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A B S T R A C T   

In this work, external mass transfer phenomena around hydrogen selective Pd-based membranes were analyzed 
experimentally and mathematically modelled. A supported Pd-Ag membrane was tested in pure hydrogen and in 
hydrogen/nitrogen mixtures using three different membrane lengths. Pressure, temperature, gas flow rate and 
feed composition were varied to obtain an elaborate dataset that could be used for analysis and modelling. Strong 
influences of concentration polarization and hydrogen depletion were observed. Various empirical correlations 
describing gas phase mass transfer around a tubular membrane from literature were tested, but none of them 
yielded a sufficiently accurate prediction of concentration polarization observed in the experiments. Therefore, a 
new Sherwood correlation was fitted using the dataset. The obtained correlation (Sh = 1.846 • Gz0.60) showed 
significantly improved predictive behavior for the system used in this work and represents a potentially powerful 
tool for the modelling of membrane separators for pure hydrogen production.   

1. Introduction 

The recently abundant signs of climate changes due to global 
warming, like melting glaciers and rising sea levels, have reminded us 
that we need to improve and redesign our energy supply industry. These 
climate changes are directly due to anthropogenic greenhouse gases 
emissions. As a consequence, it is clear that fossil-based fuels cannot be 
used as energy source in the foreseeable future, since this would have 
detrimental consequences for life on earth [1]. Therefore, new energy 
carriers and energy sources are highly needed. Currently, hydrogen is 
considered as one of the most advanced and highest potential candidates 
of (partially) fulfilling the gap that fossil-based energy industry will 
leave behind [2]. Many different processes for clean and energy-efficient 
hydrogen production are being developed. Not all these processes have a 
pure hydrogen product stream directly from the reactor. Therefore, 
additional separation steps are required to ensure a hydrogen purity that 
matches the requirements of the unit that will convert the hydrogen 
back to the energy form that is needed (such as fuel cells). The energy 
consumption of these separation steps directly reduces the energy 

efficiency of the energy carrier system. Membrane separation can be 
used to reduce the energy demand of the hydrogen purification steps 
[3]. 

Specifically, Pd-based membranes have a high permeance and perm- 
selectivity, meaning that they can separate a significant amount of 
hydrogen at a purity that could match the high purity requirements that 
hydrogen fuel cells need [4]. These membranes can be used both in a 
separator unit for gas mixtures such as methane/hydrogen mixtures 
(interesting for hydrogen storage in natural gas grids) as well as in an 
integrated membrane reactor for production and recovery of hydrogen 
from different fuels/hydrogen carriers (methane, ethanol, methanol 
ammonia) [5–15]. 

The currently available Pd-based membranes are close to ready for 
commercial implementation and production lines for Pd-based mem
branes have been developed [16]. Membranes can be produced with 
hydrogen permeance of 5⋅10− 6 mol s− 1 m− 2 Pa− 1 and an ideal H2/N2 
perm-selectivity higher than 25,000 [17]. While the development of the 
membranes is going fast, a demand for practical and accurate modelling 
of membrane systems is created. The membrane permeance itself is 
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relatively simple to model using Richardson’s equation, which calcu
lates the hydrogen flux based on the hydrogen partial pressures at the 
outer and inner surface of the membrane. However, due to the high 
permeance of the membranes, external mass transfer (limitation) be
comes a highly important factor impacting the hydrogen flux. This in
fluence of external mass transfer on the overall behavior of a membrane 
system is often referred to as concentration polarization. The impact of 
external mass transfer limitations may result in a required membrane 
area significantly higher compared to the one evaluated without 
considering the mass transfer limitations [18]. 

Many authors already reported the importance of this phenomenon, 
and several different methods have been suggested to analyze or predict 
it [19–23]. However, external mass transfer is known to be a complex 
phenomenon to predict using a model. CFD models are often used to 
generate better understanding of different parameters of membrane 
integrated systems, but validation with experimental data from 
Pd-based membranes is difficult and simulations are time consuming. An 
approach with a more simplified model can be used to predict the 
behavior of a membrane integrated process. Many different research 
developed models predicting the separation performance of Pd-based 
membranes in an empty vessel using an empirical expression [19,20, 
23–28]. The approach that these works is to consider a mass transfer film 
layer around the membrane where the external transport resistance 
takes place. Transport in this specific layer is then described using a 
mass transfer coefficient which is calculated from an empirical Sher
wood correlation. The differences among these works lie in the formu
lations of the Sherwood correlation. Caravella et al. used a correlation 
based on the analytical derivation of a simplified mass transfer problem 
[19,25]. Catalano et al. fitted a correlation based on an experimental 
dataset [20,24]. And Brencio et al., Nordio et al. and Boon et al. used a 
constant Sherwood number for all conditions [21,27,28]. In general, 
there is a clear lack of unified approach as well as understanding of the 
phenomena and how to implement those in the models. The assumed 
Sherwood numbers are sometimes not applicable to the case studied and 
large errors in terms of membrane area required would be generated by 
improperly using those equations. 

