FCP 1 REAC VLV-OPEN-A ESS1BC MPC1
J02-018 V45K1166N PRSD FCP 1 REAC VLV-OPEN-B ESS1BC MPC1
J04-039 V45K1152N PRSD FCP 1 REAC VLV-CLOSE-A ESS1BC MPC1
J02-001 V45K1168N PRSD FCP 1 REAC VLV-CLOSE-B ESS1BC MPC1
J04-097 V45K1156N PRSD FCP 2 REAC VLV-OPEN-A ESS2CA MPC2
J02-073 V45K1181N PRSD FCP 2 REAC VLV-OPEN-B ESS2CA MPC2
J04-099 V45K1157N PRSD FCP 2 REAC VLV-CLOSE-A ESS2CA MPC2
J02-075 V45K1183N PRSD FCP 2 REAC VLV-CLOSE-B ESS2CA MPC2
J08-063 V45K1161N PRSD FCP 3 REAC VLV-OPEN-A ESS3AB MPC3
J06-073 V45K1163N PRSD FCP 3 REAC VLV-OPEN-B ESS3AB MPC3
J08-039 V45K1162N PRSD FCP 3 REAC VLV-CLOSE-A ESS3AB MPC3
J06-075 V45K1164N PRSD FCP 3 REAC VLV-CLOSE-B ESS3AB MPC3
J06-095 V45K1191N PRSD 02 GAS SUPPLY VLV-OPEN PREFLT 1
J06-082 V45K1196N PRSD 02 GAS SUPPLY VLV-CLOSE PREFLT 1
J03-018 V45K1203N PRSD 02 TK 2 ANNULUS VAC-ON PREFLT 2
J03-026 V45K1216N PRSD 02 TK 2 HTR CUR SNSR-RESET PREFLT 2
J03-015 V45K1217N PRSD 02 TK 2 HTR CUR SNSR-TEST PREFLT 2 or ESS 1BC FD
J04-098 V45K1228N PRSD O2 TANK 2 QUANTITY CHECK PREFLT 2
J03-076 V45K2103N PRSD H2 TANK 1 ANNULUS VAC-ON PREFLT 1
J04-042 V45K2128N PRSD H2 TANK 1 QUANTITY CHECK PREFLT 1
J08-036 V45K2191N PRSD H2 GAS SUPPLY VLV-OPEN PREFLT 1
J08-059 V45K2196N PRSD H2 GAS SUPPLY VLV-CLOSE PREFLT 1
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J03-029 V45K2203N PRSD H2 TANK 2 ANNULUS VAC-ON PREFLT 2
J04-119 V45K2228N PRSD H2 TANK 2 QUANTITY CHECK PREFLT 2
J06-074 V45K2239N PRSD H2 MANF 1 ISLN VLV-OPEN A ESS1BC MPC1
J08-042 V45K2240N PRSD H2 MANF 1 ISLN VLV-OPEN B ESS1BC MPC1
J06-086 V45K2241N PRSD H2 MANF 1 ISLN VLV-CLOSE A ESS1BC MPC1
J08-054 V45K2242N PRSD H2 MANF | ISLN VLV-CLOSE B ESS1BC MPC1
J04-054 V45K2243N PRSD H2 MANF 2 ISLN VLV-OPEN A ESS2CA MPC2
J04-126 V45K2244N PRSD H2 MANF 2 ISLN VLV-OPEN B ESS2CA MPC2
J04-049 V45K2245N PRSD H2 MANF 2 ISLN VLV-CLOSE A ESS2CA MPC2
J04-116 V45K2246N PRSD H2 MANF 2 ISLN VLV-CLOSE B ESS2CA MPC2
*J01-115 V54K0003N R REND RDR+WB COMM ANT DEPL CMD 1B --
*J03-074 V54K0013N R REND RDR+WB COMM ANT DEPL CMD 1A --
*J01-098 V54K0004N R REND RDR+WB COMM ANT DEPL CMD 2B --
*J03-088 V54K0014N R REND RDR+WB COMM ANT DEPL CMD 2A  --
J06-080 V58K0156N HYD 1 H20 BLR CONT A&B AC PWR ON PREFLT 2
J06-092 V58K0256N HYD 2 H20 BLR CONT A&B AC PWR ON PREFLT 2
J06-093 V58K0356N HYD 3 H20 BLR CONT A&B AC PWR ON PREFLT 2
J01-050 V61K2588N CABIN FAN A-ON PREFLT 2
J01-059 V61K2593N CABIN FAN B-ON PREFLT 2
J01-100 V61K2604N H20 LOOP 1 PUMP A CONTROL-ON MNA FMCA 1
J01-040 V61K2609N H20 LOOP 1 PUMP B CONTROL-ON MNB FMCA 2
J01-122 V61K2704N H20 LOOP 2 PUMP CONTROL-ON CNTL CA1 and switch in
GPC
J01-105 V61K2773N AVIONICS BAY 1 FAN AON PREFLT 1
J01-036 V61K2778N AVIONICS BAY 1 FAN B ON MNB FMCA 2
J01-106 V61K2783N AVIONICS BAY 2 FAN AON PREFLT 2
J01-060 V61K2788N AVIONICS BAY 2 FAN B ON MNC FMCA 3
J01-097 V61K2793N AVIONICS BAY 3 FAN AON PREFLT 2
J01-048 V61K2798N AVIONICS BAY 3 FAN B ON MNA FMCA 1
J01-124 V61K2865N ARS IMU FAN A-ON PREFLT 1
J01-062 V61K2866N ARS IMU FAN B-ON PREFLT 2
J05-062 V61K2867N ARS IMU FAN C-ON PREFLT 2
J05-050 V62K0613N FIRE AGENT DISCHARGE-AV BAY 2 PREFLT 2
J03-017 V62K0633N FIRE AGENT DISCHARGE-AV BAY 3 PREFLT 1
J03-025 V62K0811N FIRE SUPPRESSION AV BAY 2 ARM PREFLT 2
J05-059 V62K0812N FIRE SUPPRESSION AV BAY 3 ARM PREFLT 1
J03-072 V62K0818N SMOKE DET RESET CMD-ALL PREFLT 1
J07-074 V63K1114N FCL 1 PUMP A-ON PREFLT 1
J03-019 V63K1124N FCL 1 PUMP B-ON MNB FLC2
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J03-010 V63K1314N FCL 2 PUMP A-ON PREFLT 2
J07-088 V63K1324N FCL 2 PUMP B-ON MNA FLC1
J02-008 V74K5080N NSP 1 T-ZERO UMBILICAL ON MNB FLC2
J02-095 V74K5081N NSP 2 T-ZERO UMBILICAL ON MNB FLC3
J04-059 V74K6652N S-BAND FM XMTR NO 1 OFF MNB FLC2
J04-115 V74K6653N S-BAND FM XMTR NO 2 OFF MNC FLC3
J07-072 V75K2107N PCM MASTER 1 PWR ON A MNA FPC1
J03-002 V75K2108N PCM MASTER 1 PWR ON B MNC FPC3
J07-082 V75K2109N PCM MASTER 2 PWR ON A MNA FPC1
J03-008 V74K2110N PCM MASTER 2 PWR ON B MNB FPC2
J01-107 V76K0107N MAIN BUS A TIE BUS-ON PREFLT 1
J01-116 V76K0108N MAIN BUS A TIE BUS-OFF PREFLT 1
J02-014 V76K0127N MAIN BUS A CONTROL BUS AB1/CA1-OFF MNA FLC1
J02-070 V76K0128N MAIN BUS A CONTROL BUS AB2/CA2-OFF MNA FLC1
J08-047 V76K0129N MAIN BUS A CONTROL BUS AB3/CA3-0FF MNA FLC1
J01-049 V76K0131N MAIN BUS B TO ESS BUS-1BC-ON MNB MPC2
* This method works only for a failed “DEPLOY” switch position. To deploy, the switch must be in
“GND” position.
J07-076 V76K0134N MAIN BUS C TO ESS BUS-1BC-ON MNC MPC3
J01-114 V76K0161N FUEL CELL 1 TO MAIN BUS A-ON PREFLT 1
J01-103 V76K0162N FUEL CELL 1 TO MAIN BUS A-OFF PREFLT 1
J01-063 V76K0207N MAIN BUS B TIE BUS-ON PREFLT 2
J01-037 V76K0208N MAIN BUS B TIE BUS-OFF PREFLT 2
J02-022 V76K0227N MAIN BUS B CONTROL BUS AB1/BC1-OFF MNB FLC2
J02-080 V76K0228N MAIN BUS B CONTROL BUS AB2/BC2-OFF MNB FLC2
J08-058 V76K0229N MAIN BUS B CONTROL BUS AB3/BC3-OFF MNB FLC2
J07-095 V76K0231N MAIN BUS C TO ESS BUS-2CA-ON MNC MPC3
J01-109 V76K0234N MAIN BUS A TO ESS BUS-2CA-ON MNA MPC1
J01-047 V76K0261N FUEL CELL 2 TO MAIN BUS B-ON PREFLT 2
J01-034 V76K0262N FUEL CELL 2 TO MAIN BUS B-OFF PREFLT 2
J07-073 V76K0307N MAIN BUS C TIE BUS-ON PREFLT 2
J07-085 V76K0308N MAIN BUS C TIE BUS-OFF PREFLT 2
J02-004 V76K0327N MAIN BUS C CONTROL BUS BC1/CA1-OFF MNC FLC3
J02-092 V76K0328N MAIN BUS C CONTROL BUS BC2/CA2-OFF MNC FLC3
J08-044 V76K0329N MAIN BUS C CONTROL BUS BC3/CA3-OFF MNC FLC3
J01-104 V76K0331N MAIN BUS A TO ESS BUS 3AB ON MNA MPC1
J01-051 V76K0334N MAIN BUS B TO ESS BUS-3AB-ON MNB MPC2
J07-094 V76K0361N FUEL CELL 3 TO MAIN BUS C-ON PREFLT 2
J07-096 V76K0362N FUEL CELL 3 TO MAIN BUS C-OFF PREFLT 2
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J02-024 V76K1510N AC BUS 1 PH A/B/C-ON PREFLT 1

J02-023 V76K1517N AC BUS 1 PH A/B/C-OFF PREFLT 1

J02-093 V76K1610N AC BUS 2 PH A/B/C-ON PREFLT 2

J02-081 V76K1617N AC BUS 2 PH A/B/C-OFF PREFLT 2

J08-034 V76K1710N AC BUS 3 PH A/B/C-ON PREFLT 2

J08-033 V76K1717N AC BUS 3 PH A/B/C-OFF PREFLT 2

J03-016 V76K1813N ARRAY 1 MN BUS A TO PH A/B/C ON ESS1BC FLC1

J03-009 V76K1814N ARRAY 1 MN BUS A TO PH A/B/C OFF PREFLT 1 & ESSIBC FLC2
J03-071 V76K1833N ARRAY 2 MN BUS B TO PH A/B/C ON ESS2CA FLC2

J03-087 V76K1834N ARRAY 2 MN BUS B TO PH A/B/C OFF PREFLT 2 & ESS2CA FLC2
J05-064 V76K1853N ARRAY 3 MN BUS C TO PH A/B/C ON ESS3AB FLC3

J05-052 V76K1854N ARRAY 3 MN BUS C TO PH A/B/C OFF PREFLT 2 & ESS3AB FLC3
J08-050 V45K2303N PRSD H2 TK3 ANNULUS VAC-ON PREFLT 2

J08-051 V45K2328N PRSD H2 TK3 QUANTITY CHECK PREFLT 2

J08-052 V45K2453N PRSD H2 TK4 AND 5 ANNULUS VAC-ON PREFLT 1

J08-053 V45K2478N PRSD H2 TK4 AND 5 QUANTITY CHECK PREFLT 1
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TITLE
DELTA AMPS MEASUREMENTS
PURPOSE

To describe the rationale of the delta amps measurement, its relation to the fuel cell
performance, and the console responsibilities in implementing the measurements use.

BACKGROUND

The delta amps measurement was designed to provide insight into fuel cell performance
when two operating fuel cells are bus tied. The delta amps measurement reveals the
load-sharing characteristics through the bus tie, allowing the operator to monitor
performance changes over an extended period of time. If the fuel cell is bus tied and
experiencing either flooding or crossover, it will transfer load to the healthy fuel cell,
causing the load between the tied fuel cells to diverge and resulting in significant
changes in the delta amps. Based upon analytical studies, a 12-amp shift in the delta
amps equates to: (1) a 300-mV degradation in one of the 96 cells, or (2) a 3-percent
KOH concentration change in a fuel cell. Test data shows that a 300-mV degradation
indicates crossover, a high KOH concentration indicates crossover, and low KOH
concentration indicates flooding.

The delta amps measurement is also used to determine bus-loading actions in the case
where a fuel cell has previously failed. If the measurement indicates severe load
imbalances between the remaining two fuel cells, the crew will attempt to balance the
load.

The delta amps measurement is an onboard GPC computation available to the crew on
SPEC 69, and to the MCC on MSK FC_EPDC display. It is calculated as follows:

FC1 delta amps (V92C2142C) = FC1 amps (V45C0101A) - FC2 amps (V45C0201A)
FC2 delta amps (V92C2143C) = FC2 amps (V45C0201A) - FC3 amps (V45C0301A)
FC3 delta amps (V92C2144C) = FC3 amps (V45C0301A) - FC1 amps (V45C0101A)

The delta amps computation has Fault Detection and Annunciation (FDA) to annunciate
out-of-limit conditions to the crew. Under nominal conditions, the delta amps FDA limits
will be set to Offscale High (OSH) (+500) and Offscale Low (OSL) (-500 amps) to avoid
receiving nuisance alarms caused by normal load transients. For certain situations, the
delta amps measurement FDA will be changed to alert the crew in the event of fuel cell
condition changes.

PROCEDURE

A. Cell Performance Monitor (CPM) failure, CPM instrumentation failure (Ol MDM),
and Orbit Pocket Checklist (OPCL) FC Delta Volt procedure
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The CPM detects cell changes by comparing both halves of a substack. Because
all the cells in a substack operate at the same current, a significant voltage loss in
any single cell will produce an identical voltage change in the substack delta volts
measurement, and the fuel cell delta volts comp (actual - predicted volts). For the
loss of an individual fuel cell CPM, the crew is directed to perform a main bus tie,
which is used to monitor for a shift in the delta amps measurement between the
two tied fuel cells. A shift of 12 amps is equivalent to approximately 300-mV
degradation in one of the 96 cells. The magnitude of the performance change may
indicate an internal cell problem. If allowed to continue, this could lead to
crossover, which is potentially a catastrophic failure. Once bus tied, the MCC will
monitor the delta amps measurement and subsequently determine new FDA limits.
Limits will be selected after monitoring the range of values that the measurement
cycles through. The new limits will equal the highest observed value +12 amps
and the lowest observed value -12 amps. Once determined, the MCC will TMBU
the new limits and notify the crew. If the crew experiences a loss of COMM, they
will reset the limits to the present delta amps value +40 amps. The 40 amps value
accounts for possible differences in the fuel cell V-l performance curve.

Certain known conditions will cause the delta amps to change. Fuel cell loads can
cause the delta amps to change because of differences in the V-l performance
curves between the two tied fuel cells. In addition, reactant pressure changes,
temperature changes, or inerts can cause fuel cell load changes. Using the STS-
44 predicted V-l end-of-life and beginning-of-life fuel cell curves, the delta amps
variations due to load changes was computed. The total load changed from 10 kW
to 19 kW, giving a delta amps change of 25 and 35 amps, respectively. To ensure
that the load changes do not cause an alarm, a pad of 5 amps was added to the
extreme case of 35 amps, resulting in the 40-amp limit.

If the crew receives the “S69 delta amps 1(2,3)” message, no COMM, or on MCC
recommendations, they will safe the fuel cell. Otherwise, the measurements will
continue to be monitored by the FDA software. For cases of loss of insight into the
fuel cell, the buses will be untied prior to entry.

In addition to tying the main buses and monitoring the delta amps measurement,
the Fuel Cell Monitoring System (FCMS) will be connected, and individual cell
readings will be taken once per day to monitor fuel cell performance.

B. FC Stack T and FC Exit T procedures

The stack T and exit T procedures use the delta amps measurement to monitor
fuel cell health, along with the fuel cell KOH concentration. A delta amps shift of
+12 amps corresponds to a +3 percent KOH concentration change in a fuel cell. A
high KOH concentration (>48 percent dry stack) and improved fuel cell
performance signals O,/H, crossover. A low concentration (<26 percent, wet
stack) and degraded performance signals flooding.
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New delta amps FDA limits are required to monitor fuel cell performance for
changing KOH concentrations. The MCC will determine and TMBU the new delta
amps limits as described in the previous procedure. If the crew receives the “S69
delta amps 1(2,3)” message, no COMM, or on MCC recommendations, they will
shut down the fuel cell. Otherwise, the measurements will continue to be
monitored by the FDA software. The buses will be untied for entry.

C. FC cool P malfunction procedure

The FC cool P procedure uses the delta amps measurements to monitor fuel cell
health and to receive any indications of fuel cell flooding. For the fuel cell to keep
relieving water to the water supply system, there must be a 10-psid differential
pressure (worst case) between the fuel cell stack pressure and the H,O supply
system pressure. The FDA will annunciate any further changes in the pressure
that would cause the fuel cell to flood.

A delta amps change of -40 amps indicates that a fuel cell is in a flooded condition.
The 40-amp value resulted from the calculation of a 12 percent change in KOH
from a normal fuel cell to a flooded fuel cell. A 12-percent change in KOH equates
to a 0.384-volt change using an interface voltage of 0.032 V/ percent concentration.
The analysis assumed a 10-kW load between two tied fuel cells and uses a stack
resistance of 0.01 ohms. The circuit analysis resulted in a 40-amp difference
between the two cells.
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TITLE
FUEL CELL MONITORING SYSTEM
PURPOSE

To provide information about the design and operation of the Fuel Cell Monitoring
System (FCMS).

INTRODUCTION

The FCMS is a data system designed to provide insight into the single-cell
voltages in the orbiter fuel cells. The FCMS is used in flight and during ground
checkout/processing.

BACKGROUND

The existing Cell Performance Monitor (CPM) works well, but there are some fuel cell
failure modes that the CPM does not adequately detect. The CPM compares the first
16 cells in a substack to the second 16 cells and then returns the absolute value of the
difference between these measurements. With this design, it is not possible to
conclusively determine if a change in the CPM output is due to a single cell degrading
or whether there are several cells slightly degraded.

Another fuel cell problem that could be masked in the current CPM is the case in which
more than one cell is degrading or developing crossover, and the cells are on different

halves of the same substack. In this case, if the cells were degrading at the same rate,
the CPM reading would be unaffected and the problem would go undetected.

Several CPM design upgrade options were presented to the orbiter program over the
years. Because of competing priorities, the excellent reliability of the fuel cells, and
program budget constraints, none of the proposed upgrades has been implemented.

The capability of the CPM became an issue during the STS-83 mission. Shortly after
lift-off, the FC2 CPM indicated a problem in the fuel cell. The Substack Delta Volts
(SSDV) measurement for substack 3 was increasing. MN B was tied to MN C to
provide additional monitoring of the fuel cell performance. The measurement continued
to rise, but over time the rise rate slowed and appeared as if it might eventually
stabilize. The bus tie (load-sharing) data indicated a healthy fuel cell, and there were no
other indications of anything wrong with the fuel cell. Except for the SSDV
measurement, all indications were that the fuel cell was healthy.

During STS-83, the available data did not allow for ground personnel to rule out the
possibility of crossover in the fuel cell. Crossover is the inadvertent mixing of O, and
H, in the stack of a fuel cell. The crossover reaction produces heat at the crossover
point. The extra heat, in turn, helps to enlarge the size of the crossover path between
the O, and H,. If left unchecked, crossover will result in a catastrophic fuel cell
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rupture/fire and possible loss of the shuttle. With this in mind, the Mission Management
Team (MMT) decided that the proper course of action was to safe the fuel cell and to
execute a Minimum-Duration Flight (MDF) timeline.

