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WICHTIG: D 82 überprüfen !!!
Berichte aus der Verfahrenstechnik

Sebastian Markus Koester

Membrane-based Enthalpy Exchangers

Shaker Verlag
Aachen 2017

Bibliographic information published by the Deutsche Nationalbibliothek
The Deutsche Nationalbibliothek lists this publication in the Deutsche
Nationalbibliografie; detailed bibliographic data are available in the Internet at
http://dnb.d-nb.de.
Zugl.: D 82 (Diss. RWTH Aachen University, 2016)

Copyright Shaker Verlag 2017
All rights reserved. No part of this publication may be reproduced, stored in a
retrieval system, or transmitted, in any form or by any means, electronic,
mechanical, photocopying, recording or otherwise, without the prior permission
of the publishers.
Printed in Germany.

ISBN 978-3-8440-5229-9
ISSN 0945-1021
Shaker Verlag GmbH • P.O. BOX 101818 • D-52018 Aachen
Phone: 0049/2407/9596-0 • Telefax: 0049/2407/9596-9
Internet: www.shaker.de • e-mail: info@shaker.de

Danksagung
Nicht selten ist das Zusammenwirken zahlreicher Personen die Grundvoraussetzung für den
individuellen Erfolg. Da dies gleichermaßen für die vorliegende Dissertation gilt, möchte ich
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Abstract
The comfort within residential buildings is often related to indoor climate conditions.
However, sufficient air quality can only be guaranteed if ventilation rates exceed minimum
standards. In most cases this is realized by window ventilation, a process accompanied by
a tremendous loss of energy. Applying modern building ventilation systems instead, is a
promising approach to reduce losses and enhance sustainability. The reason is that building
ventilation systems make use of energy recovery devices. In air-to-air heat exchangers,
discharged and fresh air get in contact via impermeable exchanger plates. Here, energy
recovery is limited to sensible heat. Substituting the exchanger plates with water vapor
permeable membranes makes the device also capable of recovering latent heat (in terms of
water vapor). Such devices are called membrane-based enthalpy exchangers. Efficiency is
typically a function of fluid dynamics, material properties and process parameters. The
scope of this thesis is to describe the governing parameters, identify transport limitations
and point out potential solutions to successfully tackle such limitations.
First, the influence of vapor activity on membrane permeance was evaluated for different
materials. Single-gas measurements proved that permeance is a strong function of both
feed and permeate activity. Depending on the polymer of the selective layer, a change in
activity either enhanced or reduced membrane permeance. In complementary mixed-gas
measurements the overall transport resistance (including boundary layer and membrane
support) was deconvoluted in detail. While the impact of the support changed with the
membrane sample, the boundary layer had a similar effect regardless of the material.
Performance loss due to the stagnant boundary layers was successfully minimized by
application of so-called membrane spacers. Finally, a commercial software (Aspen Custom
Modelerr ) was used to model the heat and mass transfer in membrane-based enthalpy
exchangers. By means of model predictions it was possible to identify the economic limits of
material optimization. An optimization beyond this limit will only make sense if the impact
of the stagnant layer is reduced simultaneously. A case study revealed that the actual saving
potential of membrane spacers depends on multiple parameters like outer climate conditions,
energy prices and the humidification technology of the corresponding building ventilation
system.
Even though the focus of the study is on membrane-based enthalpy exchangers, results
and experimental approaches can be useful for many other applications like technical
(de)hydration processes and the optimization of functional clothing. In addition upcoming
material developments might boost the impact of boundary layers in gas permeation processes
not related to water vapor. If so, the findings of this thesis will help to identify and overcome
transport limitations of these applications, too.
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Kurzfassung
Der Komfort in Gebäuden ist eng verknüpft mit der Luftqualität des Innenraums. Nur unter
Einhaltung definierter Luftwechselraten ist eine ausreichende Versorgung mit Sauerstoff
gewährleistet. Aus energetischer Sicht bietet dieser Lüftungsvorgang großes Optimierungspotential. Während bei Fensterlüftung die Energie der Abluft verloren geht, besteht in
geregelten Wohnraumlüftungsanlagen die Möglichkeit zur Energierückgewinnung. Hierbei
werden Ab- und Zuluft miteinander in Kontakt gebracht, ohne die beiden Luftströme zu
vermischen. Im Fall von Wärmetauschern wird dieser Kontakt über eine Metall- oder
Kunststoffplatine herbeigeführt. Ersetzt man die Platinen durch Membranen, ist zusätzlich
ein Austausch von Feuchte möglich. Solche Systeme bezeichnet man als membranbasierte
Enthalpietauscher. Während das Verhalten von Wärmetauschern durch die spezifische
Oberfläche und die Fluiddynamik entlang der Tauscherplatinen dominiert wird, hängt die
Effizienz der Enthalpietauscher zusätzlich von den Membran- und Prozessparameter ab. Das
Ziel dieser Arbeit besteht nunmehr in der Identifizierung limitierender Transportwiderstände
und der Erschließung von Lösungsansätzen um diese zu überwinden.
Zu diesem Zweck wird zunächst der Einfluss der Wasserdampfaktivität auf das Übertragungsverhalten von Polymermembranen untersucht. In Reinstoffexperimenten wird gezeigt,
dass die Wasserdampfaktivität der Feed- und Permeatseite gleichermaßen das Verhalten der
selektiven Schicht beeinflussen. Im Anschluss werden leistungsmindernde Effekte von Strömungsgrenzschichten und Supportstrukturen mit Hilfe von Mischgasexperimenten evaluiert.
Während der Einfluss des Membransupports vom verwendeten Material abhängt, führt die
Strömungsgrenzschicht materialunspezifisch zu einer Reduzierung des Übertragungsverhaltens. Diesem Effekt wird mit Hilfe sogenannter Membranspacer entgegengewirkt. Der Nutzen
solcher Materialien wird anhand erster Prototypentests verdeutlicht. Eine modelltechnische
Beschreibung des Wärme- und Stofftransportes verschafft zudem Einblick in das bestehende
Optimierungspotential. Hierbei werden sowohl Membran- als auch Grenzschichtwiderstände
betrachtet. Abschließend wird die Wirtschaftlichkeit eines Spacereinsatzes in einer Fallstudie
untersucht. Auf Basis experimenteller Daten wird gezeigt, dass das Einsparpotential von
zahlreichen Faktoren wie den Außenluftbedingungen, der Befeuchtungstechnologie und der
Entwicklung des Energiepreises abhängt.
Wenngleich die Evaluierung membranbasierter Enthalpietauscher im Fokus der Untersuchungen steht, lassen sich Erkenntnisse und experimentelle Vorgehensweisen auch auf andere
Prozesse übertragen. Aktivitätsabhängige Permeabilitäteten sind für technische Be- und Entfeuchtungsprozesse ebenso wichtig wie für die Entwicklung hochwertiger Funktionskleidung.
Erkenntnisse und experimentelle Vorgehensweisen zur Untersuchung der Grenzschichtwiderstände könnten (bei fortschreitender Materialoptimierung) zudem in anderen Gaspermeationsverfahren an Bedeutung gewinnen.
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CHAPTER 1

Introduction

1

1

Introduction

Motivation

1

1.1

The increasing demand of energy has provoked both a scarcity of fossil fuels and rising
energy costs. According to Fig. 1.1, the worldwide energy consumption has almost doubled
since 1980. This is obviously the main reason why energy saving technologies have been
spotlighted over the last years.
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Figure 1.1: World energy consumption between 1980 and 2012 [1].

One of the largest energy saving potentials is related to residential and commercial buildings [2]. In 2010 the infrastructure of buildings accounted for 40 % of the energy consumption
within the United States [3]. According to a study of the German government, the main
load is spent on space heating (see Fig. 1.2). A common approach to reduce energy losses is
the improvement of building insulation. Nonetheless, ventilation is still required to ensure a
healthy and comfortable quality of air.

1.2

Indoor air quality

The health and comfort of building inhabitants can be directly related to indoor climate
conditions. Sufficient ventilation reduces the risk of coming down with the so-called Sick
Building Syndrome [5–7]. In addition, keeping the CO2 level at a minimum fosters the ability
to concentrate. The recommended ventilation rate is not fixed but depend on building size,
number of occupants and consumer habits [8, 9]. Parameters often used to control indoor
climate conditions are temperature, humidity and CO2 concentration. Most people prefer
temperatures in the range of 20-25 ◦ C [10]. The heating or cooling load, which is necessary to
keep temperature within this range, depend on a couple of parameters. The most important
ones are outer climate conditions, number of occupants, building size, insulation, degree
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Figure 1.2: German energy consumption in 2012 [4]. White-colored items are not related to the
building sector.

of solar radiation and the number of indirect heat sources such as computers, household
electronics etc.. Situation is quite similar for moisture content, where the comfortable range
is 30-60 % r.h. [10]. The actual relative humidity depends on many of the afore-mentioned
parameters. Additionally, other aspects like temperature, occupants’ habits and the activity
level have to be taken into account. If people not only work in the building, but also live
there, the scenario will change fundamentally. This is because cooking, showering and
washing contribute to a large extend to the moisture content of indoor air. While fresh air
has to be humidified during winter months, it is often to wet to be directly supplied during
summer. Keeping the humidity in the desired range helps to prevent mucosae problems
on the one hand and severe damages of the building structure on the other hand. With a
concentration of approximately 400 ppm, CO2 is a constituent part of our atmosphere [11].
However, mental as well as physical capability will drop, if CO2 concentration rises. Above
a certain level, CO2 cause unconsciousness or can even be toxic. DIN EN 13779 suggests to
classify air quality by its CO2 content [12]. Concentrations below 400 ppm meet the highest
indoor air quality, while 400-600 ppm and 600-1000 ppm are equal to medium and moderate
quality respectively. CO2 concentrations above 1000 ppm indicate poorest air quality. The
easiest way to prevent indoor enrichment of undesired components like CO2 , dust, bacteria
and VOC’s is opening the windows. However window ventilation is accompanied by a
tremendous loss of energy, which makes it a process far from being sustainable.

1.3

Building ventilation systems

Building ventilation systems are a promising alternative to window ventilation [13]. Those
systems make use of predefined flow ducts. According to Fig. 1.3, a combination of fans
and filters is applied to ensure continuous ventilation and protect the building against
contamination with undesired components. Additionally, temperature and humidity of the
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supply air are adjusted to ensure comfortable indoor climate conditions. This is typically
realized by means of condensers, humidifiers and heating devices respectively.
fresh

discharged
recovery
device

sound
absorber

heater

exhaust

filter

fan

reheater

supply
condenser

humidifier

Figure 1.3: Scheme of a building ventilation system.

The energy demand for the conditioning of incoming air can be significantly lowered if
recovery devices are applied. Established systems are air-to-air heat exchangers. Here
discharged and fresh air get in contact without directly being mixed. Basically discharged
air is used to preheat (precool) the incoming air in winter (summer) case by transferring heat
through an exchanger plate. The overall efficiency of the ventilation system will be boosted
even further, if the heat exchanger is replaced by a so-called enthalpy exchanger. Such
devices are capable of recovering both sensible and latent heat (in terms of water vapor). As
a result, the incoming air is either dried or humidified. According to the technology used,
enthalpy exchangers are classified into three categories:
• Plenum chambers
• Adsorbent systems
• Membrane-based systems
Plenum chambers dilute fresh air with discharged air in order to adjust the temperature and
humidity of the supply air. Regardless of energy savings, this approach is not convincing
since supply air recycles undesired components into the building. This causes an enrichment
of contaminants and herewith a reduction of air quality. In adsorbent systems, heat and
moisture is exchanged via hygroscopic materials. In a first step the adsorbent dries and
cools the hot and humid gas, in a second step the stored energy is released to the cold and
dry air stream. Gas streams are altered by regularly switching between chambers (Fig. 1.4a)
or by continuously rotating the sorption mass from one gas stream to the other (Fig. 1.4b).
Similar to plenum chambers, adsorbent systems suffer from a lack in hygiene. Due to the
contact of both gas streams with the same adsorptive agent, a recirculation of contaminants
cannot be excluded. However, this risk can be minimized by purging prior to a contact with
the supply air. A technology which becomes increasingly relevant and popular are so-called
membrane-based enthalpy exchangers [14–16]. Membrane-based systems provide isolated
compartments for discharged and fresh air [17]. Hereby a direct contact of both gas streams
is avoided. Beside hygienics, there is another advantage worth to mention: compared to other
systems, membrane-based solutions are easier to handle. They require a minimum number
of valves and make rotating parts superfluous. Thus, safe operation is possible without
additional energy and maintenance. The only but weight carrying drawback of nowadays
membrane-based systems is their rather poor performance. Due to their straight forward
5
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Figure 1.4: Different types of adsorptive enthalpy exchangers.

assembly, cross-flow exchangers (Fig. 1.5a) are still applied in most ventilation systems
in North America and Asia. Efficiencies of these systems could be significantly improved
by substituting cross-flow exchangers with cross-counterflow configurations according to
Fig. 1.5b. It is well known from heat exchanger design that counter-flow is more efficient
than any other flow arrangement [18, 19].
discharged
supply
discharged

supply

exhaust

fresh
fresh

(a) cross-flow

exhaust

(b) cross-counterflow

Figure 1.5: Different designs of membrane-based enthalpy exchangers.

Even though cross-counterflow operation improves efficiency, other energy recovery devices
are still superior. While heat and moisture recovery of membrane-based solutions reach
values of 70-75 %, the efficiency of rotary exchangers is approximately 10 % higher [20].
Sensible effectiveness of modern heat recovery devices even goes up to 95 % [21]. The
reason for this tremendous difference in comparison with membrane-based enthalpy exchangers is the inner surface area. As sketched in Fig. 1.6, deep-drawn heat exchanger plates
cause a doubling of the inner surface area. However, this is a process not applicable to
membranes. In order to overcome the drawbacks of membrane-based enthalpy exchangers,
it is proposed to reconsider design specifications of such devices. A deeper understanding of transport properties most likely helps to boost the market of this promising technology.

1.4

Project description

The research presented has been carried out within the project nAIXtCHANGER, which was
funded by the Federal Ministry for Economic Affairs and Energy on the basis of a decision
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Figure 1.6: Cross sections of different exchanger plate setups. Grey and white color indicate
opposing flow directions.

by the German Bundestag (support code: 03ET1124A). The collaboration of the membrane
group of AVT.CVT (RWTH Aachen University) and two industrial partners, namely FuMATech GmbH and Paul Wärmerückgewinnung GmbH, started in 2012 with the scope of
developing a membrane-based enthalpy exchanger, which performs better than any existing
system. In addition the module was ment to be cheap in both production and operation. The
consortium first identified two parameters which most likely govern exchanger efficiency: the
membrane material and the fluid dynamics adjacent to the membrane surface. The partners
agreed to focus on the optimization of these two parameters. The objective of AVT.CVT has
been the investigation of water vapor transport phenomena through polymeric membranes.
This has included in particular the identification of limiting transport resistances. In the
course of the project, AVT.CVT has passed all stages of an extensive, systematic optimization
process. Aside from membrane synthesis, the approach has covered the entire value chain,
from membrane characterization to mathematical modeling. Experimental procedures have
been developed and successfully applied, setups have been designed and taken into operation,
prototypes have been assembled and tested. Finally transport processes have been modeled
and a case study has been calculated.

1.5

Outline

The thesis describes a systematic and comprehensive approach to optimize the energy
efficiency of membrane-based enthalpy exchangers. Single chapters follow a bottom-up
order according to Fig. 1.7. As shown, the focus of the first two chapters is on material
and transport properties. Subsequent to this, module prototypes were assembled and
experimentally characterized. The outcome of these tests was used to show the validity of a
mathematical model and calculate potential savings by means of a case study.
chapter 2
change of permeance
with vapopr activity
chapter 3
deconvolution of transport
resistance / impact of
boundary layers

chapter 4
module tests

chapter 5
modeling heat and
mass transfer
properties (ACM )

chapter 6
case study:
calculation of
savings

chapter 7 - reflections and outlook

Figure 1.7: Thesis structure.

7

Chapter 1

1

Chapter 2 investigates the impact of feed and permeate activity on water vapor permeance.
While membrane permeance is typically constant for ideal gases, this behavior changes for nonideal gases and vapors. Due to polymer swelling, its simultaneous softening (plasticization)
as well as clustering effects of the penetrant molecules, permeability becomes activity
dependent. Even though it is known that both feed and permeate conditions change
membrane properties, the majority of publications still focus on feed activity only. In
contrast, this chapter discloses the importance of permeate activity for a system of pure
water vapor and a variety of membrane materials.
Chapter 3 deconvolutes the overall mass transfer resistance of mixed-gas applications. While
selectivity depends to a large extent on chemical nature of the selective polymer layer,
permeance is often dominated by fluid dynamics next to the membrane interface. A wellknown phenomenon in terms of diffusive transport limitation is concentration polarization.
It occurs in both the stagnant boundary layer and the porous support. The more selective
and permeable a material is, the more severe the impact of concentration polarization can
be. The accurate identification and quantification of the limiting resistances, other than the
selective layer, is a major challenge. By combining single- and mixed-gas measurements,
contributions of the selective skin, the porous support and the stagnant boundary layer were
quantified.
Chapter 4 highlights the simultaneous impact of membrane spacer on heat and mass transfer.
Motivated by the preliminary results of Chapter 3 different module prototypes were assembled,
some of which comprised spacers others not. According to prior findings, membrane spacers
had been expected to lower transport limitations caused by the stagnant boundary layer.
By comparing experimental recovery rates and pressure losses, it was possible to estimate
the impact of spacers on overall performance.
In Chapter 5 a mathematical model of a membrane-based enthalpy exchanger is introduced.
In order to calculate heat and mass transfer with finite differences, the complex crosscounterflow module geometry was substituted with a combination of standard cross- and
counter-flow devices. Governing heat and mass transfer equations are presented as well as
transition terms for linking 1D and 2D discretizations. The final set of equations was solved
using Aspen Custom Modelerr , a commercial tool comprising an extensive fluid property
data base. In a first step, the model was validated by means of experimental data obtained
in Chapter 4. A subsequent sensitivity analysis figured out the importance of boundary
layer resistance and membrane permeance in terms of exchanger efficiency.
Chapter 6 applies the experimental outcome of Chapter 4 to evaluate the potential benefit of membrane spacers in enthalpy exchangers. Module efficiency was calculated on
basis of German and Canadian all-season climate data, taking altering energy prices into
account.
Chapter 7 summarizes the findings of the afore-mentioned chapters. In addition it reflects
on major challenges, which have been encountered in the course of the thesis. A final
outlook focuses on future research needs and helps to identify starting points for upcoming
investigations.
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CHAPTER 2

Water vapor permeance: The interplay of feed
and permeate activity

This chapter has been published:
S. Koester, F. Roghmans, M. Wessling, Water vapor permeance: The interplay of feed and permeate activity, Journal of Membrane Science (2015), DOI: 10.1016/j.memsci.2015.03.019
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2

Water vapor permeance

Introduction

As explained in Chapter 1, enthalpy exchangers enable an indirect contact of fresh air and
discharged air via membranes. Consequently heat and moisture is transfered from one gas
stream to another without any mixing. Apparently specific humidity and temperature vary
along the membrane (see Fig. 2.1). As a result water vapor activity changes on both sides of
the membrane. Regardless of activity, basic simulations apply constant permeances for rough
estimations. However, this is a rigorous assumption only valid for permanent gases at low to
moderate pressures [22]. In fact, solubility and diffusivity of of non-ideal gases and vapors
are concentration dependent [23]. Reasons are polymer swelling [24–26], its simultaneous
softening (plasticization) as well as clustering effects of the penetrant molecules [27, 28].
Consequently permeability is a function of both the feed and the permeate activity. While
variations in feed activity are addressed in many publications, the influence of permeate
activity is most often neglected [29–33]. Only few publications consider this effect and report
significant impacts [22, 34, 35]. Azher et al. recently published water vapor permeances of
Nafion 115 membranes with a non-linear dependence on membrane thickness [36]. They
assume that the effects observed can be explained with an inhomogeneity in swelling and a
significant impact of downstream activity.
fresh
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φ=0.8

supply
ture
pera
m
e
t
b
l
dry bu
specific humidity /
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Figure 2.1: Humidity profile of enthalpy exchangers in building ventilation systems.

The scope of this chapter is to quantify the water transport rates of different materials as a
function of feed and permeate activity. In particular the study focuses on the behavior of
the selective layer. Running all tests in a hundred percent water vapor environment excludes
any concentration polarization effects. By the choice of a large variety of materials, the
investigations aim to establish a library of transport patterns and classify them in various
categories. The chapter closes with testing the influence of membrane orientation on water
vapor transport.

2.2

Measurement of water vapor permeability

Even though various permeability measurement set-ups can be found in literature [37], only
few seem to be appropriate for the investigation of water vapor permeabilities. Reasons
can be found in the thermodynamic properties of water vapor and the strong interaction
of the vapor molecules [38]. Constant-pressure variable-volume methods are typically

11

2

2.1

Chapter 2

transient

transient

steady state

pfeed

permeate pressure

2

operated at a permeate pressure of around 1 atm [39]. Hence the saturation pressure of
water vapor limits the application range to temperatures above 100 ℃. Main drawbacks
of mixed-gas measurements [40] are concomitant fluid dynamics phenomena as well as
the need for additional moisture analytics. Applying a gas chromatograph limits the
sampling rate. Dew point mirrors make online measurements feasible, but the accuracy
of those measurements depends strongly on the moisture content. Especially at low vapor
transmission, the determination of the permeate moisture content is challenging. A widely
used and standardized water vapor permeability measurement is the cup method [41, 42]. It
was solely developed to measure water vapor permeability. Nevertheless, this setup is also
limited to a certain range of vapor transmission rates. At permeabilities beyond this range,
either the gravimetric measurement of the absorbed water or the concentration polarization
within the boundary layer of the membrane provoke significant errors [43]. Probably the
most common technique for a determination of gas permeabilities is the so-called time
lag technique. It is a constant-volume variable-pressure measurement, performed with a
single gas [44]. By drying the membrane and evacuating the permeate chamber before each
measurement, a time dependent pressure increase according to Fig. 2.2 can be observed.
This pressure increase can be subdivided into two transient parts and a steady state region
in between. While the diffusion coefficient is derived from the first transient part, the slope
of the steady state region is proportional to permeability [45]. Even though both parameters
are calculated on the basis of the same measurement, the expected errors differ significantly.
A mathematical estimation reveals that calculating the diffusivity results in a minimum error,
which is five times larger than the one for permeability measurements [46]. Thus, constantvolume variable-pressure technique has to be handled with care in terms of diffusivity
measurements, but is a convincing method for the determination of permeability.

timelag

time
Figure 2.2: Permeate pressure as a function of time in an ideal constant-volume variable-pressure
measurement.
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Water vapor permeance

2.3

Theory

2.3.1

Solution diffusion model

Ji = −Li ·

dµi
.
dx

2

Mass transfer through dense membranes is generally given by a linear transport equation

(2.1)

While Li is a proportionality coefficient, the gradient of chemical potential dµi /dx accounts
for the sum of driving forces, caused by differences in pressure, temperature and concentration.
Due to isothermal conditions any contributions of temperature are neglected.1 Hereby the
total differential of the chemical potential reduces to
dµ = RT dln(ai ) + vi dp.

(2.2)

ai equals activity, vi is the molar volume and p is the pressure. In general, the permeation
of gases through dense polymeric membranes follows a three step solution diffusion mechanism [48]. After the gas is absorbed on the feed side of the membrane, it diffuses through
the polymer and desorbs on the permeate side. The solution-diffusion model assumes that
the pressure throughout the whole membrane thickness is constant. Thus, dp = 0 and the
transmembrane flux Ji only depend on the activity ai = γi ci of the penetrating molecule.
Since the activity coefficient γi is unity for low concentrations Eqs. (2.1) and (2.2) can be
simplified to
Ji = −

RT Li dci
.
ci dx

(2.3)

By summarizing RT Li /ci to the diffusion coefficient Di , Fick’s law of diffusion is being
obtained
Ji = −Di

dci
.
dx

(2.4)

An integration across the membrane results in
Ji = −Di∗

ci,f m − ci,pm
,
δ

(2.5)

with δ being the membrane thickness. ci,f m and ci,pm indicate the membrane concentration
at the feed and permeate interphase respectively. The diffusion coefficient used in Eq. 2.4
is most often concentration dependent. Thus, a mean value Di∗ comprising the diffusion
Joule-Thomson coefficient at T=45 ℃ is given to µ=16.91 K/bar [47]. With a maximum Δp=58.4 mbar
(see Tab. 2.3) this causes a theoretical ΔT≈1 ℃. Since membranes are extremely thin and placed on a
sintered filter, it is assumed that any ΔT is immediately compensated.
1
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coefficient as a function of membrane thickness is being introduced:
Di∗

cZ
i,pm

1
=
ci,f m − ci,pm

Di dc.

(2.6)

ci,f m

2

Since concentrations ci,f m and ci,pm within the membrane are not directly accessible, it is
common to derive an alternative term for Eq. 2.5. For this purpose the consistence of the
chemical potential at the membrane interphase is being considered. On the feed side it is
given by
µi,f = µi,f m .

(2.7)

Integration of Eq. (2.2) for a compressible fluid (gas phase with ideal gas behavior) as well
as an incompressible membrane phase leads to
µ0i + RT ln

pi,f
pf
+ RT ln
= µ0i + RT ln(γi,f m ci,f m ) + vi (pf − pi,sat ).
pf
pi,sat

(2.8)

The reference pressure is chosen to be pi,sat in both cases, i.e. the reference chemical potential
µ0i is the same on both sides of the equation. Hence, membrane concentration at the feed
interphase can be rewritten to


−vi (pf − pi,sat )
pi,f
ci,f m =
· exp
.
(2.9)
pi,sat γi,f m
RT
As vi denotes the molar volume of the dissolved gas, the exponential term is assumed to be
close to unity for gases with low solubilities. This leads to
ci,f m =

pi,f
.
γi,f m · pi,sat

(2.10)

By introducing the sorption coefficient Si = 1/(γi,f m · pi,sat ), this equation can further be
simplified to
ci,f m = Si · pi,f .

(2.11)

The concentration at the permeate interphase is calculated analogically to
ci,pm = Si · pi,p .

(2.12)

Summarizing Eq. (2.5), Eqs. (2.11) and (2.12) allow the calculation of the transmembrane
flux as a function of partial pressures pi,f and pi,p
J=

14

Di∗ Si (pi,f − pi,p )
.
δ

(2.13)

Water vapor permeance

With the definition of permeability Pi = Di∗ · Si , this term can finally be simplified to
(pi,f − pi,p )
.
δ

(2.14)

It is obvious that the description of mass transfer with permeability is different compared
to the one based on solubility and diffusivity. Using permeability is less fundamental,
but much easier to handle. Only with constant diffusion coefficients (Eq. 2.5) and linear
sorption isotherms (Eqs. 2.11 and 2.12), it is possible to correctly split permeability in single
contributions of diffusivity and solubility.

2.3.2

Constant-volume variable-pressure method

As worked out before, a time dependent increase in permeate pressure is the basis for
any constant-volume variable-pressure measurement. Since only mass transfer through the
membrane accounts for this pressure increase, a mole balance of the permeate chamber is
given by
J · Amem =

dnp
.
dt

(2.15)

Amem denotes the active membrane area and np equals the number of moles in the permeate.
Even though water molecules tend to interact and form hydrogen bonds, water vapor behaves
like an ideal gas within a certain range of process conditions. The mathematical error is
given to 0.1 % at a saturation pressure of 10 kPa and 1.6 % at a 100 kPa respectively [49].
Considering ideal gas behavior, Eq. (2.15) can be rewritten to
J=

dpp V
1
·
·
.
dt RT Amem

(2.16)

Inserting Eq. (2.14) results in
P dt =

V
δ
dpp
·
.
RT Amem pf − pp (t)

(2.17)

In general the integration of this term allows the calculation of permeability P. A simple
analytical solution will only be feasible if the feed pressure and the permeability are constant.
This is in direct contrast to the hypothesis of this work. However, if very small time intervals
(t → t∗ ) are chosen, permeate pressure will stay almost constant (p → p∗ ). As a consequence,
constant permeability can be assumed within these intervals:
Zt∗
P
t

pp,t∗

V
δ
dt =
·
RT Amem

Z

dpp
.
pf − pp (t)

(2.18)

pp,t
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Integration of Eq. (2.18) finally leads to


V
δ
pf − pp (t)
P =
·
· ln
.
RT Amem · (t∗ − t)
pf − pp (t∗ )

(2.19)

2

Permeability P can be calculated if information on permeate volume V , temperature T ,
membrane thickness δ, active membrane area Amem , feed pressure pf and permeate pressure
pp are available. If the membrane thickness is unknown, permeance Q can be calculated
instead:
Q=

P
δ

(2.20)

While P is an intrinsic material parameter given in Barrer2 , the value of permeance Q is
membrane specific. Its unit is GPU3 (gas permeating units).

2.4

Experimental

A simplified schematic drawing of the experimental setup is depicted in Fig. 2.3. The
rig consists of a cylindric test cell, containing the membrane sample, a vacuum pump
(Vacuubrand RC6) and a total of three stainless steel reservoirs. All components despite
the vacuum pump were placed within a heating cabinet (Memmert ULE 600). They were
interconnected by a minimum number of pipes, which reduced risk of gas leakages and
ensured instantaneous process control.
heating cabinet

VM

membrane
module

feed
liquid
reservoir

buﬀer
tank

VA

P
T

P
T

permeate

Figure 2.3: Experimental setup used for constant-volume variable-pressure measurements.
2
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1 Barrer = 1e−10 cm2 /(s cmHg) = 2.7e−9 m3N /(m h bar)
1 GPU=10−6 cm/(s cmHg) = 2.7e−3 m3N /(m2 h bar)

Thermocouples (type T) on both sides of the membrane as well as differential pressure sensors
(Wika, UT-10) monitored essential process parameters. Accuracy of the measurements was
enhanced by choosing pressure sensors with an upper limit of 250 mbar (feed) and 100 mbar
(permeate) respectively. Data was logged with a sampling rate of 0.5 s, using a programmable
logic controller (National Instruments FP-1000) in combination with a personal computer.
The core of the setup consists of a cylindric test cell. As shown in Fig. 2.4 the feed flows
from the center to the outside. The permeate is being collected and removed in the center of
the lower module part. To ensure sufficient mechanical stability the sample was deposited
on top of a sintered metal filter (SIKA R200). In addition, a ring-shaped Micro-PES layer
(Membrana, 1F-EL) protected the membrane from damages caused by the sintered filter.
The o-ring, which sealed the feed chamber, reduced the diameter of the active membrane
layer by approximately 10 mm. This accounted for a 30 % decrease of the surface area,
which had to be taken into account when analyzing the experimental results.

o-ring
membrane sample
support ring (micro PES)
(Membrana, 1F-EL)

feed

retentate

top part

sintered metal filter
(SIKA R200)

permeate

o-ring
membrane
micro PES ring
sintered
metal filter

bottom part

test cell
(bottom part)

Figure 2.4: Three dimensional and cross-sectional schematic of the cylindric permeation cell.

The accuracy and reproducibility of constant-volume variable-pressure measurements depend
significantly on the initial vapor purity. Only at infinite high purities, concentration
polarization issues can be neglected. This simplifies the experimental procedure compared
to mixed-gas measurements [40]. Hence, prior to each measurement, the rig was evacuated
and thoroughly flushed with water evaporating from the liquid reservoir shown in Fig. 2.2.
At the end of the flushing step, the permeate chamber remained evacuated, while the feed
pressure was set to the desired vapor activity. Its upper limit was given by the saturation
pressure at the corresponding heating cabinet temperature. Feed pressures below saturation
were obtained by the automatic control valve (VA) located downstream of the membrane
module. Opening this valve reduced the pressure and at the same time accelerated the
evaporation within the liquid reservoir. As the heat of evaporation was provided by the
liquid water itself, the temperature within the liquid reservoir decreased. This caused again
a decline of the evaporation rate. From the description above it becomes obvious that feed
pressure control is a critical issue. In fact, it is hard to account for different activities by
means of a single valve. Hence a second manual valve (VM) connected in parallel was
used to pre-adjust the feed pressure. Its set point was 5-10 mbar above the desired feed
pressure. Consequently, the range of the vernier adjustment was minimized, resulting in an
appropriate automatic control.
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2

As described in Eqn. 2.19, permeance is calculated from the pressure increase in the permeate
chamber. Hence, the time resolution and hereby the accuracy can be altered by tuning the
size of the permeate chamber. Large volumes imply long measurements. Choosing smaller
volumes instead, causes shorter measurements with lower time resolution. All experiments
within the course of this work were performed with the two permeate chambers listed
in Tab. 2.1. Contributions of connectors and valves directly connected to the permeate
chamber were already considered. In order to keep the feed pressure constant throughout
the entire experiment, the size of the feed chamber is recommended to be at least one order
of magnitude larger than the permeate chamber. The rig depicted in Fig. 2.2 comprises
two feed chambers with different functions. The liquid reservoir contains water, which
partly evaporates over time. The contribution of this tank to overall feed volume is rather
small and can be neglected. The second reservoir is a buffer tank with the largest volume
(see Tab. 2.1). Its main purpose is to dampen any fluctuation in feed pressure, caused by
permeation and partial evacuation.
Table 2.1: Specifications of the experimental setup.

parameter
Vbuffer
Vp
dsample
dmem

2.4.1

range

[cm3 ]
20000
[cm3 ] 230 / 2133
[mm]
60
[mm]
50

Materials

An overview of all membranes investigated is given in Tab. 2.2. In total, seven materials of
five different suppliers were considered. They can be categorized by thickness, structure, the
polymer of the separation layer and the type of reinforcement. As concentration polarization
effects can be excluded in case of single-gas measurements, the polymer of the separation
layer and membrane thickness were assumed to be key parameters in terms of permeance. It
needs to be stressed that this study focuses on the interplay of feed and permeate activity.
Hence, membrane thickness was not used to identify the best performing material with the
highest permeability.
The M2234 sample is delivered by Epurex Films and traded under the brand Platilonr .
It is made out of PEBAX and originally applied within functional textiles. PEBAX is
a hydrophilic blockcopolymer which consists of rigid polyamide (PA) segments and soft
polyehylene oxide (PEO) blocks. The PA segments ensure the mechanical strength while
the PEO blocks are predominantly determining transport properties [50]. The MX4-A
membrane is a polyether polyurethane copolymer on top of a polyethylene substrate [51]. It
is distributed by dPoint technologies and currently applied within enthalpy exchangers for
building ventilation systems. Polyactiver was developed by Helmholtz-Zentrum Geesthacht
(HZG) and is commercially distributed by GMT. It combines soft PEO segments with
rigid polybutylene terephthalate (PBT) blocks [52]. The ultra-thin selective layer (∼50100 nm) is casted on top of thin PDMS layer (<300 nm) which is applied on a PAN
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Table 2.2: Properties of membrane samples.