The objective of this work is to experimentally analyze external mass 
transfer behavior of a highly permeable supported Pd-Ag membrane in 
an empty vessel. The dataset obtained from the experimental tests will 
be used to evaluate the different external mass transfer correlations used 
in literature and to give clarity on the applicability of those equations. 
Finally, a new mass transfer correlation will be fitted and compared to 
other correlations from literature. Additionally, the obtained experi
mental dataset will be made available in the supplementary data and 
stored open access at Zenodo, such that it can be used by other in
vestigators [29]. 

2. Materials and methods 

2.1. Membranes 

The membrane used in this work is a supported Pd-Ag membrane, 
prepared via simultaneous electroless plating according to the proced
ure described by Arratibel et al. [17]. The support was a finger-like 
asymmetric α-Al2O3 support (pore size of 0.1 μm at the outer surface 
and 3 μm at the inner side), provided by Rauschert Kloster Veilsdorf. The 
membrane has a length of 467 mm and an OD/ID ratio of 14/7 mm, 
where OD and ID are the outer and inner diameter of the tubular 
membrane. The thickness of the Pd-Ag layer was determined by per
forming a Scanning Electron Microscopy (SEM) on the cross-section. 

2.2. Membrane tests 

The membrane tests were performed in an experimental setup 
designed for the characterization of Pd-based membranes. The experi
mental setup contains a gas feed section with mass flow controllers 

provided by Bronkhorst. The feed gas was fed through a CAST-X 500 gas 
heater provided by KURVAL. The gas was then led through a spiral into 
the membrane module, both heated by a Carbolite-Gero TF3 three-zone 
tubular oven provided by VERDER scientific. The membrane module 
consisted of a stainless-steel vessel with an internal diameter of 78 mm. 
The retentate outlet of the membrane module was cooled in a heat- 
exchanger and then sent to a back-pressure controller provided by 
Bronkhorst. The permeate outlet was sent to a thermal mass flow meter 
also provided by Bronkhorst. Temperature was monitored using a multi- 
point thermocouple monitoring the temperature at 8 different points in 
the module. Layout of the testing setup is reported in Fig. 1. 

The permeation behavior of the membrane was tested at three 
different lengths – 467 mm, 300 mm, and 150 mm –, to investigate the 
effect of the membrane length and to increase the amount of data that 
can be used for modelling. This was done by testing the membrane at full 
length, followed by cutting off the sealed edges and re-sealing – after 
which the membrane could be tested again. Every time the membrane 
was tested, it was activated in air for 2 min at 400 ◦C and kept in pure 
hydrogen atmosphere until a stable permeance was observed. The 
membrane tests consisted of pure hydrogen permeation measurements 
varying temperature and pressure to determine the Richardson’s pa
rameters and H2/N2 mixture tests to investigate external mass transfer 
behavior. For each length, both pure hydrogen and mixture tests were 
performed at 450 ◦C, then at 400 ◦C and lastly at 350 ◦C. The membrane 
test procedure is visualized in Fig. 2. 

3. Modelling 

To model the hydrogen permeation through a dense Pd-based 
membrane, every mass transfer step contributing significantly to the 
observed flux must be included. For a Pd-based membrane in pure 
hydrogen, the transport resistances are induced by the Pd-based layer 
and the support. Hydrogen transport through the Pd-based layer follows 
the solution-diffusion mechanism, since a H2 molecule first undergoes 
dissociative adsorption, then the atoms diffuse through the Pd-based 
layer and finally undergoes associative desorption. Richardson’s equa
tion is required to model the transport through the Pd-based layer [30]. 

NH2 =Pe0 exp
(

−
Ea

RT

)[(
pH2 ,memb

)n
−
(

pH2 ,perm

)n]
(1) 

NH2 is the permeating hydrogen flux, Pe0 is the pre-exponential 
factor of permeance, Ea is the apparent activation energy, n is the 
pressure exponent and pH2 ,memb and pH2 ,perm are the hydrogen partial 
pressures next to the retentate and permeate side surfaces of the mem
brane. Additionally, also the resistance of the porous support can be 
lumped into the parameters of Richardson’s equation [31]. 

The purpose of Pd-based membranes is of course to remove hydrogen 
from a gas mixture, so the hydrogen fraction and total gas flow rate will 
decrease along the length of the membrane. Reduction in hydrogen 
molar fraction is typically denoted as depletion, and it can have a sig
nificant impact on the overall membrane flux, since it is directly related 
to hydrogen partial pressure (the relation pH2

= p • xH2 is assumed to be 
valid in the applied operating conditions). Therefore, at least a 1D dis
cretization of the membrane area is required, such that the changing 
composition and gas velocity reduction along the module can be 
accounted for. The membrane was discretized only in the axial direction 
since the system is symmetrical in the angular direction, as visualized in 
Fig. 3. The radial direction will be accounted for in the external mass 
transfer term. 

After discretizing the gas-phase around the membrane (i.e. reten
tate), a system with unit-cells in the shape of annular discs is obtained. 
The gas flow follows the upward vertical direction (z), and the perme
ation flux follows the radial direction (y). A mass balance for hydrogen 
and other components (i) can then be formulated for each unit cell. 

0=FH2 ,z − FH2 ,z+Δz − NH2 ,z • dA (2) 
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0= FN2 ,z − FN2 ,z+Δz (3) 

FN2 ,z is the molar flow of nitrogen at position z an NH2 ,z is the molar 
permeation flux of hydrogen at position z and A is the membrane surface 
area. The molar permeation flux of hydrogen is described by the 

permeation model. Since Pd-based membranes are highly perm- 
selective, only the permeation flux of hydrogen is considered, while 
for the other components (nitrogen) it is assumed to be equal to zero. 

The permeation flux is calculated using Richardson’s equation 
(Equation (1)), which relates the hydrogen flux to the pressures at the 
inner and outer surfaces of the membrane. Due to external mass transfer 
resistance, a difference in hydrogen partial pressure between the bulk 
and the outer membrane surface is created. To calculate the partial 
pressure of hydrogen at the membrane surface, an external mass transfer 
model should be used. The most common approach of modelling 
external mass transfer is by considering it as a film layer at the mem
brane surface, where the rate of mass transport is described via a mass 
transfer coefficient. Stagnant film model formulation for a bicomponent 
gas mixture in cylindrical geometry has already been formulated by 
Nooijer et at., describing hydrogen permeation in Pd-based membranes 
in a fluidized bed membrane reactor for methane reforming [32]. The 
equation describing the hydrogen flux through a boundary layer of 
thickness δ at the surface of a cylindrical membrane of radius rmemb is 
reported in Equation (4). The first term of the equation can be grouped 
under an overall mass transfer coefficient kg. The approach using the 
film model has some flaws that suggest that it is not completely funda
mentally correct according to a recently published work of Song et al. 
[33]. However, in practice it is the most applied way of modelling 
concentration polarization for membranes, meaning that it is quite 
effective at modeling the mass transfer rate. 

Fig. 1. Process flow diagram (A) and picture (B) of the experimental test setup used in this work. MFC = mass flow meter; FM = flow meter; BPR = back pres
sure regulator. 

Fig. 2. Visualization of the membrane test procedure including cutting and re- 
sealing steps. 

Fig. 3. Schematic drawings of the membrane inside the vessel. A) discretization in the axial direction; B) cross-section projection with dimensions of the membrane 
and the vessel. 
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NH2 (rmemb)=
DH2-N2

rmemb ln
(

1+
δ

rmemb

)ctot ln
(

1 − xH2 ,memb

1 − xH2 ,bulk

)

= kgctot ln
(

1 − xH2 ,memb

1 − xH2 ,bulk

)
(4) 

If the mass transfer coefficient is known, the equations above can be 
solved numerically to obtain the overall hydrogen flux. The required 
mass transfer coefficient however is strongly dependent on the geometry 
and stream properties around the membrane, and thus is very case 
specific. The most common interpretation of the stagnant film model has 
been mathematically justified by Zydney and assumes that the mass 
transfer coefficient kg can be interpreted as the convective coefficient 
using a pseudo-concentration [34]. The same approach has been used by 
Rohlfs et al., and allows to justify the determination of the mass transfer 
coefficient starting from the knowledge of the Sherwood number, which 
is defined as the ratio of the rates of convective and diffusive mass 
transport [35]. 

Sh=
kgdh

DH2-N2

(5) 

The final step is to calculate the Sherwood number, for this, an 
empirical correlation is typically used. In literature a wide range of 
different correlations is available for a huge variety of different systems. 
Part of his work will focus on Sherwood correlations that can be used to 
determine the mass transfer coefficient in a system with a Pd-based 
membrane in an empty vessel. 

4. Results and correlations fitting 

4.1. Experimental results of pure gas tests 

The membrane was tested at each length for its permeation behavior 
in pure hydrogen, while the pressure was varied between 1.5 and 5 bar 
(a) at 450-400-350 ◦C. In Table 1, the permeance Pe and ideal H2/N2 
perm-selectivity, SH2/N2 of the different membrane lenghts are compared 
to each other and to works of similar membranes in literature. Per
meance is defined as the hydrogen trans-membrane flux divided by the 
difference in hydrogen partial pressure. The ideal H2/N2 perm- 
selectivity is defined as the ratio of the membrane fluxes in both pure 
hydrogen and pure nitrogen at the same pressure. The obtained mem
brane parameters are in line with results of other works found in liter
ature. The perm-selectivity decreased significantly during the testing 
period and during cutting and re-sealing of the membrane. Since the 
selectivity remains still above 1,000, it can be reasonably assumed that 
the permeation behavior is unaffected by non-selective permeation as 
already reported in literature. When the hydrogen permeances of the 
different membrane lengths are compared, slight differences are 
observed. This could be caused by changing surface properties as a result 
of (re-)activation, temperature cycles or ageing of the membrane. 
Additionally, local differences in surface properties and selective layer 

thickness could also lead to different permeation behavior, these local 
differences would become noticeable in the parameters when removing 
part of the membrane. However, it is important to stress that these 
differences are very small, and the membranes can therefore be 
considered as near identical in terms of hydrogen permeation properties. 

The data obtained from the pure hydrogen permeation tests were 
used to fit the parameters of Richardson’s equation for each membrane 
length. The fitted Richardson parameters are shown in Table 1. In Fig. 4, 
the pure hydrogen permeation data is visualized together with the 
predictions of Richardson’s equation using the fitted values. The 
experimental datapoints closely match the model’s predictions, meaning 
that the parameters were properly fitted. 

The values of the Richardson parameters reported in Table 1 are in 
line with values reported for other supported Pd-Ag membranes. The 
observed value of the pressure exponent n, is higher than 0.5, indicating 
that internal diffusion is not the only step affecting the permeation rate 
[25,31,38]. In thin Pd-based membranes, the diffusion step is suffi
ciently fast, such that the effects of the adsorption and/or desorption 
rates become visible in the overall permeation rate. Besides that, also 
external transport steps like the mass transfer resistance in the porous 
support can also become significant for highly permeable membranes. 
These “non-idealities” with respect to the assumptions leading to a 
pressure exponent of 0.5 (Sieverts’ law) can lead to the increased value 
(maximum up to 1) of the pressure exponent [25]. The differences in 
terms of activation energy are generally difficult to explain since various 
effects tend to alter this value. The differences observed in Table 1 are 
considered quite small and are therefore, just like the overall per
meance, attributed to local differences on the membranes and to 
repeated activation procedures. 

4.2. Experimental results of hydrogen/nitrogen mixture tests 

Extensive H2/N2 mixture tests were performed at 450-400-350 ◦C. 
The feed pressure, flow rate and composition were varied to study the 
mass transfer behavior around the Pd-based membrane. Details of the 
conditions applied in these mixture tests can be found in Supplementary 
data 1, as well as the complete dataset of experimental results obtained 
in this work. The dataset consists of 423 datapoints in total, the test 
conditions were equal for each membrane at each applied temperature. 
The datasets are made available in the supplementary files and at Zen
odo [29]. 

Fig. 5 shows a small sample of the dataset with varied feed flow rate 
for each membrane length. The x-axis shows the A/F ratio which rep
resents the ratio between membrane area and feed total flow rate. This 
parameter can be useful to visualize permeation data of multiple 
membranes with different lengths (or areas), since it shows the amount 
of hydrogen fed relative to the membrane area available for hydrogen 
removal. The y-axis shows the recovery factor of hydrogen RF, which is 
generally defined with the following equation, as the ratio between 
hydrogen separated and hydrogen fed. 

Table 1 
Comparison of properties and fitted Richardson parameters for each of the three membrane lengths of 467 mm (L-467), 300 mm (L-300) and 150 mm (L-150) used in 
this work.   

This work Other works 

L-467 L-300 L-150 [36] [37] [24] [32] 

t (μm) 4.3 1.3 2.4 2.5 5.2 
L (mm) 467 300 150 58 30 90 143.5 
Pe∗ (mol s− 1 m− 2 bar− 1) 0.184 0.174 0.192 0.9 0.75 0.473 0.21∗∗

SH2/N2
∗ 53,919 10,589 1,406 3,300 2,140 10,000 4, 576∗∗

Pe0
(
× 10− 3 mol s− 1 m− 2 Pa− n) 2.187 2.669 2.968     

Ea (kJ /mol) 9.684 9.262 10.451 7.44 4.4 7.8 9.23 
n 0.594 0.581 0.584 0.64 0.71 0.5 0.5 

* 2 bar(a) and 400 ◦C. 
** 384 ◦C instead of 400 ◦C. 
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FH2 ,separated =RF • FH2 ,feed⇒RF=
FH2 ,separated

FH2 ,feed
(6) 

In Fig. 5, also the results of a model neglecting any external mass 
transfer resistance are shown as solid lines for comparison. 

The data in Fig. 5 shows that the recovery factor increases as the A/ F 
ratio increases for all cases. A higher A/F ratio induces a higher RF since 
more hydrogen is separated when there is a larger membrane area. 
However, the slope of the curves progressively decreases also in the ideal 
model, indicating that hydrogen depletion (i.e. reduction of hydrogen 
concentration due to selective permeation) is an important phenomenon 
to be considered in any model. The lines of the ideal model reach an 
asymptote somewhat below 1, since hydrogen can be separated only 
until its partial pressure is higher than the equivalent partial pressure in 
the permeate side. The gaps between the lines of the model without 
concentration polarization and the experimental datapoints demon
strate the presence of concentration polarization, of which impact was 
already highlighted by various authors [19–23,27]. For all the param
eters investigated (temperature, feed pressure, hydrogen inlet molar 
fraction) the model without CP highly overestimates the hydrogen 
separation, showing that it is necessary to properly include their 
description in the model. 

Besides the appearance of concentration polarization and hydrogen 
depletion effects, it can also be seen that the mass transfer behavior is 
quite similar for each membrane length experimentally studied, since 
data for the 150 mm, 300 mm and 467 mm membranes seem to lie on a 
single line. 

4.3. External mass transfer modelling from literature 

The analysis of the results obtained during the binary mixture ex
periments highlighted the occurrence of two important effects taking 
place in a Pd-based membrane system, namely, hydrogen depletion and 
concentration polarization. The effect of depletion is accounted for in 

the model by discretizing the membrane surface in the axial direction, as 
was described in the description of the model. To account for concen
tration polarization, a relevant empirical Sherwood correlation must be 
used to complete the film layer model described before. 

The Sherwood number can be calculated from a correlation relevant 
for the geometry of the system and the conditions of the application. 
Sherwood correlations for regular systems (e.g. flow through a pipe, 
around a sphere, etc.) are widely available, however to the best of the 
author’s knowledge a versatile correlation for forced parallel flow in a 
pipe around highly permeable cylindrical membranes has not been 
investigated yet. Other works in literature with similar configurations 
use a variety of different correlations, some adopted from systems with 
similarities, and some fitted using data experimental data of membrane 
separators. Eight different examples of the correlations used in literature 
can be found in Table 2. 

The correlations shown in Table 2 show clear differences, both in 
terms of values of the empirical coefficients and in terms of the general 
form of the equation. There are expressions for average Sherwood 
numbers that apply for the entire length of the membrane indicated with 
ShL [20,21,24,27,28]; other authors refer to local Sherwood numbers 
which are depending on the axial coordinate indicated with Shz [19,25, 
40]. This is an important difference, since on one side it is important to 
account for conditions changing along the membrane. However, on the 
other side, simplicity is desired for an empirical correlation, because 
overfitting might make the modelling work case-specific or applicable 
only in a very limited range of conditions. Another difference among the 
correlations is the calculation of the hydraulic diameter, since either the 
general definition of the hydraulic diameter, or the membrane length, 
have been found to be used in the reported literature. To create a sys
tematic way of calculating the hydraulic diameter, a definition was 
given in Ref. [40]. 

dh =
4Ac

P
(7) 

Fig. 4. Fitted and experimental hydrogen flux versus pressure drop at different temperature for the three different membrane lengths A) 467 mm (L-467), B) 300 mm 
(L-300), and C) 150 mm (L-150). 
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where Ac is the cross-sectional area through which the fluid flows and P 
is the wetted perimeter of solid surfaces in contact with the fluid flow. 
When this definition is applied for the tubular membrane configuration, 
the following expression is obtained. 

dh =4 •
Ac,vessel − Ac,memb

Pvessel + Pmemb
=

(
D2

vessel − D2
memb

)

Dvessel + Dmemb
=Dvessel − Dmemb (8) 

The differences among the various Sherwood correlations from 
literature, shown in Table 2, have a huge impact on the mass transfer 
coefficient prediction. To demonstrate this, in Fig. 6 different mass 
transfer coefficients were calculated using Equation (5) containing each 
correlation from Table 2, with varying Reynolds number and assuming a 
constant Schmidt number (in gaseous mixtures, Schmidt numbers are 
typically always close to unity). The graph shows that the values of kg 

differ consistently depending on the used correlation, even though they 
are all used for hydrogen permeation through tubular membranes in an 
empty vessel, especially for high Reynolds numbers. This indicates that 
each of these correlations is very case-specific and therefore should not 
be adopted without any further validation. 

To evaluate the prediction of the mass transfer behavior, each cor
relation was inserted into the model and used to describe the 423 
experimental datapoints obtained during the test campaign. The error 
between the modelled and experimental results was expressed in terms 
of Relative Error (RE), which was calculated for each datapoint ac

Fig. 5. Results of experiments and ideal model (no CP) of H2/N2 permeation tests. Datapoints are expressed in recovery factor RF and area-to-feed flow ratio A/Ffeed. 
A) shows results at 450 ◦C, 3 bar(a) and 80% hydrogen (base case), B) at lower temperature, C) at higher pressure and D) at lower hydrogen feed fraction. 

Table 2 
Correlations used in literature to describe external mass transfer around cylin
drical Pd-based membranes in an empty vessel.  

# Correlation dh Reference 

L1 ShL = 6.18 4Ac

P 
Boon et al. [21], 
Nordio et al. [27], 
Brencio et al. [28] 

L2 ShL = 9.09, for
rin

rout
= 0.18 4Ac

P 
[39] 

L3 ShL = 1.87 • Ref
1.08 • Scf

1.08 = 1.87 •

Pef
1.08 

L Catalano et al. [24] 

L4 ShL = 1.87 • Ref
0.50 • Scf

0.33 L Catalano et al. [20] 
L5 

Shz = 1.95 •

(

Rez • Scz •
dh

L

)0.33
= 1.95 •

Gzz
0.33 

4Ac

P 
Caravella et al. [25] 

L6 
Shz = 1.62 •

(

Rez • Scz •
dh

L

)0.33
= 1.62 •

Gzz
0.33 , for Re ≤ 2,100 

4Ac

P 
Caravella et al. [19] 

L7 Shz = 0.332 • Rez
0.50 • Scz

0.33, for Sc≳0.6 4Ac

P 
Analytical solution for 
flat plate [40] 

L8 ShL = 0.664 • ReL
0.50 • ScL

0.33, for Sc≳0.6 4Ac

P  
Analytical solution for 
flat plate [23,40]  
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cording to the following equation. 

RE=
NH2 ,mod − NH2 ,exp

NH2 ,exp
×100% (9) 

The obtained error distributions of the selected correlations are 
summarized in Fig. 7 in the form of a box plot – which is an effective 
approach of showing and comparing the error distribution of multiple 
cases in one graph [41]. The box comprises half of the datapoints with 
the lowest error and the line dividing the box indicates the median. The 
whiskers enclose the other half of the datapoints, while the outliers (2.5 
IQR) are indicated with markers. 

The box plots in Fig. 7 show that data fitting of each correlation listed 
in Table 2 gave a widespread of errors, when compared to the experi
mental data. One reason why these correlations perform so differently is 
that they are derived in different ways. