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Abstract

The world is facing climate changes that will have great influence on the ecosystem if
changes are not being made. The building sector accounts for a great share of the total
energy use in Norway and has therefore the possibility of being significantly reduced.
An effect of this is shown in the building regulations where the requirements are getting
stricter. The requirements for the ventilation system are also getting more rigorous, and
therefore the choices concerning the components selected in the AHU must be deliberately
selected.

Compared to a conventional heat exchanger, a quasi-counter membrane energy exchanger
can recover sensible and latent heat, whereas the efficiencies have been proven to be suf-
ficient in cold climates. Beneficially, the MEE obtains freezing problems occurring at
a lower temperature. To keep the membrane from moving, spacers are inserted into the
channels, which will be retaining the channel height. However, the pressure drops for a
MEE increases compare to a flat plate heat exchanger due to the use of spacers. Therefore,
the present thesis executed a theoretical and experimental pressure drop investigation for
the MEE and the spacers. The pressure drop was measured under isothermal conditions,
whereas the heat and moisture transfer were neglected.

According to the evaluated spacers, six different spacers were inserted into a test rig, were
the pressure drop was measured for different airflow rates. The experimental investigation
included different dimensions of the mesh screens as well as varying corrugation pitches.

The results gave that the corrugation pitch of the spacers had little influence on the poros-
ity, whereas the mesh dimensions seemed to affect the most. In addition, both corrugation
pitch and porosity influenced the pressure drop. Yet, the dominating contributor ensuring
the lowest pressure drop could not be obtained by the study conducted in this thesis. Fur-
ther, the experimental pressure drops results showed great promises for the tested spacers.
The most promising spacer obtained the lowest pressure drop of 52 Pa when the average
velocity was 1 m/s through the counter flow area. In addition, the most promising spacer
was also the most porous tested spacer.

According to other studies, the spacers showed great potential of reducing the pressure
drop through spacer-filled channels. The airflow rates selected for evaluation were based
on the lower pressure drop this would enhance. To obtain larger velocities inside the chan-
nels, experimental testing must be conducted for the respective airflow rates. However,
the pressure drop seems to still enhance low pressure drops compared to other studies.
Different geometries of the spacers were conducted, but the ability to keep the membrane
steady and from deflection could not be obtained be the executed investigations.

When the pressure drop for the MEEs are being reduced to the approximate same values
as for heat exchangers utilized in residential buildings and the efficiency has been proven
to be significant in cold climates, the MEE has a great potential for substituting the con-
ventional flat plate heat exchanger in AHUs.
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Sammendrag

Verden står overfor klimaendringer som vil ha stor innflytelse på økosystemet dersom ikke
drastiske endringer blir gjort. Byggesektoren står for en stor andel av det totale energifor-
bruket i Norge og har derfor potensial for å bli betydelig redusert. Et resultat av dette er gitt
i bygningsreglene hvor kravene blir strengere. Kravene til ventilasjonssystemet blir også
strengere, og derfor må valgene som tas angående hvilke komponenter som skal benyttes
i aggregatet gjøres med forsiktighet.

Sammenlignet med en konvensjonell varmeveksler kan en MEE gjenvinne både følbar og
latent varme i tillegg til at effektiviteten viste seg å være tilstrekkelig i kaldt klima i labo-
ratoriet ved NTNU. Fordelaktig med MEE er at fryseproblemer oppstår ved en lavere tem-
peratur. For å holde membranen stabil ble spacers satt inne i kanalene for å opprettholde
kanalhøyden. Derimot var trykkfallet for MEE tilsynelatende for høyt til å kunne bli in-
stallert i et ventilasjonsaggregat. Det er grunnlaget til at denne oppgaven utførte trykkfalls-
beregninger samt laboratoriske forsøk for trykktapet for MEE og spacerne. Trykktapet var
målt under isotermiske forhold, mens varme- og fuktgjennomgang ble neglisjert.

I henhold til de evaluerte spacerne, ble seks forskjellige spacere satt inn i en testrigg, hvor
trykkfallet ble målt for forskjellige luftstrømninger. Den eksperimentelle undersøkelsen
inneholdt forskjellige dimensjoner av nettingene, i tillegg til varierende korrugeringsavs-
tander.

Resultatene ga at korrugeringsavstandene til spacerne hadde liten innflytelse på porøsiteten,
mens nettingsdimensjonene virket å ha mest påvirke. I tillegg, begge korrugeringsavs-
tandene og porøsiteten påvirket trykktapet. Likevel kunne ikke den dominerende bidrags-
yteren som sikret det laveste trykkfallet oppnås ved resultatene som ble funnet i denne
oppgaven. De eksperimentelle trykkfallene viste seg å være lovende for de testede spac-
erne. Den mest lovende spaceren oppnådde det laveste trykktapet på 52 Pa når gjen-
nomsnittshastigheten var 1 m/s gjennom motstrømningsområdet. Dette var også den mest
porøse spaceren.

I følge andre studier viste spacerne et stort potensial for å redusere trykkfallet gjennom
spacer-fylte kanaler. Luftstrømningene ble valgt på grunn av det lavere trykkfallet dette
ville gi. For å oppnå større hastigheter inne i kanalene, må eksperimentell testing utføres
for de respektive luftstrømmene. Imidlertid ser det ut som trykktapet fortsatt vil være lavt
sammenlignet med andre studier. Forskjellige geometrier av spacerne ble evaluert, men
dens evne til å holde membranen stabil og fra å bøye seg kunne ikke stadfestes ved de
utførte målingene.

Når trykkfallet for MEE har blitt betydelig redusert til liknende verdier i varmevekslere
som er benyttet i boliger, og effektiviteten har vist seg å være signifikant i kaldt klima, har
MEE et stort potensial for å erstatte den konvensjonelle plate varmeveksleren i ventilasjons
aggregater.
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Chapter 1
Introduction

This chapter states the background for the thesis and explains the concept of the membrane
energy exchanger. The next sections are continuous work from the project work done by
the author during fall semester 2017 [1]. Further, the objectives, assumptions and method
conducted for the present thesis will be given.

1.1 Background

The climate changes that are occurring is predicted to be human made as well as having
irreversible impacts on the ecosystem if the emissions of the greenhouse gasses are not
drastically reduced [2]. Accordingly, the building sector has been reducing the climate
footprint by implementing stricter regulations which has led to decrease in energy usage
in buildings. However, the building sector in Norway stands for approximately 40 % of
the total energy use [3] and has a great potential for being further reduced.

The technical regulation for buildings in Norway, hereby referred to as TEK, has become
more rigorous over the years. It is therefore important to choose energy efficient technical
equipment as well as high performance building body. Further, the latest building regu-
lation, TEK 17, has strict requirements for the ventilation system. The heat recovery has
to be of minimum 80 % efficiency while the specific fan power (SFP) cannot exceed 1.5
kW/m3/h [4]. Given these values, the regulation demands higher quality and performance
of the air handling unit (AHU). Thus, the components in the AHU should not contribute
to a higher pressure losses to ensure sufficient performance when the increase introduce a
larger fan power need.

1



Chapter 1. Introduction

It is a known problem that during cold winters the indoor air can feel dry and increase
the unsatisfied share of the occupants. Dry air can increase irritation of the eyes and upper
airways. Therefore, the optimal indoor relative humidity (RH) is determined to be between
25 ∼ 40 % RH during the winter. [5] However, indoor dissatisfaction can come from
dry indoor air which is stated to be influenced by indoor air pollutant rather than the air
humidity [6]. Wolkoff and Kjærgaard [7] concluded that the mentioned statement above
of indoor pollutants being the reason for dry air and poor indoor air quality (IAQ) rather
than RH should be reconsidered. This was due to the complexity of influences by RH
combined with pollutants like ozone and VOCs that have been lacking research. Further
research on the field was not possible to allocate.

To assure good indoor environment for occupants, ventilation plays a key role. It is there-
fore important to choose components for the AHU that is appropriate for the local outdoor
conditions as well as the type of building. Further, to establish good IAQ and given the pre-
diction of stricter requirements for the energy efficiency according to the heat exchangers,
the solution might be a novel heat/energy exchanger.

A commonly used heat exchanger is the flat plate heat exchanger. Beneficially, it does not
transfer pollutants from the exhaust air to the fresh inlet air, being a recuperative heat ex-
changer. Additionally, the exchanger consists of non-moving parts and has therefore been
considered to be durable. Although, the heat recovery efficiency is relatively low com-
pared to the regulation requirement and the exchanger has freezing problems. Freezing
occurs when the hot and humid air in the exhaust duct reaches the dew point temperature
and the water vapor condensate. When the outdoor temperature is low enough, the con-
densed water will freeze. That is an unwanted occurrence and a common practice today
is to use freeze protection methods in AHUs. These methods increase the energy use and
additionally lower the overall efficiency for the heat exchanger. [3, 8]

Further, the conventional flat plate heat exchanger can be converted to an energy exchanger
which recovers moisture and heat through layers of membrane sheets. In addition, the
efficiencies have been proven to be sufficient. [9] Due to the favourable efficiencies and
other benefits that will be described in the next section, the energy exchangers could be
replacing the conventional heat exchangers that are utilized today. Respectively, that is
why this thesis will be focusing on this type of exchanger.

2



1.2 Membrane Energy Exchanger

1.2 Membrane Energy Exchanger

Even though the membrane energy exchangers (MEE) can be a new subject for many, T.
Osamu [10] first introduced the concept in 1969 when he changed the surface of a flat plate
heat exchanger with a water-permeable paper sheets. Later, polymer membranes replaced
the paper sheets due to having a dense pore structure, being more durable and easier to
install [11]. Thus, the membrane was more reliable for ventilation purposes.

A MEE is one type of energy recovery ventilator (ERV) that exchanges both latent (mois-
ture) and sensible (heat) heat [9]. The energy transfer is occurring due to difference in
temperature and moisture of the supply and exhaust air which are located on opposite
sides of the membrane. Appropriately to the disparity in temperature, the sensible heat is
transferred by convection when the heat conduction is negligible due to the small thickness
of the membrane. [12] Further, the transfer of moisture, or latent heat, is a result of diffu-
sion of water vapour through the pores in the membrane [13]. According to J. Woods [13],
the amount of water vapor will depend on the pore structure and thereby the permeation
rate.

According to several studies, the MEE provides great sensible and latent effectiveness
which can be greater than other conventional heat exchangers. Thus, the MEE provides
energy saving potential that will result in less need of additional energy for heating or
cooling dependent on the purpose of the device. Accordingly, the IAQ can be improved
due to moisture recovery that will benefit the exchanger for being further installed into
AHUs. [9, 13–15]

The exchanger can be conducted in different shapes which will influence the efficiencies.
A cross flow exchanger is assembled in a manner that the airflows are crossing each other
in the different air channels. This design makes it easier to place the exchanger in an AHU
when the inlet and outlet for the different flows are located at different sides of the ex-
changer. However, the efficiency is not as good as for a counter flow exchanger. [13] The
counter flow exchanger has the two airflows flowing in opposite directions. Despite the
satisfying effectiveness, the construction of the exchanger in an AHU would not be bene-
ficial due to the location of flows and would therefore be hard to implement [16]. Thus, a
quasi-counter exchanger utilizing both cross and counter flow arrangement obtaining good
efficiencies and will further be evaluated in this project.

Further, L. Z. Zhang [9] conducted a simulation study to investigate the quasi-counter ar-
rangement. The conclusion stated that the counter flow area should be the dominating area
in the exchanger and reduce the cross flow area. However, regarding the cross flow area,
the arrangements are necessary when connecting the ductwork to the exchanger. There-
fore, the connections between the exchanger and duct should be thoroughly designed. The
working principle of the quasi-counter exchanger is shown in figure 1.1.

3



Chapter 1. Introduction

Figure 1.1: The working principle of the Quasi-counter exchanger

As shown in figure 1.1, the supply air enters the cross flow area and continues through
the counter flow part before leaving the exchanger through the last cross flow area, as the
solid lines indicate. The exhaust air is given by the dotted lines and follows the same
flow pattern as the supply air, although in separate channels located above and below the
viewed channel for supply air.

The MEE uses sheets of membrane to keep the fresh outdoor air separated from the pol-
luted exhaust air. The membrane is usually divided into two categories, dense and porous,
which depends on the pore structure. The pores vary from the order of 1 nm to 1 µm re-
spectively for the two categories. These categories utilize different mechanisms to diffuse
water vapor through the membrane. Further, the most commonly used membrane in ERVs
has dense pore structure due to the strong affinity to water. [13]

However, to ensure good IAQ the membrane must be permeable to water vapour rather
than other pollutants excising in the air. That will reduce the risk of pollutant transferring
between the airflows. [13] Despite the studies [17, 18] showing an adequate selectivity
of water vapor, it should not be excluded that pollutants can transfer between the airflows
according to J. Woods [13]. The pollutant transfer should therefore be evaluated in an
actual ventilation system to ensure proper IAQ yet the chances are marginal.

Supplementary, the quasi-counter arrangement consists of two cross flow areas. The geom-
etry of these two parts will be identical, but with mirrored orientation. When investigating
the areas, the structure can be considered as a rhombus or a square, dependent on the angle.
Figure 1.2 shows the cross flow area considered as a square in the thesis due to the angle,
θ, of 45 °. For all other angles, the geometry would be a rhombus.

Figure 1.2: The cross flow structure as considered in this thesis
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1.2 Membrane Energy Exchanger

The flat plate quasi-counter energy exchanger is conducted by channels located above each
other where the airflows are separated by membrane sheets, as stated. Figure 1.3 shows
how the stacked channels are located at the inlet/outlet of the exchanger (at the cross area).
As the figure shows, when air enters at one channel stack, there is no air leaving at the
same side of the stack. The white channel represents an opening for either entering or
exiting airflows and the grey area is the representative channel wall.

Figure 1.3: Empty channels stacked on top of each other at a cross flow edge

Moreover, the research that has previously been conducted on the topic of MEE has mostly
been considered for warmer climates, where the membrane dehumidifies and cools the
supply air. When a MEE has been used for air conditioning, the latent and moisture effi-
ciencies have been proven to be significant. [15, 19] Accordingly, the total efficiency for a
MEE compared to conventional heat exchanger utilized for air-conditioning purposes were
great. However, the total efficiency had a smaller increase when the MEE was used for
heating purposes. [13] Although, the study did not consider the effect of condensation in
the exhaust air duct for low outdoor temperatures. This could benefit the overall efficiency
for the MEE compared to heat recovery ventilators (HRV) if freezing would occur, which
is given below.

The research on the MEE for cold climates is limited. Although, for the research [20] that
has been studying the effectiveness in cold climates gives great promise for the exchanger.
When both heat and moisture are being recovered, the freezing point in the exchanger is
being reduced to a lower temperature. This is due to the reduced humidity in the exhaust air
making it more adaptable for cold climates. Thus, the energy savings can be of significance
since the reduced use of frost protection in a ventilation system. The energy required
for heating will also be diminished when the thermal efficiency could be better than for
conventional heat exchanger.

Despite the promising effectiveness of the MEE, the study conducted by P. Liu [21] test-
ing the MEE in cold climate obtained a large pressure drop that is undesirable for future
exchangers in Norwegian ventilation systems. The MEE needs spacers to keep the mem-
brane sheets apart, due to deflection when becoming wet, which will introduce an increase
in the pressure drop. Thus, the spacers have great potential for improving the design to
reduce the pressure drop.
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Chapter 1. Introduction

1.3 Objective

As stated above, the MEE has shown great potential to achieve considerable effectiveness
for sensible and latent heat. However, due to strict requirements for AHU components
in TEK, the pressure drop according to the MEE is in the interest of being reduced. The
spacers and membrane in the MEE can impose a great pressure drop and will therefore
being evaluated in this thesis.

The present thesis will study the pressure drop according to exchanger casing and spacers
and their ability to keep the membrane steady by theoretical calculations and experimental
investigations. Further, the objectives in this thesis which will be evaluated, are stated
below.

• Sketch and construct the exchanger casing in a manner where spacers easily can be
experimentally tested and substituted. The exchanger casing should also contribute
to the lowest possible pressure drop.

• Determine spacer geometries and size of corrugation pitches based on theoretical
calculations and the construction ability. Thus, moulds according to the decisions
have to be created in accordance to the chosen mesh screen to achieve the desired
results.

• Build the test rig and construct the different spacers that will undergo experimental
testing. Evaluate the different spacers based on the pressure drop and ability to keep
the membrane steady at different airflow rates.
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1.4 Assumptions

1.4 Assumptions

Assumptions that have been made in the pressure drop calculations and the experimental
testing are stated below. The assumptions are made on the basis of making minor mistakes
while doing the theoretical calculations and accordingly the experimental testing.

According to the calculations, the flow will be handled as laminar flow in steady state
condition. The properties of the flow are set to be steady, when in reality it would be
changing according to outdoor conditions. Another assumption is that the spacers are
considered to have no thickness, whereas this would complicate the calculations. Also,
in the calculations, the spacer shape in the cross flow area is assumed to be following
the shape of the channel, hence changing directions through the exchanger. This was not
conducted for the experimental testing, but was applied to simplify the calculations.

The concern for the membrane to still deflect even though a spacer is applied is not in-
cluded in the calculations. The flexibility of the membrane could contribute to further
blockage of the air through the channel and increase the pressure drop. Although, the ef-
fect was not considered in the calculations. The effect would have had to be evaluate by
simulation models.

According the calculation of the porosity, the woven mesh was assumed to be flat. How-
ever, at the crossings, the wire would double. It is assumed that this fraction is the same for
all corrugation meshes and would not affect the difference in porosity amongst the inves-
tigated mesh screens. Further, the calculations were conducted for solid surface spacers,
whereas the experimental spacers were made of mesh screens. Due to complicated calcula-
tions for the mesh screen, it was excluded from the evaluation. The theoretical calculations
were foremost used for interpretation of the pressure drop reduction according to different
geometries and corrugation pitches and was therefore assumed to be appropriate.

For the experimental investigation, it has been assumed that only the statical pressure was
measured at the pressure taps. During measurements, the exchanger was standing, and the
pressure taps would be located at different elevations. However, the difference in heights
regarding the respective taps were about 125 mm and the hydrostatic pressure drop was
therefore neglected. It has also been assumed that the dynamic pressure did not influence
the pressure measurements but was investigated to ensure results.
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Chapter 1. Introduction

1.5 Method

This chapter states the methodology that has been used to evaluate the pressure drop oc-
curring due to the different designs of the spacers. The exchanger that was studied was a
quasi-counter membrane energy exchanger where the flow was laminar and in steady state
conditions.

The thesis is a continuous work accomplished by the author where the main focus was
to calculate the pressure drop in a MEE with and without corrugated spacers [1]. Differ-
ent geometric shapes and corrugation pitches of the spacers were investigated. Also, a
sensitivity analysis was conducted to evaluate how the pressure drop was affected when
varying counter width and length, channel height, number of periods for the spacers and
lastly the airflow rate. The results made the basis for selections of the spacers that have
been investigated in this thesis.

To further understand the topic of the MEE, available literature was investigated to get
a better understanding of the field and the research done before. To find appropriate in-
formation, different web-based database such as Knovel, ScienceDirect, Researchgate and
Google Scholar were much used as well as relevant textbooks.

In accordance with the supervisors and laboratory staff, sketches of the exchanger and
moulds to create the spacers were created before being constructed in the laboratory. The
exchanger casing and moulds were drawn in AutoCADs Inventor by the laboratory staff
and was carved out by a CNC milling machine at NTNU. A hazard activity identification
process sheet were created to clarify hazardous activities and measures to avoid them,
which can be found in Appendix A. The previous developed calculation setup for pressure
drop [1] was improved and modified to fit the current case. Microsoft Excel was mainly
used due to the ease of making changes to the calculations, whereas MATLAB was only
used for calculation of the sinusoidal cross-sectional area.

When the exchanger and spacers were constructed, the test rig was assembled. An ex-
tensive research for the statical pressure was conducted according to multiple taps located
perpendicular to the exchanger walls. Further, the pressure drops regarding the channels
and average pressure drop for the exchanger could be evaluated.

A comparison of the constructed spacers was executed to be able to evaluate the perfor-
mance of the different spacers. Accordingly, the experimental results regarding the spacers
were compared to literature stated in the section 2.
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Chapter 2
Literature study

To get a better understanding of the correlation between the MEE and pressure drop, pre-
vious work of the field has been studied and stated below. It is also trivial to consider the
relation between the pressure drop and effectiveness when designing an exchanger, since
decisions can not be made on the basis on only one of them. The literary study is a contin-
uous work from the project work done by the author during fall semester 2017 [1], with
more depth on representative pressure drop.

As previously mentioned, the quasi-counter MEE has achieved good efficiencies for both
latent and sensible heat including the MEE conducted by P. Liu [20]. P. Liu stated that
the exchanger arrangement could be an ideal alternative compared to the cross flow heat
exchangers that have been widely used for conventional HRV, also in cold climates. Yet,
he attained a large pressure drop through the spacer-filled channels. Thus, the pressure
drop was in interest of being reduced while maintaining the satisfying effectiveness.

2.1 Pressure drop and effectiveness according to the ex-
changer structure

There are different parameters influencing the pressure drop in a quasi-counter exchanger,
and firstly the exchanger structure will be considered. The dimensions of the exchanger
arrangement will affect both the effectiveness and pressure loss. A common knowledge is
that there might be a trade-off when choosing good effectiveness which will induce a large
pressure drop as well. Previous studies encountering this topic for the relevant exchanger
arrangement are given below.
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Chapter 2. Literature study

V. Dvořák and T. Vít [22] conducted a numerical study where the thermal effectiveness
and pressure drop were evaluated for different dimensions of a quasi-counter flat plate heat
exchanger. In the study, the exchanger’s total length and the volume was kept constant,
whereas a combination of four different exchanger widths and heights were evaluated.
The results were summarized in graphs which are given in figure 2.1. In the figure, the
evaluated arrangements are given to the left and the pressure drop and effectiveness for the
specific arrangements are located to the right respectively.

Considering the graph regarding the pressure drop in figure 2.1, the counter flow arrange-
ment that is wider than longer (grey line - 0.4 x 0.15) gives the lowest drop. Accordingly,
this arrangement gives the lowest effectiveness. The opposite goes for the arrangements
that have a counter flow area that are longer and thinner. When the arrangement has the
longest counter flow area the pressure drop is fairly reduced (blue line - 0.15 x 0.4) while
maintaining the highest effectiveness compared to the second longest arrangement (orange
line - 0.2 x 0.3) that obtained a larger pressure drop. [22]

Figure 2.1: Design of quasi-counter flat plate heat exchanger; (a) pressure drop and (b) effectiveness
as a function of flow rate (reprinted with permission [22])

Moreover, the flow attack angle, describing the angle of the air entering the exchanger
channels, affects the effectiveness and pressure loss. R. Al-Waked et al. [23] created
a CFD-simulation that evaluated the latent and sensible effectiveness and accordingly the
pressure drop when supply and exhaust air entered the cross flow area in various directions.
The result gave the greatest sensible and latent effectiveness when the entering air encoun-
tered the cross-sectional area perpendicular. Concerning the pressure drop, the same attack
angle did not however, encourage the lowest loss. To ensure the lowest pressure drop, the
airflows would enter the exchanger so that no directional flow changes would occur inside
the exchanger. Although, the situation was clearly not favourable for the effectiveness.
Lastly, the air could enter at a 45 ° angle to the inlet area which did not introduced the
largest pressure drop nor effectiveness. Therefore, the study concluded that the perpendic-
ular inlet flow would be the most suitable solution to achieve the best airflow performance.
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2.2 Pressure drop caused by polymer membrane

Woods and Kozubal [24] conducted a study where they investigated different types of
spacers, and the respective efficiencies and friction factors. They also evaluated the friction
according to the laminar flow for the empty channel. The results gave an experimental
friction factor for the open channel that was in the range of 1-8% higher than the laminar
theory. For larger Reynolds numbers the experimental friction factor was increasingly
differentiated from the theory. They stated that it occurred due to the irregularities in the
surface when larger Re is gradually being more dependent on the surface roughness.

2.2 Pressure drop caused by polymer membrane

The difference between the flat plate heat exchanger and energy exchanger, is the sheets
of membrane that separates the airflows which introduces moisture transfer as well as
heat. However, the membrane itself can impose an additional pressure drop. The polymer
sheets are elastic and can deflect due to differential air pressure across the membrane and
pre-slacking during manufacturing of the exchanger. [13] M. D. Larson et al. [25] con-
ducted a research on how the pressure drop was affected by pre-stressed membranes with
channel support such as spacers. They concluded that air-to-air exchangers should not be
manufactured with slack membranes due to the contribution of a large air flow resistance
when deflecting. Even though the membrane would be pre-tightened, a good structural
scheme may be required to avoid further deflection and to retain a uniform channel height.

Further, Larson et al. [25] evaluated the membrane deflections into the air channels. The
mass flow rate over the channels were assumed to be identical. Further, the flow chan-
nels achieving the positive pressure, the membrane would deflect out outwards, whereas
the negative pressure flow channel would have the membrane deflection into the chan-
nel. Thus, when the membrane was not pre-stressed, the negative pressure channel would
obtain larger pressure drop than the positive channel.

Another study conducted by Y. Lu et al. [26] replaced the fixed plates in a cross flow HRV
with plastic film. The film did not introduce moisture recovering, but induced vibration
on the film by the airflow which enhanced a good latent efficiency. However, the film
vibration would change the channel height which would introduce a larger flow resistance.
By the use of thin films, the intensity of the film vibration increased compared to thicker
films for the same airflow rate, which resulted in larger channel deformation.
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Chapter 2. Literature study

2.3 Evaluation of previous tested spacers

As well as the exchanger arrangements affects the pressure drop and effectiveness, the
spacer will also have a great influence on both areas. As mentioned, J. Woods and E.
Kozubal [24] conducted a study for laminar flow testing different types of spacers. The
shapes of the different corrugated spacers were solid triangle spacer and two porous sinu-
soidal spacers. The investigated spacers are shown in figure 2.2. Their experimental testing
gave that the solid triangle spacer (a) reduced the heat transfer if the material was of low
conductivity and regardless conductivity mass transfer would be reduced. Importantly, the
pressure drop was greatly increased compared to an empty channel.

Further, the study stated that the mesh spacers (b and c) gave better heat efficiencies and a
fairly increase in mass transfer efficiencies. The pressure drop was moderately increased
compared to channels with no spacers. For one of the mesh spacers (c), the orientation
of the air flowing through the spacer, previously given as the attack angle, varied between
0 °, 45 ° and 90 °. The flow orientation for 0 ° gave the lowest friction factor compared to
orientations of 45 ° and 90 °. Overall, when considering both pressure drop and effective-
ness, mesh spacers imposed the greatest abilities. The porosities obtained for the spacers
were given to be 0.89, 0.95 and 0.98 according to spacer a, b and c respectively.

Figure 2.2: Spacer geometries investigated in Woods and Kozubal’s [24] study (reprinted with
permission [24])

Continuously, the experimental friction factor considering all of the mesh spacers obtained
by Woods and Kozubal [24] deviated from the theory for Re larger than 500. The authors
stated it was likely caused by the flow entering the transitioned regime of unsteady flow
due to a filament-based Reynolds number, Ref. Thus, the flow was likely affected by
the presence of the filament walls. Further, the experience of the steady flow becoming
unsteady when the flow rate increases, have been observed by other researchers for liquid
flows. For a laminar liquid flow in a channel, an obstacle can construct a local transition to
the turbulent regime, commonly by vortices being created behind the obstacle. However,
this depends on the shape of the obstacle, height of the channel and the properties of the
flow whether turbulence will occur. [27]
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2.3 Evaluation of previous tested spacers

There have been done a larger research on membrane-based channels for liquid flows, such
as water desalination, water reclamation and product treatment, concerning the pressure
drop due to spacers. Commonly used spacers are flat mesh spacers filling the height of
the channel or a zigzag spacer which is more like the once relevant for the present thesis.
The spacers are mainly inserted to keep the membrane apart but are also used to introduce
mixing of the flow. In addition, the zigzag spacer did not introduce the lowest pressure
drop. The zigzag pattern was located transverse to the flow direction, meaning the flow
had to undergo directional changes creating a larger pressure drop. However, that is a
wanted scenario for these research papers. [28–34] Further, some of the studies [28–31]
concluded that the filament diameter and the angle between the filament greatly affected
the pressure drop.

Santos et al. [35] conducted experimental and numerical testing of 12 different flow-
aligned (not corrugated) spacers. They observed the transition from laminar to turbulent
flow, dependent on the spacers, for increasing Re. The filament was investigated, and
they saw that the different directions (transverse and longitudinal) had different impacts
on the pressure drop. The transverse filaments were the contribution factor according to
the friction creating form drag. The longitudinal filaments were shown to less effected on
the pressure drop, contributing with viscous drag on the surface. They also stated that the
friction factor would increase by the increase of transverse filaments per unit length.

As mentioned above, the spacers have been introduced as flow mixers for liquid flows.
However, this can also be the case for air-to-air heat exchangers. In an experimental
study done by G. I. Mahmood et al. [36], the pressure drop and heat transfer were in-
vestigated over varying Reynolds numbers in a cross flow heat exchanger. The Reynolds
numbers were chosen in the range of the transition regime. They inserted a sinusoidal
porous screen into a rectangular channel to introduce better mixing of the flow and tem-
perature. The results showed that the heat transfer increased according to the Reynolds
number but accordingly did the pressure drop. When the Reynolds number were in the
upper region of transition regime, the friction factor reduced due to more turbulent flow.

Further, it seems like little research of the porosity according to the spacers affecting the
pressure drops are minimal concerning the MEE and also for liquid-based equipment. Sid-
diqui et al. [37] conducted a numerical experiment testing various porosity measurement
methods for different feed spacers for a spiral-wound membrane system. The porosity
among other factors differed for the different spacers. They concluded that pressure drop
was super linearly dependent on the porosity. Thus, the pressure drop could be reduced
significantly when the porosity of the spacer would be increased.
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2.4 Pressure drops regarding other exchangers

Pressure drops according to other relevant studies have been examined to be able to eval-
uate the results conducted in this thesis. Accordingly, it is interesting to evaluate what
commercial flat plate heat exchangers obtain of pressure drop.

Flat plate heat exchangers have utilized for a long time and for fixed plate exchangers
the minimum pressure drop was given to be 100 Pa. In this case, the pressure drop was
not differentiated between counter- and cross flow arrangements. [38] However, the study
conducted by Y. Lu et al. [26] which was stated earlier, conducted an experiment where
they replaced fixed plates in a cross flow HRV with plastic film. The exchanger achieved a
pressure drop as low as maximum 20 Pa for the tested airflow rates. The average velocity
was calculated to be 1 m/s according to the stated values, which gave the pressure drop
of between 4.5 to 6 Pa regarding the different film thicknesses. Additionally, they did not
insert any structural support into the channels.

Regarding the pressure drop range for an energy exchanger have been found to be between
100 and 500 Pa [38]. It is said that if the pressure drop for an exchanger would exceed
350 Pa is it unlikely to be installed in an AHU due to the increased need of fan power
[13]. Danfoss [39] has obtained their reference pressure difference to be of 50 Pa through
the AHU. They have incorporated a flat plate heat exchanger with the quasi-counter ar-
rangement, whereas the pressure drop over the exchanger will be somewhat smaller than
50 Pa.

A previous stated research was conducted at NTNU, whereas P. Liu [40] encountered a
significant large pressure drop when conducting experiments of a quasi-counter exchanger.
According to his study he obtained a pressure drop of 524 Pa when the average velocity in
counter flow part obtained a value of 1.56 m/s.

According to the literature research stated above, when selecting a spacer and the ex-
changer structure for the MEE, it will have a significant impact of the latent and sensible
effectiveness and as importantly the pressure drop. Accordingly, the spacer and structure
must carefully be decided not to greatly increase the pressure drop making the MEE not
applicable for the market.
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Chapter 3
Theory

In this chapter, theoretical relations relevant to the MEE are given. That includes the
relations for internal flows and the pressure drop. Required definitions and equations are
given to be able to complete theoretical and experimental pressure drop evaluations. This
chapter is also a continues work conducted by the author during the fall semester [1].

The spacer geometries that were evaluated in the present thesis were sinusoidal and rect-
angular geometry, where relevant equations according to the pressure drop calculations
amongst others are stated below. The rectangle represents a ramp like geometry but will
be further explained in section 4.1.1.

3.1 Internal flow

When considering a membrane energy exchanger, the airflows will be considered as inter-
nal flows due to flowing through channels. For the particular case, the channels consist of
flat plates stacked on top of each other.

3.1.1 Hydraulic diameter

For non-circular pipes or channels, the dimension of hydraulic diameter is commonly used
when considering dimensionless quantities. The hydraulic diameter is reduced to the cir-
cular pipe diameter, making the value comparable for different geometries. The definition
of the hydraulic diameter, Dh is given in equation 3.1. As the equation states, it is depen-
dent on the wetted cross-sectional area and perimeter which makes it reliant on the amount
for fluid inside the channel or pipe. [41]
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Chapter 3. Theory

Dh ≡
4× Wetted cross sectional area

Wetted perimeter
=

4Ac

p
(3.1)

The hydraulic diameters that are applied in the present thesis are given for the empty
channel in equation 3.2 [41], whereas rectangular- and sinusoidal spacers are stated in
equation 3.3 and 3.4 respectively [42].

DhChannel =
2WH

W +H
(3.2)

Dh,Rectangle =
4b

1 + α∗
(3.3)

Dh, Sinusoidal =(1.0542− 0.4670α∗ − 0.1180α∗2

+ 0.1794α∗3 − 0.0436α∗4)2aα∗
(3.4)

The relation of the height, 2b, and the width of the corrugated pitch, 2a, is represented by
the ratio of α∗ given in equation 3.5.

α∗ =
2b

2a
(3.5)

For calculating the hydraulic diameter for the rectangular- and sinusoidal geometry, equa-
tion 3.3 and 3.4 respectively is valid when the ratio of α∗ is within:
Rectangle 0 6 α∗ 6 1
Sinusoidal 0 6 α∗ 6 2

3.1.2 Steady and unsteady state

The state of the flow is determined by whether the conditions are in steady or unsteady
state.

Steady state Time independent properties of the flow, meaning velocity and pressure to
mention some at every point in the flow are autonomous of the time. According to the time
independent properties, the average velocity can be calculated with the given formula in
equation 3.6. [41]

Vavg =
ṁ

ρAc
(3.6)

Further, the specific mass flow rate is stated in equation 3.7 which is used in some pressure
drop relations [42].

G = ρVavg =
ṁ

WH
(3.7)

16



3.1 Internal flow

Unsteady state The properties of a flow that is unsteady is time dependent at every
point. This means that the properties are always changing and can increase the complexity
of calculations compared to steady flow. However, this is often more realistic according to
the reality. [41]

3.1.3 Reynolds number

The Reynolds number, Re, is a dimensionless number that determines the flow regime.
The flow regime can be divided into three parts; laminar-, transitional- and turbulent flow
where the value of the Reynolds number gives a rough estimate of the friction force in the
overall flow. Further, the range of these values for the three parts are stated in table 3.1. [41]

Table 3.1: The range of Reynolds number for the different flow regimes in pipes

Flow regime Reynolds number
Laminar Re . 2300
Transitional 2300 . Re . 4000
Turbulent Re & 4000

For laminar flow, the friction factor is independent of the surface roughness and only
affected by the Reynolds number. Further, the definition of the Reynolds number given in
equation 3.8 is dependent on the average velocity and hydraulic diameter as well as the
properties of the air. [41]

Re ≡ ρVavgDh

µ
(3.8)

Transition to turbulence of flow due to obstacles

As previously described in chapter 2, the filament of the spacer contributed as an obstacles
that could introduce transition to turbulent flow for larger Reynolds numbers [24, 27, 29,
35]. The occurrence has been described by Bird et al. [43] for fluid flowing around a
cylinder, and the various regimes with increasing Reynolds numbers are given in figure
3.1.
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Figure 3.1: Flow behaviors around a cylinder for various regimes as the Reynolds number increases
(reprinted with permission [43])

For Re « 1 shown in (a), the fluctuations of the flow near the cylinder rapidly dies out,
giving that the flow is orderly. When the Re reaches about 10, it may be seen in (b)
that a pair of vortices occurs behind the cylinder. It has been observed that this type
of flow continues up to Re of about 40, when the streamlines separates from the solid
surface and creating two “separation points”. Further, when the fluid vortices begin to
“peel off” the cylinder and move downstream, the flow has become permanently unsteady.
A further increase in Re results in a regularly separation of vortices from alternate sides of
the cylinder known as a “von Kármán vortex street”, which is shown in (c). The disorderly
fluctuation motion (turbulence) in the wake as seen in (d) occurs with further increase of
Re. Turbulence occurs upstream of the separation point for Re about 106 and the wake
abruptly narrows down as given in (e). [43]
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3.1 Internal flow

3.1.4 Entrance region in a channel

The entrance region is dependent on when the fluid flow is fully developed for both ve-
locity and temperature profiles. For the profiles to be fully developed, they must remain
unchanged and at this point the entry region is said to end. If the profiles for velocity
and temperature do not remain unchanged from the same place, they must be differenti-
ated into hydrodynamic or thermal entry length region respectively. [41] However, for the
present thesis only hydrodynamic entry length will be considered since the temperature is
not being evaluated.

