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Abstract

A lightweight Unitized Regenerative Fuel Cell (URFC)
Energy Storage System concept is being developed at the
NASA Glenn Research Center (GRC). This Unitized
Regenerative Fuel Cell System (URFCS) is unique in that it
uses Regenerative Gas Dryers/Humidifiers (RGD/H) that are
mounted on the surface of the gas storage tanks that act as the
radiators for thermal control of the Unitized Regenerative
Fuel Cell System (URFCS). As the gas storage tanks cool
down during URFCS charging the RGD/H dry the hydrogen
and oxygen gases produced by electrolysis. As the gas
storage tanks heat up during URFCS discharging, the RGD/H
humidify the hydrogen and oxygen gases used by the fuel
cell.

An analytical model was developed to simulate the URFCS
RGD/H. The model is in the form of a Microsoft® Excel
worksheet that allows the investigation of the RGD/H
performance. Finite Element Analysis (FEA) modeling of the
RGD/H and the gas storage tank wall was also done to
analyze spatial temperature distribution within the RGD/H
and the localized tank wall. Test results obtained from the
testing of the RGD/H in a thermal vacuum environment were
used to corroborate the analyses.

Introduction

The NASA Glenn Research Center Energetics Research
Program is funding the development of a URFCS that will
use a URFC as the main component of a lightweight,
compact energy storage system. The goal of this program is
to demonstrate the feasibility of a URFC energy storage
system that can achieve an energy density of >400 W-h per
kg of mass. While the program does not have the funding to
produce actual flight weight hardware, enough development
and testing will be completed such that the >400 W-h per kg
goal can be confidently projected. To achieve this goal an
innovative system concept was conceived and was the
subject material of an earlier paper [1]. Ancillary components
supporting this system concept, as well as supporting other
fuel cell and electrolysis systems are being developed.
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During the URFCS operation gases are produced which
contain water vapor. Since the URFCS is envisioned to
operate in extremely cold environment like high altitude
airflight, space or Lunar or Martian surfaces, this water vapor
will condense and freeze inside the gas storage tanks as well
as inside the lines between the URFC stack and the gas
storage tanks. To prevent this, there are two basic options.

The first option is to maintain the wetted gas storage surfaces
above the dewpoint of the gas/water vapor mixtures. Since
the dewpoint is typically above 50°C, this option requires the
application of substantial insulation and energy. This results
in added mass for insulation as well as larger tanks because
of the higher gas storage temperature. Typically, there is also
added parasitic power to energize trace heaters used to
prevent condensation and freezing.

The second option is to dry the gases prior to their storage.
This eliminates the need for line and tank insulation as well
as parasitic power for trace heaters. The gas storage tanks can
be smaller and lighter since the gas is stored cold. The
challenge with this option is to dry the gases in a way that
allows the water to be recovered and recycled by the URFCS.
The RGD/H that was developed is able to do this function
simply and effectively.

Background

As an energy storage system, the Regenerative Fuel Cell
System (RFCS) "charges" and '"discharges" like a
rechargeable battery. A more detailed comparison of the
RFCS to batteries has been described in an earlier paper [2].
While charging, the RFCS operates the electrolysis process,
splitting water into hydrogen and oxygen. While discharging,
the RFCS operates the fuel cell process, which combines
hydrogen and oxygen and produces electricity and water

The key advantage of the URFCS over the RFCS is that the
URFCS has a single cell stack that does both the process of
electrolysis of water as well as the process of recombining of
the hydrogen and oxygen gas to produce electricity. Since
only one cell stack is needed instead of one electrolysis cell



stack and one fuel cell stack, a substantial amount of mass is
saved because the cell stacks are major mass components of a
RFCS. Besides saving the mass of one cell stack, the
plumbing, wiring, structural mounting and ancillary
equipment for one cell stack are also eliminated.

Figure 1 shows a schematic of a URFCS concept being
developed at the NASA GRC. The system consists of the
URFC stack, a gas storage system, pressure controls between
the URFC stack and the gas storage system, a water storage
tank, a heat pipe thermal control system, and a power/system
control interface. A detailed description of the operating
principles of this system has previously been described [1].
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Figure 1.—URFC Schematic.

One of the aspects of the design concept shown in Figure 1 is
the use of a section of tubing that is wrapped around the
outside of each of the gas storage tanks. The gas storage
tanks are also used as heat dissipation surfaces, and as the
URFCS cycles between charging and discharging their
surface temperatures cycle between freezing and thawing
temperatures as described in an earlier paper [1]. Figure 2 is a
plot of the surface temperature of the gas storage tanks as the
URFCS charges and discharges. The expected charge
efficiency during the URFCS charging is between 80 and
100%. At this efficiency, the surface of the gas storage tanks
has an estimated steady state temperature between 73 and
245K. The expected discharge efficiency during the URFCS
discharging is between 40 and 60%. At this efficiency, the
surface of the gas storage tanks has an estimated steady state
temperature between 300 and 331K. During the transitions
between charging and discharging the tanks surface
temperature will transition between these two temperature
ranges. The quickness of this transition will depend on the
specific heat and mass of the tanks.