The fuel cell was returned to the vendor, International Fuel Cells (IFC), for failure
analysis. After some diagnostic tests and analysis work, crossover was ruled out. The
fuel cell was successfully started and, after continued operation, the SSDV reading
stabilized. The stack was subsequently torn down, and a series of analyses and
laboratory tests were performed. The tests and analyses showed that there was slightly
degraded performance spread across several cells. In the end, the vendor was not able
to determine the exact cause of the degradation. The conclusion was that it would have
been okay to continue using the fuel cell during STS-83. However, because the
consequence of unchecked crossover is so severe, it was clear that with the data
available during flight, the correct decision was made. It was also clear that if the
vehicle was equipped with the capability to measure the individual cell voltages, the
possibility of crossover could have been eliminated. The decision during flight would
have been to continue FC2 operation and stay on orbit.

DESIGN PROCESS

To preclude another incident of unnecessary early mission termination caused by lack
of insight into the fuel cell single cells, a tiger team was formed in May 1997. The
assignment for this team was to design, build, install, and fly a single-cell voltage
measurement system on STS-87 in November 1997 and on all subsequent missions.
This schedule required the first shipment of hardware to be delivered to KSC in
mid-August, which gave the team 10 to 12 weeks to define requirements, design, build,
test, and deliver flight hardware.

Several design options were investigated. Most designs, including those that interfaced
with the onboard flight software and data system, were abandoned because of the
schedule. During one meeting with the Shuttle Program Office, it was suggested that
the deadline be moved out approximately 3 months to allow a solution that would
incorporate the measurements into the real-time shuttle downlink telemetry. The
Program Office reiterated that the first flight of STS-87 in mid-November 1997 was a
requirement.

The team narrowed the possibilities down to two options, to record the data onboard
and downlink via the Orbiter Communications Adapter (OCA) or to record the data
onboard and downlink via a spare Ku channel, most probably channel 3.

The Ku option held the threat of delays that could be associated with required changes
to downlink Telemetry Format Loads (TFLs). In addition, the proposed Ku- band
channels are generally reserved for optional Payload (PL) services with which the team
did not want to interfere. The team settled on the first option of recording the data
onboard and then downlinking via the OCA.
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At this point, the concept for the FCMS was complete. The cell voltages would be
measured, an analog-to-digital conversion would be done, and the data would then be
combined into a serial data stream to be displayed and recorded by an onboard
Payload General Support Computer (PGSC).

With the short development time available, the team quickly recognized that designing a
single-cell voltage-monitoring system from the ground up was not feasible, and a search
began for commercially available data systems. Several manufacturers were
considered. Some were disqualified based on schedule, and some could not meet the
required specifications. Eventually, Aydin Vector was selected to build the FCMS
hardware. The company indicated that they could meet our specifications and
schedule. They also had previous experience building data systems for the SPARTAN
and MISTI satellite programs, as well as experience in several other aerospace
projects.

Boeing North American in Downey took the lead responsibility for the hardware
development and engineering for vehicle modifications. JSC MOD assumed
responsibility for developing the onboard and ground software applications and for
building the necessary PGSC interconnect cables. KSC assumed responsibility for
building systems to obtain the data during ground operations and for performing the
vehicle modifications.

FCMS OPERATION AND CONSTRAINTS

The FCMS consists of a master and two remote (or slave) Pulse Code Modulation
(PCM) units. The master unit (PCM 1) handles the timing, control, and formatting of the
data stream, inserts the orbiter Greenwich Mean Time (GMT) into the data stream,
measures single-cell voltages on FC1, and provides the system outputs. The slave

unit 1 (PCM 2) measures single-cell voltages from FC2, and slave unit 2 (PCM3)
measures single-cell voltages from FC3. These voltages are sent to the master unit to
be combined with FC1 voltages and GMT in the output data stream (See Figures 2.15-1
and 2.15-2).

The output serial data stream is encoded as biphase -L and runs at a rate of 4.095 kbps.
Each frame consists of 300 12-bit words. Words 1 and 2 are frame sync words. Words 3
through 9 are the GMT timetag at the beginning of the frame. Words 10 thru 297 are the
288 cell voltages (96 cells times three fuel cells). Words 298 thru 300 are spare
channels. The selected data rate of 4.095 kbps results in one full frame of data
approximately every 0.88 seconds.

It should be noted that the individual cell voltages are not sampled at the same instant
of time. The cell voltages are sampled sequentially, and there will be approximately 280
milliseconds between the 1st and the 96th cell measurement on each fuel cell. The
GMT in each frame is the time that cell 1 on FC1 was sampled.
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The power for the FCMS is supplied from MN A MPC1. Power comes through fuses
F47, F21, and F19 for the master unit, slave unit 1, and slave unit 2, respectively.
Power to the units is controlled via three contacts of relay A3K7, one contact for each
slave and master unit. The coil of the A3K7 relay is energized via CB27 on ML86B.
This circuit breaker is rated at 5 amps and receives power from the MNA ML86B
sub-bus. Because each card in each unit needs an individual power feed, this type of
power arrangement was selected to minimize the number of splices required.

The master unit has three data output ports. Each of these ports puts out an identical
data stream. The first output is connected to the Pulse Code Modulation Master Unit
(PCMMU) 2 outlet on PNL O5. Spare pins (9 and 10) are utilized so that existing
PCMMU capabilities are separate and unaffected. This output provides data to the
onboard PGSC data system. When the crew wants PCMMUZ2 data, they hook up the
PCMMU cable. When they want FCMS data, they use the FCMS cable.

The second output goes to a connector at the 576 bulkhead. Currently, nothing is
connected to the other side of this bulkhead connector. This output was intentionally
added for possible future use.

The third output is connected to the T-0 umbilical. This output is utilized prelaunch and
during ground turnaround/processing activities (N, diagnostics, etc.).

During Electromagnetic Interference (EMI) testing at the Johnson Space Center, the
FCMS hardware had some emissions that exceeded the STS SL-E-0002 specification
for orbiter hardware. The test was done in a “worst case” configuration with several
unterminated data lines and without the shrouds that are installed in the actual vehicle.
Analysis was conducted to show that, for conducted emissions, there was a safety
margin of ~42 dB and for radiated emissions, a safety margin of ~38 dB. A waiver was
processed to allow operation of the FCMS system. The waiver was approved for on-
orbit operations but not for ascent/entry. At present, the FCMS is deactivated during the
prelaunch count just prior to closing the crew compartment hatch. Some discussion has
taken place about revisiting the EMI testing to allow certification of the FCMS during
ascent/entry. Because the crew does not have access to the data during these
timeframes (PGSCs and cables are stowed), the decision was made to leave it as is.

ONBOARD SOFTWARE APPLICATIONS
A.  WINDECOM, FCMS

The onboard PGSC implementation requires both the WINDECOM FCMS and FCMS
applications to be running (see the diagram in the MAL PROCEDURES EPS SSR-1 fuel
cell Monitoring System Operation). WINDECOM FCMS is a special WINDECOM
configuration that was built specifically to decommutate the FCMS serial bit stream and
format the data so that it can be easily read by the FCMS application. WINDECOM
FCMS will have a display of the fuel cell single-cell voltages and the associated GMT;
each fuel cell has its data in a series of vertical columns. The data are visible and valid
but not particularly easy for the crew to read. The WINDECOM default display shows
FC1 single-cell voltages. The second display shows FC2 and FC3 voltages. To toggle
2.15-6
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between the FC1 display to the FC2 and FC3 displays, the crew can page up or down.
If a situation arises in which only WINDECOM FCMS is available, the crew can still read
the single-cell voltages.

B. FCMS

The FCMS application display (Figure 2.15-3) shows the individual single-cell voltages
and has options to record them into an ASCII data file(s). This application displays one
fuel cell on each page. The default display comes up with FC1, but the crew can easily
select FC2 or FC3.

The display is structured with the fuel cell broken into substacks. Each substack
consists of two columns. The first column has the first 16 cells, and the second column
has the second 16 cells. The displayed cell voltages are rounded to the nearest
millivolt. At the bottom of each column is a summation of the 16 cells in the substack
half. The absolute value of the difference between the halves of the substack is the
mathematical reproduction of the SSDV measurement. The displayed value here is an
absolute value, because the crew is used to seeing SSDV in this form. The bottom field
under each column is the addition of the voltages from each half of the substack. This
value is the mathematical reproduction of the total fuel cell volts. An option in the init file
allows recording of data to the nearest tenth of a millivolt, but voltages to the nearest
millivolt should be adequate in most circumstances.

The crew has an option to record data. When the Record function is selected, two
options are presented. Option 1 is to record full rate until the maximum file length is
achieved. Option 2 is to record one sample every _ minutes for hrs.

If option 1 is selected, the FCMS application begins recording data until it reaches the
maximum file length defined in the init file or until the crew selects Stop Record. The
default maximum file length specified in the init file is 820 lines. The size was selected
to ensure that the data file would always fit on a single 1.2-Mb floppy disk.

If option 2 is selected, the crew enters in the interval between samples and the total
record time. The recording proceeds until the recording is complete, until the maximum
file size is reached, or until the crewmember selects Stop Record. If the crew selects
interval recording and selects an interval and time that exceeds the maximum file size,
data will still be recorded, but the crew will receive a message advising that the file will
record to maximum file size.

Because the single-cell voltages nominally vary depending on load, and since the
vehicle load is constantly changing, the freeze option was built into the FCMS. The
crew can select Freeze to freeze the data on the display. This freezes the data so that
the crew can look at data from one time point (one possible use is the case in which
OCA downlink is unavailable and we want the crew to report some values). The Freeze
button affects only the display screen, not the record function. If files are being
recorded, the recording continues in the background. To resume real-time data on the
screen, the crew selects Resume.
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The initialization file, or init file, contains default reconfigurable options for the FCMS
application. If changes are required or desired, there are two options to accomplish
this. The first is to have the crew open the init file and make the desired changes, and
the second is to change the init file on the ground and uplink the new init file via the
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Figure 2.15-3. FCMS display
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In either case, there are two ways for the FCMS application to use the new init file. The
first is for the crew (from within the FCMS program) to select file and then select load
new init file. The second method is to restart the FCMS application, and it will use
whatever init file is currently in the FCMS directory. The init file is well commented,
which makes reading and modifying a straightforward activity. The WordPad
application works nicely for editing the init file. See Figure 2.15-4 for an example of the
init file.

When data is recorded, the FCMS application builds two output data files. One is an
ASCII data file. The other is a zip file, which contains the ASCII data file. The zip file is
built to speed up downlink and to minimize file transfer time.

The ASCII data file contains one line for each frame of recorded data. Each line starts
with the GMT and is followed by 288 cell voltages. A comma separates each of the cell
voltages. Each line is terminated with a carriage return. The 288 cell voltages start with
FC1 cell no. 1, followed by FC1 cell no. 2, progressing sequentially to FC3 cell no. 96.
The number of lines in the file is the number of frames recorded.

The ASCII file names are based on the GMT of the first time point in the file. For
example, a file in which the first time point is at GMT 325/14:02:37.601 will be named
fc251402.fcv. The fc at the beginning indicates that the file contains data from all three
fuel cells. If the file contained data only from FC1, 2, or 3, the first two letters of the file
name would be 1, f2, or f3, respectively. The option to record data from only one fuel
cell is selectable in the FCMS application initialization (init) file, but this is an option that
will probably be seldom, if ever, used. The numerical part of the file name contains the
second two digits of GMT day followed by minutes and then seconds. (The first digit of
the GMT day was left off to keep the file name to eight characters because the entire
fuel cell community did not have Windows 95 at the time this application was
developed.) The .fcv extension stands for fuel cell volts.

DOWNLINKING FILE(S)

The primary mode of operation for the FCMS on orbit is for the crew to record a data file
and then downlink it via the OCA. After recording the data file, the next step is to get
the file downlinked for MCC, engineering, and vendor analysis.

When an FCMS recording is initiated, the application creates the data and zip files and
puts them in the FCMS directory on the hard drive of the machine being used. Under
normal circumstances, only the zip file is downlinked. The FCMS procedure

(EPS SSR-1 in the MAL PROCS) has the crew transfer the zip file to the ocadown
directory on the OCA machine. This transfer or copy can be done via either floppy disk
or the onboard network, depending on how the end user PGSC is networked with the
OCA machine. When the crew reports that they put a copy of the FCMS file in the
ocadown directory on the OCA machine, the Flight Activities Officer (FAO) Multipurpose
Support Room (MPSR) personnel will downlink it. Currently, the downlinked file is
placed on the MODM server in the u:\inbox\egil folder and then EGIL/EPC personnel
are notified.
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[INITIALIZATION]

; IT set to True (1) the GMT will be read from PCDECOM
; IT set to False (0) the GMT will be read from the

; system clock

READ_GMT_FROM_PCDECOM=1

; Upper/Lower limit settings in MV
VOLTAGE_LOWER_LIMIT=920
VOLTAGE_UPPER_LIMIT=1200

; Limits for ERROR conditions in MV - error text will display
VOLTAGE_LOWEST_LIMIT=0
VOLTAGE_HIGHEST_LIMIT=1250

; Error text for out of limits high and low
; Limited to 3 chars

LOW_ERROR_TEXT=0SL

HIGH_ERROR_TEXT=0SH

[RECORDING]

; The number of frames to record for each file for full rate recording

; Each line is approx. 498 bytes for 3 file mode - 1458 bytes in 1 file mode
; 1.2 MB of data=approx. 820 lines

; 1.2 MB=approx. 7 min if 820 lines at 1/2 sec rate
NUM_OF_RECORD_FILE_LINES=820

; Path location to record the data files in the form - (DRIVE) :\PATHNAME\
RECORD_FILE_PATH=

; Recording mode is 1 file or 3 files
; (all data in one file or separate files for each fuel cell)
RECORDING_MODE=1

; For interval recording, record FRAME _RECORD number of frames at each
interval
FRAME_RECORD=1