When considering the hydrodynamic entry length, the velocity profile is fully developed
when the relation given in the equation 3.9 below is obtained. Further, the formula of the
entry length for laminar flow is given in equation 3.10. [41]

∂(r, x)

∂x
= 0→ u = u(r) (3.9)

Lh,laminar

Dh

∼= 0.05Re (3.10)

To assure that the hydraulic entry length is fully developed for a laminar flow, equation
3.10 can be rearranged to state the hydraulic length as given in equation 3.11 for a circular
pipe. Although, this is equivalent to other geometries accordinly due to the hydraulic
diameter.

Lh,laminar = 0.05ReDh (3.11)

It can often be assumed that the entrance length is neglectable small compared to the total
length of the pipe. If it has to be considered, the developing flow will increase the pressure
drop due to the largest obtained wall shear stress. Thus, the effect of the entrance region
will increase the average pressure drop for the entire pipe. [41]
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3.2 Pressure drop

If a situation requires work to overcome a pressure, it is common to refer to it as pressure
drop. [41] This would be the case of an exchanger, but first the pressure will be further
explained.

3.2.1 Pressure

Pressure is defined as a “normal force exerted by a fluid per unit area” [41]. Further, the
total pressure can be derived from static-, dynamic- and hydrostatic pressure. First, the
static pressure is the actual thermodynamic pressure of the fluid. The dynamic pressure
is represented by a fluid in motion coming to a stop isotopically. The last term is the
hydrostatic pressure, which accounts for the elevation effects such as the weight of fluid
on pressure. In a real sense, the term is not pressure since it is dependent on a selected
reference level. [41] Further, statical pressure will be of interest in the thesis.

A fluid in motion exert static pressure on any plane parallel to the direction of motion [44].
Thus, to measure the static pressure, tiny holes are drilled perpendicular to the surface
called statical pressure taps or wall taps. When wall taps are created, the measuring device
will sense the statical pressure at the wall where there is no components of velocity along
the axis of the hole. [45] Given this, it is important that the dimensions of the holes are
small enough to avoid distortion which is introduced in the flow field, but not too small so
the response time increases. Common sources to measurement errors are eddies developed
in the hole cavity, fluid turbulence and fluid stagnation in the holes due to obstacles behind
the hole. For the eddies inducing recirculation in the cavity results in a statical pressure
higher than the pressure on the surface. [46]

3.2.2 Pressure drop and representable equations

The pressure between two points will contribute to a difference which represents a loss,
referred to as pressure drop. The quantity of pressure drop is directly related to the power
usage concerning a fan or a pump to obtain a fluid flow. It is therefore relevant to concern
the pressure drop in this thesis. Concerning the calculation, the friction forces between the
two points in a long straight duct contributes to a larger share of the pressure drop while
components can contribute with a minor loss . This is divided into major and minor losses
respectively and will be described below. [41]

In addition, a well known and important knowledge of fluid flowing in parallel through
a structure, is that the pressure drop in one channel represents the total pressure drop for
the whole structure. Thus, if the flow branches out in multiple parallel channels(or pipes)
and rejoins, the individual resistance in each channel will not enhance different pressure
at the point of branch or junction. [41] Also, the pressure drop calculation is conducted
for one channel in the MEE. Correspondingly, when considering the spacers, the pressure
drop calculations concerns one structure of corrugated pitch due to the parallel flow.
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3.2 Pressure drop

Further, the general formula for pressure drop is stated in equation 3.12 when the pres-
sure loss is dependent on the major and minor losses [41]. Respectively, the relations of
pressure drops that will be utilized in this thesis, will be presented in section 4.3.

∆Ptotal = ∆Pmajor + ∆Pminor

=
∑
i

fD,i
Li

Dh,i

ρV 2
i

2
+
∑
i

KL,i
ρV 2

i

2

(3.12)

The equation above is used as the basis to obtain a formula that more specifically represents
the case. Shah and Sekulić [42] stated a correlation for the pressure drop when the fluid
flow was not fully developed when entering the boundary system. The relation given in
equation 3.13 where ffd is the fully developed friction factor andKL,∞ is the incremental
pressure drop due to the developing flow. Commonly, the friction factor stated in literary
is given for the fully developed flow, where this correlation include the developing flow.

∆Ptotal =

[
4ffd

L

Dh
+KL,∞

]
G2

2gcρ
(3.13)

Further, when considering the pressure drop through a heat exchanger the minor losses
due to the air entering and leaving the effective heat exchanger area will impose an ex-
tra pressure drop [42]. However, the exchanger in this thesis does not encounter the
reduction/expansion when the air enters/leaves the exchanger and will therefore not be
considered in the theoretical pressure drop calculations, but could have been included if a
full size exchanger was evaluated.

Major losses

The major pressure losses commonly represent the friction forces in straight pipes and
ducts, which then contributes to the largest share of the pressure drop. There are two fric-
tion factor correlations that needs to be established. The Darcy friction factor, fD,fd, can
be obtained by the relation of the Fanning friction factor, ffd, which is stated in equation
3.14. [41] The Darcy friction factor will be used for the further calculations. The friction
factors are given with the subscription of fd to state the fully developed flow.

fD,fd = 4ffd (3.14)

Further, the theoretical friction factors that will be used in the present thesis are stated
below. The friction factor for the empty channel is stated in equation 3.15 [41]. According
to the geometries of a rectangle and sine curve, the friction factors are stated in equation
3.16 and 3.17 respectively [42]. It should be noted that these friction factors are given for
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Chapter 3. Theory

solid surface and not a mesh screen.

fD,fd, Channel =96.00/Re (3.15)
fD,fd, Rectangle =24(1− 1.3553α∗ + 1.9467α∗2 − 1.7012α∗3+

0.9564α∗4 − 0.2537α∗5)/Re
(3.16)

fD,fd, Sinusoidal =9.569(1 + 0.0722α∗ + 0.8619α∗2 − 0.8314α∗3+

0.2907α∗4 − 0.0338α∗5)/Re
(3.17)

The description and formula of α∗ were given in equation 3.5, whereas the friction factor
for the rectangle and sinusoidal geometries are valid for:
Rectangle 0 6 α∗ 6 1
Sinusoidal 0 6 α∗ 6 2

Minor losses

The minor pressure losses are occurring due to typical obstacles in a pipe or duct such as
fittings, elbows, contractions and so on [41]. For the case of the MEE, the minor losses are
caused by the change of airflow direction through the exchanger and the developing flow.

The different minor losses utilized in the theoretical pressure drop calculations are stated
in table 3.2, for the relevant geometries. The minor loss related to developing flow, KL,∞,
was directly applied when the values were tablized in Fundamentals of heat exchanger de-
sign [42]. However, the values that were stated were given for another α∗ for the sinusoidal
geometry of α∗ =

√
3/2.

Further, the tableted loss coefficient for bends in ventilation ducts from ASHRAE [47] had
a area ratio that was larger than for this thesis. Thus, the given values for losses due to
bends (given in table B.1) was curve fitted so it would be compatible for all aspect ratios.
The explanation and equations according to the curve fitting are given in further details in
Appendix B.

Table 3.2: Minor losses applied to the pressure drop calculations

KL,∞ [42] KL,bend 45°

Rectangle 0.674 −0.045× ln (Lcross/H)
Sinusoidal 1.739 −0.045× ln (2awave/h)
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Chapter 4
Modelling of spacer geometry and
pressure drop

This chapter states the mathematical models that represents the quasi-counter MEE con-
sidered in the present thesis. That includes the geometrical shapes of the evaluated spacers,
the representative equations regarding the geometries and the formulas needed to calculate
the porosities. Further, the pressure drop equation utilized in the thesis is stated along with
a friction factor correlation making the experimental pressure drop results comparable to
other studies.

4.1 Geometries applied to the spacers inserted into the
MEE

For the spacers that were established in this thesis, two geometries were conducted. Re-
garding the geometry concerning the smallest corrugation pitch achieved a sinusoidal
shape, whereas the larger corrugation pitch obtained a geometry that could remind of a
ramp. As previously mentioned, other geometries were also evaluated by the author [1]
in her previous work. However, some would be hard to create and implement and was
therefore eliminated for further investigation.

4.1.1 Ramp spacer

As stated, one of the spacer geometries became more like a rectangle rather than sinusoidal
curve. For the pressure drop calculations, these spacers were calculated with the geometry
of a rectangle due to available literature. The reason for the different spacers will be
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Chapter 4. Modelling of spacer geometry and pressure drop

stated in section 5.1.2. Further, the spacer got the geometry as shown in figure 4.1 when
considered in flow direction.

Figure 4.1: Structure of ramp geometry

Since the concerning geometry is considered as a ramp, Pythagoras will be utilized to
derive the length of the hypotenuse Lramp. Equation 4.1 states one way to use the trigono-
metric functions to calculate the angle α, where the formula of tangent is utilized, which
must be calculated first.

α = arctan

(
2b

a/2

)
= arctan

(
4b

a

)
(4.1)

Accordingly, the hypotenuse Lramp is then given in equation 4.2. The length will wary
with the width of the corrugated pitch and height of the channel, which influences the
angle α as given above.

Lramp =
2b

sinα
(4.2)

Further, the number of waves given for the ramp is stated in equation 4.3. The length of
one corrugation pitch has been considered as one full cycle which is shown in the figure
above. Therefore, the equation is divided by 3a.

nwaves, ramp =
W

3a
(4.3)

4.1.2 Sinusoidal spacer

The sinusoidal geometry regarding some of the spacers is shown in figure 4.2. The corru-
gated pitch and the height have the notations of 2a and 2b respectively.

Figure 4.2: Structure of sine curve
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4.2 Equations to calculate porosity

Being able to calculate the lenght of the sinusoidal wave,Lsine, the function of a sinusoidal
curve can be utilized as given in equation 4.4. The function is characterized by various
parameters where A is the amplitude, k is the number of times the function repeats itself,
ϕ represents the phase shift and d is equilibrium line. [48]

Lsine = f(x) = A sin(kx+ ϕ) + d (4.4)

The function repetition k is given by the relation below where P is the corrugation pitch
[48].

k =
2π

P

The respective formula for the length of the sinusoidal spacer is given in equation 4.5. The
equation describes how the curve will vary with different parameters such as the height
(2b) and corrugation pitch (2a) of the wave.

Lsine = b sin
(π
a
x− π

2

)
+ b (4.5)

In addition, the definition for cross-sectional area is given in equation 4.6 [49]. To be able
to calculate the cross-sectional area for one wave, the integral is given by the width of the
wave where i is the value at the beginning and j is the amount at the end.

Ac ≡
∫ j

i

f(x) dx (4.6)

The number of waves that the spacers obtained could be found by the width of the channel
and the corrugation pitch. The equation used in the calculations are given in equation 4.7.

nwave =
W

2a
(4.7)

The amount of air flowing through one wave in the horizontal direction can be described
by the total airflow rate divided by number of waves. Additionally, the number of waves
must be counted twice to get the wave channels above and below the spacer. The formula
for the airflow rate of each wave channel is given in equation 4.8.

V̇wave =
V̇

2nwave
(4.8)

4.2 Equations to calculate porosity

To calculate the porosity of a spacer, there are many correlations that must be considered
first and will further be stated. The porosity given for a spacer inside a channel is dependent
on the volume of void space over the total volume in the channel. Porosity reaches a larger
ratio when less material of the spacer is inside the channel. Equation 4.9 is given for
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Chapter 4. Modelling of spacer geometry and pressure drop

porosity regarding a general geometry. The unoccupied area in the channel is represented
by A, whereas B is the channel. [50]

σ =
VA
VB

= 1− Vspacer
Vchannel

(4.9)

The volume of one channel in a quasi-counter exchanger can easily be found by using
equation 4.10. Since the two cross flow areas are identical, they have been treated as one
rectangle rather than two triangles as shown in figure 4.3, which is utilized in the equation
below.

VB, channel = Wcounter × (Lcounter + Lcross)× h (4.10)

To simplify further notification of lengths and directions in the exchanger, they are divided
into horizontal and vertical directions denoted x and y respectively. Figure 4.3 shows
where the representative lengths are located in the exchanger (dotted lines). The airflow
will follow the pattern of the quasi-counter arrangement (solid line), whereas the shape of
the spacers have been calculated according the actual shape obtained in the thesis given in
section 5.1.2. The counter- and cross area will be handled separately to ease the calcula-
tions while minimizing the chance of errors.

Figure 4.3: Description of the different directions in the exchanger

Further, to calculate the volume of the void space, denoted A in the equation 4.9, the
volume of the spacer must first be calculated. Equation 4.11 states the volume for the
general spacer i which is dependent on the area of the wire and the total length of the wire
for the corrugated screen. The total length of the wire in a spacer can be calculated by
equation 4.12.

VA, spacer i = Aspacer i ∗ Ltotal, spacer i (4.11)
Ltotal, spacer i = Ly, spacer i + Lx, spacer i (4.12)

Whereas all of the evaluated spacers have circular wires, the common formula for the area
is given for a circle in equation 4.13.

Aspacer i = π × D2

4
(4.13)
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4.2 Equations to calculate porosity

As stated, before the total length of the wire Ltotal, spacer i can be divided into the horizon-
tal and vertical length. Moreover, different mesh screens, denoted j in these calculations,
were experimentally tested in the thesis, obtaining different wire thicknesses and mesh di-
mensions. The specific values regarding the mesh screens have been stated in section 5.1.2.
Thus, to calculate the lengths in x- and y-direction, the length of the mesh lwire,mesh j can
be found in table 5.2.

The horizontal length, Lx, spacer i, is the easiest to calculate when the wire in this direction
will be treated as straight lines. Equation 4.14 gives the formula for calculating this length,
which is dependent on the length of one wire in x-direction and the amount of wires in y-
direction. The amount of vertical wires are dependent on the width of the exchanger and
the distance between the wires in the mesh lwire,mesh j in the y-direction.

Lx, spacer i = Lexchanger × ny, wire j = (Lcounter + Lcross)×
Wcounter

lwire,mesh j
(4.14)

The calculation of the vertical length, Ly, spacer i, is a bit more complicated. The general
formula is stated in equation 4.15, whereas the length of one wire, Ly, wire i, in y-direction
is dependent on the geometry of the spacer which are given below. The number of hori-
zontal wires are dependent on the total length of the exchanger and the distance between
the wires in the mesh lwire,mesh j .

Ly, spacer i = Ly, wire j × nx,wire j = Ly, wire j ×
Lcounter + Lcross

lwire,mesh j
(4.15)

Further, to be able to calculate the vertical length of the spacer, the number of waves must
be known. The present thesis will consider different corrugated pitches and the number of
waves will therefore vary. However, the number of waves are dependent on the geometry
of the spacers and is stated below.

Ramp spacer According to the spacers obtaining a geometry that was more closely
related to the rectangular geometry and has been referred to as a ramp. The shape of the
ramp was previously shown in figure 4.1.

The length of one vertical wire Ly, wire j for the ramp geometry is stated in equation 4.16.
In addition, the formula of the length of the hypotenuse Lramp was given in equation 4.2.

Ly, wire j = 2× (Lramp + a)× nwaves, ramp (4.16)

Sinusoidal spacer Regarding the spacers obtaining the geometry of a sinusoidal curve,
the length of one wire in vertical direction is given in equation 4.17. The length of one
curve Lsine and the number of waves nwaves, sine were stated in equation 4.5 and 4.7
respectively.

Ly, wire j = 2× Lsine × nwaves, sine (4.17)
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Chapter 4. Modelling of spacer geometry and pressure drop

4.3 Pressure drop equation utilized in calculations

Pressure drop calculations were conducted for the empty and spacer-filled channels. Re-
garding the empty channels, the calculations easily conducted. However, when calculating
the pressure drop through the ramp and sinusoidal spacer, the surface of the spacers were
considered as solid rather than mesh. This was due to the complexity of the calculations
for a mesh spacer.

Further, the author conducted a MATLAB-script to calculate the pressure drop in the pre-
vious project work during the fall semester [1]. However, the script was not optimally
working and has therefore been rewritten to only contain the integral for the sinusoidal
cross-sectional area. The rewritten script is given in Appendix C. Accordingly, the main
calculations were conducted in a spreadsheet in Excel.

Regarding the pressure drop calculations, the flow has been considered to be following
the path of the quasi-counter arrangement, as shown in figure 4.4. Thus, when the airflow
has entered the exchanger, the flow has to change direction two times. Respectively, the
KL,bend for the quasi-counter exchanger had to be considered twice for both flow direc-
tional changes through the exchanger. Additionally, the angle of the air direction change
was be 45 ° both times.

Figure 4.4: Description of the different directions in the exchanger

Accordingly, the total pressure drop for the quasi-counter arrangement will be calculated
by the use of equation 4.18, which has been specified for the case in the present thesis. It
can be seen that the equation is divided into counter- and cross areas, whereas the cross
flow area will be treated as a square (as shown in figure 1.2) and not as a rectangle as it
was done for porosity calculation in section 4.2.

4Ptotal =

(
fD

L

Dh
+KL,bend

)
ρV 2

avg

2︸ ︷︷ ︸
counter

+

(
fD

L

Dh
+KL,bend +KL,∞

)
ρV 2

avg

2︸ ︷︷ ︸
cross

(4.18)
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4.4 Pressure drop comparison

4.4 Pressure drop comparison

To compare the results from the experimental testing conducted in this thesis with other
studies, either the pressure drop or the friction factor can be utilized. Both comparison
methods will be further explained.

4.4.1 Friction factor correlation

Being able to compare the experimental pressure drop results with other studies, the fric-
tion factor can be utilized. The friction factor can be found by rearranging the equation
for the major pressure drop given in the first term of equation 3.12. When rearranging
the general pressure drop equation and eliminating minor losses, the friction factor can be
calculated by the use of equation 4.19.

fD =
2Dh∆Pexp

LρV 2
avg

(4.19)

The hydraulic diameter can be obtain from the definition of the Reynolds number, given in
equation 3.8. Thus, the hydraulic diameter based on the Reynolds number is given in equa-
tion 4.20. Importantly, the results are only comparable to other studies if the calculation
of the hydraulic diameter was conducted in the same manner.

Dh =
µRe

ρVavg
(4.20)

By combining equation 4.19 and 4.20, the friction factor dependent on the Reynolds num-
ber is stated in equation 4.21.

fD =
2µ∆Pexp

Lρ2V 3
avg

×Re (4.21)
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Chapter 4. Modelling of spacer geometry and pressure drop

4.4.2 Pressure drop correlation to previous study at NTNU

To be able to compare the pressure drop result from this thesis to the results obtaind by P.
Liu [20], the pressure drop had to be utilized. Even though the exchanger structures were
identical, Liu utilized another calculation method of the hydraulic diameter and pressure
drop so the results were not directly comparable.

Liu [20] calculated the hydraulic diameter according to the void areas in the channel,
excluding the occupied areas of the spacers. The hydraulic diameter was calculated based
on the rearranged equation of the Reynolds number stated in equation 4.22 and the use of
the maximum velocity.

Dh =
µRe

ρVmax
(4.22)

The study did not present the pressure drops for the stated airflow rates and representably
the Reynolds numbers. Therefore, the pressure drop had to be calculated by using the
formula stated in equation 4.23.

∆Pexp = fD
L

Dh
ρ
V 2
max

2
(4.23)

Further, the present thesis utilizes the averaged velocity to calculate the pressure drop and
not the maximum velocity as Liu’s research did. Thus, to make the results comparable,
the correlation of airflow rate and cross-sectional area had to be applied and is restated in
equation 4.24 for the specific case.

Vavg =
V̇

ρAc, channel ncorrugation pitches
(4.24)

Lastly, the pressure drops according to the largest and lowest friction factor stated in this
thesis combined with the calculated average velocities according to the research [20] were
calculated so the results could be compared.
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Chapter 5
Experimental setup and planned
experiments

This chapter will state the specific exchanger and the corrugated mesh screens that will
be evaluated through experimental testing. Only the pressure drop was measured under
isothermal conditions, whereas the heat transfer was neglected. The procedure of assem-
bling the test rig and how the measurements were conducted are also given for the specific
case.

5.1 Construction of the quasi-counter MEE

The present thesis concerns a quasi-counter exchanger, where the pressure drop is exper-
imentally evaluated through the channels. The pressure drops through the exchanger are
losses due to the exchanger structure, spacers and the membrane. Therefore, optimal so-
lutions should be chosen to minimize the losses. Pressure drop caused by the exchanger,
such as friction and losses due to bends are inevitable. However, the pressure drop im-
posed by the spacer can be minimized by optimal structure that also manage to keep the
membrane steady. Thus, the different elements chosen for the exchanger was selected with
care and is further described below.

5.1.1 Exchanger structure

In previous work conducted by the author [1], different parameters affecting the pressure
drop such as the size of the cross flow area, as well as width, height and length of the
channel were mathematically investigated. However, the latent and sensible effectiveness
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Chapter 5. Experimental setup and planned experiments

were also in the necessity of being evaluated along with the pressure to ensure a well
performing energy exchanger.

Since the present thesis only concerns the pressure drop through an exchanger and not the
efficiencies, the exchanger structure was selected based on previous work done at NTNU.
P. Liu [20] constructed an exchanger that achieved good latent and sensible effectiveness
in cold climates and the exchanger parameters was therefore chosen for further pressure
investigations. From the previous work done by the author [1], the chosen exchanger
structure did not impose the lowest pressure drop nor the worst. As stated earlier, paral-
lel channels impose equal pressure drop in all channels and the number of channels can
therefore be reduced to one. However, to be able to evaluate the spacers’ ability to keep
the membrane in place, the rig was designed with two channels representing supply and
exhaust air channels.

To investigate the statical pressure at different locations at the inlet and outlet area for both
channels, six pressure taps in each channel were created. The pressure drop was found
by measuring the pressure difference over the corresponding pressure taps at the inlet and
outlet for one channel. The taps were named based on the location over the inlet/outlet
areas and at what channel they were located at. Figure 5.1 shows the two channels with
corresponding named taps. For the supply channel the taps are named a, b and c, whereas
the taps are called d, e and f at the exhaust channel. Further, for the experimental testing,
the supply and exhaust channel will vary. Thus, the channel with the O-ring is denoted as
Channel A and the one without is called Channel B to differentiate the channels.

Figure 5.1: The exchanger channels with named pressure taps and channels
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5.1 Construction of the quasi-counter MEE

Additionally, table 5.1 gives a summary of the values associated with the exchanger casing.
Since the CNC milling cutter that carved out the exchanger has high precision, thus the
stated dimensions are exactly as what they were drawn to be.

Table 5.1: Specific physical properties for the exchanger casing

Parameters Value Reference
Channels pr. flow direction 1 Lab measurement
Half duct height [mm] 1 Lab measurement
Half inlet duct width [mm] 88.4 Lab measurement
Hydraulic diameter, Dh [mm] 397 Lab measurement
Exchanger width [mm] 250 Lab measurement
Exchanger length [mm] 400 Lab measurement
Exchanger height [mm] 2 Lab measurement
Angle cross flow inlet [°] 45 Lab measurement

Inlet- and outlet area

To ensure that the air would evenly distribute into the channels, the inlet area was thor-
oughly investigated. A test demo was created that illustrate the inlet and where different
diffusion materials as well as shapes could be examined. The diffusion material was in-
tended to ensure even air distribution in the channel. The testing included velocity mea-
surements and use of svovel gas to see the air distribution at the edge of the inlet area.
Figure 5.2 shows the test demo (a), the inside of the inlet demo (b) and the investigated
diffusion material (c). However, the best result was for an inlet area without diffusion
material, which was chosen for the exchanger. Appendix D gives more specifics of the
procedure, materials and results for an empty inlet area.

(a) The inlet demo test rig with the ve-
locity measurement tool VelociCalc

(b) Inlet demo airflow area and
diffusion material

(c) Various diffusion
material and shapes

Figure 5.2: The inlet demo and testing procedure

Further, the inlet and outlet area is shown in details in figure 5.3. Concerning the inlet
area, the air enters through a duct located perpendicular to the exchanger channel. Due to
large duct dimension, the air will keep a low velocity when entering the channel. The air
entering the channel reaches an expanding triangle, as shown in figure 5.2b. The system
boundary is the effective exchanger area with the shape of the quasi-counter structure,
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Chapter 5. Experimental setup and planned experiments

where the pressure drop is being measured as close the too boundary walls as possibly.
For the outlet air, the air will flow in opposite direction.

Spacer

Inlet air 
direction Static pressure 

connection

Effective exchanger

System 
boundary

Figure 5.3: Detailed description of the inlet/outlet part

5.1.2 Corrugated mesh screen

Corrugated mesh screen is another name for the spacer that is inserted into all the ex-
changer channels to obtain the channel height. As previously described, this is to ensure
the membrane from fluctuating and deforming the channel geometry. However, how well
the spacer is performing to obtain the channel geometry will depend on the geometry of
the spacer, frequency of the corrugations of the mesh and the durability to mention some.

Before selecting spacer geometries that would undergo experimental testing, several ge-
ometries were mathematical investigated according to pressure drop in a previous work
done by the author [1]. The chosen geometry will be stated below. In addition, the general
spacer obtaining a structure of the channel arrangement is given in figure 5.4.

Figure 5.4: The general spacer structure with sinusoidal geometry

Further will the procedure of creating corrugated mesh screens be described. This consist
of the chosen metal mesh and the moulds that were created.
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5.1 Construction of the quasi-counter MEE

Metal mesh

Various dimensions of woven metal screens were investigated in the experiment. When
selecting the mesh screens, the wire thickness was wanted to be the same regarding the
screens whereas the mesh dimensions varied. This was to be able to evaluate the influence
of mesh dimension on the pressure drop. Table 5.2 gives an overview of the different mesh
screens and it can be seen that the different screens obtained a similar wire thickness, while
the mesh size were varying. All aluminium screens were delivered by Anping County
Bingrong Wire Mesh Products Co.,LTD [51].

Table 5.2: Specific properties of the meshes

Type Material Wire thickness Mesh size
[mm] [mm x mm]

I Aluminium- 0.2 2.00 x 1.68Magnesium Alloy

II Aluminium- 0.22 1.41 x 1.41Magnesium Alloy

III Aluminium- 0.22 1.19 x 1.19Magnesium Alloy

The mesh screens seem to vary some according to the stated dimensions above and the
actual fabricated dimensions, whereas the delivered screens were measured for wire thick-
ness and mesh size. However, the measurements were inaccurate due to the small values.
It was difficult not to move the meshes or squeeze the measurement tool to hard deforming
the screen wire. Thus, the dimensions given in table 5.2 might vary some regarding the
actual mesh screen, but how much can not be said for certain.

Mould

The created moulds were used to corrugate the mesh screens into spacers. The ideal ex-
periment would test different moulds obtaining various corrugation pitches, also being
referred to as the period, and geometries, where the effect of this would be evaluated by
the pressure drop. Thus, for the experimental testing, the chosen corrugation pitches were
10- and 20 mm based on pressure drop calculations, which will further be referred to as
Mould 1 and 2 respectively. According to these periods, they were chosen with some
deviation so the ability to keep the membrane in place also could be examined.

Formerly, it was intended that the mould spikes would follow the same path as the airflow
giving the spacer the shape of the quasi-counter exchanger. However, creating the moulds
with the angled area (cross flow) became complex when the corrugated pitch obtained a
smaller value than the period of the straight area (counter flow). Also, the screen mesh
was not durable enough to ensure the angled pattern when being corrugated due to rupture
during all attempts.
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Chapter 5. Experimental setup and planned experiments

Further, the moulds created in this thesis are given in figure 5.5. Both moulds obtained
straight lines for the spikes, as shown in figure 5.5a, and the darker lines represent the
spacer when the screen is corrugated and cut into the channel shape. Further, the cross-
sectional view of the moulds are given in figure 5.5b and 5.5c respectively for Mould 1
and 2 where it can be seen that both moulds had triangular spikes. The belonging notation
of the corrugated pitch (P) and height (h) are given for both moulds and the apex angle
(β) is given for Mould 1. Specific values regarding the conducted moulds are given in
Appendix E.

1st mould 2nd mould

(a) Layout of the mould showing the spacer
indent

P h

P h

2nd mould

1st mould

(b) Cross-sectional view of Mould 1

P

2nd mould

1st mould

h

(c) Cross-sectional view of Mould 2

Figure 5.5: The mould imprint and the cross-sectional view of Mould 1 and 2

Mould 2 was created by removing every third spike of Mould 1, doubling the size of the
corrugation pitch. To ensure that the mesh screen would corrugate, the mesh would be
in contact with the mould wall on both sides when pushed, as figure 5.5c shows. This
obtained a spacer geometry of something in between the sinusoidal and rectangular geom-
etry, which has been referred to as a ramp. Another possibility would have been to remove
every second spike, enhancing a sinusoidal geometry of the corrugated mesh. However, it
was uncertain if the mesh screen would corrugate properly with the use this method. Due
to lack of time, only one mould could be created apart for Mould 1. Therefore, the first
option was created to ensure that the screen would corrugate.
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5.1 Construction of the quasi-counter MEE

Corrugated spacers

Correspondingly, with the selected mesh screens and moulds the spacers could be created.
Since two moulds were constructed, this enhanced respectively two corrugation pitches
for the spacers. These spacers have been referred to as Spacer i and ii regarding the lowest
and largest pitch which are stated in table 5.3. The corrugation pitches is given as P and
apex angle is given as β are described above. As known, the number of waves represents
the frequency of the corrugation of the spacers. To corrugate the spacers, the moulds with
mesh screen in between were pressed into shape by the use of a hammer.

Table 5.3: Specific properties of the corrugated spacers

Spacer Corrugation pitch Height Apex angle Number of waves
[mm] [mm] [°] [-]

i 10 2 + 0.5 136 - 9 25
ii 20 2 + 0.7 - 8.3

As stated, the two different moulds gave different geometries. These geometries are shown
in figure 5.6, whereas the spacers with a corrugation pitch of 10 and 20 mm are given in
figure 5.6a and 5.6b respectively. The difference in the geometry can clearly be seen,
whereas 5.6b obtains a more flat profile. Since the geometry was not sinusoidal, the apex
angle was not given in the table above.

(a) Spacer with a corrugated pitch of 10 mm

(b) Spacer with a corrugated pitch of 20 mm

Figure 5.6: Example of the two different periods for the corrugated mesh screens
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5.1.3 Membrane

Since the aim of this thesis was to reduce the pressure drop rather than testing the effec-
tiveness of the exchanger, the membrane was substituted by plastic film. The plastic film
is from the brand Caterwrap which was chosen due to wider film compared to commercial
products. The plastic film is not porous and would not diffuse moisture. The properties
of the plastic film will closely represent a membrane when it is easy to tear and elastic.
Therefore, the representation for the film is assumed to be suitable for this case.

5.2 Experimental Facilities

The test facility is located at the department of Energy and Process engineering at NTNU.
The quasi-counter membrane energy exchanger can be used for further pressure drop test-
ing, where other spacers easily can be evaluated.

An experimental facility has been built by the author to evaluate the pressure drop caused
by spacer constructions. The test rig has therefore been built in such manner that changing
spacers easily can be done. Further, the rig consists of a test unit, one fan and measure-
ment instruments. The pressure drop was measured under isothermal conditions since the
efficiencies were not evaluated. Thus, the temperature was not an issue and the facility
became less complicated to build. Figure 5.7 presents a schematic of the test rig.
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Figure 5.7: Schematic representation of the experimental test rig
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5.2 Experimental Facilities

As it can be seen from the figure above, the test rig was considered as an open loop. As
stated earlier, the effectiveness of the exchanger was not in focus in this thesis. Therefore,
the air circulating in the exchanger came from the laboratory room and was not heated nor
cooled. Also, since temperature is excluded from the evaluation, the exchanger was not
insulated. The air had to be pushed through a flowmeter by compressed air, since a fan
was not suitable to supply air when the resistance in the flowmeter was too large. Thus,
the rig was therefore connected to compressed air system in the laboratory. The correct
amount of air was supplied to the inlet channel be using the control valve of the flowmeter.

To ensure the correct airflow rate in both channels, the air was supplied once into the ex-
changer whereas the channels were connected by ductwork. It was important that there
were no air leakages inside the exchanger, to the outside nor through the duct fittings to
ensure the same amount of air in both channels. The air was properly distributed into the
channel when entering the inlet area as described earlier. The components utilized to as-
semble the test rig were airtight, which reduced the risk of any leakages. The ducts used to
connect the supply and exhaust channels together, were PP (polypropene) with appropriate
gaskets. Inside the exchanger, a packing (O-ring) was inserted to avoid leakage inside the
exchanger. To avoid air leakages to the outside, the two channels were screwed together at
multiple locations which sealed the flows inside by the packing. Further, regarding some
of the measurements, duct tape was also being utilized at the channel interfaces to ensure
airtightness. Different spacers were inserted into the effective exchanger area, where the
static pressure drops were measured. When encountering measurements, the test rig was
set to stand to ensure no gravity effects on the membrane.

The parameters that were being measured in the present thesis were the airflow rate at the
beginning of the loop and the static pressure over the effective energy exchanger area. The
airflow was measured and controlled by CT Platon’s flowmeter (GTF3AHS). Further, the
pressure taps were located at the border of the effective exchanger area. Only the statical
pressure was assumed to be measured, as stated, when the height difference between the
belonging pressure taps were marginal. Thus, the pressure taps were drilled perpendicular
to the surface where plastic tubes are connected which was further connected to the mea-
suring device. To evaluate if the pressure drop would vary over the perpendicular line to
the cross-sectional area, three pressure taps were drilled into the exchanger as can be seen
in figure 5.8 for all inlet and outlet areas. The pressure drop for the different taps were
averaged to represent the measured pressure drop. The measuring device that was used,
was a micro-manometer from the producer DPM™ (TT570 C).
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Chapter 5. Experimental setup and planned experiments

Figure 5.8: Pressure taps located before the effective exchanger area

5.3 Measurement schedule and execution

According to the experimental testing that were conducted in the present thesis for the
different spacers, are given in table 5.4. The mesh and mould parameters are given in
further details in table 5.2 and 5.3 respectively. As well as testing the different spacers,
an initial test, Test 0, was conducted for the channels with no spacer inside, to establish
the pressure drop through the exchanger casing. Test 0 did not incorporate the plastic film
either, to be able to evaluate the lowest possible pressure drop. Appendix F summarizes
the parameters obtained in each test.

All of the conducted tests were investigated for a varying range of airflow rates to inves-
tigate the trends according to the pressure drop. The range of airflow rates were decided
based on a wanted range of average velocities inside the channels. Further, the statical
pressure drops at all the taps were measured every 15 seconds for one minute for all tested
airflow rates. The pressure drop regarding each tap was averaged.

Table 5.4: Summary of which mould and mesh utilized in the different experimental tests

Mesh I Mesh II Mesh III
Wire thickness [mm] 0.2 0.22 0.22
Mesh size [mm x mm] 2.00 x 1.68 1.41 x 1.41 1.19 x 1.19
Mould 1 (P=10 mm) Test 1 Test 2 Test 3
Mould 2 (P=20 mm) Test 4 Test 5 Test 6
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5.4 Uncertainty

Due to the stated measurement schedule above, seven different tests were conducted. Re-
garding the different tests, two assessments were conducted which were denoted I and II.
According to the empty channel, these represented different measurements conducted to
the channel. As for the spacer-filled channels, the different assessments described the two
pairs of spacers conducted for the same test.

Correspondingly, different analyses were conducted for the investigated assessments, whereas
the analyses were dependent on the location of where the air was being supplied into the
channels. These have been named N (Normal) and T (Turned). Regarding the empty
channel, the air was supplied to both ends of Channel B, to investigate if there were any
pressure differences between the flow directions through the channel.

According to the spacer-filled channels, channel A and B were both investigated as supply
and exhaust channels. When Channel A was conducted as the supply channels it was
denoted N and T for Channel B. Thus, the spacers inserted into the various channels could
both be evaluated for the effects of being either inside the supply or exhaust channel.

Further, the first pair of spacers (I) were experimentally investigated twice. After the first
conducted measurements, the spacers were reinserted into the channels and investigated
according to the same procedure as stated above. This was accomplished so the results
would minimize constructional errors and uncertainties when the exchanger was reassem-
bled. The pressure drop results were averaged according to the same assessment since it
was the same pair of spacers that were investigated.

Lastly, the second pair of spacers (II) were created with the same mesh screens and moulds
for the respective tests. This was conducted to ensure that the average pressure drop was
durable for more than one set of identical spacers. These tests were conducted in the same
manner as described above, but only measured once due to time limit.

5.4 Uncertainty

The uncertainties according to the measured parameters were determine by the method
stated in ENØK i bygninger [3]. The parameters experimentally evaluated in this thesis is
the pressure drop and airflow rate.

Uncertainty can be divided into three main categories; crucial-, systematic- and random
errors. Crucial errors are reading errors, misplacing of decimal and so on and it is crucial
that it is avoided. Further, systematic error can occur due to hysteresis and friction in the
measuring device, using a device that is not calibrated or incorrect execution of measure-
ments to mention some which can be divided into instrumentation- and operator error. The
error categories stated above can be avoided. The last category is the random error, which
can appear due to unsatisfying measure dynamic and poor resolution of analogue or digital
instruments. The errors can not be eliminated, but rather reduced. [3]
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Chapter 5. Experimental setup and planned experiments

To ensure accurate results from experiments, the crucial- and systematic errors should
be reduced to a minimum. That is due to these errors not disappearing with repetitively
experiments. Thus, when they are eliminated, the repetition of measurements will give
numerical values spread around the actual value. The spread is a measure of the random
error and interpret how accurate the experimentally measuring was. As stated in chapter
5.2, the measuring instruments are chosen due to easy readability and high resolution.

To calculate the uncertainty of an experimental testing where the results appear directly
to the device, known as direct measurements, the corresponding correlation have been
utilized. The general uncertainty is stated in equation 5.1. [3]

Ur = ±
√

s√
n

(5.1)

s =

√∑
(x− x̄)2

n− 1

x̄ =

∑
x

n

However, according to barley excising deviation in the experimental measurement results
of the pressure drops, the random error was calculated to be zero.

The flowmeter has been given an accuracy up to± 1.25 % full scale deflection (FSD) [52].
Regarding the micromanometer, the accuracy of the device was given to be± 0.05 Pa [53].
The instruments were new when the experimental testing started, which gave accurate
calibrations. Thus, the uncertainty according to the instruments have been assumed to be
marginal.
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Chapter 6
Evaluation of the experimental test
rig and conducted testing

The experimental test rig and testing was conducted at NTNU. The author, with help from
the laboratory staff and supervisors, design the exchanger and spacers, which was then
created. The goal was to construct an exchanger that could easily be opened, easy to be
handled and airtight.

The evaluation of the test rig and testing procedure will be given below. With easily acces-
sible laboratory staff and supervisors, correction and measures were easy to implement.

6.1 Evaluation of test rig

The procedure of construction the exchanger casing was extremely accurate due to the
precise software and tools regarding the milling machine. The exchanger channels were
carved into two separate pieces so the exchanger was opened in the middle. Screws were
utilized to keep the exchanger closed. Figure 6.1 shows the setup of the experimental test
rig.

When conducting the testing of the different spacers and repetitively, the screw holes got
warn. Supplementary, that resulted in some air leakages through the exchanger opening,
which introduced errors in the pressure drop measurements. Luckily, the air leakage was
detected and new measurements were completed with the use of duct tape to ensure no
leakage. The measurement results easily showed when the air leakage had occurred due
to much lower pressure drops.
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Chapter 6. Evaluation of the experimental test rig and conducted testing

Figure 6.1: The test rig, showing the setup of instruments and pressure tubes.

6.2 Evaluation of the spacers

To create corrugated spacers, mesh screens and moulds were required. The moulds were
made of hard plastic, which made it durable and managed the corrugation of the meshes.
Due to time limit on the thesis, the second mould with the corrugation pitch of 20 mm
was create by removing every third spike of the mould with the pitch of 10 mm. Thus,
the mould obtained a geometry that could remind of a ramp. Although the sinusoidal
geometry was desirable, the mould was created in such manner to ensure that the screen
mesh would corrugate.

Ideally, more than two periods should have been tested to further evaluate the influence
on the pressure drop, but due to time limit of the thesis and time-consuming process of
creating the moulds that was not conducted.
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6.3 Evaluation of the testing

Three different mesh screens were ordered from a supplier. The screens were ordered with
the intention that the mesh dimensions would deviate more from each other. However,
since both wire thickness and mesh dimensions were of little difference, the porosity barley
varied. For further investigation, screens with more variations should be chosen to better
understand the influence of the screen on the pressure drop.

Beneficially, the mesh material was made of aluminium, which is a light material. When
large stack of channels is located on top of each other with spacers in between, it is nec-
essary that the weight of the spacer will not be too large so the channel heights will not be
obtained.

The method utilized to corrugate the mesh screens, were as stated by using a hammer.
This method cannot assure the corrugated height to be the same over the whole spacer,
nor that the height is exactly the same as the channel height. However, other methods
were tested like using a press for local pressure and larger area press, walls machinery and
heavy cylinders to roll over the moulds, but the screen mesh ruptured all times. Therefore,
the hammer method was still to be used even if some insecurities of the height will occur.
However, the larger corrugation height did not encounter any sources to error, when this
only would affect the pressure drop.

Due to the screen easily rupturing, a thicker mesh screen should be considered for further
investigation. This would increase the durability of the screen which would make it pos-
sible to encounter other corrugation methods that would give a more accurate corrugation
height, such as a press.

Another aspect that had to be considered, was that the mesh screen would subtract after
being corrugated. Thus, the mould had to be created with larger corrugation heights to be
able to obtain the minimum wanted corrugated height of the spacer. This was conducted
for the moulds in the present thesis, however, when more accurate corrugation methods
could not be utilized, the advantaged was minimized.

To ensure that the spacers would stay in place when inserted into the channels, they were
stapled to the channel walls. The staples were tried to be placed outside the path of the
pressure measurement, to avoid an additional pressure drop in the results.

6.3 Evaluation of the testing

The experimental testing executed in the thesis, were completed in the same manner for
all experiments to ensure reliable results. As previously stated, two sets of spacers were
made for each test and experimentally tested to ensure reliability in the results. Further, the
uncertainty in the pressure drop measurements obtain a value of zero. This was due to the
stable results at each pressure tap according to the number of samples during the sample
time. However, the pressure drop could have been measured for a longer time period than
1 minute, to ensure that the pressure drop would not vary over time.
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Chapter 6. Evaluation of the experimental test rig and conducted testing

After some of the conducted measurements, there were a concern that the results contained
statical and dynamic pressure due to large holes for the taps. However, the results seemed
to give little effect of the dynamical pressure drop when a tube with smaller holes were
inserted, where the pressure drop deviated by around 3 % for all airflow rates. This effect
would also have contributed to all conducted measurements, where the statical pressure
drop would have obtained a lower value.

Additionally, when the first tests were conducted, some problems were encountered. The
plastic film ruptured over the exhaust channel’s outlet, due to being the path with lowest
resistance as shown in figure 6.2a. Thus, a measure where some corrugated spacers were
shaped as the inlet/outlet area and stapled to the channel wall. This was done to all inlets
and outlets to avoid more film ruptures which is shown in figure 6.2b. Further, the mea-
sure was located outside the boundary system and was therefore not contributing to the
measured pressure drops.

(a) Rupture of plastic film over exhaust outlet (b) Corrugated mesh to avoid film rupture

Figure 6.2: Plastic film rupture and measures to avoid the occurence
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Chapter 7
Theoretical and experimental
results

In this chapter, the results for the present thesis are stated. That includes the results from
the pressure drop calculations as well as porosity according to the selected spacer. Fur-
ther, the results from the experimental testing are presented, as well as the pressure drop
comparison basis to other studies.

7.1 Results of theoretical calculations

The equations regarding the calculations of porosity for the spacers and the pressure drops
have been given in chapter 3 and 4. The calculation was executed for the total pressure
drop for the quasi-counter exchanger.

7.1.1 Porosity

The porosity was calculated for the spacers that would be inserted into the exchanger
during the experimental testing. The porosity describes the amount of air inside the spacer-
filled channel and was calculated according to the equations given in chapter 4.2 for the
different geometries. Figure 7.1 gives the results of the calculated porosity according
to the experimentally tested spacers and their corrugation pitches. In addition, the tests
obtaining the same color have created with the same mesh screen. Further, the different
spacers obtained by the testes were stated in section 5.3. Other calculated values according
to the porosity have been stated in table G.1 in Appendix G.
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Figure 7.1: The calculated porosity of the concucted experimental tests. Same colors express same
mesh screen.

As the figure shows, the tests with the same color varies little in porosity for the different
periods. Mesh I (blue) obtained the largest porosity, which was 0.982 and 0.983 regarding
the corrugation pitch of 10 and 20 mm respectively, according to having the most porous
mesh and smallest wire thickness. The second mesh screen, Mesh II (orange), attained
the intermediate value of porosity for both corrugation pitches of 0.972 and 0.973 for the
respective periods. Mesh III (green) was the most dense screen investigated in this thesis
enhancing the lowest porosity of 0.967 and 0.968. As the result shows, the deviation in
porosities are small. Thus, the porosities regarding Mesh III were about 1.5 % smaller
for the both periods when compared to Mesh I, with obtains the lowest and largest values.
This could indicate that the mesh size and wire thickness of the screen could affect the
porosity more than varying the corrugation pitches.

Further, the smallest to largest deviation in the porosity dependent on the mesh for the
different corrugation pitches are given by 0.4 and 0.8 o/oo for Mesh I and Mesh III respec-
tively. According to this result, the chosen periods seems to have less affect the porosity
as first expected. Due to lack of variation in the dimensions, the porosities encountered a
marginal divergence. The values of porosity varied between 0.967-0.983, which gives a
deviation of less than 2 %.

7.1.2 Calculated pressure drop

The theoretical calculation of the pressure drop that was performed for the exchanger and
the different spacers by using excel as well as MATLAB. The first conducted calcula-
tion was for a channel without corrugated screens. The total pressure drop was executed
calculated to be 37.3 Pa for the exchanger casing.

Further, the theoretical pressure drop was calculated for different geometries as well as
for different corrugated periods. To evaluate the influence of the corrugation pitch on the
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7.1 Results of theoretical calculations

pressure drop and being able to choose periods that would be experimentally investigated,
different periods were investigated for a constant airflow rate of 30 L/min. The airflow
was chosen due to the velocity range that would occur in the channels. Further, the veloc-
ity was kept constant whereas the airflow rate through a wave in the spacers would vary
according to the change of the periods. The result of the pressure drop due to varying cor-
rugated pitches is presented in figure 7.2. Additionally, other calculated values are given
in Appendix H.
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Figure 7.2: Theoretical pressure drop for ramp and sinusiodal geometry of the spacer for an airflow
rate of 30 L/min

The figure gives the pressure drop for the ramp (green) and sinusoidal (orange) geometries
according to corrugation pitches. It can be seen that the pressure drop for the sinusoidal
geometry is decreasing according to the periods, and is starting to stabilize for the period
of 0.03 m. According to the ramp geometry, the pressure drop was about halved compared
to the sinusoidal geometry for all investigated corrugation pitches. It can also be seen that
the pressure drop is getting more stable around the corrugation pitch of 0.02 m.

To achieve the lowest pressure drop, the corrugation pitches chosen for experimental in-
vestigation should be as large as possible. However, the spacers must be able to keep the
membrane in place and the period could therefore not be chosen at any length. Thus, the
corrugation pitches of 10 and 20 mm was chosen for further investigation.

Further, the pressure drop calculations according to the chosen corrugation pitches were
conducted for the specific geometries of the spacers where it were dependent on different
airflow rates varying within the range of the experimental testing. The result is presented
in figure 7.3, whereas the geometries of the spacers are represented by the same icon and
the color represents the different corrugation pitches. The result for the empty channel was
also included. Other calculated values are stated in Appendix H.
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Figure 7.3: Theoretical pressure drop for triangle and sinusiodal geometry of the spacer for the
chosen periods

According to the formula of pressure drop, it is known that the pressure drop will increase
proportional to the second power of the velocity. Due to the correlation of airflow rate
and velocity, the pressure drop is also dependent on the squared of the airflow rate. Thus,
with the increase of airflow rate without changing the dimensions of the exchanger, the
velocity will increase inside the channel as well as the pressure drop. As the figure shows,
the pressure drop is increasing for all calculated geometries, but with different intensity.

According to the two corrugation pitches for sinusoidal spacers, the pressure drop devia-
tion varies between 10.1 and 9.9 % for 20 to 40 L/min respectively. For the case of the
ramp geometry, the deviation in pressure drop calculations according to the periods are
smaller than for the sinusoidal geometry and was calculated to be 6.5 and 6.3 % for the
respective airflow rates. The pressure drop regarding the sinusoidal spacers is approxi-
mately the doubled compared to the ramp spacer for all airflow rates. According to the
empty channel, the pressure drop is always lower than for the calculations including spac-
ers. The intensity of the change in pressure drop is dependent on the friction factor and
minor losses, as well as the hydraulic diameter which varies according to the corrugation
pitches and spacer geometries.

The results have been calculated for a solid surface geometry. This would not be the case
for the actual spacers that have been experimentally tested. However, due to complicated
calculation for a mesh spacer, the solid surface was the only calculation that was under-
taken and would therefore only be used as an identification of the pressure drop and to
choose the corrugation pitch.

As previously stated, a simplification was conducted whereas the pressure drop has been
calculated for the spacer following the same pattern as the flow through the quasi-counter
channel. However, this will not be the case for the experimental testing. Yet, it was con-
ducted to incorporate the effect of the directional changes of the flow in the calculations.
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7.2 Experimental testing

7.2 Experimental testing

The experimental test rig and the execution of the different testing were previously ex-
plained in section 5.2 and 5.3 respectively. In total, six different spacers were tested vary-
ing of mesh screen dimensions and corrugation pitches as well as the empty channel. The
pressure drop was measured over multiple pressure taps, but the average pressure drop
according to the conducted tests will first be stated to get the general overview of the re-
sults. The pressure drop measure in the supply channel obtained a positive value, whereas
the exhaust channel obtained a negative value, since the airflows were connected in series.
However, all stated values have been given as the absolute value.

The chosen airflow rates in the experimental testing were 20, 30 and 40 L/min which gave
the average velocities of 0.67, 1.0 and 1.33 m/s respectively inside the channel.

7.2.1 The average pressure drop results

The average pressure drops through the exchanger and spacers were measured for different
airflow rates. Further, the average pressure drop results are given for the empty channel
and the different conducted tests in figure 7.4 dependent on the airflow rates. More detailed
results of the average pressure drops for the different tests are given in Appendix I.
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Figure 7.4: The experimental results for the average pressure drop

The figure shows a clear increase in the average pressure drop according to the airflow rate.
Also, the increase can seem linearly but as previously known, the pressure is proportional
to the squared of the velocity.

Test 0 represents the empty channel, where no spacers were investigated. The membrane,
or plastic film, was also left out of the evaluation to achieve the pressure drop that would
have been obtained if the exchanger was considered as a flat plate heat exchanger. As
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the result shows, the empty channel obtains the lowest pressure drop of the experimental
testing, ranging from 26 to 54 Pa with the airflow rates. The deviation between the pressure
drops associated to airflow rates increase for the empty channel compared to the tested
spacers. The increase in the deviation from Test 0 to Test 4 and Test 3 varied from 14.2 to
29.2 % and 44.6 to 56.5% respectively according to 20 and 40 L/min.

According to the tested spacers, Test 4 achieved the lowest pressure drop through the
exchanger for all airflow rates, which varied between 30 and 76 Pa. Respectively, the
lowest obtained pressure drop when the average velocity was 1 m/s achieved a value of 52
Pa through the counter flow area. The test was conducted with the most porous spacers,
whereas the mesh dimensions were the smallest and the corrugation pitch the largest.

Further, it can be seen that Test 5 and 6 obtain approximately the same pressure drop and
are respectively representing the second and third lowest pressure drops. The deviation
according to the results of Test 5 and 6 to Test 4 varies from 13.0 to 19.7 % and 14.5
to 20.8 % respectively to the tests and to the increasing airflow rates, which are quite
similar for the different tests. In addition, Test 4-6 concern the largest corrugation pitches
investigated in the present thesis which obtain the lowest pressure drops.

The largest pressure drop was obtained by Test 3, which concerns the spacers that achieved
the lowest porosity. The spacers were conducted by the most dense mesh structure and the
lowest corrugation pitch. Respective to the increasing airflow rate, the pressure drops
obtain by Test 3 were 47 to 124 Pa. In addition, Test 2 and 1 attained the second and third
largest pressure drop respectively. The figure shows a spread in the pressure drop results
and Test 1 and 2 are not considerably similar. The deviation in the results according to
Test 1 compared with Test 2 and 3 evidently varies by 4.6 to 4.2 % and 6.4 to 8.6 % with
the increasing airflow rate.

Furthermore, the figure also shows that the different mesh screens investigated in the
present thesis provide a pressure drop from largest to lowest respectively for Mesh III
to I for both corrugation pitches. Thus, it is clear that the different mesh screens affect the
pressure drop.

In addition, regarding the two corrugation pitches for Mesh I, the pressure drops deviate
by 31 to 33 % respectively for the increasing airflow rate. The difference in the deviation
is marginal (5.8 %) for the evaluated airflow rates, however, would most likely increase
for larger flows. Thus, the larger corrugations seem to be somewhat less vulnerable to the
increase of airflow rates, when the pressure drop increase at a slower past than for smaller
pitches.

7.2.2 The pressure drop concerning the pressure taps

As previously stated, the investigation for the statical pressure drop were completed at dif-
ferent locations perpendicular to the channel walls. The average pressure drop according
to the different tests were stated above. Due to a large amount of data, all the pressure taps
measurements are given in tables in Appendix I for the different conducted tests.
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7.2 Experimental testing

The Appendix obtain the pressure drop according to the different taps and the deviation
in pressure regarding the different channels, stated as ϕ. As given in section 5.3, the
different assessments conducted for each test, were divided into two which were named
I and II. Correspondingly, different analyses were conducted per assessment, which were
denoted as N (Normal) and T (Turned). The analyses were dependent on the location of
the air being supplied into the channels. Further, the average pressure drop according to
the conducted analyses and assessments were also stated in the tables.

It can be seen that for all the conducted tests, the pressure drop regarding the different
pressure taps over a channel varies, by more or less. Further, for all measurements, the
centre tap obtains the largest pressure drop, whereas the side taps achieve either the same
or varying pressure drops which are lower. The occurrence is tried to be explained in
section 8.2.2.

According to the channels without spacers, the pressure drops between the pressure taps
varied some according to the different analyses. The extensive experimental results can be
found in table I.2. At the most, the pressure drop varied by 20 % for 30 L/min according to
assessment I and analysis N which obtained the pressure drop of 36 and 45 Pa respectively
for the pressure taps a and b. Further, the pressure taps a and c obtained varying results
regarding the respective analyses.