Material

Dehesive920
(DWI)

PDMS

h

-

310

M2234
(EF)

PEBAX

h

-

15

fumasepr
FAA-3rf (FT)

polyaromatic

h

e-PTFE

35

fumasepr
F-930-rfd (FT)

PFSA

h

e-PTFE

30

Mx4-A
(DP)

polyether
copolymer

c

PE

1-2

POMS
(HZG)

POMS

c

PAN/PES

Polyactiver
(HZG)

polyactive

c

PAN/PES

a

b
c

Typeb

2

Reinforcement/ Thicknessc
support
[µm]

Membrane
(Supplier)a

5

DP= dPoint, DWI = DWI Leibnitz Institute for Interactive Materials, EF= Epurex
Films, FT=FuMA-Tech, HZG= Helmholtz-Zentrum Geesthacht
c=composite, h=homogeneous
selective layer

support [53]. The intermediate PDMS layer is highly permeable and basically smoothens
the surface of the porous PAN support. This leads to a reduction in top layer thickness.
The PEO-PBT layer is additionally protected by a very thin PDMS top-layer [54]. A
second composite materials delivered by HZG is the POMS membrane. Its selective layer
consists of poly(octhyl methylene siloxane), which is again casted on a PAN substrate.
POMS is a rubbery polymer, typically used in vapor recovery. Compared to PDMS,
lower permeabilities but higher selectivities have been reported [55]. PDMS films were
manufactured on basis of Dehesive920 (Wacker) by DWI - Leibniz Institute for Interactive
Materials. Those films are supplied without any reinforcement. Samples are much thicker
than all other materials investigated. fumasepr F-930-rfd is a perfluorosulfonic acid (PFSA)
based cation exchange membrane with fixed negative charges and positive mobile counter
ions [56]. It is optimized with regard to ion-transport and mainly applied in electrochemical
membrane processes. For ion-exchange membranes, it is known that the counter ion
influences water vapor transmission [57]. Here the membranes were in H+ form. Due to
its particular manufacturing process, fumasepr F-930-rfd contains some semi-crystalline
structures. A transition back to amorphous state causes hysteresis effects, which typically
lowers experimental reproducibility. Those structural effects are prevented by an additional
post-treatment prior to the experiments. The fumasepr FAA-3rf sample is a non-fluorinated
aromatic polymer, which is also optimized for ion-transport. The anion exchange membrane
has fixed positive charges and negative mobile counter ions (Br- ).
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2.4.2

Parameters and data sampling

pf
0.9·pf

permeate pressure

2

Fig. 2.2 depicts an idealized run of the permeate pressure over time in a constant-volume
variable-pressure apparatus. However, this behavior will only be obtained if the initial feed
pressure is significantly higher than the permeate pressure. In case of water vapor, the
maximum feed pressure is limited to saturation pressure. At moderate temperatures around
T=45 ℃, its value will not exceed 100 mbar. Hence, feed pressure is close to permeate
pressure. Consequently permeate pressure does not increase linearly but deflects over time
(Fig. 2.5).

0.4·pf
0.3·pf
linearization

time
Figure 2.5: Permeate pressure as a function of time (at feed pressures close to permeate pressure).

It remains unclear whether this deflection is only caused by a change in driving force or by a
change in activity, too. In order to answer this question, constant-volume variable-pressure
experiments with different feed and permeate activities were carried out at T=45 ℃. This
temperature corresponds to a saturation pressure of 95.94 mbar. For each sample, feed
activity was adjusted to set points of af =0.4, af =0.6 and af =0.8 respectively. Permeate
pressure was logged continuously over time. As described before, the permeance of the
material is proportional to the slope of the curve shown in Fig. 2.5. Thus, an activity
dependent permeance was calculated from the data obtained, by partially linearizing the
graph. For this purpose, small intervals were defined in the range of ap =0.3-0.9 af . The
distance between two intervals was 0.1 af and the width of each interval was ±0.01 af .
An overview of all intervals is given in Tab. 2.3. In order to obtain statistically profound
results, a single data point comprised several replications. The permeance at a certain feed
and permeate activity was calculated from at least four consecutive runs using the same
sample. In between two measurements, the permeate reservoir was re-evacuated to provoke
a consecutive pressure increase (see Fig. 2.6). Finally, the data of three different samples
were averaged for each material.
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Table 2.3: Parameters applied for linear approximations at T=45 ℃.

pp [mbar]

(0
I
II
III
IV
V
VI
VII
a

af =0.4
af =0.6
aF =0.8
pf =38.4 mbar pf =57.6 mbar pf =76.8 mbar

0.25
0.3
0.4
0.5
0.6
0.7
0.8
0.9

9.2 - 10.0
11.1 - 11.9
15.0 - 15.7
18.8 - 19.6
22.6 - 23.4
26.5 - 27.2
30.3 - 31.1
34.2 - 34.9

13.8
16.7
22.4
28.2
34.0
39.7
45.5
51.2

-

18.4 - 20.0)a
22.3 - 23.8
29.9 - 31.5
37.6 - 39.1
45.3 - 46.8
53.0 - 54.5
60.6 - 62.2
68.3 - 69.8

15.0
17.8
23.6
29.4
35.1
40.9
46.6
52.4

2

interval af /ap
[-]

af /ap =0.25 only applied for PDMS

startup

data sampling
re-evacuation

pf

permeate pressure

0.9·pf
0.8·pf
0.7·pf
0.6·pf
0.5·pf
0.4·pf
0.3·pf

time
Figure 2.6: Data sampling on basis of four consecutive runs; first run is skipped to exclude
start-up phenomena.

2.5

Results and discussion

According to the influence of activity, membranes were categorized in three groups:
• activity enhanced permeance
• activity reduced permeance
• constant permeance.
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Below, the results of selected materials are presented to visualize the main differences
between all groups. The behavior of the remaining materials is not discussed in detail, but
is briefly summarized.

2.5.1

Activity enhanced permeance

200000
af =0.8

permeance / (GPU)

2

In literature, permeability data is preferentially reported as a function of pressure difference.
The reason is that most researchers focus on a variation of feed pressure, while permeate
pressure is kept constant. As a consequence permeation data has to be handled with care,
when used for process design applications [58]. The impact of process conditions can be
visualized by plotting permeance of fumasepr F-930-rfd as a function of pressure difference
according to Fig. 2.7.

150000

100000

50000

0

af =0.6

af =0.4

0

pf=const.
initial value

pp=const.

30
60
pf -pp / (mbar)

90

Figure 2.7: Water vapor permeance of the fumasepr F-930-rfd sample as a function of partial
pressure difference at T=45 ℃.

Changing the partial pressure difference from initially 53.7 mbar to 15.3 mbar can either
enhance or decrease membrane permeance, as shown by the two dashed lines for constant
feed or constant permeate pressure. In a first scenario, feed activity was kept constant at 0.8
and partial pressure difference was adjusted by increasing permeate activity. This change
caused an increase of permeance from 69,000 GPU to 139,000 GPU. In a second scenario,
permeate activity is kept constant and partial pressure difference is adjusted by a decrease
of feed activity. Now, permeance decreases to 23,000 GPU instead. Even though partial
pressure difference is the same in both scenarios, permeance varies by more than 600 %
(23,000 GPU compared to 139,000 GPU). Thus, it is recommended to plot permeance as a
function of both feed and permeate activity to avoid any misinterpretation of experimental
results.
Behavior of fumasepr F-930-rfd is given in Fig. 2.8. To better visualize the impact of both
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feed and permeate activities in a single graph, a normalized x-axis is introduced. Permeance
is plotted over the ratio of permeate to feed activity ap /af . The limits of this x-axis are 0 in
case of an absolute vacuum and 1 if permeate activity equals feed activity. The diagram
comprises the results at three different feed activities (af =0.4, af =0.6 and af =0.8). According
to Tab. 2.3, these activities refer to vapor pressures of pf =38.4 mbar, pf =57.6 mbar and
pf =76.8 mbar respectively. Each of the data points represents the average value of three
different samples. The error bars indicate the corresponding standard deviation of those
three samples.
200000

permeance / (GPU)

af =0.8

150000

100000

af =0.6

50000

0
0.2

af =0.4

0.4

0.6
0.8
ap /af / (-)

1.0

Figure 2.8: Water vapor permeance of the fumasepr F-930-rfd sample as a function of feed
and permeate activity at T=45 ℃ sample. (symbols - data points / solid lines mathematical fitting)

The fluorinated PFSA-based material revealed a significant increase of permeability with
feed activity. Referring to Fig. 2.8, the permeance approximately doubles when the feed
activity is increased from af =0.4 to af =0.6 or from af =0.6 to af =0.8. Additionally, permeance
increased with an increase in permeate activity. Changing permeate activity from ap /af =0.3
to ap /af =0.9 caused a change in permeance by a factor of 2.6. This behavior can be
approximated by Eq. 2.21, which enables to consider actual membrane performance in
process optimization like the one of Scholz [59]. A visualization of this data fitting is given
by the solid lines in Fig. 2.8.

 
ap
ap
Q = 3520.7 + 3974.5 + 797.0 · exp 2.36
af
af
! #
 3
 2
(2.21)
ap
ap
ap
− 0.89
− 2.59
+ 3.10 − 5.32 af .
af
af
af
The behavior observed is in good agreement with general trends reported in literature.
Solubility S as well as diffusivity D were reported to increase continuously for Nafion like
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2.5.2

Activity reduced permeance

Completely different characteristics have been observed for PDMS. According to Fig. 2.9,
permeance seems to decrease with both permeate and feed activities. However, it is peculiar
that the curves of different feed activities af diverge at high and low ratios ap /af while they
merge in between.
200

permeance / (GPU)

2

materials within activity intervals of 0.2 to 0.9 [60, 61]. As permeance depends linearly on
the product of both parameters (see Sec. 2.3), characteristics like the one depicted in Fig. 2.8
had been expected. A similar behavior was reported by Azher et al. [36]. It was mainly
caused by membrane swelling due to exposing the sample to water vapor. Within this
study, similar trends were observed for the M2234 sample (Epurex films) and the fumasepr
FAA-3rf sample (FuMa-Tech). Both samples revealed a dependence of feed as well as
permeate activity. The dependence on permeate activity was less pronounced as compared
to the fumasepr F-930-rfd sample. Explanations in terms of molecular interpretations go
far beyond the scope of this study, however they will be essential in future work.

150

100
af =0.4
af =0.6

50

af =0.8

0
0.2

0.4

0.6
0.8
ap /af / (-)

1.0

Figure 2.9: Water vapor permeance of PDMS at T=45 ℃ as a function of normalized permeate
activity ap /af . (symbols - data points / solid lines - mathematical fitting)

To gain a deeper understanding, permeances were additionally plotted as a function of a
non-normalized permeate activity (see Fig. 2.10). From this visualization, it is obvious that
permeance is predominantly determined by the permeate activity. As a consequence results
can be fitted mathematically without any contribution of feed activity af (Eq. 2.22). This is
worth to mention, since the influence of the feed side is usually assumed to be larger than
the one of the permeate side. As shown in Fig. 2.10, this assumption can lead to errors of
200 %.
Q = 21.2 +
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1453.6
69.6
+
(17.09a
−0.15)
p
1 + 10
1 + 10(4.70ap −2.76)

(2.22)
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200

af =0.4
af =0.8

150

100

2

permeance / (GPU)

af =0.6

50

0
0.0

0.2

0.4
0.6
ap / (-)

0.8

1.0

Figure 2.10: Water vapor permeance of PDMS at T=45 ℃ as a function of permeate activity ap .
(symbols - data points / solid lines - mathematical fitting)

The s-shaped permeance plotted in Fig. 2.10 indicates that all permeances at different
feed activities fall into one master curve. Its remarkable shape requires interpretation.
As mentioned before, permeability equals the product of solubility and diffusivity. The
diffusivity of water vapor in PDMS typically shows an exponential decrease with increasing
vapor activities [27, 62]. With this knowledge, only a s-shaped sorption isotherm causes
permeances according to Fig. 2.10. However, the sorption of water vapor in PDMS is
typically described with a Flory-Huggins approach [23, 63]. A sigmoid shape would only be
obtained if dual-mode sorption were superimposed [64]. Thus, the combination of diffusion
coefficients and sorption data does not offer a conclusive explanation for the results depicted
in Fig. 2.10. Other phenomena like water clustering must have a significant impact on
permeance. Clustering was also referred to be the main reason for a reduction of diffusion
coefficients with increasing activities [27, 62]. The probability of this phenomenon show
a strong dependence on vapor activity [62]. Since clustering occurs preferentially at high
activities, any changes on the downstream side (with initially low activities) might have a
dominating impact.

2.5.3

Constant permeance

As described in Sec. 2.4.1, experiments also comprised different composite materials. Two
materials, belonging to this group, are the Polyactiver and the POMS sample. The
permeances obtained for Polyactiver are shown in Fig. 2.11. The Polyactiver samples did
not show any influence of activity. The permeance kept almost constant at Q≈30.000 GPU.
This behavior was not expected, since Polyactiver is a PEO-PBT polymer, which is known
to have an activity dependent permeance [65]. Thus, other effects beside the polymer of the
selective layer are supposed to determine the water vapor transport. In contrast to previous
materials (fumasepr F-930-rfd and PDMS), the Polyactiver sample is a composite material.

25

Chapter 2

60000

af =0.4

2

permeance / (GPU)

af =0.6
af =0.8

40000

20000

0
0.2

0.4

0.6
0.8
ap /af / (-)

1.0

Figure 2.11: Water vapor permeance of Polyactiver at T=45 ℃ plotted as the function of
a normalized permeate acitivity ap /af . (symbols - data points / solid lines mathematical fitting)

It consists of a very thin selective PEO-PBT layer (∼50-100 nm), which is sandwiched
between two PDMS layers, a protection layer and an intermediate layer. The compound of
all three layers is supported by a porous PAN layer. If the permeance of the PDMS layers
and the PEO-PBT layer are in the same order of magnitude, the PDMS layer will contribute
significantly to overall transport resistance. From the results plotted in Fig. 2.9 and the data
given in Tab. 2.2, the average permeability of PDMS can be calculated to 30000 barrer. In
literature permeability of PEO-PBT was reported to be around 35000 barrer [65]. With this
data and the knowledge that the PDMS layer is up to six times thicker than the PEO PBT
layer, the influence of the PDMS layer on overall mass transfer resistance can be estimated.
The contribution of the PDMS layer is given by a resistance in series model
RPDMS
RPDMS
=
Rtotal
RPDMS + RPEO−PBT
6/30000
=
= 0.875.
6/30000 + 1/35000

(2.23)

Even with this rough calculation, it becomes obvious that the permeance of the PDMS
layer is not only contributing to overall transport resistance, but dominates compared to
the PEO-PBT top layer. What remains unresolved is the fact that the permeance of the
Polyactiver sample is independent of activity. Even if the PEO-PBT behavior is leveling off
the PDMS characteristics to a certain extend, some activity dependence should be visible.
For this reason, a second composite material similar to Poylactive was investigated. This
material is labeled POMS. The POMS sample consists of a poly(octyl methyl)siloxane layer,
which is again on top of a PAN support. Both the PAN support and the POMS layer
are significantly thicker compared to the corresponding layers of the Polyactiver sample.
Additional top layers like PEO-PBT were not applied. The results of the POMS sample
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are depicted in Fig. 2.12. According to sample thickness, the permeance of the POMS
3000
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Figure 2.12: Water vapor permeance of POMS at T=45 ℃ plotted as the function of a normalized
permeate acitivity ap /af . (symbols - data points / solid lines - mathematical fitting)

material was much lower than the one of the Polyactiver sample. However, it is remarkable
that the permeance of the POMS sample kept constant over the entire activity range, too.
Comparing the results of the POMS and Polyactiver with the behavior of the homogeneous
PDMS film, leads to the assumption that mass transfer is limited by secondary effects.
Possible reasons are the change in film thickness [66, 67] or a predominant influence of the
support. In order to clarify the impact of the support, additional experiments with different
membrane configurations were performed.

2.5.4

Influence of the porous support

As stated before, constant-volume variable-pressure measurements are performed applying a
single gas. Thus, experiments are independent of concentration polarization effects. This
often leads to the hasty conclusion that membrane orientation does not affect the measurement. However, this assumption will not hold if other phenomena like capillary condensation
or pressure loss occur within the porous substrate. Zhang recently published simulation
results which disclosed the impact of a porous substrate on concentration inhomogenities
within the selective layer [68]. The question arising is, if any of these orientation effects can
be visualized by means of single-gas measurements. Therefore orientation experiments were
carried out, using two composite structures namely Polyactiver and Mx4-A. In total three
different membrane configurations according to Fig. 2.13 were investigated.

27

Chapter 2

feed

feed

permeate

permeate

(a) act2feed

(b) act2perm

feed

permeate
(c) duplex

Figure 2.13: Membrane configurations.
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As shown in Fig. 2.14, permeance of Poylactive seems to be independent of membrane
orientation. Minor deviations are presumably caused by the fact that different samples
were used for the ’active2feed’ and ’active2perm’ configuration. What remains peculiar
is the general trend that permeance is independent of activity. Adhesion forces within
narrow pores are known to lower saturation pressure. As a consequence, condensation
might be provoked at pressures significantly below the initial saturation pressure. This
phenomenon is called capillary condensation. The probability of capillary condensation can
be calculated by means of the Kelvin equation [69]. At T=45 ℃, activities of a=0.4-0.8 and
ideal wetting behavior (contact angle θ=0◦ ), capillary condensation occurs at pore diameters
below 2.1-8.5 nm. Considering a static contact angle of θ=78◦ between water and PAN, as
it is given in literature [70], shifts this maximum pore size to 0.4-1.8 nm. This is close to
the average pore sizes of 2 nm reported for PAN in literature [71]. If condensation occurs,
the membrane interphase will be in direct contact with liquid water. As a consequence, any
dependence on ambient vapor activity vanishes.
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Figure 2.14: Orientation phenomena of Polyactiver at T=45 ℃.

The Mx4-A sample revealed a different behavior. Results of the selective layer facing the
feed side are plotted in Fig. 2.15a. Data points show little influence of permeate activity
combined with a large superimposed impact of feed activity. By assuming the same slopes
for a change in ap /af regardless of feed activity, permeance can be described mathematically
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(a) Activity dependence (act2feed orientation)
40000

permeance / (GPU)

af =0.8

30000

act2feed

2 x duplex

20000

af =0.6

act2perm

af =0.4

10000

0
0.0

0.2

0.4
0.6
ap /af / (-)

0.8

1.0

(b) Orientation phenomena
Figure 2.15: Water vapor permeances of Mx4-A as a function of feed and permeate activity at
T=45 ℃.

by Eqn. 2.24 (visualized with solid lines).
Q = 10397.2 + 408.1 exp(4.7af ) + 4389.9

ap
.
af

(2.24)

If orientation of the Mx4-A sample is changed from ’act2feed’ to ’act2perm’, permeance will
be affected significantly (Fig. 2.15b). At af =0.8 and a ratio ap /af =0.3 its value decreases
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by approximately 30%. This trend was affirmed by additional experiments with a ’duplex’
configuration in which two membranes were sandwiched according to Fig. 2.13c. Obviously,
the thickness of this duplex configuration equals twice the thickness of the two other configurations. Thus, a mathematical correction is required to directly compare all configurations.
Conversion of permeances into permeabilities is inappropriate since the membrane is a
composite structure. Normalizing the data with an intrinsic factor (e.g. mean value, highest
value) causes a loss of information. For that reason, permeances of the duplex configuration
were simply doubled. The corresponding values are marked as ’2 x duplex’ in Fig. 2.15b.
It is important to note that polymer characteristics often change with film thickness and
that permeances do not necessarily scale linearly. However, theoretical values of the duplex
configuration fit perfectly in between the results of the two other configurations. The results
of all three orientations diverge at low permeate activities and merge at permeate activities
close to feed activity. While the difference at low permeate activities seems odd, the merging
at higher activities could have been expected. If the difference in feed and permeate activity
becomes smaller, orientation effects will diminish. A potential explanation for the behavior
observed can be found in literature. The patent describing the membrane assembly of Mx4-a
states that the selective layer of the membrane is placed on top of a PE-support. This
support contains desiccant particles (preferably silica) [51]. Presumably, these desiccant
particles interact with the water vapor. At least dPoint reported a similar change of vapor
transmission with membrane orientation. Following their results, it depends on temperature
and vapor activity which membrane orientation is desirable. Even though it has not been
clarified yet, how to describe the impact of such a desiccant in detail, it is important to know
that functionalized substrates most likely cause a change in membrane performance.
An effect, which was not considered in the course of this study, is pressure loss within the
porous substrate. Its impact can be estimated by means of Hagen-Poiseuille, the membrane
properties and the process conditions. At high permeabilities a correction of the experimental
results might be required for supports with low porosity.