; For interval recording, AUTO _STOP can be set to true(l) or false(0)

; to have the recording stop when NUM_OF RECORD _FILE LINES is reached or
; to continue recording for the entire time interval duration regardless
; of File size

AUTO_STOP=1

; Recording parms can be set to V for volts MV for millivolts
PARMS=MV

; File extensions used for recording
ONE_FILE_EXTENSION=_FCV
THREE_FILE_EXTENSION=.FCV

; Decimal places recorded can be set to 3 or 4
RECORD_DECIMAL_PLACES=3

; Create a zipped version of the recorded files (1=yes,0=no0)
ZIP_THE_FILES=1

[DISPLAY]
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Figure 2.15-4. FCMS initialization file

; Interval in which to update the display
; This interval is in 1/2 seconds.
DISPLAY_UPDATE_INTERVAL=2

; Display parms can be set to V for volts MV for millivolts
PARMS=MV

SUBSTACK_TOTALS=V

SUBSTACK_DELTAS=MV

SUBSTACK_GRAND_TOTALS=V

; Computed data for the display can be computed using
; 3 or 4 decimal places
COMPUTED_DATA DECIMALS=3

; Error and Range limit color values

; RED, GREEN, YELLOW, BLUE, CYAN, WHITE, BLACK
ERROR_LOW_COLOR=RED

ERROR_HIGH_COLOR=RED

RANGE_LOW_COLOR=YELLOW

RANGE_HIGH_COLOR=YELLOW

[DEBUG]
CREATE_A_LOG_FILE=1

; IT set to true(l), the data will be read from the FCMSDEMO.INI Tfile
; Tfor testing and demonstration purposes.

[DEMO]

DEMOMODE=0

Figure 2.15-4. Concluded

2.15-11

Verify that this is the correct version before use



SHUTTLE OPS ORIG: T.R.NORTH FCMS
EGIL/JSC-12830 07/31/01: REV.F PCN-1 SCP 2.15

One additional note on the OCA downlink capability: Some onboard configuration
activities must be performed onboard to allow downlink file transfer. These are
generally transparent to the EGIL/EPS, but some upfront coordination with FAO and
INCO may be helpful. Also, since the primary mode of OCA downlink uses the

Ku-band system, Ku coverage is usually necessary to conduct OCA downlinks. The
OCA can be configured to use S-band, but the file transfer in this mode is very slow
compared to Ku-band operations. For this reason, FCMS files should be downlinked via
S-band only in contingency situations.
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TITLE
HYDROGEN PUMP / H20 SEPARATOR
PURPOSE

The purpose of this SCP is to describe the function for the Hydrogen Pump/H20
Separator.

REFERENCES

Orbiter Fuel Cell Powerplant Review and Training Course (booklet and videotapes),
International Fuel Cells, March 1999

Orbiter Fuel Cell Powerplant Review and Training Course (booklet), UTC Fuel Cells,
June 2002

DISUSSION

The Hydrogen Pump/H20 Separator is part of the fuel cell’'s water removal
subsystem that is contained in the accessory section of the fuel cell. Water removal
is necessary for a fuel cell to work properly. The water removal system is
responsible for maintaining proper electrolyte concentration and preventing liquid
water from entering the fuel cell stack and flooding the cells. The hydrogen pump
(H2 pump) circulates the hydrogen and the water vapor mixture from the fuel cell
stack through the condenser. The condenser and H2 pump separate the liquid
water from the gas. The humidified hydrogen gas is then returned to the fuel cell
stack. The liquid water is discharged into the shuttle’s water system for crew use
and vehicle cooling.

A. The Water Removal Process (Refer to Figure 2.16 — 1)

Condenser

The condenser receives hydrogen gas saturated with water vapor from the fuel
cell stack. After the condenser cools the mixture, water droplets precipitate out.
The humidified hydrogen and water droplets flow into the H2 pump / separator
section.

H2 Pump / Separator Section

The H2 Pump / Separator Section contains an AC motor, which drives an
impeller attached to a stack of perforated plates. As the stack of plates spin (at
8000 rpm), the water droplets cling to the plates and are flung outward to form a
rotating ring of water. The hydrogen, now stripped of its liquid water, proceeds
through holes in the impeller rotor, collects in an annulus of the pump, and then
returns to the fuel cell stac
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Figure 2.16-1. H2 Pump / Separator
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Water Discharge Valve

To remove the water out of the H2 pump / separator section, the water discharge
valve must open. The discharge valve opens when its diaphragm senses a
pressure differential of 5 psi above the fuel cell’s hydrogen system pressure.
This is accomplished as the water builds up in the rotating ring, increasing the
pressure applied to the water discharge valve via the pickup pitot tube. The
pickup pitot tube’s opening faces upstream against the rotating water. The
differential pressure is needed because the valve is biased by a spring, hence
acting as a backpressure regulator. When the differential pressure reaches 5
psi, the valve opens and allows the water in the H2 pump / separator section to
flow into the Orbiter Water Storage system; then the valve shuts again. While a
fuel cell is running, the water discharge valve constantly opens and closes. In an
ideal world the valve would find an equilibrium position, and the water discharge
flow would be constant. When the water flows out of the water discharge valve, it
drops from 60 psia to 15 psia, and hydrogen bubbles appear as result of the
dissolved hydrogen disassociating itself from the water. Before the water
reaches the Supply Water Tanks, it flows through palladium separators
downstream of the water discharge valve in an effort to remove as much
entrapped hydrogen from the water as possible.

H2 Gas Bleed Hole

To remove as much hydrogen from the water as possible before it leaves the fuel
cell, a very small hole - about 0.0020 in diameter - is drilled (Labeled “H2 Gas
bleed hole” on Figure 2.16-1) on the inside wall of the pickup pitot tube. Due to
centrifugal force, the water will go to the outside of the curved tube and the
hydrogen will stay to the inside and be expelled through the hole in the pitot tube.
Then it will flow through the H2 pump / separator section again.

Condenser Aspirator Tube / Nozzle System

Water pools in the ‘cheeks’ of the condenser in atmospheric pressure. To
remove this water a condenser aspirator tube / nozzle system is in place. Itis
composed of two aspirator tubes placed on the condenser: one at the inlet and
one at the exit. These tubes are routed to individual nozzles that lead back to the
H2 pump / separator through the water return tube. The way the system works is
some of the high-pressure water from the water pickup pitot tube (waiting to go
through the water discharge valve) travels through the two nozzles back into the
rotating cup of water in the H2 pump / separator through the water return tube.
Due to the Bernoulli effect, the nozzle increases the water’s velocity and
decreases its pressure in the aspirator allowing the pooling water in the ‘cheeks’
of the condenser to flow into the H2 pump / separator. The side of the condenser
the aspirator tubes are placed determines a right-hand vs. left-hand fuel cell on
the orbiter. A retrofit kit allows field conversion of a right-hand fuel cell into a left-
hand fuel cell.
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Recycle Tube / STS-2 Failure

Under certain conditions condensed water makes its way through the H2 water
separator impeller region. This is not the usual case, but during start up and
certain cold conditions, liquid water can be found in the impeller-housing region.
The ramification is that in the close clearance between the edge of the rotor and
the housing is a thin film of water. This water has tremendous drag on the motor,
and if allowed to exist the motor will stall because it is not strong enough to rotate
at its nominal speed. The motor will not stop completely, but it will slow down to
the point that it is basically ineffective.

