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The uncertainty analysis of moisture measurements in the hollow fiber membrane was
conducted in this study to ensure the reliability of a design for membrane humidifiers. As
moisture is pivotal for proton exchange membrane fuel cell durability and performance, it
is necessary to humidify the reactant gases. In vehicular fuel cells, membrane humidifiers
have been implemented to regulate the water content levels of cathode air, thereby avoiding
fuel cell operation limitations, particularly in high-temperature environments. Minimized
error in measurements of water exchange is required to improve the effectiveness of shell-
tube membrane humidifier design. The uncertainty analysis was conducted through
parametric experiments under isothermal conditions with varying conditional parameters,
including temperature, pressure, and inlet relative humidity. The transport metric is
represented by the vapor transfer rate from wet to dry air through the membrane, which is
affected by the sensitivity of the corresponding operating parameters and sensor reliability.
Therefore, the error of each conditional (input) parameter and the overall error of the
measured result (water transfer rate) were determined to evaluate the quality of
measurements. From the analysis, the most sensitive factor was discovered to be the inlet
relative humidity, with error increasing as temperature increased. The uncertainty of water
transport measurements was highest at 90°C, amounting to 3.97%. Consequently, it can be
concluded that the measurement of water transport in the membrane humidifier meets good

reliability for further design and investigation.

1. INTRODUCTION

The management of water content in an automotive fuel cell
is a highly critical aspect of its functionality. A humidifier is
indispensable to ensure that the fuel cell maintains adequate
levels of humidity during regular operation [1-5]. The majority
of automotive fuel cell systems adopt an external humidifier
that provides precise control over the humidity and
temperature of the reactant gases [6]. This strategy not only
improves fuel cell performance but also prolongs its lifespan.
In the absence of proper humidification, the hydration in the
proton exchange membrane may solely rely on the product
water from the cathode-side electrochemical reaction, which
can cause dehydration on the anode side due to the electro-
osmotic drag of hydrogen migration. Furthermore, high water
activity can cause flooding on the cathode side, which
diminishes performance at high current densities. Therefore,
an efficient humidification strategy is essential for optimal
automotive fuel cell operation.

To control effectively the humidification in fuel cell
systems, external membrane humidifiers are used without
increasing parasitic power. The membrane installed in fuel cell
systems could be classified by shape, including flat sheet,
hollow fiber, and hollow capsule [7, 8]. The flat sheet has very
high specific surface areas and can be stacked with many
layers to be a module; however, it cannot withstand high
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pressure. The hollow capsule structure is generally used for
viscous and low-quality fluids because it is not easily fouled.
The drawback of this membrane structure is that it is not self-
supporting and has a low packing density [9]. On the other
hand, the hollow fiber membrane, or shell and tube hollow
fiber membrane, has been widely used for humidifiers in
automotive applications due to their high packing efficiency.
A self-contained and compact structure can provide a versatile
design to optimize humidifier performance [10-13]. This type
of humidifier has dry air and moistened air channels separated
by a permeable membrane that allows only water vapor
particles to pass through.

The hollow fiber membrane enables water vapor to transfer
from humid gas to dry gas by diffusion. The moisture
permeation through the membrane, driven by concentration or
pressure gradients, is crucial in regulating the water content.
The axial convective flow of working fluids also affects water
vapor diffusion through the membrane. Since the water
transport capacity of the hollow fiber membrane determines
the performance of the membrane humidifier, it is necessary
to investigate it precisely in fuel cell systems. The main
parameters of the water transport experiment through the
hollow fiber membrane are water vapor concentrations on the
humid and dry sides. These parameters depend on the
operating pressures, flow rates, temperature, and relative
humidity of gases. Besides the experimental parameters, water
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transport experiments are also affected by sensor errors, the
error of the humidifying device, water accumulation through
pipes and fittings, and unexpected controller malfunction.
Even though these factors should be avoided to improve
measurement accuracy, some factors might be inevitable.