2.6

Conclusion

By means of a constant-volume variable-pressure setup and the data sampling shown,
it was possible to obtain reliable results on membrane permeance as a function of both
feed and permeate activity. As discussed in detail, three types of activity dependence
were observed. While most of the materials (e.g. PFSA, PEBAX) showed an increase of
permeance with vapor activity, the behavior of PDMS was different. The permeance of
PDMS diminished with an increase of permeate activity. At the same time permeance
was independent of feed activity. Within the group of composite materials two different
behaviors were obtained. Polyactiver and POMS revealed constant permeances over the
entire activity range. It is assumed that this behavior can be explained by a predominant
influence of the porous support. This is surprising, since concentration polarization effects
known from mixed-gas measurements can be excluded. However, basic calculations revealed
the feasibility of capillary condensation within the substrate. In addition the impact of
functionalized substrates on water vapor permeance was visualized by means of orientation
experiments. The results disclosed that desiccant particles possibly change transport
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properties. However, this guess have not been proven yet. This fosters the conclusion that
after more than half a decade of water transport studies, well-known systems still render
transport properties difficult to comprehend. While different types of transport behavior
were identified, fundamental questions on the origin of the transport complexity remain
a challenge for future research. However engineering relationships for further module and
process development were established successfully.
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3

Deconvolution of transport resistance

3.1

Introduction

In contrast to pressure driven liquid membrane processes, most gas permeation processes
are driven by a concentration gradient. The latter is established by a difference in gas phase
partial pressure. Transport through a dense polymeric gas permeation membrane is typically
described by the well-known solution-diffusion model [48] given in Eq. 3.1
(3.1)

Here, permeability P equals the product of solubility S and diffusivity D. As already mentioned in Chapter 2, it is assumed that gas molecules dissolve on the feed side of the selective
skin layer, diffuse through the polymer and desorb on the permeate side. A separation of two
or more species is obtained by a difference in either solubility or diffusion coefficients. Even
though the use of solution and diffusion coefficients is more fundamental, many publications
report permeances instead. The main reason is that permeance data is much easier to
obtain. However, permeance has to be handled with care if used for process design. Often
single-gas permeances do not hold for mixed-gas applications [24, 25]. Effects like membrane
swelling, plasticization, competitive sorption and counter diffusion can have a tremendous
impact on permeance. Additionally, mass transfer is lowered by the boundary layers next to
the membrane surface. Concentration profiles evolve due to the imbalance of high fluxes
through the membrane and lower fluxes within this boundary layer. The phenomenon is
well known as concentration polarization [72]. While many publications have addressed
concentration polarization in liquid systems [73–77] only few publications have focused on
gaseous systems [40, 78–80]. A common assumption is that gas-gas diffusion coefficients are
large enough to immediately compensate polarization effects. Motivated by contradictory
statements given in literature, this work shows an experimental approach to deconvolute
the total mass transfer resistance in terms of water vapor transport. Most polymers are
highly water vapor permeable and show a significant selectivity of H2 O over N2 , O2 and
CO2 [80]. This combination of high permeabilities and selectivities is a prerequisite for
severe concentration polarization [81]. By focusing on water vapor transport, it is possible
to apply water vapor analytics instead of complex gas chromatography.

3.2

Theory

Two concentration profiles of a solution-diffusion membrane are given in Fig. 3.1. Concentration at the membrane interface is described with gas-liquid equilibrium. According to
Fick’s law, the concentration profile of the selective layer is linear. Differences between
ideal behavior (Fig. 3.1a) and real gas behavior (Fig. 3.1b) are caused by two major issues:
Firstly, a change of intrinsic membrane properties due to plasticization, swelling, counter
diffusion and competitive sorption [24, 25]. Secondly, concentration polarization effects
within the adjacent flow [40, 73] and the membrane support [82, 83] respectively. While the
change of membrane properties is beyond the scope of this work, the impact of polarization
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effects is visualized in Fig. 3.1b. In a system comprising air and water vapor, the latter
is preferentially transported. Thus, components different from water vapor, i.e. nitrogen
and oxygen, are retained by the membrane surface. A similar effect can be observed in
the permeate. Here, water vapor is enriched at the membrane surface. Its transport into
the bulk is again controlled by diffusion. According to Fig. 3.1b, boundary layer effects
are intensified by internal concentration polarization within the mechanical support. All
in all, the depletion of water vapor in the feed and its enrichment in the permeate causes
a lowering of the transmembrane concentration gradient. As a consequence, water flux
decreases compared to the ideal case of Fig. 3.1a.

cf,m

cf,m

cf

cf

3

cf,bl

cp,m

cp,m
cp,sup

cp,bl

(a) Ideal

permeate bulk

boundary
layer

support

selective layer

boundary
layer

cp
feed bulk

permeate

support

selective layer

feed

cp

(b) Real

Figure 3.1: Concentration profiles across a solution-diffusion membrane. It is assumed that diffusive transport follows Fick’s law. Convective terms perpendicular to the membrane
surface are neglected since transmembrane flux is low compared to the transport
coefficients obtained [81].

3.2.1

Resistances in series

The mole flux of component i through a membrane with a surface area A is given by
ṅi = ktot · A · (ci,f − ci,p ).

(3.2)

Here, ci,f and ci,p equal the bulk concentration of component i in the feed and permeate
respectively. ktot is the total transport coefficient, summarizing all resistances in between
the bulk phases according to Fig. 3.1b
1
1
1
1
1
=
+
+
+
.
ktot
kbl,f
kmem ksup kbl,p

(3.3)

While it is assumed that transport coefficients of the membrane kmem and the support ksup
are independent of fluid dynamics, the corresponding parameters of feed and permeate
boundary layer (kbl,f , kbl,p ) are known to be a function of cross-flow velocity. With a sweep
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ratio (feed flow rate/sweep flow rate) of one and identical channel geometries on feed and
sweep side, Eq. 3.3 simplifies to
1
1
2
1
=
+
+ .
ktot
kmem ksup kbl

(3.4)

For non-supported, symmetric membranes ksup does not need to be considered. This finally
results in
1
1
2
=
+ .
ktot
kmem kbl

Deconvolution approach

3

3.2.2

(3.5)

Fig. 3.2 proposes a deconvolution approach requiring a systematic combination of multiple
experiments. In a first step, membrane resistance 1/kmem is obtained via constant-volume
variable-pressure measurements according to Chapter 2. It is assumed that this resistance of
the selective layer also holds in the presence of nitrogen and oxygen. As for most polymers,
solubility of N2 and O2 is low compared to the one of water vapor. Hence, competitive sorption
effects can be neglected. Swelling due to water vapor is already considered within single-gas
data. Counter diffusion is neglected, since N2 and O2 concentrations are almost equal on both
sides of the membrane. The second parameter, which is obtained experimentally, is the total
transport resistance 1/ktot . This parameter is a direct outcome of mixed-gas measurements.
By testing a symmetric membrane first, the boundary layer resistance 1/kbl can be calculated
according to Eq. 3.5. As a result 1/kbl is given as a function of cross-flow velocity and fluid
properties. Repeating the same measurements with an asymmetric membrane leads to the
quantification of the support resistance 1/ksup . This time, Eq. 3.4 is used to calculated
1/ksup by replacing 1/kbl with the data of the symmetric membrane.

membrane

experiment
symmetric

1/ktot

=

mixed
gas
asymmetric

1/ktot

+

1/kmem
single
gas

=

1/kmem

2/kbl

Sh=f(Re,Sc)

+

1/ksup

+

2/kbl

Figure 3.2: Three step deconvolution approach.

It needs to be emphasized that membrane surface morphology can in principle change fluid
dynamics of the adjacent flow. In turbulent flow, surface roughness has a strong impact
on pressure loss [84] and thus on boundary layer correlations [19]. However, this is not the
case for laminar flow. Surface roughness typically changes the Reynolds number at the
transition between laminar and turbulent flow. For macro-pipes (dh >3 mm) with roughness
heights below ε=0.05 dh , the critical Reynolds number is Rec =2300 [85]. Experiments in the
course of this chapter were performed at Re<1000, while samples had surface roughnesses
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of ε<0.05 dh . Thus, in the present case boundary layer resistance should be independent of
membrane sample.

3.2.3

Overall transport coefficient

A simplified sketch of a gas flowing along the membrane is shown in Fig. 3.3. As the
feed

boundary layer
selective layer
support

3

permeate

x-direction
0
L
Figure 3.3: Counter-flow in mixed-gas applications.

membrane is operated in counter-flow, feed inlet is at x=0 while permeate inlet is at
x=l respectively. With a sweep ratio of one (equal flow rates V̇ on both sides of the
membrane), the water vapor transfer can be calculated by means of inlet (cf,0 , cp,l ) and
outlet concentrations (cf,l , cp,0 ) according to
ṅ = V̇ ·

(cf,0 − cf,l ) + (cp,l − cp,0 )
.
2

(3.6)

By combining Eq. 3.6 and Eq. 3.2 transport coefficient ktot is given to
ktot =

ṅ
.
Amem · (cf − cp )

(3.7)

Bulk concentrations cf and cp are calculated using logarithmic mean values
cf =

(cf,0 − cf,l )
ln cf,0 − ln cf,l

(3.8)

cp =

(cp,l − cp,0 )
.
ln cp,l − ln cp,0

(3.9)

3.2.4

Membrane transport coefficient

Results of single-gas measurements are most often reported in gas permeation unit (GPU1 ),
whereas transport coefficients k are given in m/s. Hence, consistent units require conversion.
1
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An appropriate term comprises gas constant R, temperature T and the molar volume of an
ideal gas Vm,ig at standard temperature and pressure (STP)
kmem = Q ·

RT
.
Vm,ig

(3.10)

3

As shown in Chapter 2, kmem is activity dependent and should be reported as a function of
feed and permeate activity. In order to calculate the actual permeance, concentrations at
the interface of the selective layer have to be known. Obviously, there is no direct access
to this data in mixed-gas applications. Instead, concentrations at the membrane interface
have to be calculated numerically. For this reason, cf,m and cp,m are initialized with the
bulk concentrations cf and cp respectively. kmem is subsequently calculated considering the
correlations of Tab. 3.2 and conservation of mass:
ṅ = ktot · Amem · (cf − cp ) = kmem · Amem · (cf,m − cp,m ).

3.3

(3.11)

Experimental

3.3.1

Single-gas experiments

The constant-volume variable pressure setup (Fig. 3.4) used for the experimental evaluation
of single-gas permeances kmem has already been introduced in Chapter 2. As described before,
the membrane was placed in a cylindric 3-end test cell. Prior to each measurement, the
setup was thoroughly evacuated and flushed with water vapor from the feed reservoir.
heating cabinet
buﬀer
tank

VM

test cell

feed

retentate top part
o-ring
membrane

VA

P
T

feed

micro PES ring

P
T
permeate

(a) setup

permeate bottom part

sintered
metal filter

(b) test cell

Figure 3.4: Constant-volume variable-pressure setup used for determination of single-gas permeances.
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Membrane permeance was calculated by observing the time-dependent pressure increase in
the permeate chamber. Results were not affected by polarization effects, since all experiments
were performed in a hundred percent water vapor atmosphere. Final correlations depended
on feed and permeate activity respectively. A detailed description of both the experimental
approach and the setup is given in Chapter 2.

3.3.2

Mixed-gas experiments

3

The second experimental setup used was a mixed-gas setup according to Fig. 3.5. As
shown, the setup comprises a 4-end membrane test cell, which is entirely different from
the one applied in single-gas measurements. The test cell was again placed in a heating
cabinet (Memmert ULE 600) and connected to a gas supply. Two different gas streams
were temperature controlled by means of heating baths (Lauda RP1845C, Julabo F34-ME).
One of the two streams was kept dry, while the other one was humidified using a controlled
evaporating and mixing system (Bronkhorst Mättig W-202A). Mass flow controllers (MFC)
ensured constant gas flow (Bronkhorst Mättig F201AV) and water supply (Bronkhorst
Mättig L23) throughout the experiments. Process conditions at inlets and outlets were
monitored by means of thermocouples (type T) and polymeric moisture sensors (testo 6610).
In addition, pressure drop along the fluid channels was monitored via differential pressure
transmitters (Wika DP-10). All data was logged using a programmable logic controller
(National Instruments) in combination with a personal computer.
heating cabinet
T
MFC

T

X

CEM

P

T
X

test cell
MFC

LFC

X

X
T

P

T

T

Figure 3.5: Experimental setup applied for mixed-gas measurements.

The centerpiece of the experimental setup is the test cell depicted in Fig. 3.6. It consists
of a two-part housing, adjustable pistons and a two-part mounting device. The membrane
is glued in between the two parts of the mounting device which itself is clamped by the
top and bottom part of the housing. Flat sealants ensure the integrity of the test cell. A
smooth transition from circular inlets to flat channels is realized by combining redirections
and channel widening. Redirecting the flow additionally enhances mixing of the gas stream.
Inlet areas next to the second redirection ensure uniform flow conditions when the gas gets
in contact with the membrane surface. Since the minimal bevel in the middle of the piston
equals the one of the mounting device, fluid velocity is kept constant within the entire fluid
channel. Channel height variations are achieved by adjustable pistons, which are sealed
with circumferential o-rings.

40

Deconvolution of transport resistance

membrane
mounting
device
sealing

B

A

o-ring

C

pressure sensor
connectors
piston
top part

piston
inlet
bottom part

thermocouple
connectors

bottom part

The size of the membrane surface in direct contact with the gas phase was 80 mm x 200 mm.
In order to avoid membrane deflection, two different channel configurations according to
Fig. 3.7 were tested. In brass configuration, four rectangular brass bars (2 mm x 2 mm x
200 mm) were placed equidistantly on each side of the membrane. All bars were aligned in
flow direction to form straight channels. In spacer configuration, brass bars were replaced
by a membrane spacer. The extruded netting (type N08006 60PP) delivered by DelStar was
of the same height as the brass bars and had a density of 6 strands per inch. The angle
between two filaments equaled 60°.
60°

membrane

membrane
spacer

brass bar

80

80

80

flow
direction

flow
direction

200

200

(a) brass

(b) spacer

Figure 3.7: Channel configurations for mixed-gas experiments.

3.3.2.1

Moisture analytics

Accurate moisture analytics are indispensable for the deconvolution approach presented. The
principle of condensation and weighing is straightforward, but inappropriate to monitor inlet
conditions. Online measurements are favored instead. The highest accuracy can be achieved
by means of dew point mirrors. However, the handling of such sensors is sophisticated. In
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Figure 3.6: Schematic drawing of the test cell used for mixed-gas experiments.
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order to maximize accuracy, the volume flow rate is limited to a very small range. Thus,
dew point mirrors are most often applied in side streams. Also, exposing the mirror to
dry conditions over a long period causes damages of the Peltier element. In comparison,
polymeric sensors are easier to handle. They can be directly applied to the main gas stream.
The drawback of such systems is their limitation in accuracy. Polymeric sensors suffer
from a time dependent drift in measurement signals. This is mainly caused by aging and
contamination of the incorporated polymer. In order to achieve good applicability and high
accuracy, both types of moisture analytics were combined for the measurements within this
chapter. Prior to each experimental run, the polymeric sensors (Testo 6610) were leveled
by a single dew point mirror (Michell Optidew). Hereby, the theoretical sensor accuracy
increased from 2 % r.h. (i.e. the nominal absolute accuracy) to 0.2 % r.h. (i.e. the nominal
reproducibility). All calibrations were performed at T=35 ℃, V̇=35 Nl/min and relative
humidities of 0-80 %.

3
3.3.2.2

Parameters and data sampling

Temperature was set to constant value of T=35 ℃. Prior to each measurement, leak tests
proved the integrity of the test cell. While sweep ratio (feed volume flow/sweep volume
flow) was one throughout all experiments, flow rates were altered in the range of V̇=525 Nl/min. In order to investigate the impact of moisture load, permeate inlet was kept
dry (ϕp,l =0 % r.h.) and feed humidity ϕf,0 =50-80 % r.h. was varied. According to Fig. 3.8,
each moisture level was applied for a period of 5min, the data of the last 30 s was averaged
for evaluation purpose. In between two consecutive runs, the test cell was dried to enhance
reproducibility.
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Figure 3.8: Change of moisture load at the feed inlet.

In the course of this chapter experimental data is reported as a function of Reynolds number
(Eq. 3.12). For simplicity reasons, Re was calculated with properties of dry air. This caused
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a maximum error of 5 %. Hydraulic diameter dh and axial flow velocity u were calculated
according to Da Costa et al. [86]. Density ρair and viscosity ηair of dry air at 308.15 K and
100 kPa were taken from Tsilingiris et al. [87].
Re =

(3.12)

Materials

In total three different materials were characterized (see Tab. 3.1).
fumasepr F-930-rfd is a perfluorosulfonic acid (PFSA) based cation exchange membrane,
which is optimized for ion-transport. The membrane is reinforced by an e-PTFE mesh. The
mesh is entirely embedded within the selective layer, i.e. the membrane has a homogenous
structure. It is known that the positive mobile counter ions of these membranes have a
strong impact on water vapor permeability [57]. The membrane investigated was in H+
form. In order to avoid hysteresis effects during measurements fumasepr samples were
post-treated by the supplier prior to delivery. Beside fumasepr F-930-rfd two composite
materials were characterized. The Mx4-A sample combines a polyethylene substrate with a
selective polyether polyurethane copolymer layer [51]. It is distributed by dPoint technologies
and currently applied in the field of membrane-based enthalpy exchangers. The second
composite material is Polyactiver . This membrane was developed by Helmholtz-Zentrum
Geesthacht (HZG) and is commercially distributed by GMT. The selective Polyactiver
layer (∼50-100 nm) comprises soft PEO segments as well as rigid polybutylene terephthalate
(PBT) blocks [52]. It is sandwiched between two PDMS layers. One of which is a protective
layer, the other one is an intermediate layer (<300 nm) [53, 54]. Supported membranes
were tested with the selective layer facing the feed channel (humid side).
Table 3.1: Properties of membrane samples used.