The freeze-thaw cycle of the gas storage tanks is what allows

the RGD/H to dry the oxygen and hydrogen during the
URFCS charging by condensing and freezing the moisture
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within these gas streams, and then during URFCS
discharging, to thaw the trapped ice and allow the oxygen
and hydrogen to evaporate the moisture. This clears the
moisture from the RGD/H and humidifies the gases prior to
their entry into the URFC stack.
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Figure 2.—Tank Surface Temperature vs. Efficiency.

There are many advantages of this approach. First is that it is
extremely simple and rugged - a single section of piping
adhered to the outside of the storage tank. This should
maximize its durability and reliability. Another advantage is
there is a minimum of components (only one), so that mass
and volume are minimized. Still another advantage is that no
parasitic power is required which increases system energy
efficiency. Lastly there are no complicated control schemes
for temperature maintenance of the condensing surface or the
re-humidification of the product gases.

Analytical Model Description and Development

An analytical model was developed using Microsoft® Excel.
The model was developed to analyze the de-humidification
and re-humidification process occurring within the RGD/H.
The model was also developed to obtain initial sizing
estimates for the dryer test articles that were tested.

The RGD/H was modeled as a series of short individual
sections of tubing as shown in Figure 3. The position of the
first section was defined as the section which the warm,
moist product gas leaving the URFC stack during the
charging process (electrolysis) first enters as shown in
Figure 3.
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Figure 3.—Analytical Model.

Certain conditions are defined as inputs to the model of each
short section of tubing. Based on these inputs, conditions at
the section inlet and outlet are calculated. The following
discussion describes the details of these calculations.

The following parameters are given as input to initiate the
calculations for each short section. The index, i, refers to the
inlet of the “ith” short section. The outlet from the “ith”
section is the inlet to the “i + 1’ section.

Xj = Length to inlet of ith section, cm €))
D; = Hydraulic diameter of ith section, cm 2)
AX = Length of section, cm 3)
T; = Inlet flow temperature of ith section, K 4)
P; = Inlet pressure of ith section, kPa (®)]
Omyg,i = Inlet “dry gas” mass rate to ith section, kg/h  (6)
ot

Si = Wall surface temperature of ith section, K (7)

The pressure is assumed to be constant along the length of
the RGD/H. Even though the pressure drops along the length
of the RGD/H due to viscous forces, this pressure drop is
small enough that its effect on the calculated results is
negligible.

The wall surface temperature for each section of the RGD/H
is an input to the model. These values are experimentally
determined or derived from the Finite Element Analysis
(FEA) of the integrated assembly of the RGD/H and the heat
rejection surface to which the RGD/H is attached.

Based on equations (1) through (7), and assuming that water
vapor saturation conditions are always present (i.e. 100%
relative humidity), the following inlet and outlet conditions
are calculated.

The inlet partial pressure of water vapor at saturated
conditions is a function of the inlet temperature. A Microsoft
® Excel formula was written that outputs the water vapor
pressure for a given inlet temperature. This formula was
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developed using water vapor pressure versus temperature
data from reference [3].

Pwi = f1(Ty) (8)

The partial pressure of the product gas is then calculated by,

Pgi =Pi—pwi ©)
Where

pw,i = Inlet partial pressure of water vapor, kPa

pgi = Inlet partial pressure of product gas, kPa

These partial pressures are then used to calculate the inlet
mole fractions.

Ywi = (pw.i )/ Pi (10)
Ygi = (pgi)/ Pi an
Where

Yw,i =Inlet mole fraction of water vapor, %

Ygi = Inlet mole fraction of product gas, %

The inlet mass flow rate of water vapor is then calculated by,

OMysi = 0mgi * My * (Yo il Yg.)*My, (12)
ot ot
Where

dmy,; = Inlet water vapor mass flow rate, kg/h

ot

M; = Molecular mass of the product gas, g/gmole
My = Molecular mass of water, g/gmole

The inlet total mass flow rate is then calculated by,

a_nh = aﬂw’l + aﬂgﬂ (13)
Jt Jt ot
Where
dm; = Inlet total mass flow rate, kg/h
ot

The inlet vapor mixture density is calculated by,

Pi =(PgiMg) + (Pw,iMw) (14)
RT;
Where
Pi = Inlet vapor mixture density, kg/m3
R =8.3145 Joule-gmole - K’

The inlet volumetric flow rate is then calculated by,



Vi = oami*p (15)
ot ot

Where
aV; = Inlet volumetric flow rate, m>/h

ot

The flow channel cross-sectional area is calculated by,
2
A4 =nDi" /4 (16)

and the inlet flow velocity is then calculated by,

oi = Vi A # (10000cm’/m®) (17)
ot
Where
A = Cross-sectional area, cm2
oi = Inlet flow velocity of ith section, m/h

The inlet flow viscosity, the inlet flow kinematic viscosity,
the inlet flow heat capacity, and the inlet flow thermal
conductivity are functions of the type of product gas, the inlet
pressure and inlet temperature. Four Microsoft® Excel
formulas were written, one for each of these parameters.
These formulas were developed using gas viscosity,
kinematic viscosity, heat capacity, and thermal conductivity
data from references [4] and [5].

Wi = fa(product gas, P;, T;) (18)
Vi = fa(product gas, P;j, T;) (19)
Cpi = fa(product gas, P;, T;) (20)
A = f5(product gas, Pj, T;) 21
Where

L = Inlet flow viscosity, kg-m'lsec'1

Vi = Inlet flow kinematic viscosity, mzsec_1

Cpi = Inlet flow heat capacity, J -kg'l-K'1
A = Inlet flow thermal conductivity, W-m K

The Inlet flow Reynolds number and the Prandtl number
were then calculated.

Re; = 6; * (.01m/cm)*D; *(1h/3600sec) *v; ' (22)
Pr; = Cpi* Wi * A (23)
Where

Re; = Inlet Reynolds's number for ith section

Pr; = Inlet Prandtl number for ith section

NASA/TM—2004-213355

The change in pressure and temperature from the inlet to the
outlet of each ith section is small enough to have a negligible
effect on the values for the Reynolds number and Prandtl
number. It was therefore assumed within the model that the
Reynolds number and Prandtl number were constant within
the ith section.

Based on the Reynolds number and the Prandtl number, the
Nusselt number can be calculated. The equation used for the
Nusselt number depends on the value of both the Reynolds
number and the Prandtl number, and whether the flow is
being heated or cooled [6],[7].

Nu; =3.657 (24a)

for laminar flows with fully developed velocity and
temperature profiles and Re < 2100. Likewise,

Nu; =0.024 Re;”® Pr* for heating (24b)
=0.026 Reio‘8 Prio'4 for cooling (24¢)
Where
Nu; = Inlet Nusselt number for ith section

Equations (24b),(24c) are applicable for Re >2500 , 0.7 < Pr
<120, and the length to diameter ratio of the flow channel is
greater than 60.

From the Nusselt number, the heat transfer coefficient for the
ith section can be calculated.

h; = Nu; * A; *D;i 1 (100cm/m) (25)

Where
h; = ith section heat transfer coefficient, W-m 2K

The heat transfer coefficient is assumed to be constant for the
the ith section.

At this stage in the calculations the value of the inlet flow
temperature of the (i + 1)th section is guessed and an iterative
subroutine initiated. The first step in this iterative subroutine
is the calculation of the average bulk flow temperature of the
ith section.

Tavgi  =(Ti+Tis1)/2 (26)

Where
Tavgi = Average bulk flow temperature, K
Ti+1 = Inlet temperature of the (i + 1)th section, K

The average wall surface temperature of the ith section is
calculated.

Savgi  =(Si+Siy)/2 27)



Where
Savgi = Average RGD/H wall surface temperature, K
Si+1 = (@ + 1)th section wall surface temperature, K

Step 2 in the iterative subroutine calculates a heat transfer
rate from the ith section based on the heat transfer
coefficient.

Q; =h; * (0.0001 m’/cm?) A; * (Tavg,i — Save,i) (28)

Where
Qi = Heat transfer rate from ith section, W

Step 3 in the iterative subroutine calculates the parameters at
the (i + 1)th position using the guessed value of Tj; in place
of Tj and equations (8), (9),(10), (11), and (12).

Step 4 in the iterative subroutine calculates the rate at which
water has condensed or frozen onto the inner wall of the ith
section of the RGD/H. This is calculated as the difference
between the flow rate of water vapor at the ith section inlet
and the (i +1)th section inlet.

omyi =My, — OMy,it] (29)
ot ot ot
Where

omy,; = Condensation rate in the ith section, kg/h

ot

The inlet “dry gas” mass rate at the inlet of the (i+1)th
section is the same as the mass rate at the inlet of the ith
section.

dMg,it] = dMyg, (30)
ot ot
Where

a_mg,i+1 = Inlet dry gas mass rate to (i+1)th section, kg/h
ot

Step 5 in the iterative subroutine calculates the enthalpy of
the product gas, the water vapor, and the condensed water at
both the ith position and the (i+1)th position. The enthalpy of
the product gas, the water vapor, and the condensed water are
functions of the inlet pressure and inlet temperature.
Microsoft® Excel formulas were written for each of these
enthalpies. These formulas were developed using enthalpy
versus pressure and temperature data from references [3] and

[5].