The original solution was to have three aspirators tube nozzle systems (see
Figure 2.16 - 2). The third aspirator was connected to the rim of the impeller
rotor-housing region. On STS -2 the H2 motor flooded. The nozzle of the 3™
aspirator, which was made out of aluminum, corroded and became plugged, and
the aspirator stopped suctioning water out of the impeller-housing region. Then
the worst possible situation was present: a high-pressure area full of water had a
direct path back to the rim of the impeller region.
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Figure 2.16-2. STS-2 Fuel Cell Water Removal System.
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To fix the problem, the 3™ aspirator was removed and replaced with a recycle
tube that extends from the inlet of the pump (a low pressure area compared to
the aspirator pumps) to the rim of the impeller-housing region (see Figure 2.16 -
1). This purposely recycles about 3% of the hydrogen flow down to the inlet of
the pump. As a result any water that collects in the impeller-housing region will
join back with the humidified hydrogen and water droplets and get directed back
into the inlet of the pump for another pass through the H2 separator.

B. The H2 Pump / Motor

The hydrogen pump is a 400 Hz 115 volt three-phase motor. It is also known as
a drag pump because it depends on the friction caused by dragging the material
with it which makes it inefficient. It is used because its performance is very
consistent and flat. A centrifugal pump would work in this design but is not as
easy to handle analytically, and its performance would not be as well known
under all conditions. Therefore the inefficiencies of the drag pump are tolerated.
It consumes about 60 watts but only does about 5 to 10 watts of useful work.

The H2 motor was over designed (i.e. stronger than it needed to be) to overcome
the inertia of the heavy wheel assembly during startup and to allow the motor to
come up to speed in a reasonable amount of time.

The H2 pump is the only component that UTC Fuel Cells makes; everything else
is purchased from an outside vendor - even the H2 motor. UTC Fuel Cells tried
to find someone that could make the hydrogen pump when the design first came
out but was unsuccessful due to the degree of precession needed.

The H2 motor is an integral part of the hydrogen pump. It is a canned motor; the
windings of the motor are on the outside encased in a housing that resembles a
‘can’. The interior of the motor, containing the pump impeller, is called a wet
motor because the interior is flooded with the wet hydrogen.

C. FC H2 Motor Status

The performance of the H2 Pump/H20 Separator is monitored by the FC H2
Motor Status indication on the EGIL_FC_EPDC display and the crew’s

Shuttle onboard display SM SPEC 69 (see Figure 2.16 — 3). SPEC 69 is only
available to the crew in OPS 2 and 4. This performance monitor was added to
the fuel cell after the failure of the H2 Pump on STS-2.

The voltage signal conditioner, that produces the H2 Motor Status, has a series
of transformers that create voltages at points 1, 2, 3 and 4 whenever current
flows through phases A, B, C or the neutral of the H2 motor (see Figure 2.16 —
4). The H2 Motor Status voltage is measured across points 5 and 6. For
nominal 3-phase operation, current flows through phases A, B, and C. In a
perfectly balanced system current flows in one phase and out another - no
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current flows down the neutral line. The H2 Motor Status voltage measured
across points 5 and 6 is approximately 0.4 V.

The H2 Pump/H20 Separator can operate on two phases. However, the load is
unbalanced so current flows down the neutral line; thus voltage is seen at point
4. The neutral transformer is much stronger than the phase transformers;
therefore it produces a higher voltage reading for a given level of current. As a
result the H2 Motor Status voltage changes from ~0.4 V to ~ 4 V for 2-phase ops.

In a stall condition, the phase transformers have more current going through
them (stall currents are ~1.3 amps per phase vs. ~ 0.2 amps per phase) so the
individual phase voltages increase thus increasing the total H2 Motor Status
voltage to ~ 2.2 V for a 3-phase stall condition. However, in a 3-phase stall
condition the extra voltage produced by the phase transformers still is not as
much as the voltage produced by the neutral transformer during 2-phase ops.

Q00V00: 00:00
00000006 FUEL CELLS 4 000000000
Fi
1 2 3
VOLTS 2049 2949 31.1 H20 RLF LINE T 75
AMPS 150 175 120 NOZT & 177
B 177
FLOWY 032 2.1 36 28 HTR Sy A
Hi 05 0E 0.4 PURGE LN 02 125
REAC 02 op op op | T H2 135
HZ | op OP Qp T T a6
HZ0 LINE PH
STACK T | +202 | +206 | +200
E¥IT T | 151 149 150 FC
cooL T an a9 97
F B0 B0 B0 1 2 3
PLMP FH
HZ PLIMP 0.4 0.4 04 | &y S5 2 20 | 20
READY | RDY | ROY ROY 5572 21 q 47
553 73 22 | 27
Hz0 L AMPS  |-25 | +85 |-30
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iy T a1 77 75
ALTLM T a7 ag 78 |

Figure 2.16-3. SM 69 FUEL CELLS
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Figure 2.16-4. H2 Motor Status Electrical Schematic
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STS-2

ov-102

11/12/1981

11/14/1981

Fuel Cell

Flowmeter

FC1 H2 Flowmeter

FC1 H2 Flowmeter reading was low.
Many flowmeter failures occur.
Flowmeter will be readjusted or
replaced when fuel cell is rebuilt.
Flowmeter serves no purpose other
than an indicating device. Loss of
this measurement will not effect the
mission.

STS-2

Ov-102

11/12/1981

11/14/1981

Fuel Cell

Flowmeter

FC2 O2 Flowmeter

FC2 O2 Flowmeter read OSH. FC2
and FC3 O2 Flowmeters read off
scale. The flowmeters will not be
replaced until fuel cells are replaced
because of possibility of introducing
contamination into accessory section.
Fuel cells can be manually purged.
Software change in work to allow auto
purge regardless of flowmeter output.

STS-2

OV-102

11/12/1981

11/14/1981

Fuel Cell

pH sensor

FC1 pH High

Crew observed pH high event on
FC1. The crew observed rapid loss
of 0.75 V DC in FC1 output voltage.
Water from FC1 showed a high pH
content followed by loss of output
voltage. FC1 was then shut down.
The pump rim aspirator was blocked
by a small foreign object. This
caused progressive flooding of the
fuel cell with resultant high pH and
voltage loss. AC current data is now
carefully monitored to detect any
irregularities with the H2 pump. See
SCP 2.17 for further information on
this failure.
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STS-4

Oov-102

06/27/1982

07/04/1982

Fuel Cell

TCE

FC1 thermal TCE shift

During prelaunch activities of STS-4,
FC1 experienced an approximate 8°
F downward shift in Thermal canister
Experiment (TCE) control. The main
TCE cartridge on the thermal control
valve was verified out of calibration
with entrapped FC-40 fluid
(penetrating fluid) between the
actuating piston and the boot. The
cause of the fluid entrapment was
determined through inspection of the
piston fluid entrapment relief groove.
Rounded corners on the groove near
the tapered end of the piston were
ovbserved in photographic
shadowgraphs. This condition
allowed the rubber boot to conform
into the groove, blocking fluid flow. A
design change effective on three
substack fuel cells has increased the
number of fluid entrapment relief
grooves from one to three. Prelaunch
fuel cell procedures will be modified
to operate the fuel cell at high power
for approximately 30 minutes, as
soon as possible after fuel cell
activation.

STS-6

OV-99

04/04/1983

04/09/1983

Fuel Cell

Flowmeter

FC powerplant 2

During STS-6 OV-99, the fuel cell
powerplant 2 flowmeter failed to the
lower limit. The redesign flowmeters
are incorporated into the new three-
substack FCPs and will support flights
in line with the three-substack fuel cell
conversion.

0€82T-OSC/1193

T-NOd 4 °'A3d  :€0/LT/TT

SH4IMO14'd 'L 9OldO

LT'2dOS

SdO F1LLNHS

34dN711v4d 04



3SN 810J3( UOISI3A 1084109 3Y1 SI SIYl eyl AJLIaA

€-L1¢

Mission

Vehicle

Launch

Landing

Subsystem

Equipment

Title

Brief Discription

STS-6

OV-99

04/04/1983

04/09/1983

Fuel Cell

Coolant Pump

FC1 Coolant Pump

During postlanding checkout of STS-
6, FC1 coolant pump delta pressure
indicated on when FC1 start/stop
switch was in stop. The delta P
switch contacts (both sets) were
verified closed. S/B open. The failure
was caused by leakage of FC-40
coolant into the hermetic switch
assembly (through defective weld)
and subsequent thermal expansion of
FC-40, causing the switch
deformation. The failed unit on S/N
109 two-substack FCP supporting
OV-99 has been replaced with a new
switch, which was verified to be
working properly. All vehicles
incorporating three-substack FCPs
either inline or conversion, will include
leak-checked coolant pump delta
pressure switches.

STS-9

Oov-102

11/28/1983

12/08/1983

Fuel Cell

FC Water

FC confidence run

Excessive free hydrogen has
observed in ECLSS potable water
tank while accumulating water during
the fuel cell confidence run before
STS-9. Troubleshooting determined
that FC2 and FC3 were responsible
for the abnormal water tank condition.
A significant quantity of GH2 was
being discharged, along with product
water. Excessive amount of H2 gas
was found in the potable water
systems. The source was determined
to be a secondary water filter that was
separating H2 gas from the circulating
water flow stream and diverting it to
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the water discharge valve. The filter
is a two-stage filter and, if modified to
eliminate second stage, will eliminate
the H2 entrapment problem while
maintaining necessary filtration.
Corrective action consists of replacing
the fuel cells with units demonstrating
acceptable H2 content following
installation of the filter modification.

STS-27

Oov-104

12/02/1988

12/06/1988

Fuel Cell

FCALTT

FC2 ALT H20 Line T

FC2 alternate H20 line erratic
temperature. Investigation isolated
the problem to an erratic thermostat,
a leak in the alternate water line
check valve, or effects of the flight
thermal environment.
Troubleshooting at KSC could not
duplicate the problem with either the
thermostat or valve. The "B"
thermostat was removed, and it was
tested within spec. The probable
causes are that the vehicle was in a
bottom Sun attitude for an extended
period when this occured, and the
thermostat may bave been installed
loosely. From flight data, it was noted
that when the line heaters were
switched to the "B" circuit and the
bondline temperature decreased
below approximately 100° F, the line
heaters cycled within the normal
range. The subsequent flight (STS-
30), with a more benign
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environmental temperature and a new
thermostat, resulted in normal
operation.

STS-31

OVv-103

04/24/1990

04/29/1990

Fuel Cell

Flowmeter

FC2 O2 Flowmeter

FC2 02 flow rate high during purge.
See SCP 2.16 for more detail.

STS-41

Ov-103

10/06/1990

10/10/1990

Fuel Cell

Flowmeter

FC1 H2 Flowmeter

FC1 H2 Flowmeter static at 0.19.
Shortly after FC1 starts, the H2
flowmeter drifted low and became
static at a reading of 0.19. The output
remained at 0.19 for the remainder of
the mission. The fuel cell flowmeters
have a history of failures such as this.

STS-41D

OVv-103

08/30/1984

09/05/1984

Fuel Cell

CPM

FC1 CPM

During the first flight of OV-103 STS
41-D, the fuel cell performance
monitor for FC1 failed low on the
following measurements: V45V102A,
V45V103A, and V45V104A. The
cause of the flight problem was a
shorted Q4 transistor which, in turn,
burned resistor R10 and discolored
R32. Also, transistor Q2 opened.
Loss of CPM is detectable during
flight, but noncorrectable. The main
buses can be reconfigured to allow
fuel cell operation. Loss of the CPM
would not affect the mission or fuel
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cell performance. (Failure of the
CPM would only require the crew to
tie the failed CPM fuel cell to another
bus as accomplished on STS 41-D).

STS-48

OVv-103

09/12/1991

09/18/1991

Fuel Cell

FC Reac VIv
Ducer

FC1 02 Reac VIv

Ducer

FC1 O2 reactant valve indicated
failed closed. On flight day 2, the
FC1 reactant valve indicated a closed
position. All further indications sugest
a transducer failure. During presleep
cryo reconfiguration on flight day 3,
the valve indicated open again.
Indication in both instances were on
both the documented MSIDs and the
R1 talkback.

STS-51J

OVv-104

10/03/1985

10/07/1985

Fuel Cell

Flowmeter

Failure of Fuel Cell 3
02 Flow Transducer

Fuel Cell 3 O2 flow transducer failed
to Off-Scale Low (OSL) upon initiation
of manual purge on Fuel Cell 3.
There was no impact to the mission.

STS-61A

OV-99

10/30/1985

11/06/1985

Fuel Cell

FC Condenser

FC1 Condenser Exit T

FC1 condenser exit temperature
became unstable during the OV-99
STS 61-A mission. A sticky
condenser exit thermal control valve
is suspect. This powerplant was
stored dry for approximately 1 year
since being rebuilt. Dry storage may
have resulted in altered valve
operation due to a change in the
valve cartridge rubber boot
characteristics. The degree of
condenser exit temperature shift was
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not great enough to warrent action by
the crew. It was within allowable
operating parameters.
STS-61B|0OV-104|11/26/1985|12/03/1985| Fuel Cell Fuel C