In addition, the same analysis as stated above, pressure taps a and c respectively obtained
the values of 36 and 43 Pa, which then deviates by 16 %. For the second analysis conducted
for the same assessment, the pressure drops regarding the respective pressure taps were not
close in values. Yet, the average pressure drops for both analyses obtain the same value.
Between the different analyses conducted for the empty channel, the results deviated by
most of 3 % for the same airflow rate regarding assessment II.

A general observation regarding the results showed that the pressure drop between the
channels regarding the same assessment could vary a lot. However, according to the anal-
yses N and T, the average pressure drop for both analyses obtained the approximate same
value. An example of this has been given in table I.7 for Test 5 regarding assessment I
and the airflow rate of 40 L/min. According to analysis T, the deviation in pressure drop
according to the supply and exhaust channels varied by 46 Pa. Further, for analysis N,
the pressure drops between the channels varied by -9 Pa. Yet, the average pressure drops
became 46 and -9 Pa for the analyses N and T respectively, which obtained the difference
of 2 %. It should be mentioned that these deviations where approximately the same ac-
cording to all airflow rates. Other examples of this can also be obtained from other tables
in Appendix I. It seems like the pair of spacers would contribute to the same pressure drop
even though the pressure drop varied over the two spacers.
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Some measurements obtained a somewhat similar deviation between the channels for both
analysis regarding to the same assessment, but with different signs. This was seen for Test
1 in table I.3 whereas the deviations obtaining for the airflow of 30 L/min were 54 and -46
respective to N and T, for assessment I. Yet, the average pressure drops according to the
analyses were 74 Pa for both cases. Further, another case occurring to the results, were
that the analyses for the same assessment obtain the same sign. Assessment I in Test 4
obtained this, which is given in table I.6, where the deviations for the airflow of 30 L/min
were 13 and 12 and the average pressure drops 48 and 51 Pa respective to analyses N and
T. In addition, the average pressure drop was very stable according to the two analyses.

Commonly, the average pressure drops regarding the same assessment obtain often similar
values. However, when concerning the different sets of spacers conducted for the same
test, the average pressure drop more frequently differed. According to Test 3, with the
results stated in table I.5, it can be seen that the average pressure drops according to the
assessments, ∆P̄i, achieved the values of 90 and 76 Pa for the airflow rate of 30 L/min.
The discrepancy was calculated to be about 15.5 % according to the airflow rate and vary
between 15 and 16 % for the 20 and 40 L/min respectively.
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7.3 Pressure drop according this and other studies

To be able to evaluate the pressure drop results from the experimental testing against other
studies, either the pressure drop or the friction factor can be utilized. The pressure drop can
be directly applied if the dimensions of the exchangers are the same, whereas the friction
factor can be used for cases that do not have relative dimensions. As described in section
4.4.1, the friction factor can be derived when the pressure drop through the exchanger
is known. The friction factor was calculated to be dependent on the Reynolds number,
making the factor comparable to other studies and exchangers.

7.3.1 Friction factor regarding experimental testing

The friction factors from the experimental testing were obtained from power regression of
the pressure drop in Excel and figure 7.5 shows the result. For this case, the friction factor
correlation is valid for the Reynolds numbers between 174 and 348 respectively given for
the airflow rates of 20 and 40 L/min.
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Figure 7.5: The friction factor dependent on the Reynolds number

The friction factor and the coefficient of determination according to the experimental tests
are given in equation 7.1.

55



Chapter 7. Theoretical and experimental results

fTest 0 = 110.0×Re−0.98 R2 = 0.99

fTest 1 = 29.34×Re−0.63 R2 = 0.99

fTest 2 = 31.70×Re−0.64 R2 = 1

fTest 3 = 26.65×Re−0.60 R2 = 1

fTest 4 = 23.31×Re−0.67 R2 = 0.99

fTest 5 = 17.18×Re−0.57 R2 = 1

fTest 6 = 16.63×Re−0.56 R2 = 0.99

(7.1)

In the figure above, the results for the different tests obtain the same patter as for the
pressure drop results. This gives that the friction factor correlation is the smallest for the
empty channel. Further, Test 4 obtains the lowest friction factor for the evaluated spacers,
whereas Test 3 attains the largest.

Additionally, it can be seen from figure 7.5 as well as the formulas in equation 7.1 that
Test 1-3 obtained approximately the same friction distribution when the power is about the
same, but the equations have different constants. The spacers introduce the same friction
factor development and would therefore not intersect if the powers are similar enough.
Further, the friction factor correlations for Test 5 and 6 are approximately equivalent due
to the similar power and constants in the representative equations, which was also the case
for similar pressure drops.
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7.3.2 Pressure drop correlation to other studies

As presented earlier, the experimental test rig in the thesis obtained the same dimensions as
a previous conducted study at NTNU [40]. The exchanger casings were identical, whereas
some modifications were made to the rig in this thesis due to only concerning the pressure
drop.

The comparison of the results was more complicated than anticipated, when P. Liu had uti-
lized other correlations for hydraulic diameter, Reynolds number and pressure drop. Thus,
the procedure of calculation to compare the pressure drop results was given in section
4.4.2. The pressure drops regarding the values stated in P. Liu’s study are given in table
7.1.

Table 7.1: Calculating the pressure drop according to stated values in the study conducted by P. Liu
[40]

V̇ [L/s] Vmax [m/s] Vavg [m/s] Re [-] f [-] Dh [m] ∆P [Pa]
4.2 2.0 0.93 387.9 0.428 0.00277 222.1
5.9 2.8 1.31 542.2 0.368 0.00276 375.0
6.9 3.4 1.53 647.2 0.340 0.00272 519.5

For the average airflow rate of 1.31 m/s (5.9 L/s) was calculated to be 375 Pa. In addition,
the calculations seemed accurate when the study stated that the pressure drop according to
the airflow rate of 7.0 L/s gave 524 Pa. The calculated pressure drop became 519.5 Pa for
an airflow rate of 6.9 L/s, which is similar when considering some difference in the airflow
rate.

Another observation regarding the results given in the table above, is that the hydraulic
diameter varies with the airflow rates. The values should have been the same, but the
differences have probably occurred due to lacking decimals in the calculations.

Further, the pressure drops according to the friction factors obtained in this thesis have to
be calculated for the average velocities utilized in Liu’s study. The correlations of friction
factors can be obtained in equation 7.1 where Test 3 and 4 were selected for comparison
due to the largest and lowest obtained pressure drop respectively.

The pressure drop regarding the spacers conducted in the present thesis regarding the av-
erage velocities utilized in Liu’s study are given in table 7.2. The pressure drops regarding
the average velocity of 1.31 m/s became 121 and 74 Pa respective to Test 3 and 4.

Table 7.2: The pressure drop according to Test 4 comparable to the study conducted by P. Liu [40]

Vavg [m/s] ∆PTest 3 [Pa] ∆PTest 4 [Pa]
0.93 75.3 47.2
1.31 121.2 74.1
1.53 150.9 91.3
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Chapter 7. Theoretical and experimental results

7.3.3 Friction factor according to other studies

Another study has provided its friction factor correlation according to the tested corruga-
tions screens for others to compare with. The study conducted by Woods and Kozubal [24]
studied different types of spacers that will be compared to the results obtained in this the-
sis. Their study gave the experimentally tested friction factors for the mesh spacers within
the same range of the Reynolds number as the present thesis and based the hydraulic di-
ameter of the empty channel. The plain-fin triangular spacer was not further relevant for
comparison for this thesis and was therefore left out. Thus, figure 7.6 shows a graph for
the corrugated mesh screens from Woods and Kozubal’s [24] study based on the Re from
this thesis.
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Figure 7.6: Friction factor comparison to Woods and Kozubal’s [24] research

The figure shows that the friction factor for the experimentally tested spacers by Woods
and Kozubal [24] varied between 2.79 to 0.94 for the largest to lowest value respectively
for the Reynolds numbers of 174 to 348. Ic can be seen that the two different types of
spacers enhancing the same flow pattern through the spacers (0 °) obtain approximately
similar friction factor distributions. Further, it can also be seen that the attack angle for the
airflow greatly influence the friction factor in this case.
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Chapter 8
Comparison and discussion of
results

This chapter gives the comparison and discussion of the previous stated results in chapter
7. First, the theoretical pressure drop calculation will be investigated. Thereby, the com-
parison and discussion of the experimental results along with the porosity will be stated.
The comparison of the experimental results and other studies will be further conducted.

8.1 Investigation of theoretical and experimental pressure
drop

The present thesis undertook a theoretical and experimental investigation for the pressure
drop for the specific exchanger arrangement and corrugated spacers. The result from both
investigations are given in section 7.1.2 and 7.2.1 respectively. The theoretical calculations
were foremost conducted due to the selection of corrugation pitch and obtain a theoretical
pressure drop according to the exchanger casing. Further, the calculations were obtained
to get a better understanding of how the chosen spacers would influence the pressure drop
with the increase in airflow rates.

Considering the channel without spacers, results regarding the theoretical and experimen-
tal investigations obtained a deviation in the pressure drops of approximately 7 % for all
airflow rates. The pressure drop regarding the experimental results obtained a larger value
compared to the calculated drop, which would give a larger experimental than theoretical
friction factor. According to Woods and Kozubal [24], they also obtain a larger experimen-
tal friction factor deviation from the laminar theory, but with the increase of the Reynolds
number. They assumed the deviation was encountered by irregularities when the Re got
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more dependent on the surface roughness. However, the flow in this case were laminar, so
this is not as likely for the particular case.

This deviation could be caused by the flow not being fully developed before entering the
boundary system. As previously stated, the occurrence would increase the pressure drop
through the exchanger [41]. This effect was being incorporated into the theoretical calcu-
lations, however the value for the incremental pressure drop coefficient might not have to
been accurate for the specific case when it was a tabulated value. Concerning the exper-
imental investigation, it was conducted without the use of plastic film so this would not
encourage a larger pressure drop.

Regarding the spacers, the corrugation pitches were chosen due to the calculations whereas
the lowest pitch was chosen for the rapidly reducing pressure drop and the larger pitch
when the pressure drop stated to stabilize. Also, the decision was based of the concern that
the spacers would still have the ability to keep the membrane steady. Further, the pressure
drop influenced by the increase of airflow rates for the concerning spacer geometries and
corrugation pitches were conducted. However, these results were chosen not the be directly
compared to the experimental results due to lack of similarities.

As known, the calculation was conducted for corrugated screens of solid material and not
a mesh. Another difference that was not included into the calculations were the deflection
and movements of the membrane which would occur the experiments. Also, the calcula-
tions conducted for the ramp geometry were executed for a rectangle when this was the
available literature. Thus, to obtain an accurate calculation of the real case, a computer
simulation should rather have been used.

Another aspect was the complexity of the pressure drop calculations for mesh spacers,
where the wire dimension and mesh size of the screen could not be included in the calcu-
lation. This would lead to some inaccuracies because of reduced cross-sectional area and
would affect the velocity. Thus, only basing the pressure drop according to the spacers on
theoretical calculations, especially for solid surface, could result in large deviations from
actual pressure drop.

8.2 Comparison and discussion of the experimental test-
ing

As known, the present thesis created six various spacers according to two different moulds
and three mesh screens, that were experimentally investigated. The moulds obtained two
different geometries which influenced the corrugated screens shape. The spacers with the
corrugation pitch of 10 mm obtained the geometry of sinusoidal waves and the ones of 20
mm achieved the geometry closer to a rectangle, or a ramp as it has been referred to in the
thesis.
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8.2 Comparison and discussion of the experimental testing

8.2.1 Different conducted tests

The empty channel achieved the lowest pressure drop accordion to the experimental test-
ing. Consequently, the result corresponds well with previous stated literature and some-
what the theoretical calculations as stated above. Since corrugated mesh screens were
absent from the channels, the airflow was encountering less obstacles inside the channels
which would result in less resistance. Respectively, that would introduce a lower friction
factor, and the pressure drop was therefore shown to increase at a slower past compared
to the tested spacers. Thus, the results showed that the deviation in the pressure drop for
the empty channel and Test 4 was increasing with the airflow rate. Further, the same re-
sult was obtained for the deviation between the empty channel and Test 3, only at a more
significant difference.

Continuously, the tested spacers differed in corrugation pitch and mesh screen dimensions.
As known, two set of spacers were created for each test to ensure reliability in the pressure
drop results. Figure 8.1 shows a comparison of the calculated porosity and the experimen-
tally measured pressure drop for 30 L/min that was obtain for the respective tests, and will
be used as a basis for further comparison of the tested spacers.
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Figure 8.1: The calculated porosity and experiemtnal pressure drop respective to the tested spacers
for 30 L/min. Same colors express same mesh screen.

Regarding the experimentally tested spacers, the results agreed well with the previous
stated literature and theoretical calculations for the different corrugation pitches that were
evaluated. The spacers obtaining a larger corrugation pitch achieved lower pressure drops,
and opposite, as can be seen in figure 8.1 for Test 4-6. Further, when selecting the cor-
rugation pitches, the value would preferably be as large as possible when concerning the
pressure drop. However, the essence of spacers was to keep the membrane from deflecting.
Thus, the corrugation pitches could not have been selected to be any particular value. At
what value the limit of ability to keep the membrane steady would need further investiga-
tion.
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Accordingly, the corrugation pitches were selected based on the knowledge that it would
influence the porosity. With the increase in porosity, the filament resistance inside the
channel would reduce [37]. However, regarding the porosities shown in figure 8.1, the
corrugation pitch seemed to have marginal effects on the porosity when it deviated by
approximately 1.5 % for both corrugation pitches. Further, it could be stated that the pres-
sure drop was greatly influenced by the corrugation pitch, but also porosity. The porosity
enhances a pressure drop deviation of 7 and 18 % respective to the pitch of 10 and 20
mm at 30 L/min. Given this, the porosity affects the pressure drop more greatly for larger
corrugation pitches. Thus, the influence of the corrugation pitch on the porosity and hence
the pressure drop would need further investigation.

Another important accept of the different evaluated corrugation pitches, are the different
geometries that were obtained. The spacers with a corrugated pitch of 20 mm obtained a
rather rectangular shape instead of sinusoidal geometry as was the case of the period of 10
mm. The rectangular shape might help keeping the membrane in place due to two spacers
maintaining flat areas where the spacer is placed in between. Yet, the sinusoidal geometry
has been proven to be sufficient to keep the membrane from deflection in previous studies
[24]. The lower pressure drop results according to the larger corrugation pitch, is most
likely coherent to the pitch size, but could also have been influenced by the spacer geome-
try. So, to ascertain the beneficial effect of the rectangular shape, both geometries have to
be evaluated for the same corrugation pitches as well as for a broader spectre of pitches.

Continuously, the mesh screens chosen to be experimentally investigated were named from
I to III respectively for the largest to lowest mesh screen dimensions. Initially, it was
wanted to evaluate the influence of the mesh dimension on the pressure drop rather than
wire thickness. Thus, the dimensions of the wire thicknesses were intended to obtain the
same value. However, the screen chosen in this thesis attained some variations according
to the thickness and the mesh dimensions did not affect the porosity and pressure drop
alone. According to figure 8.1, the respective mesh screens have obtained the same color
regarding the different corrugation pitches.

Further, the mesh sizes, especially Mesh II and III, obtained quite similar dimensions.
To properly evaluate the influence of porosity, the variation could have been larger. Yet,
due to complications to obtain mesh screens with dimensions utilized in the present the-
sis, contacted suppliers could not deliver more porous meshes. Regarding the calculated
porosities, the values might be lower due to lack of double wires at the crossings in the
woven mesh. Although, this is assumed not to affect the deviation in porosities according
to the tests. A more extensive investigation according to the porosity affecting the pressure
drop needs to be conducted when the variation in porosities are larger and more precise
calculations are obtained. It could also be evaluated what happens with the pressure drop
when the flow passes through the mesh screen for varying mesh dimensions rather than
following the corrugated path.
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8.2 Comparison and discussion of the experimental testing

Regarding the evaluated mesh screens, Mesh III was rather stiff. The mesh screen was eas-
ier to form and ensure structure when it did not retreat as easily and was more durable after
being corrugated. Even though the screen provided the largest pressure drop, the stiffness
in a spacer could be beneficial when utilized in an energy exchanger. Thus, the stiff spacer
could have encouraged to less deflection inside the exchanger and would thereby ensure
durability over time. This might be ensured by a thicker but more porous mesh screen,
which would need further investigation.

Initially, the spacers were wanted to be conducted with an angled area at the cross flows,
to obtain the same pattern as the flow, which has been stated earlier. As recorded in the
literature, the pressure drop can vary a lot due to the attack angle of the airflow facing the
spacers [24]. Expectantly, the less resistance the spacers would enhance on the airflow,
the smaller the pressure drop would become. Yet, as previously stated, due to complicated
creation of the mould and easily rupturable mesh screens, this was not executed for this
thesis.

As previously stated, during the experimental testing, air leakages were detected. Fortu-
nately, it was discovered and the results showed when the leakages had occurred. Thus,
Test 2-4 and 6 were conducted again, whereas Test 1 and 5 seem to have appropriate re-
sults. Regarding the average pressure drop result stated in section 7.2.1, Test 5 and 6
obtain vary similar results whereas Test 2 and 3 had a larger deviation. If both Tests, 2 and
5, had been conducted again, the deviation between in the average pressure drops could
have obtained the same pattern. Yet, to ensure durability and stable pressure drop results,
all of the tested spacers should be experimentally tested multiple times. This could also
vary the obtain pressure drop pattern for the results.

8.2.2 Pressure taps

As known, the measurements were conducted by measuring the pressure drop at differ-
ent pressure tap locations and where the general observation of the results were given in
section 7.2.2, due to a large amount of data.

As the results showed for all tests, the pressure drop varied between the pressure taps
belonging to the same channel, whereas the middle tap enhanced the largest pressure drops
compared to the side taps for all measurements. However, as stated in the theory, the
pressure at the branch or junction is the same value [41]. If the effective exchanger area
can be assumed to be a resistance, the air will be divided into “channels” when flowing
through the effective area. Thus, some of the air will be diverted out to the sides and some
closer to the centerline of the airflow path. However, the pressure drop for all paths are,
in literature, the same and should therefore not have been deviated from the between the
taps.
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One reason could be due to the spacers located at the boarder of system boundary of the
pressure measurements which influenced which enhanced deviation. The spacers could
initiate vortices with would be detected by pressure measurement, leading to different
results. The airflow could have followed the path will the least directional changes, which
would be straight through the effective exchanger area. Yet, this path would contain most
resistance regarding the spacer mesh. This could initiate a lower velocity, compare the
airflows following the path of the corrugated spacers, which would increase the statical
pressure for the middle tap. Thus, as known, the total pressure is the sum of static, dynamic
and hydrostatic pressure [41]. When hydrostatic pressure is neglected and the velocity is
lower which introduce a lower dynamic pressure, the static pressure would become larger
to maintain to total pressure.