In this study, the reliability of vapor transport measurements
in a hollow fiber membrane humidifier was investigated. A
shell and tube configuration of the humidifier was designed to
facilitate mass transfer through the membrane in diffusion and
convection mechanisms. The water transport rate in this
system is influenced by several conditional parameters
(inputs), such as temperature, flow rate, relative humidity, and
pressure. Since errors of these parameters affect the overall
error of the experimental result (output), a thorough analysis
of the uncertainty in vapor transport measurements was first
performed for each parameter, and then the overall uncertainty
of the water transport rate was evaluated by employing the
root-squared-sum method. The uncertainty analysis should be
conducted to assess the reliability of water transfer
measurement in a hollow fiber membrane humidifier. The
minimized error of experimental results allows the design of
experiment and the method of investigation to be acceptable
to find a reliable membrane humidifier in fuel cell systems.

2. REVIEW OF UNCERTAINTY ANALYSIS
MEASUREMENT SETUP

IN A

A reliable measurement of water transport is crucial to
analyze and evaluate the performance of the membrane
humidifier so that the water management system in a fuel cell
system can be designed as perfectly as possible. Consequently,
uncertainty analysis is the must-do process before further
conducting the experiment and modeling for the membrane
humidifier. The error concept and evaluation method are first
reviewed to understand the experimental research's reliability.

Errors are unavoidable in every measurement; an error is a
difference between the measured and true values, as shown in
Figure 1. An error is defined as:

Error(U) = Xmeasurea = Xerue (1)

As in Figure 1, the total errors can be expressed by two
primary components: a bias (systematic) error and a precision
(random) error. While the bias error is the difference between
the true value and the true average (the average of all data
points, the random error is the deviation between the true value
and each measured data. An error is classified as precision if
it contributes to the scatter of the data; otherwise, it is a bias
error [14, 15].

True value True average

Measurement
population

Bias error

Measured
value

Total error

Random

Figure 1. Diagram of the measurement error
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A Dbias error is a systematic error caused by sensors and
experimental system design that appears consistently in each
successive measurement. Each measurement of a given set has
the same bias in repeated measurements.

A precision error arises from non-repeatable and
unpredictable fluctuations caused by unknown factors in
various experimental conditions. It is typically quantified by
the standard deviation in statistical analysis. This error can be
reduced by averaging over a large number of observations
using the Gaussian distribution assumption.

=

where, X is the average of a data set, including N repeated
measurements, and i is the index of the measured data.

As seen in Figure 1, the total of errors combines the bias and
random errors using the root-sum-square method. Even though
an experimental error may arise from various sources, such as
calibration errors, data acquisition errors, or data reduction
errors, each contains bias and precision components. The bias
and precision errors should be determined separately and then
combined at the last step of computing [16].
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The concept of normal distribution of randomly distributed
measurements was mentioned in most of the literature on
uncertainty analysis, that is, approximately 68% of all
measured data fall within +c of the mean, 95% are within £2¢
of the mean, and 99.7% are within 3¢ of the mean of the
individual measurements. Here, o is the standard deviation.
The confidence interval of 95% is commonly used for the
uncertainty analysis of experiments.

For a better understanding of uncertainty, the concept of
accuracy and precision of a measurement is distinguished as
in Figure 2. The smallest circle stores the true values, and
when the measured data stay far from this circle, they can be
stated as high errors. The dots represent the data in each
measurement. The accuracy of a measurement is the difference
between measured results and the true value, while the
precision of a measurement is the difference between repeated
data points during the same measurement. A measurement is
considered to be precise when the random error is small. On
the other hand, a small bias error results in an accurate
measurement. The perfect results will be obtained if an
experiment is accurate and precise, as shown in Figure 2(d).

Accurate
Precise

Not accurate
Precise

Accurate
Not precise

Not accurate
Not precise

(a) (b) {c) (d)

Figure 2. Distribution of uncertainty

As far as the uncertainty of a result is concerned, suppose
that n independent parameters contribute to the magnitude of
the results as follows:



R = f(x1, %5, .. %) @)

The uncertainty of a dependent variable cannot be measured
directly as an independent variable. Individual quantities of the
variable measurements and their errors are measured in the
first step, and then the uncertainty of the final results is

propagated via the data reduction equation [17].
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where, Pyt the sensitivity factor; uq,u,,..,u, are

L
uncertainty of independent variables (inputs); ug is the

uncertainty of the dependent variable R (output).

3. SOURCES OF THE ERROR IN THE VAPOR
TRANSPORT MEASUREMENT

3.1 Measuring equipment

The error in equipment is systematic and is caused by
fundamental flaws in the setup. The cause could be the
equipment itself or improper equipment use, such as incorrect
calibration and electronic noises. The sensor manufacturer
includes this uncertainty in the specification sheet. The
measured physical parameters of gas flow, such as temperature,
pressure, flow rate, and humidity, influence vapor transport in
a membrane humidifier. Table 1 shows the specifications and
uncertainty of the sensors used to measure those parameters.

Table 1. Uncertainties of the measuring devices

Measuring Device Model Accuracy (%)
Mass flow controller M3030VA +
Humidity sensor Vaisala HMT337 +
Thermocouple T type .4
Pressure transmitter P126 .25

3.2 Data acquisition

3.2.1 Design of a hollow fiber membrane humidifier

In this study, the water transport was measured for a 21-tube
membrane module made of polytetrafluoroethylene (PTFE)
polymer. Two tube holders properly distributed the membrane
tubes, as in Figure 3(a). These holders were filled with epoxy
resin to support the membrane module configuration and
prevent air leakage. The membrane tubes were installed within
an effective shell with a length of 110 mm and a diameter of
17.5 mm, where wet air was induced to make proper contact
with each tube (shell side). Pure dry air entered directly from
an air compressor for the tube side to exchange moisture with
outer wet air through the membranes. Table 2 contains
information on the designed membrane module and test jig.

Figure 3 presents a functional diagram and a photograph of
the humidifier jig. It was built with a wet air compartment
sandwiched between two dry air compartments. The effective
shell is only the long and narrow section directly in contact
with the membrane tubes, but two extra volume sections were
created to achieve a stable condition and increase the resident
time of the induced wet air. Stabilizing gas flows reduced
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process noise, making the data more reliable. The gas flow on
the shell side was parallel to the membrane tubes in this jig
configuration.

Table 2. Dimensions of the test jig and hollow fiber
membrane module

Parameter Value (mm)
Length of membrane module (Lt) 230
Length of the effective membrane (Le) 110
Tube holder diameter 15
Membrane outer diameter 1.1
Membrane thickness 0.1
Dry & extra wet chamber width 40
Dry & extra wet chamber diameter 90
Effective shell width 110
Inner diameter of the shell 17.5

(a) A hollow fiber membrane module

A

Dry air chamber

R IS e M e Yy [
P >
wet air Effective shell
outlet
v
Dry Drv
air 1| Holder » Holder > air
inlet outlet
vet a
| Membrane module | e
» A

Extra wet air chamber

(b) Diagram of test jig design

~_J

-

—

(©) Acmafshell an(i tube test jig

Figure 3. Design of a hollow fiber membrane humidifier

3.2.2 Experimental apparatus

Figure 4 depicts the schematic diagram of the experimental
apparatus and the actual system for measuring the vapor
transport in the humidifier. An air flow delivered by a
compressor passed through a drier to eliminate its moisture,
then flowed over a filter before entering the test jig with two
separate streams. One was introduced as dry air into an inlet
compartment and flowed inside the membrane tubes. For the
other stream, extra water vapor was added by controlling the
temperature of a bubble humidifier, which was indicated by a
wet air flow. This moist air then flowed into the inlet wet air
compartment of the jig and contacted the outer surface of the
membranes. To balance the air flow rates of the inlet streams,
Linetech M3030VA mass flow controllers were used. The
physical properties of each air stream were meticulously
measured in order to investigate the vapor transport
phenomenon. Therefore, four chambers were set up at inlets



and exits of the air flows to measure their temperature and
relative humidity. These chambers had large enough volumes
to prevent unexpected disturbances that could affect the
reliability of the measurements. Vaisala Sensors HMT337
were used to measure the temperature and relative humidity at
the inlet and outlet points of dry and wet air, while Wise
Sensor P126 pressure transmitters were chosen to obtain air
pressures and T-type thermocouples were set up in the
temperature control loop. Line heaters and insulation material
also aided in keeping the mass exchange experiments
isothermal. Two required valves at the stream outlets were
used to adjust the back pressure. A Compact FieldPoint device
was used to collect experimental results, which were then
monitored using LabVIEW codes.

Inlet Alr

(T) Thermocouple
(H) Hyarometer

(P) Pressure trans;

mitter

Figure 4. Diagram and actual experimental apparatus

3.2.3 Process of measurement

This research was conducted to analyze the uncertainty of
vapor transport measurement. A minimized error means that
the study is good enough to develop, and the data is reliable
sufficient to analyze the vapor transport behavior and design
the best version of the hollow fiber membrane humidifier.
Experiments were carried out to measure the water vapor
transport rate through the membrane based on the increase in
water vapor mass from the inlet to the outlet of the dry air
stream. The stabilization of gas mixture conditions is vitally
important to obtain precise data. Therefore, the thermal mass
of the test jig was designed to be large enough to maintain the
gas temperature inside. The heating lines also eliminated the
temperature fluctuation along the air streams. The relative
humidity of the wet air inlet was controlled using a gas-
bubbling humidifier and bypass valve. The water amount in
this humidifier was also large enough to maintain the steady
state of the inlet relative humidity signal. When the
experimental conditions were stable, the relative humidity and
temperature of air streams were recorded at the inlet and outlet
chambers. Finally, the water transport rate was determined
using the data reduction equations.

The procedure for recording measurement data is illustrated
in Figure 5. The sensor is used to detect the physical quantity
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being measured. The transducer converts the measured data
into an electrical signal so that electronic devices can record it.
The signal conditioning system can filter the electrical signal
noise, shape the signal, or amplify the signal magnitude to
make it suitable for the data acquisition system (DAQ)
hardware. In the next stage, the conditioned analog signal is
transformed into a digital signal compatible with digital
computers. LabVIEW codes were built up to read the
recording data.

| Sensor |—-| Transducer Signal
conditioner

Figure 5. Data acquisition system

Analog-to-
digital
converter

Digital data
acquisition

L

3.3 Data reduction

An objective of vapor transport measurement in a
membrane humidifier is determining the vapor transfer rate
through the membrane. There is no sensor to measure this rate
directly, but it can be calculated via the data reduction process
in Figure 6. In this study, the vapor transfer rate is determined
by the increment of the water content on the dry air side. This
water content can be measured via absolute humidity of the
inlet and outlet air using the dewpoint sensor. In addition to
the uncertainty from the measuring equipment, the data
reduction uncertainty was provided by the relationship
between the calculated data and each independent variable.

Measurements of individual variables
o Thermocouple: t

o Mass flow controller: ¥

o Pressure transmitter: p

o Humidity sensor: ¢

DEFINED INPUT
(Operating parameters)

X L, @Y

¥ l
DATA REDUCTION \
Individual uncertainty calculation

Uyt Up, Uy, Up, Uy

AP
O ps = 10° x 107 &+¢
Q p, = ops(1)

M,
Qeo=2e_Pv
Ma Ptotal~Pv

Q= mya0 — My

Sensitivity factor calculation

ax;  at’ av’ ap’ ag

k = (wgo — rud‘)rhy l
¥
OUTPUT Overall uncertainty of result

(Water transfer rate) 1/2

ari 2
Uy = [23:1 (a—:,“x,) ]
U = (Bin + A2

= f(t,p,@ V)