Hg = fe(product gas, P;j, T;) a3
Hy.i = f7(product gas, P;, T;) (32)
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Hi; = fg(product gas, P;j, T;) (33)
Hgir1 = fe(product gas, Pis1, Tit1) (34)
Hw,i+1 = f7(product gas, Pi+1, Tit+1) (35)
Where

Hgi = Enthalpy of the ith section inlet product gas, Wh/kg
Hy,; = Enthalpy of the ith section inlet water vapor, Wh/kg
Hj;i = Enthalpy of the ith section condensate, Wh/kg

Hg i+1 = Enthalpy of (i+1)th section inlet product gas, Wh/kg
Hy,i+1 = Enthalpy of (i+1)th section inlet water vapor, Wh/kg

Step 6 in the iterative subroutine is the calculation of a heat
transfer rate from the ith section based on the guessed value

of Tj+1 and the change in enthalpies.

Qei  =Hg; dmg,i+ Hy,i dmy,; - Hy dmy,;
ot ot Jt
- Hg,i+1 a_mg,i+1 - Hyig 1 Oy (36)
ot ot
Where

Qec,i = Estimated heat transfer from ith section, Watt

Step 7 in the iterative subroutine is the comparison of the
heat transfer calculated with equation (28) with the estimated
heat transfer calculated with equation (36).

AQ  =Qi-Qei (37

Where
AQ = Heat transfer rate difference, W

If the heat transfer rate difference does not equal zero (or
nearly zero), then a new guess for Tj;; must be made and
steps 1 through 7 of the iterative subroutine repeated until the
heat transfer rate difference, AQ, is equal to approximately
zero. The Microsoft® Excel add-in subroutine program
called SOLVER does the estimation and re-estimation of Tjy
automatically and ends with the final successful estimate of
Tiv1.

With all the needed parameters calculated for the ith section,
and the parameters determined for the (i+1)th position, the
next short section is modeled. The (i+1)th parameters
previously calculated are now used as inputs into the
calculations for the (i+1)th short section, following the same
procedure and equations as for the ith section. This process
continues for each subsequent short section until all sections
are modeled. This completes the modeling of the entire
RGD/H.



Test Articles

A regenerative dryer test article was built to corroborate the
analytical model with test data. The test article was designed
to allow the formation and melting of the ice within the dryer
to be viewed with a video camera from beneath the test
article.

The test article is shown in figure 4. The test article consisted
of a copper heat exchange surface that rejects heat to the
ambient environment by a heat radiation process. Copper was
chosen because its thermal conductivity is approximately the
same as the carbon composite material used for the storage
tanks. Attached to the interior of the heat exchange surface
was an enclosed gas channel that was 61cm (24in) in length.
The interior of the gas channel is viewable through the clear
Lexan® cover. Attached to the interior of the heat exchange
surface were foil heaters to simulate the heat absorbed from
the fuel cell stack during operation of the regenerative fuel
cell system. A supporting frame was attached to the test
article to hold the shape of the test article and to allow the
test article to be mounted in the test chamber. Figure 5 shows
the test article on its supporting frame.

COPPER SHEET
SIMULATES STORAGE
TANK EXTERIOR SURFACE

N2 GAS EXIT

GAS CHANNEL
ENCLOSED
BETWEEN CLEAR
LEXAN PLATES
N2 GAS INLET

Figure 4—RGD/H Test Article.

Additional testing was done with two commercially
available; Department of Transportation (DOT) rated
epoxy/fiberglass tanks. The tanks, which had seamless
aluminum  liners, were purchased from Carleton
Technologies [8]. These tanks were modified by the addition
of the RGD/H tubes as well as loop heat pipe (LHP) coils
that were attached to the outside of each tank.
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Figure 5.—RGD/H Test Article with Support Frame.

The RGD/H tubes and LHP coils were attached using Loctite
9394 epoxy [9] and the RS-3/K800 epoxy/carbon material
[10]. The RS-3/K800 epoxy/carbon was used because of its
high thermal conductivity, which is 391 W-m/K. The RS-
3/K800 epoxy/carbon was applied in approximately Scm
(2in) strips that were run perpendicular to the heat pipes. Two
overlapping layers (a total of 0.254cm (.010in) of thickness)
of RS-3/K800 were applied in this fashion. One final strip of
RS-3/K800 was applied directly over the RGD/H tube and
LHP coils that was aligned in the same direction as the
regenerative dryer tube and heat pipe. Figures 6 and 7 show
the fabricated tanks.

The smaller of the two tanks, which represented the oxygen
tank of a URFCS, was approximately 13.1 liters (800in’) in
volume with a diameter of 19.3cm (7.6in) and a length of
64.5cm (25.4in). Its weight before applying the epoxy/carbon
was approximately 6.5kg (14.3 1bs). The RGD/H tube was
316SS tubing, 9.52mm (0.375in) OD and 0.89mm (.035in)
wall thickness. The tubing was wrapped 1.5 turns (540°
rotation) around the tank, and was approximately 106cm
(41.8in) in length. Three and one third LHP coils were
applied (approximately 208cm (82in) in length). The LHP
tubing was 316SS, 2.54mm (0.1in) OD and 0.25mm (0.01in)
wall thickness. The tank was wrapped with composite
material over a surface area of approximately 0.40 m” for the
oxygen tank.

The completed tank was shipped to Thermacore, Inc [11] for
the addition of the LHP evaporator, compensation chamber,
and other connective tubing. Thermacore, Inc charged the
LHP with ammonia and did an initial check of the LHP
operation before shipping the completed assembly to the
NASA GRC. The completed assembly was instrumented
with thermocouples and mounted within an aluminum frame
(shown in Figure 6) for easy insertion into the thermal
vacuum test chamber.



Figure 7—Hydrogen Tank with RGD/H and Heat Pipe.

The larger of the two tanks, which represented the hydrogen
tank of a URFCS, was approximately 24.6 liters (1500in”) in
volume with a diameter of 23.5cm (9.25in) and a length of
75.2cm (29.6in). Its weight before applying the epoxy/carbon
was approximately 7.85kg (17.31bs). The RGD/H tube was
316SS tubing, 9.52mm (0.375in) OD and 0.89mm (.035in)
wall thickness. The tubing was wrapped 1.25 turns (450°
rotation) around the tank, and was approximately 11lcm
(43.7in) in length. Three and one third LHP coils were
applied (approximately 251cm (99in) in length). The LHP
tubing was 316SS, 2.54mm (0.lin) OD and 0.254mm
(0.01in) wall thickness. The tank was wrapped with
composite material over a surface area of approximately 0.49
m’ for the hydrogen tank. The larger tank was processed
similarly to the smaller tank.

Experiments

Each of the experiments was conducted within a thermal
vacuum chamber at NASA GRC. The vacuum chamber is
cylindrically shaped with a 1 meter inside diameter and a
length of about 1.5 meters. The vacuum chamber cold wall
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covered all interior surfaces of the chamber except the front
access cover. The chamber was routinely operated at less
than 107 Torr, and the cold wall was controlled at different
environment temperatures form -30°C to -120°C.

The RGD/H test article was placed in the chamber with the
long axis of the test article parallel to the long axis of the
vacuum chamber as shown in Figure 8. A video camera,
enclosed within its own environmental chamber was placed
beneath the RGD/H test article to record images of the
condensation and ice within the RGD/H channel during both
the drying and rehumidification process. Dry, pre-heated
nitrogen flowed through the camera enclosure to maintain the
camera’s temperature and to prevent fogging within the
camera enclosure. The camera enclosure was able to be
positioned anywhere along the length of the RGD/H by a
motor drive and ball screw mechanism. Nitrogen gas that was
used to simulate the hydrogen or oxygen gas in the URFCS,
flowed through the RGD/H channel. The flow direction
through the RGD/H was changed during the test to mimic the
flow pattern expected during operation of the URFCS. An
end view of the RGD/H test is shown in Figure 9.
Temperatures were taken of the flowing gas at different
positions along the RGD/H channel. Surface temperatures of
the copper sheet were also recorded. The gas pressures at
each end of the RGD/H channel were also recorded.

» VACUUM TANK

COLD WALL

Figure 8.—Side View of RGD/H Test in Vacuum
Chamber.

SIMULATED TANK WALL, COPPER

DRYER CHANNEL,
TOP & BOTTOM

VACUUM TANK
FOIL HEATERS v
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TANK WALL

VIDEO CAMERA

COLD WALL
VIDEO CAMERA
ENCLOSURE

RGD/H CHANNEL
GAS FLOW, IN & OUT

VIDEO CAMERA
ENCLOSURE FLOW

Figure 9.—End View of RGD/H Test in Vacuum
Chamber.



Subsequent tests used the modified fiberglass/epoxy tanks
previously described. Both tanks were inserted into the
vacuum chamber and tested simultaneously. Rather than use
oxygen and hydrogen for the testing, nitrogen was used to
simulate oxygen and helium was used to simulate hydrogen.
This was done to reduce safety concerns related to handling
pressurized combustible gases.

The placement of each tank within the vacuum chamber is
illustrated in Figure 10. Each tank was oriented with its long
axis parallel to the long axis of the vacuum chamber.
Electrical energy was supplied to the LHP evaporator that
mimicked the waste heat produced by the operation of a
URFC stack. The LHP system distributed this energy over
the surface of each tank, and the RS-3/K800 carbon epoxy,
acting as a heat fin, spread the heat over the surface of each
tank.

VACUUM TANK

COLD WALL

Environment
Temperature, T

GAS INLET/OUTLET ENERGY N, Q,

Figure 10.—0»/H; Tank Placement in Vacuum Chamber.

Results — Regenerative Dryer Test Article

The test results from the testing of the copper RGD/H test
article (the test article illustrated in Figure 4 and Figure 5) are
shown in Figures 11, 12, 13, 14 and 15.

During the analysis of the data from the testing of the copper
RGD/H it became apparent that the surface temperatures of
the copper sheet did not accurately represent the wall
temperatures of the RGD/H channel. Re-instrumentation of
the test article was not feasible, and therefore the procedure
for conducting the test was modified. In addition, an
analytical methodology was developed to estimate the wall
temperatures of the RGD/H channel. An example of how the
test was conducted is shown in Figure 11. Figure 11 plots the
flowing gas temperatures as a function of position along the
RGD/H. Position “0” simulated the end of the RGD/H that
was closest to the URFC stack exit and the position 61cm
simulated the end of the RGD/H that was closest to the gas
storage tank entrance. The data immediately before and after
the switching of flow direction was plotted on the same
graph. Figure 11 shows this for two instances during a test,
one occurring at approximately 11:49AM and another at
approximately 12:35PM. Since the time between the
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recorded data in each instance of flow direction switching
was about 18 seconds, it was assumed that the channel wall
temperatures did not appreciably change during the switching
of the flow. It was also assumed that as the gas increases in
temperature as it flows through the RGD/H , the wall
temperature must be higher than the gas flow at each point
along the RGD/H channel. Similarly, it was assumed that as
the gas decreases in temperature as it flows through the
RGD/H , the wall temperature must be lower than the gas
flow at each point along the RGD/H channel. With these
assumptions, the RGD/H wall temperature profile can be
estimated as being between the curves representing the flow
in each direction as shown in Figure 11.

The placement of the wall temperature profile between the
switched flow curves was estimated by comparing the slope
of each data curve at a given position. It was assumed that the
shallower the slope of the data curve (ie the gas temperature
is not appreciably changing) the closer the wall temperature
must be to the temperature of the gas at that position.
Similarly, the greater the slope of the data curve (ie the gas
temperature is rapidly changing) the greater the difference
must be between the wall temperature and the flowing gas
temperature at a given position. Using these assumptions, the
wall temperature profiles were estimated for each flow-
switching instance. The estimated wall temperatures are
shown on Figure 11.
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-15 I
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20 40 60 80
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Figure 11.—RGD/H Thermal Profiles (Flow Switching).

Having estimated the wall temperatures of the RGD/H, these
were entered into the Microsoft® Excel spreadsheet
described earlier. In addition, the temperature of the gas at
the flow entrance was also entered into the Microsoft® Excel
spreadsheet. The model was then run, and the computed
flowing gas temperature profile was compared to the actual
measured temperature profile. Figure 12 shows these results
for the data collected at 11:49:30.



Based on the mass flow, the channel flow dimensions, the
temperature and pressure conditions, the calculated Reynolds
number of the flow is less than 300, which would
characterize the flow as laminar flow. When the heat transfer
coefficient for laminar flow is wused, the calculated
temperature profile is not similar to the actual profile. If
Equation (24b) is used, and the value of the Reynolds number
used is 2000, the calculated temperature profile is very close
to the measured temperature profile.
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Figure 12.—Temperature Profile for 11:49:30 Data.

Figure 13 shows the results of the temperature profiles
calculated for the data collected at 11:49:48. When the heat
transfer coefficient for laminar flow is used, the calculated
temperature profile is not similar to the actual profile. If
Equation (24c) is used, and the value of the Reynolds number
used is 2000, the calculated temperature profile is very close
to the measured temperature profile. The results of Figure 13
are similar to that shown in Figure 12 in that the calculated
profiles for laminar flow does not match the data, but if a
Reynolds of 2000 is used the calculated profiles match the
observed data for both flow directions.
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Figure 13.—Temperature Profile for 11:49:48 Data.
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An analysis of the data collected at 12:34 is shown in Figures
14 and 15. The results of this analysis are similar to that
shown in Figures 12 and 13. In each case the observed data
does not match the calculated profiles for laminar flow, but
instead match the calculated profiles when a Reynolds
number of 2000 is used.

° Flow Direction
a0 Est. Wall Temp < 60 to 0 (heating)
-2 —» 0 to 60 (cooling)
-3 0.170 kg/h

Data 12:35:07PM 1420 kPa

Laminar Flow

Temperature,C
&

-6 s ‘ Turbulent Flow
T \ Re = 2000
-8
3 \
-10 I S
0 20 40 60 80
Position,cm F

Figure 14.—Temperature Profile for 12:35:07 Data.
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Figure 15.—Temperature Profile for 12:34:49 Data.
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Data from other instances where the flow direction was
switched were analyzed. These instances were deliberately
set up to acquire data over a range of mass flow rates and
pressures. For each instance the Reynolds number used to
calculate the temperature profile was adjusted until the
calculated results resembled the actual recorded temperature
profiles. In all instances the resulting Reynolds number was a
factor of 4 to 6 times greater than the Reynolds number
calculated simply based on the mass flow, channel geometry,
temperature and pressure conditions. One possible
explanation for this is that the flow conditions are
significantly more turbulent through the RGD/H channel than
one would expect based on the calculated Reynolds number.
The source of this increased turbulence could likely have
been the thermocouple probes placed in the flow stream.