Another reason could be to irregularities around the pressure taps, enhancing lower or
larger statical pressures. The taps were investigated for both channels, yet nothing could
be detected. The same tube and measurement device was also utilized, so these should not
impose a difference regarding the deviations. Further, the corrugated spacers introduced
in the inlet and outlet areas could also have influenced the flow. However, the middle pres-
sure tap obtains larger value regarding the empty channel where no spacers were inserted.
Another assumption is that the film would deflect more over the middle area which im-
posed a larger pressure drop but could not be validated. Hence, the reason for the different
pressure drops according to the pressure taps is outside the scope of this thesis and must be
further evaluated. A CFD simulation could be conducted to achieve better understanding
of why the deviations occur and would further make the pressure drop results according to
the spacers more reliable.

Concerning the variations obtained by the different pressure taps for the empty channel,
the results were assumed to be more similar than some of the achieved measurements due
to no interference of spacers inside the channel. Another reason than the once previously
stated for the deviation regarding the taps, could be assumed to occur due to small ob-
stacles or irregularities on the exchanger walls enhancing different pressure drops. The
channel height is only 2 mm, so the irregularities do not have to be large to appoint a
difference. Yet, why the pressure drops obtained for the different analyses regarding the
same assessment is unsure. For both analyses, the exchanger was not opened, so the situ-
ation inside the channel should have been the same for both measurements. However, the
average pressure drop according to the different analyses are identical or approximately
the same. Thus, the occurrence inside the channel does not seem to have a great effect on
the overall pressure drop.

The same observation attained for the empty channel occurred for the spacer-filled chan-
nels. The variation in pressure drop according to the taps appointed the same channels
were assumed to be obtained due to the resistance endured by the spacer filaments. Thus,
the pressure drop regarding the appropriate taps could be low due to fortunate placement
of spacers and taps, as mentioned above.
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Further, if the deviation is larger for only one of the analyses which was positive, that
spacer contributed to a larger pressure drop when being used in the exhaust channel, which
was given for Test 5 in section 7.2.2. This might be explained by the lack of corrugated
height for that spacer or tension in the spacer located in the supply channel, resulting in
reduced channel height which increased the pressure drop. Accordingly, that particular
spacer might not be as eligible to keep the membrane steady and to obtain channel height.
However, another reason for the deviation, could be occurring due to the supply channel
being of positive pressure, which then deflect the membrane into the exhaust channel,
resulting in larger pressure drop for the negative pressure flow channel. This occurrence
has been observed in a previous study, when the membrane was not pre-stressed [25].
It should be mentioned that this only occurred for deviation with large positive values.
However, this would need a more extensive research.

In addition, the deviation in the pressure drop between the two channels obtained different
range of variation, as stated for Test 1. If the deviation obtains somewhat the same values
but with different signs, it was the same spacer contributing to the largest pressure drop.
Regarding this case, the pressure drop seems to be mainly affected by the spacer filament
and not the movement of membrane, due to both supply and exhaust channels contributing
with the largest pressure drop regarding to the respective analyses.

In addition, for some of the measurements, the deviation between the supply and exhaust
channels became positive for both analyses regarding the same assessment, which was
shown in Test 4. The pressure drops are always largest for the exhaust channel. An in-
terpretation could be that the spacers obtain a similar structure which enhanced the same
ability to keep the membrane from deflection.

Regarding the different assessments conducted for each test, two set of identical spacers
were created to ensure reliability in the measured results. Further, the obtained results
showed that the average pressure drops varied between the assessments, which was stated
for Test 3 in the results. This could be due to some deviations in the created spacers
whereas they could gain different heights and the cut spacer shape. If the spacers were not
perfectly fit into the exchanger casing, there could be some gaps between the exchanger
wall and outer spacer edge. However, if the spacers obtain a shape a little larger than the
casing, the spacer would retrieve some tension to fit into the channel and deflect. The
last incident has been assumed to have to largest contribution to the pressure drop due to
deforming the other channel height.

The spacers that were created for this thesis obtained a corrugation height of 2 mm or a
little bit larger. Desirably, the height should have obtained a close value to 2 mm to ensure
no change in the channel height. Regardless, when the corrugation height of the spacer
obtaining at least the channel height, the membrane will have less space to deflect on. This
could have enhanced a better performance of the spacers, whereas the membrane was more
steady and less vibration occurred. Lu et al. [26] stated that vibration on the film would
introduce an extra resistance to the airflow and should therefore be kept to a minimum, to
avoid an additional pressure drop.
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For the spacer-filled channels, the average pressure drop according to the analyses seems to
deviate more than for the empty channel. However, when the airflow is encountering the
spacers and enhancing the membrane deflection, the pressure drop will vary more. The
affect by the membrane is hard to evaluate in this thesis due to varying results between
the supply and exhaust channels and when the occurrence is not consistent regarding the
different tests. Thus, an extensive analyses should be conducted before the spacers ability
to keep the membranes in place are stated.

8.2.3 Transition to turbulence due to filament

Another aspect that was encountered in the literature, was the local turbulence due to
disturbance by the filament. As previously stated, the transition to turbulence flow behind
an obstacle depends on the Reynolds number for the overall flow. The Reynolds numbers
experimentally evaluated in the present thesis vary between 174 to 348. According to Bird
et al. [43], for Re ≈ 100 vortices will be developed behind the obstacle which creates
the “von Kármán vortex street”, which implies the values of this thesis.According to the
results obtained in Santos et al. [35] study, the increase of transverse filaments per unit
length would accordingly increase the friction factor. However, it is unknown the effect of
the chosen mesh screens according to the rapidness of the filaments in this thesis.

Since the local turbulence will affect the friction factor, the effect can be detected on
the factor for increasing Re. Woods and Konzable [24] experienced the unsteady flow
at a Re=500 when the friction factor deviated from the previous pattern and stabilized.
According to the present thesis, the stabilization of the friction factor was not obtaining
for the evaluated range of Reynolds numbers. In addition, the obtained power regression of
the friction factors according to the respective Reynolds numbers were corresponding well
to the measured pressure drops. However, according to figure 7.5 given previously, it can
be discussed if the flow will soon encounter the local turbulence region due to the friction
factor enhancing a more stable pattern. Yet, it would need a more extensive research
according to larger Re to obtain for the friction factor has been affected by vortices.
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8.3 Pressure drop comparison to other studies

To compare the experimental results regarding the present thesis to other studies, either
by the pressure drop or the friction factor was utilized. Which value that will be used for
comparison depends on the other study and the information given. The friction factor or
pressure drop for this thesis and other studies were given in section 7.3. The average ve-
locities chosen for this thesis, were lower than initiated in other studies. The decision was
based on the beneficial influence it would have on the pressure drop. To obtain the wanted
airflow rate for ventilation, a larger number of channels would have to be constructed. This
would increase the size of the exchanger, which can be an undesirable case when installing
in an AHU. Thus, the pressure drop regarding larger airflow rates will have to be evaluated
to further ensure low pressure drops and to avoid the increase in size.

According to the study conducted by Liu [20], the pressure drop was used for compari-
son. The pressure drops obtained in section 7.3.2 showed a great result for the spacers
conducted in this thesis. The pressure drops were around 3 and 5 times smaller regarding
this study for the worst and best spacer respectively. Since the channel constrictions were
identical regarding this and Liu’s studies, the deviation in pressure drop seems to have
been obtained by the spacers. However, Liu stated that he enhanced a large pressure drop
[40] for the experimental testing and would therefore needed further investigation. Thus,
the result from this thesis were compared to others.

Further, the friction factors according to Woods and Kozubal [24] spacers regarding the
present Reynolds numbers, obtained larger values than according to present spacers which
can be seen according to figure 7.5 and 7.6. The tested spacers by Woods and Kozubal
obtained friction factors that varied between 1.19 to 4.1 times larger for the lowest to
largest deviation regarding the different studies’ spacers and the Reynolds numbers. Thus,
the improved friction factors varies according to the different spacers obtained by Woods
and Kozubal.

The spacers investigated in Woods and Kozubal’s study was shown in figure 2.2. From
these spacers, the sinusoidal spacer, known as Spacer 2 and (b) for friction factor and
figure of the spacers respectively, is the most similar to this thesis spacers. Accordingly,
that is the spacer having the most similar friction factor to the current spacers, at least for
Test 1-3. Further, these tests have the most similar geometry as Spacer 2. If the friction
factor equation for Test 1-3 would have been investigated for larger Re, Spacer 2 might
have contributed to a lower friction. However, it is not known if the friction factors for the
spacers conducted in this thesis would obtain the same distribution or rather be influenced
by transition to turbulence due to the spacer filament. If the friction is not affected, the
pressure drop seems to still enhance low pressure drops.

It could be discussed that Test 4-6 obtained a geometry that was somewhat close to Spacer
3. However, the friction factors for Spacer 3 for both attack angels were significantly larger
than for the tested spacers in this thesis. A reason for this could be that the tested spacers
had a greater ability to keep the membrane steady. Another reason could be the amount
of filament inside the channels. However, the porosities were given to be 0.95 - 0.98 [24],
which within the same range of the porosities obtained in the present thesis.
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Another research that was studied, obtained a significantly low pressure drop through the
channels of a flat plate heat exchanger utilizing film as channel separators. Lu et al. [26]
achieved a pressure drop between 4.5 to 6 Pa for the average velocity of 1 m/s, whereas this
thesis obtained the lowest value of 54 Pa for the same airflow rate. However, no structural
support was utilized for the heat exchanger, which has contributed to a larger pressure drop
regarding this thesis. Yet, not even the empty channel in this case was close to that value.

As previously given, a common pressure drop through a flat plate heat exchanger for
smaller residential buildings can be of approximately 50 Pa [39]. According to this, Test 4
with the 53 Pa for an average velocity of 1 m/s have to possibility to substitute the flat plate
heat exchanger. Further, as stated the MEE achieve great sensible and latent efficiencies
and if this could be verified for the present spacers, this MEE would be a competition to
the conventional heat exchangers.
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Conclusions

The present thesis studied the influence of corrugated mesh screens on the pressure drop
for an air-to-air membrane energy exchanger. The thesis encountered theoretical and ex-
perimental investigation according to the corrugated spacers and the membrane. The pres-
sure drop was experimentally investigated under isothermal conditions, where the effi-
ciency of the exchanger was not evaluated. The structure of the energy exchanger had
previously been evaluated and achieved desirable latent and sensible efficiencies for cold
climates, hence the same dimensions were chosen for this study.

The experimental conducted testing evaluated the pressure drop over the exchanger con-
cerning spacer-filled and empty channels regarding different airflow rates. Concerning the
spacers, six different corrugated mesh screens were experimentally investigated, consist-
ing two corrugated pitches and three mesh screens. Compared to other conducted studies
on the field, the result regarding the pressure drop for the spacers showed great potential.
Exclusively, one of the investigated spacers enhanced a significantly lower pressure drop.
Thus, if the great efficiency of the MEE were still to be obtained when inserting the promis-
ing spacer from the present thesis, this exchanger would be promoted as a competition to
the conventional heat exchangers utilized in AHUs today.

Additionally, the different evaluated spacers obtained small variation in the porosities.
Yet, the experimental pressure drop was clearly affected by the porosity of the spacers.
The results gave that the pressure drop regarding the different spacers increased with the
reduction in porosity. Regarding the chosen corrugation pitches, the results showed little
effect on the porosity, but great influence on the pressure drop. Thus, the influence of the
corrugation pitch on the porosity and hence the pressure drop would need an extensive
investigation.
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Chapter 9. Conclusions

The two geometries obtained for the experimental testing spacers, were sinusoidal geom-
etry and a shape more related to rectangle. The latter spacer might have imposed a better
ability the keep the membrane in place and from vibrating, but would need further re-
search. Another study has already proven the sinusoidal spacer to sufficiently keep the
membrane from deflection.

Concerning the pressure drop investigation, the extensive measurements regarding the
pressure taps deviated in the pressure drops according to the same channel. By physical
laws, the pressure drop should have been steady over the exchanger. Further, the spacers’
ability to keep the membrane steady was hard to evaluate due to varying pressure drop
results between the supply and exhaust channels which were not concise regarding the dif-
ferent tests. Thus, an extensive analyses regarding the pressure taps and the pressure drop
of the spacers should be conducted before the spacers would have been implemented into
exchangers.

In addition, the average velocities obtained in the present thesis were lower than utilized
in other studies. The decision was based on the beneficial influence it would have on
the pressure drop. To obtain the wanted airflow rate for ventilation, a larger number of
channels would have to be installed. This would increase the size of the exchanger, which
can be an undesirable case when installing in an AHU. Thus, the pressure drop regarding
larger airflow rates will have to be evaluated to further ensure low pressure drops and to
avoid the increase in size. However, the pressure drop seems to still enhance low pressure
drops compared to other studies.

The use of theoretical comparison should be utilized with care, if not more complicated
models appropriate to the spacers would be chosen. Thus, the theoretical calculations were
used for selection of corrugation pitches and to better understand how the pressure drop
was influenced by increasing airflow rates.

The spacers conducted in this thesis show great promises of reducing the pressure drop
through the channels of the membrane energy exchanger and should therefore be further
evaluated. A full-scale MEE should be investigated under varying temperatures and over
a longer testing period to evaluate durability of the spacers and efficiency.
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Chapter 10
Further work

During this master thesis, the experimental test rig was constructed and corrugated spac-
ers were tested in a quasi-counter MEE. However, there are further studies that can be
conducted to validate the results or ...

Firstly, multiple spacer for the different testes made in the exact mould and mesh could to
ensure that the measured pressure drop was closer to the real value. This would enhance
greater certainty to the obtained results and could initiate further validation of the good
results. To further reduce the uncertainty, the set of spacers that were created in this thesis
could be experimentally tested repeatedly.

Further, moulds could be created for the ramp and sinusoidal spacer respective to corruga-
tion pitch of 10 and 20 mm. Then the influence of the different geometries and corrugation
pitches to keep the membrane steady, would be easier to evaluate. In addition, larger cor-
rugation pitches could be investigated to obtain the largest pitch which would still be able
to maintain the membrane from deflection. Also, various geometries could be constructed
and evaluated to see if others would enhance better ability and reduce the pressure drop.

Moreover, the constructed spacers could have been experimentally investigated for larger
Reynolds number whereas the transition to turbulent regime might have occurred. Then a
more accurate correlation of the friction factor dependent on the Reynolds number could
be obtained. Also, the transition effect due to the filament could be further studied.

Accordingly, to evaluate the influence of the porosity larger deviation of the chosen mesh
screens should be chosen. To achieve a greater difference, it might be beneficial if the
dimensions are increased of the exchanger channels. This would give the chance to incor-
porate a broader range of dimension of the wire thickness and mesh size of the screens,
whereas the results would be scaled to the appropriate dimensions.
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Chapter 10. Further work

Initially, the spacers were wanted to be tested with to angler area to fit better the to the
flow. This will most likely reduce the pressure drop due to less disturbance of the flow and
would therefore be of great interest to investigate.

Lastly, the spacers achieving the lowest pressure drop must be evaluated for the sensible
and latent effectiveness to ensure that the previously obtained values are still as significant.
Thus, a full-size exchanger should be constructed where the efficiencies and pressure drop
for cold climates will be investigated. It would also be beneficial to conduct the experi-
ments over a longer time period to ensure durable design of the spacers.
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Appendix B
Minor loss coefficients

The minor loss from bends has been given by ASHRAE for rectangular ventilation ducts,
which is given in table B.1. W is the width and H is the height of the duct, and the ratio
of these is called the aspect ratio. [47]

Table B.1: Minor loss values for rectangular bend in ventilation ducts [47]

KL,bend values
W/H

θ 0.25 0.50 0.75 1.00 1.50 2.00 3.00 4.00 5.00 6.00 8.00
20 0.08 0.08 0.08 0.07 0.07 0.07 0.06 0.06 0.05 0.05 0.05
30 0.18 0.17 0.17 0.16 0.15 0.15 0.13 0.13 0.12 0.12 0.11
45 0.38 0.37 0.36 0.34 0.33 0.31 0.28 0.27 0.26 0.25 0.24
60 0.60 0.59 0.57 0.55 0.52 0.49 0.46 0.43 0.41 0.39 0.38
75 0.89 0.87 0.84 0.81 0.77 0.73 0.67 0.63 0.61 0.58 0.57
90 1.30 1.27 1.23 1.18 1.13 1.07 0.98 0.92 0.89 0.85 0.83

The channel in the MEE is however wider and thinner than a ventilation duct. Therefore,
the aspect ratio for a channel in the MEE was too small. Thus, the values from table
B.1 were interpolated to find equations most corresponding for all aspect ratios by curve
fitting. The series of formulas given in equation B.1 was found to be the most appropriate
for different angles on the bends. However, only the equation for 45 °is relevant for the
present thesis and was given in chapter 3.2.2.