Figure 6. Data reduction process and uncertainty analysis
scheme

4. UNCERTAINTY ANALYSIS OF THE WATER
VAPOR TRANSPORT MEASUREMENT IN THE
HUMIDIFIER

4.1 Propagation of uncertainty

The water transport rate is a key characteristic to estimate
the performance of a membrane humidifier and then propose
an efficient strategy to optimize the humidifier design and its
operational parameter conditions. In this study, both air sides
of the membrane were set up with the same inlet temperature,
flow rate, and pressure conditions but different inlet relative
humidity. Therefore, the main driving force of water vapor
transport in the test jig was the concentration gradient between
the dry air and wet air. The water transport rate determination
was based on the variation in the physical properties of dry air



streams to minimize the noise caused by water vapor molecule
movement. The dry inlet air contained about 1% relative
humidity and remained so in all the experiments, while the
relative humidity of the wet inlet air was controlled up to 98%.
The higher amount of water in the inlet air-water vapor
mixture or the water droplet generated at very high humidity
conditions resulted in higher measurement uncertainty. The
uncertainty of the water transfer rate through the membrane in
this study was 3.97% and 4.62%, based on the dry and wet
sides.

Figure 6 provides the propagation of the water transport rate
uncertainty through the hollow fiber membrane. The water
transport was captured using the recorded data from sensors
installed at the inlet and outlet air streams, and then the
transport rate was calculated via the data reduction equations.
The initial operating parameters were set up using sensors and
controllers. The sensitivity of these sensors and working
conditions affected the measured data, expressed by
experimental errors. The true values here are the desired
parameters or the setpoints. The uncertainties of independent
variables were calculated after the experimental data were
recorded. The sensitivity and uncertainty of the dependent
variable were also calculated according to the root-sum-
squared method. The component and overall uncertainties
have a confidence level of 95% as the ideal reliability.

4.2 Error estimation of vapor transport rate

The determination of the water vapor transport rate was
based on the enhancement of vapor concentration on the dry
air side. Therefore, the data of the dry air streams were
captured to calculate the measurement uncertainty of each
parameter at three temperature conditions. Figure 7 shows the
temperature and relative humidity signals measured by the
Vaisala sensor in the inlet and outlet chambers. The chamber
temperatures were set up using PID controllers and solid-state
relays integrated with heating lines. Insulation material was
also used to ensure the heat loss was minimized. The steady-
state with minimal fluctuation can be observed throughout the
experiments at 50°C, 70°C, and 90°C. The uncertainty of
temperature measurement was less than 0.4%. The relative
humidity in the inlet and outlet chamber varied with increasing
operating temperature. The inlet air relative humidity
decreased from around 6.5% to 0.5% as the temperature
increased from 50°C to 90°C, while the relative humidity of
the outlet air changed slightly. However, the main force of
water transport was absolute humidity, which is a function of
relative humidity and temperature. Another error of relative
humidity also influenced the transport rate uncertainty. At
90°C, the most significant fluctuation of the relative humidity
signal was captured because the high temperature accelerates
the kinetic of gas molecules. The uncertainty was about
11.69% and 2.16% at the dry inlet and outlet chamber. The
uncertainty of the inlet dry air was high, but it was the relative
uncertainty calculated in the chamber at 0.5% relative
humidity condition. These huge uncertainties were reduced
when multiplied by the sensitivity coefficient in the overall
uncertainty equation.

The uncertainty of the air flow rate controlled by the mass
flow controllers in this study was less than 0.05%, so it could
be ignored to simplify the sensitivity factor determination
using partial derivation.

Pressure also affected the water transport rate through the
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membrane, and hence the uncertainty of the pressure
measurement contributed to the overall uncertainty. The
operating conditions were set up with a counter-current flow,
so the wet air inlet and dry air outlet were balanced at the
desired 250 kPa using the back valves. Figure 8 shows the
deviation in measuring the inlet and outlet pressure. The
deviation was always less than 1% even though the increased
temperature resulted in signal disturbance.
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Figure 8. Measurement of the pressure of the dry air

The experimental research was done with an isothermal
condition so that only the mass transfer through the membrane
was taken into account. The temperature of the test jig was
collected by a T-type thermocouple as a feedback signal and a
PID control module allowed to reach the setpoint using the
heating line. The error of this temperature and the random
error of operational inlet parameters made the water transport
rate sensitive when we repeated the experiments with three
trials, as shown in Figure 9. The difference in the results
indicates the precision error of the water transport rate, which
was a portion of the overall uncertainty that would be provided
at the last stage. The best estimation of the water transport rate
was the average value, which was 123.2x10g/s.

Figure 10 shows the water transport rate through the
membrane and the total error over three temperature
conditions. Both of them increased as the temperature
increased from 50°C to 90°C. The trend of the water transport
rate agreed with Nguyen et al.’s [11] previous research, which
proposed that the transport rate through the membrane had an
exponential relation with the temperature. The water transport
rate was 17.76x10™*g/s at 50°C, then it was raised by 2.8 times
and 7.4 times at 70°C and 90°C. The highest uncertainty of the
water transport measurement was 3.97%, meaning that this
experimental investigation has high reliability in measuring
the water vapor transport through the membrane of a
humidifier.
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Figure 9. Sensitivity of the water vapor transport rate
through the membrane
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The minimized error of humidification performance of the
membrane humidifier was determined to optimize the system
design and improve the reliability of experimental research on
water management in fuel cells. This reliable measurement
method can be used for testing and proposing empirical
correlations of the hollow fiber membrane, such as diffusivity
and permeability, or to evaluate and predict the performance
of a practical humidifier. To further investigate a fuel cell
system using an analytical model, this reliable experiment is
essential for validation. The validated model can be used as a
feasible approach to predict the operation of a dynamic fuel
cell system and then enhance the flexibility for applications.

5. CONCLUSION

This paper provided a strategy for uncertainty analysis of
vapor transport observation through a membrane based on the
sensitivity of key operating parameters. The analysis was a
principle for optimizing the experiment design before
conducting a series of parametric tests. It substituted for the
error confirmation method in the previous research on a
similar system for vapor transport experiments, in which a test
was done repeatedly to confirm the deviation of the water
transfer rate. Even though several sources of error were not
analyzed, they could be neglected due to the minor effect on
the overall uncertainty. The uncertainty of each parameter
measurement was determined through a combination of bias
uncertainty and precision uncertainty. Then, the total
uncertainty of the experimental results was finally computed
using the root-sum-squared equation. The reliability of the
water transport rate through the membrane was influenced by
all input parameter errors, with the most significant sensitivity
being observed for relative humidity and temperature due to
the movement of the air-vapor mixture, while flow rate and
pressure measurements had only slight uncertainty. The
maximum uncertainty of the water transport rate in this study
was 3.97%. This error confirms that the design of experiment
was acceptable for measuring and estimating the performance
of a hollow fiber membrane humidifier for real-world fuel cell
systems. From the reliable measurement method, the
membrane characteristics can be determined in correlation
with operating conditions, contributing to research on mass
transfer through the membrane. The analysis procedure can
also be used for many other studies to assess their reliability

77

and improve the research method.
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NOMENCLATURE

A, B C

empirical coefficients
(A=7.16728, B=1716.984, C=232.538)

B bias error

M molar mass, kg/mol

m local Nusselt number along the heat source
p pressure, Pa

P precision error

t temperature, °C

U u total/overall error

X measured value
Greek symbols

v volumetric flow rate, LPM
w absolute humidity

® relative humidity, %

x independent parameter
Subscripts

a air

d dry

i inlet

mix mixture

0 outlet

s saturation

v vapor