Figure 16 plots the heat transfer coefficient that resulted from
a “best fit to the data” analysis as a function of pressure.

v 25

X i o 0.87 kg/h
£ i = 0.69 kg/h
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- i m 0.17 kg/h
s 15 4 ©0.14kgh
L i

s 10 | =
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Figure 16.—Heat Transfer Coefficients versus Pressure.

It appears that for a given mass flow rate there is an increase
in the heat transfer coefficient with increasing pressure, and
that the slope of this increase becomes more pronounced with
increasing mass flow rates.

It was also observed that the heat transfer coefficients at a
given flow rate and at a given pressure were generally greater
when the flow was being cooled than when the flow was
being heated. Equations (24b) and (24c) allude to this since
the Nusselt number is directly proportional to the heat
transfer coefficient. The ratio of equation (24b) and (24c)
results in the ratio of the cooling heat transfer coefficient to
the heating heat transfer coefficient.

hi cool = Nuj coo1 =0.026/0.024 = 1.083 37
Iii,heat N Uj heat
Where
hicool = ith section cooling coefficient, watt-m K}
hiheat = ith section heating coefficient, watt-m 2-K !

Nuj cool = ith section Nusselt number for cooling
Nuj heat = ith section Nusselt number for heating

Figure 17 plots the ratios of the heat transfer coefficients that
were calculated as part of the “best fit to the data” analysis.
Figure 17 shows that the cooling heat transfer coefficient was
consistently greater than the heating heat transfer coefficient
by about the expected factor of 1.083. The precision of the
measurements and the number of experiments done prevents
any more quantitative assessment of this heat transfer
coefficient ratio.
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Figure 17.—Heat Transfer Coefficient Ratio vs. Pressure.
Results — Oxygen Tank Regenerative Dryer

Some of the results of the testing of the oxygen tank are
shown in Figures 18 and 19. These results are representative
of performance that was observed during the entire period of
testing. Figure 18 shows the data obtained from the oxygen
tank at 1:47:11PM July 22, 2004 along with the results
obtained from the analytical model. The results show the
temperature profile of both the wall of the dryer as well as
the bulk flow as a function of position along the path length
of the dryer. The results obtained with the oxygen tank are
similar to that obtained with the Regenerative Dryer Test
Article.
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Figure 18.—Temperature Profile for 1:47:11PM Data.

The measured bulk flow temperature profile does not fit the
bulk flow temperature profile based upon the calculated
Reynolds number of 940 for this particular test, but if
Equation (24c) is used with a value of 2500 for the Reynolds
number, the model results closely resemble the measured



bulk temperature profile. The possible reason for this is the
same as for the Regenerative Dryer Test Article, which is that
the thermocouples placed in the tube to measure the flow
temperature created turbulence that would not otherwise
occur.

Figure 19 shows the data obtained from the oxygen tank at
2:45:40PM July 22, 2004 along with the results obtained
from the analytical model. Like the results shown in Figure
18, the gas flow is being cooled. The calculated Reynolds
number for this particular test was about 1300, which should
also be laminar flow, but the model calculated temperature
profile using this Reynolds number does not resemble the
observed temperature profile. When Equation 24c is used
with a Reynolds number value of 2500 the model calculated
results do resemble the observed temperature profile.
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Figure 19.—Temperature Profile for 2:45:40PM Data.

Results — Hydrogen Tank Regenerative Dryer

Some of the results of the testing of the hydrogen tank are
shown in Figures 20 and 21. These results are representative
of performance that was observed during the entire period of
testing. Figure 20 shows the data obtained from the hydrogen
tank at 12:00:45PM July 22, 2004 along with the results
obtained from the analytical model. The results show the
temperature profile of both the wall of the dryer as well as
the bulk flow as a function of position along the path length
of the dryer. Unlike the results obtained with the previous
tests, when the calculated Reynolds number of 90 is used, the
model calculated results do resemble the observed
temperature profile. The suggested reason for this is that
helium was used in the test, and helium’s thermal
conductivity is much higher than the thermal conductivity of
nitrogen, which was used in the oxygen tank test and the
Regenerative Dryer test Article test. The thermal
conductivity of helium is about six times that of nitrogen.
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Since the heat transfer coefficient is directly proportional to
the thermal conductivity (see Equation 25), the heat transfer
happens much quicker for the helium than for the nitrogen.
As can be seen in Figure 20 the bulk gas flow temperature
converges to the temperature of the dryer wall within the first
30 cm, whereas for the nitrogen, this convergence did not
happen until the full length of the dryer. The effect of this
quicker heat transfer is that it masks any effect of induced
turbulence. The resolution and accuracy of the collected data
is not sufficient to resolve temperature profile differences
from any induced turbulence for the helium case.
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Figure 20.—Temperature Profile for 12:00:45PM Data.

Figure 21 shows the data obtained from the hydrogen tank at
2:45:40PM July 22, 2004 along with the results obtained
from the analytical model.
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Figure 21.—Temperature Profile for 2:45:40PM Data.

The results show the temperature profile of both the wall of
the dryer as well as the bulk flow as a function of position



along the path length of the dryer. These results are similar to
that shown in Figure 20. The calculated Reynolds number for
this test was 160-170. The temperature profile calculated by
the model using this Reynolds number resembles the
observed bulk flow temperature profile. The suggested
reason for this is the same as for the results shown in
Figure 20.

Conclusions

As stated earlier, the gas storage tanks, when used as heat
radiating surfaces for the URFCS, cycle between freezing
and thawing temperatures. The concept of the RGD/H
wrapped around the outside of the gas storage tank to
similarly cycle between freezing and thawing temperatures
was tested and analyzed, and found to be a feasible solution
to accomplish both the removal of moisture from the product
gases as they are produced within the URFC stack as well as
the re-humidification of the dry gases coming from the
storage tanks and returning to the URFC stack.

The RGD/H analytical model proved a useful tool in
attempting to understand the observed performance of the
RGD/H, and with adjustment to account for induced
turbulence, proved to be a reasonable predictor of the RGD/H
performance. It would also be useful as a design tool for the
future development of the RGD/H.

Based on the observed results as well as the results of the
modeling, the following design considerations should be
given to the future development of the RGD/H.

1) The RGD/H used in the oxygen stream should have
a turbulence-generating device in order to reduce the
overall length of this RGD/H.

2) The RGD/H used in the hydrogen stream can be
much shorter in length than the RGD/H used in the
oxygen stream because of hydrogen’s higher
thermal conductivity. Since the hydrogen flow is
twice the oxygen flow there will be roughly twice
the condensate/ice formed within the RGD/H.
Provisions must be made to accommodate this
condensate/ice formation within the shorter length
so that the tubing does not become overly blocked,
and flow restricted.
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DEFINITIONS, ACRONYMS, AND ABBREVIATIONS

DC Direct Current

DOT Department of Transportation

FEA Finite Element Analysis

GRC Glenn Research Center

H; Hydrogen

LHP Loop heat pipe

NASA  National Aeronautics and Space Administration
(07) Oxygen

OD Outside Diameter

RGD/H Regenerative Gas Dryer/Humidifier

RFCS Regenerative Fuel Cell System

URFC  Unitized Regenerative Fuel Cell

URFCS  Unitized Regenerative Fuel Cell System

A = Cross-sectional area, cm2

C,,i = Inlet flow heat capacity, J -g'l-K'1

D; = Hydraulic diameter of ith section, cm

h; = ith section heat transfer coefficient, W-m 2K

hj cool = ith section cooling coefficient, watt-m 2-K !
hi heat = ith section heating coefficient, watt-m K !
Hg i
Hy,; = Enthalpy of the ith section inlet water vapor, Wh/kg
Hji = Enthalpy of the ith section condensate, Wh/kg

Hgi+1 = Enthalpy of (i+1)th section inlet product gas, Wh/kg

= Enthapy of the ith section inlet product gas, Wh/kg

Hy,i+1 = Enthalpy of (i+1)th section inlet water vapor, Wh/kg

A = Inlet flow thermal conductivity, W-m K
L = Inlet flow viscosity, g-cm'lsec_1
omg,; = Inlet “dry gas” mass rate to ith section, kg/h

ot
B_mg,i+ 1 = Inlet dry gas mass rate to (i+1)th section, kg/h
ot

om; = Inlet total mass flow rate, kg/h

ot

omy,; = Condensation rate in the ith section, kg/h
ot

dmy,; = Inlet water vapor mass flow rate, kg/h

ot

M, = Molecular mass of the product gas, g/gmole
My = Molecular mass of water, g/gmole

Nu; = Inlet Nusselt number for ith section

Nuj cool = ith section Nusselt number for cooling
Nuj heat = ith section Nusselt number for heating

Pei = Inlet partial pressure of product gas, kPa
Pw.i = Inlet partial pressure of water vapor, kPa
P; = Inlet pressure of ith section, kPa

Pr; = Inlet Prandtl number for ith section

AQ = Heat transfer rate difference, W



Qe.i = Estimated heat transfer from ith section, W
Qi = Heat transfer rate from ith section, W

Pi = Inlet vapor mixture density, kg/m3

R = 0.08205 atm-liter-gmole - K’

Re; = Inlet Reynolds number for ith section

Ci = Inlet flow velocity of ith section, m/h

Savgi = Average RGD/H wall surface temperature, K
Si = Wall surface temperature of ith section, K
Si+1 = (i + D)th section wall surface temperature, K
Tavgi = Average bulk flow temperature, K

T; = Inlet flow temperature of ith section, K

Tis1 = Inlet temperature of the (i + 1)th section, K
Vi = Inlet flow kinematic viscosity, m’sec

aV; = Inlet volumetric flow rate, m3/h

ot

AX = Length of section, cm

X = Length to inlet of ith section, cm

Yoi = Inlet mole fraction of product gas, %

Ywi = Inlet mole fraction of water vapor, %
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