Type

Suppliera

Selective layer //
Typeb
reinforcement

fumasepr
F-930-rfd

FT

PFSA//
e-PTFE

h

Mx4-A

DP

polyether //
PE

c

Polyactiver

HZG

polyactive//
PAN/PES

c

a

b

DP=dPoint, FT=FuMA-Tech,
HZG=Helmholtz-Zentrum Geesthacht
c=composite, h=homogeneous
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3.4

Results and Discussion

3.4.1

Single-gas experiments

In analogy to Chapter 2, membrane permeance was found to be a function of feed and
permeate activity. Results of the corresponding single-gas measurements at T=35 ℃ are
summarized in Tab. 3.2. While the permeances of fumasepr F-930-rfd and Mx4-A increased
with feed and permeate activity, transport properties of Polyactiver remained constant.
Table 3.2: Mathematical fittings used for calculation of membrane
permeance kmem . Data obtained at T=35 ℃. af,m (ap,m )
- activity at the feed (permeate) interface.

3
3.4.2

membrane

Q / [GPU]

fumasepr
F-930-rfd



p,m
p,m
15162 + 1087.7 aaf,m
+ 176.2 · exp 4.88 aaf,m
+


2
ap,m
− 6.15ap,m + 7.84af,m
176.2 · exp 1.71 af,m

Mx4-A

p,m
10397.2 + 408.1 exp(4.7af,m ) + 4389.9 aaf,m

Polyactiver

30345.99

Mixed-gas experiments

Often recovery rate  is used to benchmark the performance of mixed-gas applications. It is
defined as the amount of recovered vapor divided by the maximum recovery possible. With
the moisture load x (given in gH2 O per kgdryair ) and a sweep ratio of one,  is defined as

=

(xf,0 − xf,l ) + (xp,0 − xp,l )
.
2(xf,0 − xp,l )

(3.13)

Corresponding results of the fumasepr F-930-rfd sample are shown in Fig. 3.9. Here, recovery
rate is given as a function of Re and feed humidity. While the module performed slightly
better at higher moisture loads, recovery decreased with an increase in Re. This is due
to shorter residence times and normalized values of ε. In contrast to recovery rate, total
mole flux increased with an increase in Re. According to Fig. 3.9, maximum recovery was
observed at lowest cross-flow velocity (5 Nl/min) and highest humidity (φ=80 %). Applying
25 Nl/min and φ=50 % yield the lowest recovery rates. An overview of all membrane and
channel configurations is given in Tab. 3.3.
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Figure 3.9: Recovery rates of fumasepr F-930-rfd in ’brass’ configuration (T=35 ℃, φf,0 =80 %,
φp,0 =0 %). Solid lines are mathematical fittings.
Table 3.3: Water vapor recovery of membranes for
both channel configurations.

F930-rfd Mx4-A
channel
spacer

min
max
min
max

0.211
0.593
0.255
0.623

0.166
0.492
0.226
0.557

Polyactiver
0.166
0.481
0.227
0.533

As described in Section 3.2, mixed-gas data were primarily collected to deconvolute the
total transport resistance 1/ktot . In a first step, the behavior of fumasepr F-930-rfd in
’brass’ configuration was investigated. The corresponding results are shown in Fig. 3.10.
As explained, 1/ktot is a direct outcome of the measurements. In contrast, membrane
resistance 1/kmem was calculated by numerical iteration using Tab. 3.2 and Eqs. 3.10-3.11.
Boundary layer resistance 1/kbl was finally obtained from Eq. 3.5. 1/ktot and 1/kmem depend
significantly on moisture load. This is due to membrane swelling and activity dependent
permeances. What remains peculiar is the change of 1/kbl with moisture load. 1/kbl is
known to be a function of Re and Sc. However, saturating dry air with water changes Sc
number at T=35 ℃ only by 0.6 % [87]. Thus, the change of 1/kbl is either a measurement
artifact or it is caused by a change of fluid dynamics. In general, membrane swelling can
change the transmembrane flux and the morphology of the membrane surface. Referring
to the theoretical discourse, in our case both factors should be without any impact. The
second fundamental parameter of Fig. 3.10 is the Reynolds number. From literature it is
known that 1/kbl is a function of cross-flow velocity [88]. This is in good agreement with our
own experimental results. Apparently, 1/kmem changes with Re as well. However, this is a
secondary effect caused by a change in activity. At higher cross-flow velocity residence time
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Figure 3.10: Deconvolution of transport resistance for fumasepr F-930-rfd at different feed
humidities (T=35 ℃, φp,0 =0 %, ’brass’ configuration). Solid lines are apparent
resistances for averaged values of φf,0 =50-80 %.

is shortened. As a consequence feed activity increases, while permeate activity decreases.
According to Tab. 3.2, this leads to a change in 1/kmem . Comparing the results of 1/kbl with
data from literature is difficult. Studies on mass transfer resistances are rare, most studies
focus on heat transfer instead. The rectangular duct shape with permeation through one wall
is another critical issue. Heat and mass transfer correlations are very sensitive to changes in
duct geometry. What is known from literature are heat transfer coefficients describing fully
developed laminar flow [89]. Calculating mass transfer coefficients from a rectangular duct
correlation (aspect ratio of 7.2, three adiabatic walls) results in 1/kbl = 30.9 s/m (constant
wall flux) - 35.0 s/m (constant wall temperature). Both values are at least in the same order
of magnitude as the experimental results given in Fig. 3.10 (31-64 s/m).
Based on the averaged boundary layer resistance 1/kbl of fumasepr F-930-rfd (Fig. 3.10), the
transport resistances of two asymmetric membranes have been deconvoluted subsequently.
Here, the support resistance 1/ksup is the residual of Eq. 3.4. The experimental results of
Polyactiver and Mx4-A are shown in Figs. 3.11-3.12. Each graph comprises four different
curves with 1/ktot representing the superposition of the three other resistances. In order to
emphasize that 1/kbl was taken from Fig. 3.10, the corresponding resistance is plotted in
dashed lines. As shown, the transport resistances 1/ktot of both membranes decrease with an
increase in Re. This is similar to the behavior of fumasepr F-930-rfd (Fig. 3.10), even though
the effect is this time less pronounced. For Polyactiver , 1/ktot does not depend on moisture
load. This behavior is in good agreement with the constant membrane resistances (1/kmem )
measured in Chapter 2. In contrast permeance of Mx4-A has been found to depend on
activity (Tab. 3.2). Hence, 1/ktot changed with moisture load as well. For both asymmetric
membranes 1/ksup equaled the residual of Eq. 3.4. According to Figs. 3.11-3.12, the support
resistances slightly increases with Re. This is counter-intuitive as a behavior independent of
Re has been expected. Interactions of 1/kbl and 1/ksup might explain the behavior observed.
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Figure 3.11: Deconvolution of transport resistance 1/ktot for Polyactiver (T=35 ℃, φp,0 =0 %,
’brass’ configuration). The mathematical fitting of 1/kbl (dashed line) was taken
from Fig. 3.10. Solid lines are apparent resistances averaging φf,0 =50-80 %.
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Figure 3.12: Deconvolution of transport resistance 1/ktot for Mx4-A (T=35 ℃, φp,0 =0 %, ’brass’
configuration). The mathematical fitting of 1/kbl (dashed line) was taken from
Fig. 3.10. Solid lines are apparent resistances averaging φf,0 =50-80 %.

A fundamental investigation of such phenomena is beyond the scope of this study, but is for
sure a good a starting point for future research. Alternatively, the apparent Re-dependence
of 1/kbl might be explained by having a closer look on conservation of mass. In order to do
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so, the error in water balance was calculated according to
∆ṁH2 O = V̇air · ρair · ((xf,0 − xf,l ) − (xp,l − xp,0 )) .

(3.14)

Plotting the results of this calculation for Mx4-A yields Fig. 3.13. As shown, the error in
mass conservation rises with Re. This has a direct impact on the support resistance as well.
The larger the error in water balance is, the more the residual of Eq. 3.4 deviates.
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Figure 3.13: Error in water vapor balance of Mx4-A (T=35 ℃, φp,0 =0 %, ’brass’ configuration).
Dashed line representing averaged value.

Finally, the dependence of overall transport resistance on membrane support needs to be
discussed. Concerning Polyactiver , the contribution of the support equals approximately the
ones of boundary layer and selective layer respectively. According to Fig. 3.12, the situation is
different for Mx4-A. Here 1/kmem and 1/kbl limit mass transfer, whereas 1/ksup has almost no
impact on 1/ktot . At small Reynolds numbers, 1/ksup even turns negative. This contradicts
the laws of physics and provokes reliability questions. Due to the multi-stage deconvolution
approach different experimental errors are feasible. Again moisture balance is the one with
the most tremendous impact. The standard measuring error of the polymeric moisture
sensors is less than 2 % r.h., while the reproducibility error is claimed to be below 0.2 % r.h..
However, even with the periodical calibration described in the theoretical discourse, it is
hard to achieve measuring errors below 0.5 %. Since four independent humidity sensors were
used, the potential error range is obviously larger than the one of a single sensor. Largest
errors will occur if xf,0 , xp,0 and xp,l deviate into the opposite direction of xf,l . Fig. 3.14
shows the maximum error, which is possible with single errors of 0.1 % r.h., 0.5 % r.h. and
1.0 % r.h respectively. The graph comprises two major findings: Firstly, single errors of
-0.5 % r.h. are sufficient to cause the negative support resistance of Mx4-A. Secondly, if
1/ksup were corrected towards the upper limits of Fig. 3.14, Re-dependence of the support
resistance diminished as well. This is due to smaller errors in mass conservation. While the
original data of Fig. 3.13 revealed an averaged error of 0.0755 g/min, this value will change
48

Deconvolution of transport resistance

to 0.0152 g/min, if a correction factor of -0.5 % r.h. is considered.
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Figure 3.14: Maximum error of ksup due to deviation in moisture sensors. xf,0 , xp,0 and xp,l are
corrected as given, xf,l is corrected into opposite direction. Solid line represents
original data.

In summary, the measurements in ’brass’ configuration disclosed a strong impact of boundary
layer resistance on overall mass transfer resistance (see Fig. 3.10 and Figs. 3.11-3.12. This
provoked the question, whether 1/kbl can be lowered by means of membrane spacers. Spacers
are known to efficiently tackle boundary layer resistance in liquid systems. In order to
evaluate benefits in gaseous systems, experiments were repeated in ’spacer’ configuration
(see Fig. 3.7). Averaged results of the ’brass’ and ’spacer’ configurations are summarized in
Fig. 3.15. Again, 1/ktot is given as a function of Re. Due to the change in channel geometry
Re numbers of brass and spacer configurations differ. It can be seen that 1/ktot generally
decreases with an increase in Re. Mass transfer resistance will be lowered by up to 27 % if
membrane spacers are applied. Both trends are in good agreement with literature, where
boundary layer thickness have been reported to be a function of cross-flow velocity and
length of free path [88].

3.5

Conclusion

A multi-stage deconvolution approach for total transport resistance in water vapor permeating
systems was introduced. By combining a series of single- and mixed-gas measurements, it was
possible to identify various transport limitations. Single resistances of the selective skin, the
porous support and the stagnant boundary layer were quantified. In case of Polyactiver all
three resistances revealed a similar impact. Transport through Mx4-A was primarily limited
by the selective layer and to a certain extend by the boundary layer. A different behavior
was observed for the non-supported fumasepr F-930-rfd. Due to high membrane permeance,
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Figure 3.15: Transport resistance 1/ktot as a function of Re (T=35 ℃, φp,0 =0 %). Data is based
on averaged values (φf,0 =50-80 %).

mass transfer was solely limited by boundary layer resistance. Based on the significant impact
of boundary layer resistance in empty channels, additional experiments were performed
applying membrane spacers. The overall mass transfer resistance could be lowered up to 27 %.
This reveals the great potential of membrane spacers in water vapor permeating systems.
Apparently, water vapor is very sensitive example in terms of permeability, selectivity and
concentration polarization effects. Effects will be less pronounced if other gas species are
considered. This might change with future material developments, e.g. ultra-thin top layers
or facilitated transport properties. In addition to the primary results, it was shown that
accuracy of the experiments is limited by the sensitivity of moisture analytics. Recalibrating
moisture sensors in short intervals enhanced experimental accuracy, but did not entirely
prevent measurement errors. Even small deviations below 0.5 % r.h. were sufficient to
significantly change the final results. However, experiments still offer a valid approach to
analyze and directly compare different materials. This is because signal reproducibility is
much better than absolute accuracy. Hence, the deconvolution approach chosen helps to
identify limiting transport resistances reliably.
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4.1

Introduction

4.2

4

It needs to be stressed again that gas permeation processes are often evaluated without
considering concentration polarization effects. This is due to the assumption that large gas
diffusion coefficients immediately compensate any concentration differences. However, the
deconvolution approach presented in Chapter 3 revealed that this assumption do not hold
for systems comprising water vapor and air. It was shown that the combination of high
permeance and selectivity causes a limitation of mass transfer due to the stagnant boundary
layer. Similar effects can be expected in terms of heat transfer [15]. To overcome such
limitations either cross-flow velocity has to be accelerated or the free path length has to be
shortened [88]. The latter is realized by application of membrane spacers [90]. Motivated
by experimental results of Chapter 3 as well as recently formulated research needs [91] a
series of experiments with different module prototypes were performed. In total four module
prototypes were assembled, some of which comprising membrane spacers others not. By
directly comparing the experimental results of both design specifications, the benefit of
spacer application was evaluated.

Theory

Equations describing mixed-gas permeation through polymeric membranes were extensively
discussed in Chapter 3. Thus, only the most important equations are summarized in the
following. Transport through the selective layer follows the well-known solution-diffusion
transport mechanism [48]
P = D · S.

(3.1)

Here, permeability P equals the product of solubility S and diffusivity D. An equation
describing mass transfer from bulk to bulk is given to
00

ṅi = ktot · (ci,f − ci,p ).

(3.2)

ci,f and ci,p are the bulk concentrations on feed and permeate side respectively. In order
to correlate Eq. 3.1 and Eq. 3.2, the total transport coefficient ktot can be deconvoluted
according to a resistance in series model
1
1
1
1
1
=
+
+
+
.
ktot
kbl,f
kmem ksup kbl,p

(3.3)

1/kmem is proportional to the permeability P, 1/ksup equals the resistance of the porous
support and 1/kbl is used to describe the boundary layer impact of feed (f) and permeate
(p). From literature it is known that boundary layer resistance is a function of cross-flow
velocity and free path length [88]. The impact of both parameters is sketched in Fig. 4.1. In
addition to the reference boundary layer (u0 ), two other curves are shown: one representing
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an increase in cross-flow velocity (u1 >u0 ), the other one a shortening of free path length
by membrane spacers. Application of membrane spacers leads to a systematic disturbance
of flow conditions. Boundary layer built-up is disrupted by spacer filaments. On the one
hand this causes the desired increase of Nu and Sh, on the other hand it fosters pressure
loss. As a secondary effect, active surface area becomes smaller due the direct contact of
spacer filaments and the membrane surface.

x

u∞
boundary layer
membrane

spacer

u0
u1>u0
spacer

Figure 4.1: Impact of cross-flow velocity and free path length on boundary layer thickness.

4

4.2.1

Module performance

A total of three parameters was used to evaluate module performance: pressure loss, heat
recovery and moisture recovery. While pressure loss is a direct outcome of the measurements,
recovery rates have to be calculated. Appropriate correlations have been introduced in
literature [92]:
ηheat =

ṁf cp (Tf − Tr ) + ṁp cp (Tp − Ts )
,
2ṁmin cp (Tf − Ts )

(4.1)

ηH2O =

ṁf ∆hvap (xf − xr ) + ṁp ∆hvap (xp − xs )
.
2ṁmin ∆hvap (xf − xs )

(4.2)

By assuming equal flow rates ṁ=ṁf =ṁp =ṁmin , constant specific heat capacities cp and a
constant heat of evaporation ∆hvap , the mathematical terms given above simplify to
ηheat =

(Tf − Tr ) + (Tp − Ts )
,
2(Tf − Ts )

(4.3)

ηH2O =

(xf − xr ) + (xp − xs )
.
2(xf − xs )

(4.4)

Inserting temperatures T and moisture loads x of feed (f), sweep (s), retentate (r) and
permeate (p) finally enables calculation of heat and moisture recovery. While T is either
given in ℃ or K, the unit of x is gH2O /kgdryair . Both rates given in Eqs. 4.3 and 4.4 describe
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the ratio of actual to maximum recovery. Thus values vary between 0 (no recovery) and 1
(ideal recovery).

Experimental

The experimental setup for module testing is shown in Fig. 4.2. To ensure sufficient gas supply,
ambient air was compressed and dried (K-MT 4, Zander). Steady flow was provided by two
independent mass flow controllers (MFC, F-203AV, Bronkhorst) with a maximum range of
400 Nl/min. Gas streams were temperature controlled using heating baths (Julabo F34-ME,
Lauda RP 1845 C). While one of the gas streams was kept dry, the other one was humidified
via a controlled evaporating and mixing unit (CEM, W-202A-333-K, Bronkhorst). The
maximum water supply of the liquid flow controller (LFC, L23, Bronkhorst) was 120 gH2O /h.
The MFC providing the carrier gas of the CEM had an upper limit of 15 Nl/min (F201CV,
Bronkhoerst). Temperatures and humidities of all module in- and outlets were monitored
with thermocouples (type T) and polymeric moisture sensors (testo 6610). Pressure drop
was measured with two differential pressure sensors (Wika, DP-10). To ensure appropriate
accuracy, the range of both sensors was limited to 10 mbar.
MFC
CEM
LFC

T
X

P

T
X

MFC

dryer

dryer
MFC

X

X
T

P

T

Figure 4.2: Schematic drawing of the experimental setup.

Details on the test device and the notation of the gas streams are given in Fig. 4.3. After
entering the testing device, the air was redirected by 90° before it passed a baffle. Baffles
were used to homogenize fluid streams and ensure a proper transition from circular inlets to
rectangular ducts. The channel behind the baffles had to be sufficiently long to guarantee
developed flow conditions at the module inlets. Moisture sensors were located outside the
device. In contrast thermocouples and pressure sensors were located next to the in- and
outlets. This helped to minimize measurement bias. While temperatures were monitored
with one thermocouple per channel, pressure sensors were connected to both side panels.
This also enhanced accuracy. As shown, the flow configuration was cross-counterflow, i.e.
both gas streams crossed at the inlets while the middle part was in counter-flow arrangement.
The integrity of the rectangular ducts was ensured by four cover plates, which were sealed
with o-rings and fixed with screws. Sealing of the module was realized with a sealant
normally applied to vacuum bags (LTS90 Tacky, Flugzeug-Union Süd GmbH). In order
to minimize influence of the surroundings, the whole device was covered with insulation
material and placed in a customized polystyrene box.
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Figure 4.3: Top view of the test device. Baffles are used to evenly distribute feed and sweep gas
throughout the channels.

4.3.1

Module properties

60°

160

358

4

Modules were assembled by stacking and gluing single plates. In- and outlets were located
at the face sides of the module. In order to separate gas streams the plate geometry was
alternated during the stacking process. Every second plate showed the geometry depicted in
Fig. 4.4a while the geometry of the others was vertically flipped. Standard plates not only
possessed an outer frame but also inner supporting struts. This structure helped to channel
the flow and at the same time prevented membrane from deflecting. Spacer influence was
investigated by replacing the supporting structure of the middle part with membrane spacers
instead (Fig. 3.7b). To achieve reproducible and reliable results, the height of the spacer
had to be equal to the height of the plates (h=2mm). While the inner module geometry
changed, outer dimensions kept constant. Hence, the same test device (Fig. 4.3) could be
used for all experiments.

336

360
(a) Standard

(b) Spacer

Figure 4.4: Plate design for module assembly. Height of plate and spacer equaled 2mm.

In total four different modules were fabricated and tested. Basic properties are listed in
Tab. 4.1. Commercial enthalpy exchangers normally comprise up to 152 exchanger plates.
However, due to limitations in gas and water supply, the number of channels was reduced to
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Table 4.1: Characteristics of tested modules

attribute

specification

membranes

Mx4-A (dpoint)
Polyactiver (HZG)
N08006 60PP (DelStar)
14
0.886 m2

spacer
no of plates
surface area1

calculated for ’standard’ configuration

14 in case of the prototypes. In standard configuration, the shapes of single exchanger plates
were identical to commercial modules. Hence, module height was numbered down, while
outer dimensions remained constant. Nettings applied in spacer configuration (Fig. 3.7b)
were delivered by DelStar Technologies (type N08006 60PP). Membranes were donated
by dpoint Technologies and Helmholz Zentrum Gesthacht (HZG). The MX4-A sample
is a selective polyether polyurethane copolymer on top of a polyethylene substrate [51].
This membrane is currently applied in commercial membrane-based enthalpy exchangers.
The second material tested was Polyactiver . The selective layer of this membrane is a
block-copolymer comprising soft PEO segments as well as rigid polybutylene terephthalate
(PBT) blocks [52]. To keep this selective layer as thin as possible (∼50-100 nm) it is casted
on top of a PDMS intermediate layer (<300 nm), which is placed on top of a PAN support.
The PAN support itself is placed on top of a non-woven. An additional ultra-thin PDMS
top layer protects the Polyactiver layer [53, 54].

4.3.2

Moisture analytics

As discussed in Chapter 3, polymeric sensors (testo 6610) were applied to analyze humidity.
All sensors were calibrated prior to each measurement by means of a dewpoint mirror
(Michell, Optidew). Ideally this shifts sensor accuracy from 1-2 % r.h. to 0.2 % r.h., which
equals the signal reproducibility.

4.3.3

Data sampling and experimental procedure

Prior to performance measurements, the integrity of each module was tested. For leak
tests, the retentate outlet was closed before the over-pressure within the feed side was set
to 100 kPa. A module successfully passed leakage tests, if the volume flow necessary to
guarantee the over-pressure did not exceed 2.5 NL/min. Subsequent to leak test, module
performance was examined in terms of heat and moisture recovery. While Ts =0 ℃, φs =0 %
and Tf =25 ℃ did not change throughout the entire experiments, feed humidity varied in
the range of φf =0-80 %. Since water supply was limited to 120 gH2O /h, maximum moisture
load differed with volume flow chosen. Total feed flow always equaled sweep flow and both
values varied between V̇=80-220 Nl/min. After reaching steady thermal conditions at a
specific flow rate, moisture load was varied according to the example depicted in Fig. 4.5. By
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alternating high and low moisture loads, the risk of condensation was minimized. Moisture
load was kept at a certain level for at least tint =1000 s. The last 30 s of each interval were
averaged for evaluation purpose.
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Figure 4.5: Data sampling at Tf =25 ℃ and V̇=100 Nl/min.

4.4
4.4.1

Results and Discussion
Heat transfer

Heat recovery was calculated according to Eq. 4.3. The results of both membrane types are
summarized as a function of volume flow in Fig. 4.6. Here solid lines represent ’standard’
configuration and dashed lines equal ’spacer’ configuration. As shown heat recovery was
independent of moisture load and decreased with an increase in cross-flow velocity. This is
due to a shortening of residence time, which dominates boundary layer impact at higher Re
numbers. Contrary to the common assumption that membrane resistance can be neglected
in terms of heat transfer [15], the experiments disclosed a significant impact of the membrane
type. Referring to ’standard’ configuration, Mx4-A always performed 3-4 % better than
Polyactiver . Most likely, this is a consequence of different membrane substrates. While
the Mx4-A sample comprises a single substrate, the Polyactiver sample is additionally
reinforced by a non-woven below the support. This non-woven is highly porous, i.e. it mainly
consists of gas. Its impact on heat transfer properties can roughly be estimated by assuming
Nu=8.23 (parallel plates, laminar flow, uniform wall flux), a plate distance s=2 mm and
heat conductivities of λpolymer =0.3 W/mK and λdryair =0.026 W/mK respectively [18, 19].
Under these conditions, adding a non-woven (l=100 µm, porosity=0.85) to a membrane
comprising a selective layer (l=2 µm) and a support (l=50 µm, porosity=0.5) would reduce
heat transfer by 4 %. This is similar to the experimental results.
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Figure 4.6: Heat recovery of different module configurations. Solid Lines and dashed lines
represent mathematical fittings.

Membrane spacers significantly improved overall performance. In case of Polyactiver ,
spacers shifted heat recovery by a constant value. The behavior was different for Mx4-A.
Here, the spacer impact was large at high volume flow and diminished with a decrease in
volume flow. Even though the behavior of Mx4-A seems peculiar, it can be explained by the
initial recovery rates in ’standard configuration’. At low volume flow, recovery was close to
unity even without membrane spacers. As a consequence, the potential spacer impact was
smaller. The situation is comparable to a system with infinite residence time. Here, recovery
automatically tends to unity. Applying membrane spacers does not cause further performance
improvement. It is worth to note that the behavior reported is not a measurement bias,
since the same trends were reproducibly observed at different transmembrane temperature
gradients. If measurements had been influenced by insufficient insulation, this would have
caused a significant impact on experimental results.

4.4.2

Moisture transfer

From Chapter 2 and 3 it is known that water vapor permeance of Polyactiver is independent
of activity. This behavior is in good agreement with the experimental results obtained. Data
points of different activities coincided for standard and spacer configuration respectively.
Fig. 4.7 shows moisture recovery calculated according to Eq. 4.2. As for heat transfer,
recovery rate decreased with an increase in cross-flow velocity. This time, the impact of
volume flow was even more pronounced. While membrane resistance is typically small in
terms of heat transfer, it has a major impact on mass transfer properties [15]. Hence, the
reduction of boundary layer resistance (due to higher cross-flow velocities) was not able to
level off the impact of shortened residence times to the same extend as in heat transfer. It
is important to note that only the solid line of Fig. 4.7 represents a mathematical fitting.
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The dashed line equals the same interpolation, shifted by a constant y-value of ηH2O =0.04.
The only purpose of the dashed line is to appropriately visualize the spacer impact.
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0.8

0.7
Spacer

0.6
+0.04
w/o Spacer

0.5
50

100

150

200

250

300

-1

4

Volume flow / (Nl min )

Polyactiver

Figure 4.7: Comparison of
’standard’ and ’spacer’ configuration. While solid line is
a mathematical fitting, dashed line is used to guide the eye (shifts the fitting by 0.04
into y-direction).

Describing moisture recovery in case of Mx4-A is more complex. This is due to a change of
vapor permeance with feed and permeate activity (see Chapter 2 and Chapter 3). Hence,
moisture recovery had been expected to vary with a change of φf . Results of experimental
runs in ’standard’ as well as ’spacer’ configuration are plotted for φf =0.4-0.6 in Fig. 4.8.
It can be seen that even though recovery was moisture dependent, the improvement due
to spacer application was similar to the one observed for Polyactiver . This time, values
were shifted by ηH2O =0.045 into y-direction. In contrast to heat transfer measurements, the
impact of spacers on mass transfer was approximately the same for both membranes.

4.4.3

Pressure loss

Pressure difference was measured from feed to retentate and sweep to permeate respectively.
An influence of membrane type on pressure drop could not be observed. Thus, data of same
module configurations according to Fig. 4.4 was simply averaged. As shown in Fig. 4.9,
pressure drop approximately doubled in ’spacer’ configuration. Again the solid line represents
a mathematical interpolation, while the dashed line is used to guide the eye. Compared to
mass transfer (Fig. 4.7-4.8), pressure drop was not only shifted by a constant value, but
multiplied with a constant factor. Thus, the impact of pressure loss on module efficiency is
expected to increase with volume flow.
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Figure 4.8: Comparison of Mx4-A ’standard’ and ’spacer’ configuration at three different moisture
loads. While solid lines are mathematical interpolation, dashed lines are used to
guide the eye (shift the fitting by 0.045 into y-direction).
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Figure 4.9: Averaged pressure drop of ’standard’ and ’spacer’ configuration (data of both membrane types is used). While solid line is a mathematical fitting, dashed line is used
to guide the eye (fitting multiplied by 2.1)

4.5

Conclusion

In total, four membrane-based enthalpy exchangers were assembled and experimentally
evaluated. By comparing the data of all module configurations, it was possible to prove
a general impact of spacers on module performance. While mass transfer was enhanced

61

4

Volume flow / (Nl min )

Chapter 4

by a constant factor, regardless of membrane type, the change in heat transfer varied
with the material used. Most likely, this was due to the initial heat recovery of Mx4-A
in ’standard’ configuration. Beside improved transport properties, spacer application also
provoked reasonable pressure losses, which cause an increase in operational costs. As a
consequence, actual savings will depend on energy prices and outer climate conditions. In
order to get an idea of overall benefits, experimental data is further used to perform a case
study in Chapter 6.
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5.1

Introduction

Experimental evaluation of enthalpy exchangers, as it was done in Chapter 4, is time
consuming. It often needs hours to reach steady state conditions. This limits the number of
parameters which can be varied. A fundamental analysis of multiple parameters require
numerical models instead. Many publications address the difficulty of conjugate heat
and mass transfer in air-to-air enthalpy exchangers. While the majority of authors have
focused on cross-flow setups [14, 93–98], only few have discussed counter-current [99] and
cross-countercurrent [100–102] configurations. An important difference between cross-flow
and cross-counterflow configurations is in the model applied. Counter-flow and cross-flow
configurations are typically described using finite elements [14, 96, 97], NTU shortcut
methods [93, 98] as well as CFD models [94, 95]. Contrary publications on cross-counterflow
setup focus on CFD models only [100–102]. This is because CFD meshing tools enable a
proper discretization of the (triangular) inlets and helps to disclose complex flow patterns
and moisture distribution in detail.

cross

inlet

counter
cross

5

(a) top view

sealing
(b) front view

(c) model

Figure 5.1: Geometry, flow configuration and modeling approach of the cross-counterflow enthalpy
exchanger.

The situation will be different if the study focuses on a short-cut model describing overall
module performance without detailed knowledge of internal moisture distribution. Nasif
et. al [102] have recently shown that experimental effectiveness of a cross-counterflow
exchanger is in good agreement with modeling results obtained from a series connection
of cross- and counter-flow units (Fig. 5.1c). However, validity of this approach was only
proven for a fixed moisture load under turbulent flow conditions. Flow regime and module
geometry within this study differed significantly from state-of-the-art enthalpy exchangers.
Thus, we were motivated to develop a mathematical model and study transport properties
by substituting cross-counterflow exchangers with a serial connection of single cross- and
counter-flow modules. For this reason, a set of mathematical equations describing pressure
loss as well as heat and mass transfer was implemented in Aspen Custom Modelerr .
In short, the model comprises the following features:
•
•
•
•
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Combination of cross- and counter-flow units instead of cross-counterflow arrangement.
Finite differences instead of finite volumes.
Constant membrane permeabilities.
Boundary layer resistance as a function of fluid dynamics, fluid properties and duct
geometry.

Modeling cross-counterflow enthalpy exchangers

• Fluid properties as a function of process conditions (AspenTech data base).
• Straight forward implementation in process simulation software (Aspen Plusr ).

5.2
5.2.1

Mathematical model
Module geometry

As mentioned before, the cross-counterflow geometry was substituted by two cross-flow
exchangers and one counter-flow exchanger (see Fig. 5.1). Details on plate geometry are given
in Fig. 5.2. In order to keep the model comprehensible, governing equations are introduced
cross flow

160

358

hplate=2.01mm
counterflow

cross flow

5

336
360
Figure 5.2: Details on the geometry of a ’standard’ exchanger plate already introduced in Fig. 4.4a.

for the 1D-discretization of the counter-flow regime. Afterwards, the same equations are
extended to the cross-flow compartment.

5.2.2

Counter-flow

Discretization of the counter-flow regime is depicted in Fig. 5.3. Finite forward differences
are used on both sides of the membrane. The total length of Lco =158 mm is subdivided into
n elements, the number of nodes equals n+1. According to Fig. 5.3, transmembrane flux
at node (i) correlates discretization elements [i-1,i] and [i,i+1] of retentate and permeate
respectively. As a result, mass transfer is mathematically infeasible at i=0 and i=n. This
reduces the number of nodes accounting for mass transfer to n-1. In order to compensate for
the error introduced, discretization length is set to dx = Lco /(n − 1). For symmetry reasons,
the height of a discretization element equals half of the channel height (δch /2).
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(0)

x
(1)

(i-1)

(i)

ṅr(i-1)

feed

(i+1)
ṅr(i)

z
permeate

ṅp(i)

(n)
δch retentate
2

ṅmem(i)

membrane

(n-1)

δ

ṅp(i+1)

δch
2 sweep

Figure 5.3: Counter-flow discretization exemplarily done for conservation of mass.

5.2.2.1

Conservation of mass

ṅr (i − 1) − ṅr (i) − ṅmem (i) = 0,
ṅr (n) − ṅr (n − 1) = 0

i ∈ [1, n − 1]

(5.1)
(5.2)

ṅp (i + 1) − ṅp (i) + ṅmem (i) = 0,
ṅp (0) − ṅp (1) = 0

i ∈ [1, n − 1]

(5.3)
(5.4)

The transmembrane flux ṅmem is given as the product of total mass transport coefficient
ktot , discretization length dx = Lco /(n − 1), channel width w and concentration difference
∆c of retentate (r) and permeate (p):
ṅmem (i) = ktot · dx · w · (cr (i) − cp (i)) .

5

5.2.2.2

(5.5)

Energy balance

Ḣr (i − 1) − Ḣr (i) − Ḣmem (i) − Q̇(i) = 0,

i ∈ [1, n − 1]

Ḣr (n) − Ḣr (n − 1) = 0
Ḣp (i + 1) − Ḣp (i) + Ḣmem (i) + Q̇(i) = 0,
Ḣp (0) − Ḣp (1) = 0

(5.6)
(5.7)

i ∈ [1, n − 1]

(5.8)
(5.9)

Concerning the energy balance, Ḣmem accounts for the transmembrane enthalpy flux related
to water vapor transport. Q̇ equals the transport of sensible heat. Analogous to Eq. 5.5
sensible heat flux Q̇ is defined as the product of total transfer coefficient htot , discretization
length dx, channel width w and temperature difference ∆T :
Q̇(i) = htot · dx · w · (Tr (i) − Tp (i)) .
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5.2.2.3

Transfer coefficients

Heat transfer resistance is typically given as a series connection of boundary layer resistances
and membrane resistance:
1
λmem
1
1
=
+
+ .
htot
αr
δmem
αp

(5.11)

The convective transport coefficient α can be calculated from empiric Nu-correlations.
N u = f (Re, P r) =

α·L
λair

(5.12)

While z ∗ is a dimensionless length, constants C1 - C4 are used to describe boundary conditions
(uniform wall flux) and Nu type (local). The blending parameter m is a linear function
of Pr. It enhances the fitting quality at varying fluid properties. Duct geometry is taken
into account by aspect ratio  and shape parameter γ (rectangular duct: γ=0.1). As given
in Eq. 5.12, the transfer coefficient α can be calculated from Nu if both the characteristic
length L and heat conductivity λ of the adjacent fluid are known. Appropriate values of
λ are taken from the AspenTech data base. Applying the model of Muzychka and Yovanocic,
the characteristic length L is defined as the square root of the channel cross section [103].
According to Fig. 5.4, the entire cross section equals the sum of multiple single cross sections

L=

p

Ach,tot =

qX

Ach,i .

y

(5.14)

duct wall

membrane
Ach

z

wch

δ
δch

w
Figure 5.4: Cross section of the counter-flow module part.

In analogy to Eq. 5.11, total mass transfer resistance 1/ktot equals a series connection of
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In fully developed laminar flow, Nu is a function of duct geometry and boundary conditions
only [89]. However, the situation is different for turbulent or developing laminar flow. In
these cases, Nu also depends on Re and Pr. A proper correlation for non-circular ducts had
been derived by Muzychka and Yovanocic [103]:

(

m
1/3 )5

√
f
Re
C
f
(P
r)
4
A
∗
√
N u√A (z ) = 
+  C2 C3
+
z∗
z∗
(5.13)

5 !m/5 1/m
 
√
f Re A

√
.
C1
8 πγ
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single resistances
1
RTr
1
RTp
=
+
+
.
ktot
βr
Qmem,app · Cconv
βp

(5.15)

Here, βr and βp are convective mass transfer coefficients of retentate and permeate respectively. Qmem,app equals the apparent membrane permeance. It comprises resistances of both
the selective layer and the support. In order to yield consistent units of k (mol/m2 sbar),
mass transfer coefficients β are converted by means of the gas constant R and temperature T .
Permeance (given in GPU) is converted applying a conversion factor Cconv =3.346 mol/(m2 s
bar GPU). Convective mass transfer coefficients are derived from an analogy of heat and
mass transfer. Substituting Pr with Sc and Nu with Sh, Eq. 5.13 can also be used to describe
mass transfer properties. Thus, the convective transfer coefficients β can be calculated from
the definition of the Sh number
Sh = f (Re, Sc) =

β·L
.
ρair DH2O−air

(5.16)

While ρ is the density of the adjacent fluid, D equals the diffusivity of water vapor in air.
Both parameters are included in the AspenTech data base and therefore known at different
process conditions.
5.2.2.4

Pressure loss

5

Pressure loss is calculated using the darcy friction factor for rectangular ducts [18]
fd =

80
.
Re

(5.17)

Characteristic length, in terms of pressure loss, is the hydraulic diameter of a single channel:

dh =

5.2.3

4 · Ach
.
2 · (wch + δch )

(5.18)

Cross-flow

For modeling purposes, the triangular inlets are substituted by squared geometries comprising
the same surface area (Fig. 5.5).

Lcr

Atr

Asq

Lcr

Figure 5.5: Conversion of triangular cross-flow sections into squared surfaces.
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Hence, the length Lcr of a rectangular substitute equals the square root of the triangular
surface:
p
p
Lcr = Asq = Atr .
(5.19)

(0,j+1)

(0,n)

permeate

In cross-flow arrangement, concentration and temperature profiles change perpendicular
to flow direction. This requires a 2D-discretization according to Fig. 5.6. The length of
Lcr =106 mm is subdivided into n elements, transferring into n+1 nodes in each direction.
Nodes at i=0 and j=0 define inlet conditions in x- and y-direction respectively. Therefore,
mass transfer at these nodes equals zero, which has to be taken into account when defining
transition terms between 1D- and 2D-discretization. A detailed discussion is given in
section 5.2.4.

ṅr(i-1,j)

ṅr(i,j)

retentate

5

ṅmem(i,j)

(0,j-1)

(0,j)

feed

ṅp(i,j)

ṅp(i,j-1)

y
(i-1,0)
x

(i,0)

(i+1,0)

(n,0)

sweep

(0,0)

Figure 5.6: Cross-flow mass balance in 2-D discretization.

Analogous to counter-flow, the following set of equations describes heat and mass transfer
in cross-flow arrangement.
Feed/retentate (i ∈ [1, n], j ∈ [0, n]):
ṅr (i − 1, j) − ṅr (i, j) − ṅmem (i, j) = 0

(5.20)

Ḣr (i − 1, j) − Ḣr (i, j) − Ḣmem (i, j) − Q̇(i, j) = 0

(5.21)
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Sweep/permeate (i ∈ [0, n], j ∈ [1, n]):
ṅp (i, j − 1) − ṅp (i, j) + ṅmem (i, j) = 0

(5.22)

Ḣp (i, j − 1) − Ḣp (i, j) + Ḣmem (i, j) + Q̇(i, j) = 0

(5.23)

Transport coefficients and pressure loss are calculated with the same correlations given for
counter-flow. It is important to note that characteristic length L and hydraulic diameter dh
of the cross-flow part were both estimated on basis of the initial triangular inlet geometry.
Concerning pressure loss, additional friction terms account for the sudden contraction and
expansion at the module inlets (ζin =0.9) and outlets (ζout =0.25) respectively [18]. The
impact on pressure is given to
∆p = ζ

5.2.4

ρu2
.
2

(5.24)

Transition terms

A major challenge of the model presented is to smartly switch between 1D- and 2Ddiscretization. This is realized by transition terms, exemplarily given for the feed side. It
is assumed that fluid properties (T, p, h) are the same at all inlet nodes of the cross-flow
exchanger (e.g. i = 0, j ∈ [0, n] in Fig. 5.6). Total mole flux is split between single nodes as
given in the following term:

5

ṅr (0, j) =

ṅf,tot
.
n

(5.25)

Here, ṅf,tot equals the total mole flux in the feed and n is the number of discretization
elements. Since the number of nodes is n+1, the sum of partial fluxes
n
X

ṅr (0, j) > ṅf,tot

(5.26)

j=0

would be larger than the total mole flux ṅf,tot . This contradicts physical laws. Due to
initialization of sweep flow, there will be no heat and mass transfer at i ∈ [0, n], j = 0.
Hence, the error introduced will be compensated, if the corresponding node i = n, j = 0 is
neglected when summing up the outlets. As a consequence molar flux at cross-flow outlets
(module outlet and transition to 1D-discretization) is calculated according to
ṅr,tot =

n
X

ṅr (n, j).

(5.27)

j=1

Subsequently, fluid properties are obtained via the following set of equations:
Pn
j=1 pr (n, j)
p̄r,tot =
,
n
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Pn
h̄r,tot =

j=1

(ṅr (n, j) · hr (n, j))
.
ṅr,tot

(5.29)

With knowledge of mole fractions, pressure and molar enthalpy the outlet temperature
can finally be obtained from the AspenTech data base. It should be emphasized that
assuming uniform fluid properties at the transition zone between cross-flow and counter-flow
arrangement is far from reality. However, it significantly simplifies the mathematical model
and allows to apply 1D-discretization in the counter-flow part. This is time saving and
enhances reliability in terms of mathematical convergence.

5.3

Model validation and data fitting

grid test

5

Prior to performing a sensitivity analysis, model validity had to be proven. For transparency
reasons the entire procedure is outlined in Fig. 5.7. First, the minimum number of nodes
necessary for a reliable simulation was identified. Subsequent to this, the model was validated
by means of two experimental data sets. Both data sets were obtained examining Polyactiver
membranes. As shown in Chapter 2 and 3, the permeance of this membrane is independent
of vapor activity, which simplifies model assumptions. Main characteristics of the membrane
and the exchanger prototypes are listed in Tab. 5.1. Further details on experimental module
characterization are given in Chapter 4.

spacer

w/o spacer
∆p, ηheat

model

∆p, ηheat

ηmoisture

Qapparent

ηmoisture

∆p, Nu, Sh

sensitivity analysis
w/o spacer

vs. spacer vs. ideal spacer (Nu=1000)

Figure 5.7: Procedure for model validation and parameter fitting. (solid line - model validation,
dashed lines - fitting)

According to Fig. 5.7, heat recovery and pressure loss of the first data set were applied
to prove model validity. This data was obtained with standard exchanger plates depicted
in Fig. 5.2. Next, apparent membrane permeance (comprising the selective layer and the
support) was fitted to the outlet humidities of the same data set. In subsequent experiments,
membrane spacers were applied in the counter-flow part of the module (Fig. 5.12). By
fitting the simulation to results of these experiments, it was possible to derive correlations
for pressure loss and heat transfer in spacer filled channels. Corresponding data on moisture
recovery were applied to prove validity of Sh-correlations (heat and mass transfer analogy)
and permeance (fitted in step 1). Finally, different channel setups were evaluated in a
sensitivity analysis.
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Table 5.1: Module characteristics.

attribute

specification

membrane
selective layer
support
no. of plates
surface area1

Polyactiver (HZG)
PDMS + PEO-PBT (<500 nm)
PAN/PES (∼150 µm)
14
0.886 m2

a

5.3.1

calculated for an exchanger plate according to Fig. 5.2

Grid structure

An appropriate grid structure was identified by systematically varying the number of nodes.
This was an iterative process since the model comprises three individual submodels (two
cross-flow units and one counter-flow unit). Final results for cross-flow compartments are
shown in Fig. 5.8. As marked, the number of nodes in the cross-flow regime was set to
ncr =14. Analogous, the minimum number of counter-flow nodes was determined to nco =140.
23.0

22.5

5
22.0

21.5

21.0

0

5
10
15
number of nodes / (-)

20

Figure 5.8: Change of Tp with number of nodes in the cross-flow parts of the module. (Tf =25℃,
Ts =0 ℃, xf =5 gH2O /kgdryair , xs =0 gH2O /kgdryair , nco =160)

5.3.2

Model validation

The first parameter evaluated was pressure loss. Experimental data is in good agreement
with simulation results (Fig. 5.9). As expected, Δp increases almost linearly with Rech .
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Figure 5.9: Pressure loss as a function of Re number. The solid line represents simulative results,
while open symbols are experimental data points. Data points are averaged results
of different feed humidities in the range of φf =0 %-80 %.

Data of Fig. 5.9 and all other results hereafter are plotted as a function of Rech
ρdryair u∞ δch
.
ηdryair

(5.30)

5

Rech =

According to Eq. 5.30, Re number is calculated on basis of dry air properties at standard
temperature and pressure (STP). While superficial velocity u∞ refers to the counter-current
part of the module (Fig. 5.2), δch denotes the channel height. Applying this definition
makes Rech independent of temperature, humidity and duct geometry. This is advantageous
in order to compare modules with different channel configurations under varying process
conditions.
Beside pressure loss, model accuracy was tested with regard to heat and moisture recovery.
Both parameters have been introduced in Chapter 4. They are defined as actual recovery
divided by maximum recovery possible [92].
ηheat =

(Tf − Tr ) + (Tp − Ts )
2(Tf − Ts )

(4.3)

ηH2O =

(xf − xr ) + (xp − xs )
.
2(xf − xs )

(4.4)

According to Eq. 4.3, heat recovery was calculated as a function of Re number. Applying
gas streams at a temperature of Tf =25 ℃ and Ts =0 ℃ yield the results shown in Fig. 5.10.
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Figure 5.10: Heat recovery as a function of Rech at varying feed moisture loads. Solid lines are
the outcome of the simulation, open symbols are experimental results. (Tf =25 ℃,
Ts =0 ℃, xs =0 g/kg)

5

As given, heat recovery is independent of moisture load. It decreases with an increase in
cross-flow velocity or Rech respectively. This is due to the shortening of residence time.
Overall, experimental results and simulative outcome were in good agreement, which proved
the validity of the chosen Nu-correlation.

5.3.3

Permeance fit

In order to enhance consistence of experimental vapor recovery with simulation data, it was
necessary to fit membrane permeance. According to Fig. 5.11, the best fit was achieved
with an apparent membrane permeance of 7,970 GPU. This is obviously much lower than
single-gas permeances of 30,000 GPU, which were reported for the same membrane at
T=35℃ (see Chapter 3). It needs to be emphasized that the apparent permeance of the
model also comprises the resistance of the mechanical support. Admittedly, taking a support
resistance into account which is 20 % larger than the one of the selective layer (see Chapter 3),
still yield an apparent permeance of Qmem,app ≈13,000 GPU. This leads to the assumption
that other non-idealities contribute to the deviation observed. While single-gas permeances
were measured at T=35 ℃, module tests were performed at Tf =25 ℃ and Ts =0 ℃. This
temperature shift changes the permeance of the selective layer and at the same time fosters
the probability of (capillary) condensation [69]. Additionally, permeance changes with
membrane orientation (see Chapter 2). While the influence of the support was determined
with the selective layer facing the feed channel, orientation altered within the module tests.
Here, half of the membranes were facing the feed channel and the other half were facing the
sweep channel. A detailed investigation of the aforementioned effects is beyond the scope of
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this study. Nonetheless, it needs to be stressed that non-ideal flow cannot be the reason
for the behavior observed. While the presence of wake spaces or short circuits would also
hamper heat recovery, this parameter is predicted fairly good without any correction of the
Nu-correlation mentioned before (see Fig. 5.10).

5.3.4

Spacer correlations

Subsequent to model validation, a second set of experimental data was used to investigate
the impact of spacers on pressure loss, Nu- and Sh-correlation. For this purpose, an extruded
netting (N08006 60PP, DelStar) was implemented in the counter-flow part of the module. A
sketch of the modified exchanger plate was already shown in Chapter 4, but is once again
depicted in Fig. 5.12. To accurately describe pressure loss and transfer properties of the
modified exchanger, two major changes were applied to the model. First, an enhancement
factor was added to the Nu- and Sh-correlations by multiplying the equation of Muzychka
et. al (Eq. 5.13) with Csp . This is an appropriate assumption, since flow conditions
stayed laminar throughout all experiments. Re number did not exceed values of 140, even
with spacers implemented into the system. Second, a general friction factor according to
fD,sp = Cpr /Rech mpr was introduced. All three parameters Csp , Cpr and mpr were fitted to
experimental results. With values of Cpr =7.745 and mpr =0.472, experimental pressure loss
and simulation outcome were found to be in good agreement (Fig. 5.13).
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Figure 5.11: Moisture recovery as a function of Rech at different feed side moisture loads. Solid
line equals the simulative result obtained with an apparent membrane permeance
of Qapp,mem =7,970 GPU. (xs =0 gH2O /kgdryair , Tf =25 ℃, Ts =0 ℃)
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160
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Figure 5.12: Geometry of an exchanger plate with membrane spacers (N08006 60PP, DelStar) in
the counter-flow part of the module (according to Fig. 4.4a).
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Figure 5.13: Pressure loss of a module with a spacer-filled counter-flow compartment at
Tf =25 ℃and Ts =0 ℃. (Symbols - experimental data, solid line - simulation with
fitted values of Cpr =7.745 and mpr =0.472)

In order to obtain an appropriate Nu-correlation, enhancement factor Csp was fitted with
regard to outlet temperatures. At a value of Csp =1.47 the consistency of simulation and
experimental results was maximized. The course of inlet and outlet temperatures is exemplarily shown in Fig. 5.14 for dry gas streams. As depicted, the model prediction is in good
agreement with the experimental results. Reliability of the fitting was proven by applying
the same enhancement factor to the Sh-correlation. With this modified Sh-correlation the
Re-dependence of outlet humidity was calculated. A comparison of the experimental results
and the simulative outcome (at a feed moisture load of xf =6 gH2O /kgdryair ) is shown in
Fig. 5.15. It needs to be emphasized that membrane permeance was not changed compared to the empty channel simulation. Therefore, the data not only proves validity of the
enhancement factor Csp , but also the validity of the apparent permeance fitted before.
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Figure 5.14: Inlet and outlet temperatures of a module with spacers in the counter-flow compartment. Symbols are experimental data, the solid lines represent simulation outcome
applying Csp =1.47. (Tf =25 ℃, Ts =0 ℃, dry air)
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Figure 5.15: Inlet and outlet moisture load at xf ≈ 6 gH2O /kgdryair Tf =25 ℃ and Ts =0 ℃.
(symbols - experimental parameters, solid lines - simulation outcome)

5.4

Sensitivity analysis

The extended model with appropriate correlations for spacer enhanced heat and mass
transfer, was finally used to perform a sensitivity analysis. Aim of this study was to disclose
the impact of boundary layer resistance on the performance of membrane-based enthalpy
exchangers. In total, three different scenarios have been evaluated and compared:
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1) Standard module with empty channels.
2) Extruded netting (N08006 60PP, DelStar) in the counter-flow part.
3) Ideal spacer in the counter-flow part (Nu=1000, Δp=Δpw/o-sp , no surface area covered).
While the first two scenarios describe nowadays technology, the third scenario generates an
idea of optimization potential related to spacer application. In the course of the sensitivity
analysis, temperatures were fixed to Tf =25 ℃ and Ts =0 ℃, while moisture loads were set to
xf =9.88 gH2O /kgdryair (φf =50 % r.h.) and xs =0 gH2O /kgdryair respectively. In order to disclose
the impact of boundary layer resistance, volume flow and apparent membrane permeance
(comprising selective layer and support) were systematically varied. Simulation results are
depicted in Figs. 5.16-5.17. As expected, heat recovery is independent of permeance (see
Fig. 5.16). Depending on Rech the extruded netting (spacer) shifts recovery rate up to 4.5 %.
As discussed prior, heat recovery is mainly limited by the convective transfer coefficient.
Thus, spacer optimization offers a large potential. Compared to the extruded netting, an
ideal spacer improves heat recovery by another 13 % at Rech ≈140.
1.0
ideal spacer

ηheat / (-)

0.9
spacer
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w/o spacer

0.8

0.7

0

50

100
Rech / (-)

150
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Figure 5.16: Heat recovery for three scenarios as a function of Rech and permeance. (Tf =25 ℃,
Ts =0 ℃, xf =9.88 gH2O /kgdryair (φf =50 % r.h.), xs =0 gH2O /kgdryair )

Situation is different in terms of mass transfer (Fig. 5.17). Here, moisture recovery is a
strong function of permeance, i.e. the impact of convective transport coefficients rises with
permeance as well. The commercial spacer shifts moisture recovery by a constant value of
2-4 % in the range of Q=10,000-50,000 GPU. In contrast, an ideal spacer yields benefits
of ΔηH2O =4.5-12 % at Rech =140 and permeances of Q=10,000-50,000 GPU. The gain in
efficiency will be even more pronounced, if permeance exceeds 50,000 GPU. To clearly
point out the change of boundary layer impact, another graph based on the same data
is introduced. Fig. 5.18 shows overall membrane resistance (including the support) and
boundary layer resistance as a function of permeance. In order to obtain this graph, single
data points were averaged in the range of Rech =40-140. The boundary layer resistance given,
comprises the resistance on both sides of the membrane.
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An often arising question is related to parameters which limit process performance. Concerning membrane-based enthalpy exchangers such parameters can be identified using the data
of Fig. 5.18. In a module without spacers, boundary layer resistance will account for 30 % of
the overall transport, if membrane permeance equals 20,000 GPU. This value shifts to 50 %
at an apparent permeance of 30,000 GPU. Applying commercial membrane spacers in the
counter-flow part of the module reduces boundary layer resistances significantly. Under these
fluid conditions boundary layer accounts for 30 % and 50 % of overall transport resistance
at permeances of 35,000 GPU and 55,000 GPU respectively. According to model prediction,
boundary layer does not govern transport properties but has a significant and measurable
impact on mass transfer through Polyactiver membranes.

5.5

Conclusion

A mathematical model considering conjugate heat and mass transfer in membrane-based
enthalpy exchangers was introduced. By substituting the complex cross-counterflow geometry
with a combination of simple cross-flow and counter-flow exchangers, it was possible to
calculate module performance using finite differences. On the one hand this is less complex
than a finite volume model and on the other hand it offers the possibility to easily implement
the model in a commercial process simulation tool.
The model was first validated with appropriate experimental data. In a second step, the
influence of membrane spacers on heat and mass transfer correlations was investigated. For
this reason, modified correlations describing pressure loss and convective transfer coefficients
were derived. In the course of a subsequent sensitivity analysis, the impact of boundary
layer resistance on heat and mass transfer was identified. As expected, heat transfer was
governed by convective transfer coefficients. In contrast, mass transfer depended to a
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Figure 5.17: Moisture recovery for three scenarios as a function of Rech and permeance. (Tf =25 ℃,
Ts =0 ℃, xf =9.88 gH2O /kgdryair (φf =50 % r.h.), xs =0 gH2O /kgdryair )
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Figure 5.18: Change of mass transfer resistances as a function of membrane permeance. The
graph comprises averaged data in the range of Rech =40-140.

5

large extend on membrane properties. By systematically varying membrane permeance
and boundary layer resistance, it was possible to identify nowadays spacer impact and
disclose future optimization potential. While enhancement of convective transfer coefficients
was accompanied by a significant improvement of process efficiency at permeances above
10,000 GPU, situation was different at values below 10,000 GPU. Here, spacer optimization
did not reveal a significant impact on mass transfer and as a consequence spacer design
studies should focus on the reduction of pressure losses instead.
In future research, the model should be implemented into a comprehensive process simulation.
This offers the possibility to gain a deeper understanding of relevant constraints (e.g. climate
conditions, energy prices) and calculate local benefits of spacer application.
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6

Case study: Energetic and economic benefits
of membrane spacers

This chapter has been part of the following publication:
S. Koester, A. Klasen, J. Lölsberg, M. Wessling, Spacer enhanced heat and mass transfer in
membrane-based enthalpy exchangers, Journal of Membrane Science (2016),
DOI:10.1016/j.memsci.2016.06.002
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6.1

Introduction

As worked out through the last chapters, membrane spacers significantly enhance the
heat and mass transfer through polymeric membranes. However, spacer application is
accompanied by several drawbacks. One of which is the simultaneous increase in pressure
loss, which contradicts the aim of an enhanced efficiency. Thus, there is no simple answer
to the question whether spacer application is beneficial or not. Both the energetic and the
economic benefit depend on outer climate conditions and indoor loads. For this reason, each
situation requires an individual analysis. Depending on the desired accuracy this can be
realized either by a process simulation or a case study. While the process simulation is more
fundamental, the case study is more comprehensible.

6.2

Theory

Experimental data of the Mx4-A samples (Fig. 4.6 and 4.8) was used to evaluate the potential
impact of spacers on process efficiency. The reason is that Mx4-A has been applied in
commercial enthalpy exchangers for several years. Aachen, a city located at the GermanDutch border, was chosen as a test scenario. For this specific location all-season climate
data of 2012 was provided in 10 min intervals (tdata ) by RWTH Aachen University [104].
In a first step the data set was converted to degree days (DD) and moisturizing days (MD)
referring to VDI 3807 [105]:
365
X
(Tindoor − Toutdoor )
n=1

M D40/50 = 1d ·

365
X
(xindoor − xoutdoor )
n=1

(6.1)

1d/tdata

1d/tdata

.

(6.2)

Here, T equals temperature and x represents the moisture load. Operational limits as well
as indoor set points of the ventilation system are indicated by the subscripts of DD and MD.
The operational limit of heating and humidification devices is typically below indoor set
point. This is due to internal heat and moisture sources as well as thermal insulation. As a
consequence data points were only considered for Toutdoor below 15 ℃ and φoutdoor below
40 % (related to T=21 ℃) respectively. For indoor climate conditions, constant values of
Tindoor =21 ℃ and φindoor =50 % (xindoor =8.75 gH2O /kgdryair ) were assumed. On average this
is believed to ensure a comfortable environment [10, 106]. In a second step, experimental
results of Mx4-A were used to derive a spacer related enhancement of module performance.
Calculation was limited to Mx4-A, since this membrane has been successfully applied in
commercial membrane-based enthalpy exchangers for many years. By subtracting the results
of standard (st) and spacer configuration (sp), it was possible to obtain enhancement factors
ηsp -ηst in terms of heat and moisture transfer. Subsequently, energy savings were calculated
according to the following set of equations.
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DD15/21 = 1d ·

Chapter 6

Heat:
Q+
heat = ṁair cp DD15/21 (ηheat,sp − ηheat,st )

(6.3)

Moisture:
+
EH2O
= ṁair ∆hvap M D40/50 (ηH2O,sp − ηH2O,st ).

(6.4)

It has to be noted that energy calculation according to Eqs. 6.3- 6.4 imply a spacer related
enhancement, independent of outdoor temperature and moisture load. This scenario is not
realistic but a good first approximation.1 As opposed to energy savings by enhanced heat
and mass transfer, power consumption of the (two) fans increases due to higher pressure
losses:
−
Efan
= 2 · V̇air (∆psp − ∆pst ) · 365d.

(6.5)

To calculate overall performance, Eqs. 6.3 - 6.5 were weighted with energy prices and
efficiencies. In case of residential buildings two scenarios with different humidification
technologies are imaginable: evaporative or liquid humidification. In the vapor-based
scenario water is evaporated by means of electricity. Savings S were calculated according to

Sevap = Ncorr


+
−
Q+
EH2O
Efan
heat
· Cgas +
· Cel −
· Cel .
ηgas
ηevap
ηfan ηmot

(6.6)

6

Appropriate cost factors C and efficiencies η are listed in Tab. 6.1. Correction number Ncorr
was used for numbering-up the experimental results. As mentioned prior and denoted in
Tab. 4.1, a prototype used for the experiments comprised 14 plates. Commercial modules
are assembled with 152 plates instead. By multiplying energy savings with Ncorr =10.86,
the number of plates as well as the volume flow are corrected simultaneously. Herewith,
fluid dynamics stay constant, i.e. experimental correlations of the prototypes remain valid
for modules comprising 152 plates. The second scenario considered is liquid humidification.
Here, small water droplets are injected to the gas streams. The energy of evaporation is
extracted from the gas phase. Hence the gas phase has to be reheated by means of a boiler.
Savings of this scenario were calculated according to
 +

+
−
Qheat
EH2O
Efan
· Cgas +
· Cgas −
· Cel .
(6.7)
Sliquid = Ncorr
ηheat
ηgas
ηfan ηmot
1

As shown, moisture load does not alter heat recovery ηheat (Fig. 4.6). According to the data of Min
et al. [107], the impact of outdoor temperature is negligible as well. In contrast, the behavior of ηH2O is
sophisticated to describe. Since permeance of Mx4-A does not change significantly in the range of T=3545 ℃ (compare Chapter 2 and Chapter 3), temperature dependence is assumed to be small. Experimental
data of Fig. 4.8 were obtained at dry sweep (outdoor) conditions. If moisture load increases, permeance
will rise as well (see Chapter 2). Higher permeance automatically causes a larger impact of boundary layer
resistance. Thus, applying experimental data of Fig. 4.8 (φs =0 %) results in minimum energy savings. Real
savings are supposed to be larger than the ones presented.
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Table 6.1: Parameters of the case study

parameter
ηfan
ηmot
ηevap
ηgas
cp
∆hvap
Cel
Cgas

6.3

reference

kJ kg-1 K-1
J kg-1 K-1
e kWh-1
e kWh-1

0.7
0.8
1.0
0.9
1.0
2500
0.2919
0.0676

[108]
[108]
[20]
[18]
[18]
[109]
[109]

Results and discussion

Potential energy savings of the vapor-based scenario are shown as a function of volume
flow in Fig. 6.1. Contributions of single parameters are visualized by means of dashed lines
while the solid line represents total annual savings. As expected, power consumption of
the fans is moderate in the beginning and becomes more pronounced at higher flow rates.
This is due to the exponential increase of pressure loss (Fig. 4.9). As a direct result the
curve of the total savings deflect and show maximum savings of 31 e/a at flow rates around
205 mN 3 /h.
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Figure 6.1: Annual savings for humidification by evaporation (Solid line - total savings, dashed
lines - contribution of single parameters). Behavior at V̇>140 mN 3 /h is based on
extrapolated data.

Analogous, the results of liquid humidification are given in Fig. 6.2. The graphs of heat
recovery and pressure loss are the same as above. In contrast, savings due to moisture
recovery are smaller, since operation of the gas boiler is cheaper than the evaporation unit
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considered in Fig. 6.1. As a consequence, total energy savings are reduced as well. The
optimum operating point shifts to flow rates around 155 mN 3 /h with annual savings of
9.5 e.
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Figure 6.2: Annual savings for humidification by injection of water droplets (Solid line - total
savings, dashed lines - contribution of single parameters). Behavior at V̇>140 mN 3 /h
is based on extrapolated data.
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It has to be kept in mind that savings presented in Fig. 6.1 and Fig. 6.2 refer to current
energy prices. The influence of a varying energy price is depicted in Fig. 6.3. In addition
to current saving potential, two outlooks (a doubling of electricity price and a doubling
of gas price) are shown. Individual variation of energy prices was chosen for evaluation
purpose only. In reality, gas price correlates with electricity price and vice versa. As
given, an increase in electricity price can be a knockout criterion for spacers in building
ventilation systems. If incoming air is humidified by injection of small water droplets, power
consumption of the fans will prohibit reasonable savings. At volume flow rates exceeding
105 mN 3 /h minimum savings even turn into significant losses. Initial saving of the evaporative
scenario are higher compared to the current situation. This is because both ventilation
and humidification require electricity. At higher volume flows, the exponential behavior of
the pressure loss causes a reasonable deflection of the curve. Hence, energy consumption
of the fans dominates process efficiency. This shifts the desired operating point to lower
flow rates around 160 mN 3 /h. Maximum savings of 33 e/a are comparable to savings of
the current situation (31 e/a). Contrary, doubling the gas price causes larger benefits as
today, no matter which humidification technology is used. Even though total savings deflect
at higher flow rates, there is no a local optimum in the given interval. Thus maximum
savings are calculated to 69 e/a (evaporation) and 52 e/a (liquid water) respectively at
220 mN 3 /h.
Beside humidification technology and a change of energy prices, actual savings depend on
outer climate conditions. In order to quantify the impact of this parameter, calculations
were repeated applying climate data of Calgary (Canada). Even though both cities are
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Figure 6.3: Annual savings as a function of energy price calculated with climate data of Aachen
(Germany). Behavior at V̇>140 mN 3 /h is based on extrapolated data.

located at approximately 50° northern latitude, climates of Calgary and Aachen differ
significantly. While both regions have warm summers, both temperature and precipitation
drops more severe in Calgary during winter. This is due the governing influence of the Rocky
Mountains. For evaluation purpose, hourly climate data points of Calgary were taken from
the AgroClimatic Information Service [110]. The corresponding data of 2012 was originally
provided by the Priddis Observatory of the University of Calgary. According to Fig. 6.4,
general trends are comparable to the the ones obtained for Aachen.
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Figure 6.4: Annual savings as a function of energy price calculated with climate data of Calgary
(Canada).
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Savings for evaporative humidification are always larger compared to liquid humidification.
While doubling the gas price yields further savings, electricity price has varying impacts
depending on the humidification technology used. In general, saving potential is much larger
compared to the first location. For Calgary current savings equal 124 e/a (evaporation) and
46 e/a (liquid water) respectively. If gas price is doubled these values will shift to 187 e/a
(evaporation) and 134 e/a (liquid water).

6.4

Conclusion

On the basis of the experimental data obtained in Chapter 4, a case study was performed
for test scenario in Germany. At a first glance the benefit of spacer-modified enthalpy
exchangers seemed to be little. However, it was successfully proven that situation will
change if (a) energy price rises or (b) climate conditions vary. As claimed in Chapter 5 these
findings turn the spotlight on the need of a fundamental process simulation.

6
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7.1

Summary

This work comprises a fundamental approach to enhance the energy efficiency of membranebased enthalpy exchangers. As heating, ventilation and air conditioning contributes significantly to the world energy consumption, any improvement of process efficiency helps to
improve sustainability standards.

In addition to experimental investigations, heat and mass transfer was modeled using Aspen
Custom Modelerr . For simplicity reasons, the cross-counterflow geometry was substituted
by single cross- and counter-flow devices. This enabled a discretization with finite differences.
Results of the prototype tests were applied to validate the model equations. Experimental
heat transfer agreed almost perfect with simulation data. After fitting the membrane
permeance and appropriate spacer correlations, a sensitivity analysis was performed. By
systematically varying permeance and spacer characteristics, the optimization potential of
membrane spacers in terms of mass transport was quantified. In empty channel configuration
the membrane, i.e. the combination of selective layer and support, limited transport up to
permeances of 30,000 GPU. This value shifted to 55,000 GPU as commercial nettings were
applied to shorten the free length of path.
At the end of the thesis, a case study was performed to estimate the annuals saving provoked
by membrane spacers. It was assumed that efficiency improve according to the prototype
tests. The study was based on climate data of two different locations, Aachen (Germany)
and Calgary (Canada). The results proved that nowadays spacers have the potential to
make ventilation processes more economic. However, the actual benefits depend to a
large extend on climate conditions, energy prices and the humidification technology used.
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In order to identify mass transport limitations, optimization procedure within this study
followed a multi-stage approach. At first water vapor permeance of different materials was
investigates under ideal boundary conditions (single-gas, no boundary layers). The results
revealed a significant impact of vapor activity on permeance. While previous studies focused
on feed activity only, this work proved and quantified the impact of permeate activity as
well. Materials were classified in three groups according to their change in permeance.
Values either increased with an increase in activity, kept constant or decreased with an
increase in permeate activity (not dependent on feed activity). Subsequent to these initial
experiments, mixed-gas test were performed to investigate overall transport resistance. With
knowledge of single-gas permeances, it was possible to calculate contributions of boundary
layer, selective layer and membrane support. Depending on the material of the selective
layer, both boundary layer and membrane support turned out to have a reasonable impact
on overall mass transport. Even though these experiments already proved the benefit of
membrane spacers, the data obtained could not be directly used for exchanger optimization.
The reason is that Sh-correlations differ for mass transport through a single wall or two walls
opposing each other. In addition experiments were performed under isothermal conditions,
i.e. heat transfer was neglected. Thus, similar experiments were repeated with module
prototypes. By comparing heat and mass transfer of different configurations, some of which
comprising spacers others not, it was possible to visualize the impact of membrane spacers
under realistic process conditions. While the change of heat recovery depended on the
material, moisture recovery was improved by an almost constant value.

Chapter 7

Apparently, the highest benefit can be obtained if both convective transfer coefficients and
membrane permeance are being improved (combination of ideal spacer and high permeances
in Figs. 5.16-5.17). If the spacer impact is limited (Q<10,000 GPU), it will be more beneficial
to focus on pressure loss reduction instead of tuning convective transfer coefficients. This
helps to improve indoor comfort by dampening vibrations and reducing noise.

7.2

Reflections

The optimization of membrane-based enthalpy exchangers turned out to be more sophisticated than expected. Some of the reasons are summarized in the following:
At T=35 ℃ a deviation of ΔT=1 ℃ already causes an error of 5 % in terms of vapor
saturation pressure. Thus, constant vapor conditions are hard to obtain. Especially at
humidities above φ=80 %, the risk of condensation increases drastically. Only if the entire
experimental setup is temperature controlled, errors in moisture content can be minimized.
Another challenge beside temperature control is the steady dosage of small amounts of water.
Evaporative systems tend to pulsate under these conditions. Problems related to water
vapor analytics have been extensively discussed in Chapter 3. Polymeric sensors, regularly
calibrated with dew point mirrors, still suffer from reasonable errors. This can significantly
change experimental results, since the measurements react very sensitive, even to small
deviations in moisture content.
Initially, results of the mixed-gas experiments described in Chapter 3 should be used to
derive Sh-correlations. The intention was to apply such correlations to the mathematical
model of Chapter 5. However Sh-correlations (as well as Nu-correlations) change with
the duct geometry, the fluid properties, the fluid dynamics and the boundary conditions
(transfer through one or two walls). While correlations describing turbulent flow along a
plate or through a circular pipe are rather comprehensible, things will become more complex
if laminar flow in the entry region of a rectangular duct will considered. All in all, it was
not possible to fit the data of the mixed-gas experiments to a simple correlation.

7

Both the simulation and the case study did not provide a general answer, whether spacer
application is beneficial or not. As figured out, results depend on various parameters like
energy prices, climate conditions and humidification technology. Thus, each scenario needs
to be evaluated individually. In addition, it remains uncertain whether spacers can be
implemented in existing productions processes and how this might change manufacturing
costs.

7.3

Outlook

The investigations within this study not only reveal the optimization potential of membranebased enthalpy exchangers, but encourage future research. In Chapter 2 and Chapter 3 the
membrane support was identified to alter transport properties. Thus, it would be interesting
to see, whether mass transfer can be tuned by systematically varying the substrate or
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the desiccant load within this substrate. A second topic for upcoming research could the
design of membrane spacers, since process efficiency would not only be enhanced by higher
transfer coefficients but also by lower pressure losses. Finally, the enthalpy exchanger model
presented in Chapter 5 should be implemented in a detailed process simulation tool. Hereby,
it would be possible to perform an economic analysis for different locations, considering
varying energy prices and outer climate conditions. In addition to enthalpy exchanger
related research, it is worth to think about other technologies, which potentially profit from
the findings of this study. Over the last decades a broad spectrum of applications, related
to water vapor transport through polymeric membranes has been commercialized. The
most relevant technologies have been functional clothings [111], water management of fuel
cells [112] and the (de)hydration of natural gas [26], flue gas [113] as well as compressed
air [78].
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