KL,bend,20° = −0.010 lnx+ 0.0718

KL,bend,30° = −0.021 lnx+ 0.1574

KL,bend,45° = −0.045 lnx+ 0.3356

KL,bend,60° = −0.072 lnx+ 0.5338

KL,bend,75° = −0.105 lnx+ 0.7887

(B.1)

For the curve fitting equations for KL,bend,i to be used, the aspect ratio noted as x must be
calculated as shown in equation B.2.

x =
width
height

=
Lcross

H︸ ︷︷ ︸
empty channel

=
2awave

h︸ ︷︷ ︸
Rectangle, triangle and sinusoidal spacer

(B.2)
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Appendix C
MATLAB-script used in theoretical pressure
drop calculations

The MATLAB-script given below has been created and simplified by the author according
to prevoius work [1]. The script contains a code that calculate only the cross-sectional area
for the sinusoidal curve

1 clear all
2 close all
3 clc
4 w=xlsread(’PressureDropCalculation.xlsx’,’Calc10’,’B2’);
5 h=xlsread(’PressureDropCalculation.xlsx’,’Calc10’,’B3’);
6 n_wave_G=xlsread(’PressureDropCalculation.xlsx’,’General’,’D36:D42

’);
7 n_wave_10=xlsread(’PressureDropCalculation.xlsx’,’Calc10’,’D42’);
8 n_wave_20=xlsread(’PressureDropCalculation.xlsx’,’Calc20’,’D42’);
9 n_wave_peng=xlsread(’PressureDropCalculation.xlsx’,’Pengs values’,

’D50’);
10
11 b=h/2;
12 A=b;
13
14 %Thesis General
15 n=1;
16 a_G(n)=(w/n_wave_G(n))/2;
17 k_G(n)=pi/a_G(n);
18 y_G=@(x) (A*sin(k_G(n)*x-pi/2)+A);
19 Ac_G(n)=integral(y_G,0,2*a_G(n));
20
21 n=2;
22 a_G(n)=(w/n_wave_G(n))/2;
23 k_G(n)=pi/a_G(n);
24 y_G=@(x) (A*sin(k_G(n)*x-pi/2)+A);
25 Ac_G(n)=integral(y_G,0,2*a_G(n));
26
27 n=3;
28 a_G(n)=(w/n_wave_G(n))/2;
29 k_G(n)=pi/a_G(n);
30 y_G=@(x) (A*sin(k_G(n)*x-pi/2)+A);
31 Ac_G(n)=integral(y_G,0,2*a_G(n));
32
33 n=4;
34 a_G(n)=(w/n_wave_G(n))/2;
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35 k_G(n)=pi/a_G(n);
36 y_G=@(x) (A*sin(k_G(n)*x-pi/2)+A);
37 Ac_G(n)=integral(y_G,0,2*a_G(n));
38
39 n=5;
40 a_G(n)=(w/n_wave_G(n))/2;
41 k_G(n)=pi/a_G(n);
42 y_G=@(x) (A*sin(k_G(n)*x-pi/2)+A);
43 Ac_G(n)=integral(y_G,0,2*a_G(n));
44
45 n=6;
46 a_G(n)=(w/n_wave_G(n))/2;
47 k_G(n)=pi/a_G(n);
48 y_G=@(x) (A*sin(k_G(n)*x-pi/2)+A);
49 Ac_G(n)=integral(y_G,0,2*a_G(n));
50
51 n=7;
52 a_G(n)=(w/n_wave_G(n))/2;
53 k_G(n)=pi/a_G(n);
54 y_G=@(x) (A*sin(k_G(n)*x-pi/2)+A);
55 Ac_G(n)=integral(y_G,0,2*a_G(n));
56
57 Ac_G_inv=Ac_G’;
58 xlswrite(’PressureDropCalculation.xlsx’,Ac_G_inv,’General’,’E36:

E42’);
59
60 %Thesis P=10mm
61 a_10=(w/n_wave_10)/2;
62 k_10=pi/a_10;
63 y_10=@(x) (A*sin(k_10*x-pi/2)+A);
64 Ac_10=integral(y_10,0,2*a_10);
65
66 xlswrite(’PressureDropCalculation.xlsx’,Ac_10,’Calc10’,’E42’);
67
68 %Thesis P=20mm
69 a_20=(w/n_wave_20)/2;
70 k_20=pi/a_20;
71 y_20=@(x) (A*sin(k_20*x-pi/2)+A);
72 Ac_20=integral(y_20,0,2*a_20);
73
74 xlswrite(’PressureDropCalculation.xlsx’,Ac_20,’Calc20’,’E42’);
75
76 %PhD P. Liu
77 a_Liu=(w/n_wave_peng)/2;
78 k_Liu=pi/a_Liu;
79 y_Liu=@(x) (A*sin(k_Liu*x-pi/2)+A);
80 Ac_Liu=integral(y_peng,0,2*a_Liu);
81
82 xlswrite(’PressureDropCalculation.xlsx’,Ac_Liu,’Lius values’,’E50’

);
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Appendix D
Results of the inlet demonstration

The experiment testing various materials and shapes of diffusion material was conducted
to ensure well distributed airflow in the channel. Three materials were tested, two types
of Swix FiberTex, fine and medium coarse, and lastly regular-density Polyurethane Foam.
Different shapes of the materials were tested were presented in chapter 5.1.1 and figure
5.2c. The velocity were measured at three different locations proportional to the cross-
sectional area by a VelociCalc. The best solution was selected for the measurements that
gave themost uniform velocity over the cross-sectional area.

Figure D.1 shows the construction of the inlet area as well as the measuring locations a, b
and c. The velocity was measure for a closed inlet area.

Figure D.1: Location of the different measuring points

The velocity were measure at three different locations as given above. After testing various
shapes of the three chosen material as well as an empty inlet area, the results gave closest
velocity for the empty area. The velocity through the exchanger will be approximately 1-
1.5 m/s dependent on the geometry, and the goal was to be within this range for the current
test. The results for the empty inlet area is presenter in reftab:ResultMeasureVelocityInlet
by average velocity, v̄i, for the different measuring locations and respectively the standard
deviation.

Table D.1: Velocity and standard deviation for the chosen diffusion pieces at the end of the inlet
area

a b c
v̄ σ v̄ σ v̄ σ

Empty 2.36 0.0265 1.81 0.0129 2.20 0.0263
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As the result show, the velocity variation was as relatively low and quite stable over the
whole cross-sectional area, but was not within the expected range. Unfortunately, lower
velocities was not able to reach when the lowest rotational speed on the fan was used.
However, if calculating the Reynolds number to be less than 1120 for the largest velocity,
2.36 m/s, the flow is still laminar.

To avoid uncertainty according to the VelociCalc, the same instrument was used for all
measurements. The error in the instrument has been considered to be equal for all mea-
surements. Since the velocity in particular is not interesting where as the uniformly air
distribution is, the error due to the instrument is neglected.
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Appendix E
Specific values for the created moulds

The moulds were used to corrugate the mesh screen into spacers. Thus, more specific
values regarding the two moulds that were created in the present thesis are given in table
E.1.

Table E.1: Specific properties of the moulds

Mould Corrugation pitch Height Apex angle Width Length Number of waves
[mm] [mm] [°] [m] [m] [-]

1 10 5 90 0.27 0.7 27
2 20 5 - 0.27 0.7 9
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Appendix F
Specific values for the measurement sched-
ule

According to the measurement schedule given in section 5.3, a more detailed information
about the testes and corrugated mesh screens are given in table F.1.

Table F.1: Specific values for the measurement schedule

Test
Wire Mesh Corrugation Apex Number

thickness size pitch angle of waves
[mm] [mm x mm] [mm] [°] [-]

0 - - - - -
1 0.2 2.00 x 1.68 10 136 - 9 25
2 0.22 1.41 x 1.41 10 136 - 9 25
3 0.22 1.19 x 1.19 10 136 - 9 25
4 0.2 2.00 x 1.68 20 - 8.3
5 0.22 1.41 x 1.41 20 - 8.3
6 0.22 1.19 x 1.19 20 - 8.3

F-1



Appendix G
Parameters obtained by the porosity calcu-
lation of the corrugated mesh screens

Before the porosity could be found, other relations had to be calculated. According to the
equations stated in section 4.2, the calculated values are stated in table G.1.

Table G.1: Parameters needed to calculate the porosity of the corrugated mesh screens

Test nwaves α Ly, wire Lx,wire Awire Vwire σ
[-] [°] [mm] [mm] [mm2] [mm3] [%]

1 25 1.19 70.7 78.3 0.0314 4.67×103 0.982
2 25 1.19 100.3 93.1 0.0380 7.35×103 0.972
3 25 1.19 118.8 110.3 0.0380 8.71×103 0.967
4 8.3 1.19 67.3 78.1 0.0314 4.57×103 0.983
5 8.3 1.19 95.5 93.1 0.0380 7.17×103 0.973
6 8.3 1.19 113.1 110.3 0.0380 8.49×103 0.968
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Appendix H
Pressure drop theoretical calculation

The theoretical calculated pressure drop was conducted in the manner described in chapter
3 and 1.5, and the pressure drop results are stated below for the different calculations.

Calculation of the empty channel

Since the calculated pressure drop through the exchanger does not depend on different
spacers, the result of the calculated pressure drop for different airflow rates are stated in
table H.1.

Table H.1: Theoretical pressure drop calculated for the different geometries

Airflow rate [L/min] ∆P [Pa]
20 24.6
25 30.9
30 37.3
35 43.7
40 50.2
45 56.7
50 63.3

Varying corrugation pitch

The pressure drop was first calculated for the different geometries for varying corrugation
pitches. This was done to be able to choose corrugation pitches that would be experimen-
tally tested. The result for the varying corrugation pitches is given in table H.2 for an
airflow rate of 30 L/min.

Table H.2: Theoretical pressure drop calculated for the different geometries at 30 L/min

Corrugation ∆P [Pa]
pitch [m] Sinusoidal Ramp
0.05 71.0 39.0
0.03 72.5 39.7
0.02 74.6 40.6
0.015 77.1 41.5
0.01 82.9 43.4
0.008 87.9 44.9
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Varying airflow rate

The pressure drops varying with the airflow rates for the chosen corrugation pitches are
given below. First is the pressure drop for the corrugation pitch of 10 mm stated in table
H.3. Then, table H.4 stated the pressure drop results for the corrugation pitch of 20 mm.

Table H.3: Theoretical pressure drop for the different geometries according to a corrugation pitch
of 10 L/min

Airflow rate ∆P [Pa]
[L/min] Sinusoidal Ramp
20 54.7 28.3
25 68.7 35.8
30 82.9 43.4
35 97.2 51.1
40 111.7 59.0
45 126.3 67.1
50 141.1 75.2

Table H.4: Theoretical pressure drop for the different geometries according to a corrugation pitch
of 20 L/min

Airflow rate ∆P [Pa]
[L/min] Sinusoidal Ramp
20 49.2 26.4
25 61.8 33.5
30 74.6 40.6
35 87.6 47.9
40 100.6 55.3
45 113.9 62.8
50 127.2 70.5
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Appendix I
Results of the pressure drop from actual ex-
periments

The pressure drop results according to the experimental testing is given in this section.
First, the average pressure drop regarding all tests are stated in table I.1.

Table I.1: The average pressure drop for the exchanger for the different conducted tests

Airflow [L/min]
20 30 40

∆P̄ [Pa]

Test 0 26 40 54
Test 1 44 77 114
Test 2 46 80 119
Test 3 47 83 124
Test 4 31 53 78
Test 5 35 63 95
Test 6 36 64 96

Further, the statical pressure drops were obtained at different pressure taps perpendicular
to the channel wall and was denoted by the letters from a-f, shown in figure I.1, regarding
whether the taps were located at the supply or exhaust channel, as previously explained.
Thus, these pressure drop at the different taps are stated in the sections below for the
different tests.

Regarding the different tests, two assessments were conducted which were denoted I and
II. According to the empty channel, these represented different measurements conducted
to the channel. As for the spacer-filled channels, the different assessments described the
two pairs of spacers conducted for the same test. Correspondingly, different analyses were
conducted for the investigated assessments, whereas the analyses were dependent on the
location of where the air was being supplied into the channels. These have been named
N (Normal) and T (Turned). Regarding the empty channel, the air was supplied to both
ends of Channel B, to investigate if there were any pressure differences between the flow
directions through the channel.
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For the tables below, table I.2, I.3, I.4, I.5, I.6, I.7 and I.8 respectively belongs to Test 0,
Test 1, Test 2, Test 3, Test 4, Test 5 and Test 6. The notations given in the tables have a
common meaning, which is stated below.

V̇ The airflow rate
i The assessment
j The analyses
ϕ The differential pressure drop regarding the different channels for the

same analysis
∆P̄j The average pressure drop over all pressure taps for the same analyses
∆P̄i The average pressure drop according the assessment

Figure I.1: Notation of pressure taps in the exchanger (regiven)
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Empty channel

Test 0 - Channel without spacers
The pressure drop for the empty channel was measured only for Channel B. Thus, i rep-
resents the different times the empty channel was measured and j the way the air flew
through the channel. Further, since only one channel were investigated, there were only
three taps that were utilized. Also, the differential pressure drop regarding different chan-
nels where then excluded.

Table I.2: The pressure drop according to the different pressure taps for Test 0. The average pressure
drop for different measurements are also given

V̇ i j Pressure taps [Pa] ∆P̄j ∆P̄i

[L/min] a b c [Pa] [Pa]

20
I N 24 29 27 27 27T 25 29 26 27

II N 25 28 25 26 26T 24 29 25 26

30
I N 36 45 43 41 41T 39 46 39 41

II N 39 40 39 39 39T 35 41 39 38

40
I N 48 61 59 56 56T 52 62 53 56

II N 53 56 54 54 53T 46 55 52 51
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Tested corrugated mesh screens
According to the spacer-filled channels, channel A and B were both investigated as supply
and exhaust channels. When Channel A was conducted as the supply channels it was de-
noted N and T for Channel B. Thus, the spacers inserted into the various channels could
both be evaluated for the effects of being either inside the supply or exhaust channel. Fur-
ther, the first pair of spacers (I) were experimentally investigated twice. After the first
conducted measurements, the spacers were reinserted into the channels and investigated
according to the same procedure as stated above. This was accomplished so the results
would minimize constructional errors and uncertainties when the exchanger was reassem-
bled. The pressure drop results were averaged according to the same assessment since it
was the same pair of spacers that were investigated.

Lastly, the second pair of spacers (II) were created with the same mesh screens and moulds
for the respective tests. This was conducted to ensure that the average pressure drop was
durable for more than one set of identical spacers. These tests were conducted in the same
manner as described above, but only measured once due to time limit. However, Test 6
was only conducted once and is therefore lacking II .

Further, ϕ states the difference in pressure drop according to the different channels for the
same test (i). The larger the difference is, the larger deviation in the results according to
the set regarding two different tested spacers.
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Test 1 - Mould 1 and Mesh I

Table I.3: The pressure drop according to the different pressure taps for Test 1. The average pressure
drop for different measurements are also given

V̇ i j Pressure taps [Pa] ϕ ∆P̄j ∆P̄i

[L/min] a b c d e f [Pa] [Pa] [Pa]

20
I N 26 31 27 56 63 54 30 43 43T 54 61 54 28 32 27 -27 42

II N 26 33 30 63 69 59 34 47 45T 48 54 45 36 44 37 -10 44

30
I N 45 52 47 98 128 94 54 74 74T 92 105 95 50 57 47 -46 74

II N 43 55 50 113 125 105 65 82 80T 81 92 76 67 81 66 -12 77

40
I N 65 77 68 147 169 141 82 111 110T 134 154 136 76 85 69 -65 109

II N 60 78 71 171 187 157 102 121 117T 115 131 110 102 124 100 -10 114

Test 2 - Mould 1 and Mesh II

Table I.4: The pressure drop according to the different pressure taps for Test 2. The average pressure
drop for different measurements are also given

V̇ i j Pressure taps [Pa] ϕ ∆P̄j ∆P̄i

[L/min] a b c d e f [Pa] [Pa] [Pa]

20
I N 50 59 54 45 53 43 -7 50 51T 40 48 42 56 65 59 17 51

II N 42 46 41 39 45 38 -2 42 41T 36 43 37 43 47 39 4 41

30
I N 85 100 91 79 95 75 -9 87 88T 67 81 69 100 117 103 35 89

II N 72 81 70 69 82 66 -2 73 72T 62 75 67 76 83 65 7 71

40
I N 120 143 131 117 143 113 -7 128 130T 95 117 101 151 179 155 57 133

II N 105 121 103 102 122 99 -2 128 107T 89 108 98 113 124 98 13 105
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Test 3 - Mould 1 and Mesh III

Table I.5: The pressure drop according to the different pressure taps for Test 3. The average pressure
drop for different measurements are also given

V̇ i j Pressure taps [Pa] ϕ ∆P̄j ∆P̄i

[L/min] a b c d e f [Pa] [Pa] [Pa]

20
I N 50 55 51 49 57 46 -2 51 51T 46 55 47 53 59 51 5 52

II N 36 39 33 48 56 44 13 43 43T 46 52 45 39 42 33 -10 43

30
I N 86 97 87 87 102 8 0 90 90T 79 95 82 94 104 91 11 91

II N 63 68 58 87 99 78 25 76 76T 80 94 81 71 75 57 -17 76

40
I N 125 141 126 132 155 122 5 133 134T 116 140 120 143 159 137 21 136

II N 91 102 86 133 152 118 41 114 114T 118 139 119 109 115 85 -22 114

Test 4 - Mould 2 and Mesh I

Table I.6: The pressure drop according to the different pressure taps for Test 4. The average pressure
drop for different measurements are also given

V̇ i j Pressure taps [Pa] ϕ ∆P̄j ∆P̄i

[L/min] a b c d e f [Pa] [Pa] [Pa]

20
I N 23 29 24 31 37 24 5 28 29T 23 33 26 30 36 28 4 29

II N 38 45 40 20 27 18 -19 31 33T 16 22 18 49 53 45 30 34

30
I N 37 48 39 57 66 42 13 48 50T 38 55 43 57 65 51 12 51

II N 62 74 64 36 51 32 -27 53 56T 25 37 29 87 96 80 57 59

40
I N 50 65 53 89 101 63 29 70 73T 53 79 59 88 100 79 25 76

II N 82 100 87 55 78 50 -29 75 82T 34 51 40 137 149 123 95 89
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Test 5 - Mould 2 and Mesh II

Table I.7: The pressure drop according to the different pressure taps for Test 5. The average pressure
drop for different measurements are also given

V̇ i j Pressure taps [Pa] ϕ ∆P̄j ∆P̄i

[L/min] a b c d e f [Pa] [Pa] [Pa]

20
I N 41 47 39 30 40 26 -10 37 37T 20 32 24 46 54 44 23 36

II N 29 38 32 29 38 31 0 33 34T 25 35 31 41 43 33 9 35

30
I N 69 79 66 61 77 48 -9 66 66T 33 54 40 84 102 79 46 65

II N 50 64 53 52 68 56 3 57 60T 43 59 53 79 81 60 22 63

40
I N 97 112 95 104 124 79 1 102 101T 46 77 55 134 164 126 82 100

II N 70 91 75 79 105 85 11 84 89T 60 84 75 125 127 91 41 94

Test 6 - Mould 2 and Mesh III

Table I.8: The pressure drop according to the different pressure taps for Test 6. The average pressure
drop for different measurements are also given

V̇ i j Pressure taps [Pa] ϕ ∆P̄j ∆P̄i

[L/min] a b c d e f [Pa] [Pa] [Pa]

20 I N 36 46 41 25 34 24 -13 34 36T 19 29 24 47 54 47 25 38

30 I N 60 77 69 46 64 45 -17 60 64T 32 51 43 89 102 87 51 67

40 I N 84 109 98 71 100 70 -17 89 96T 45 75 61 144 163 134 87 104
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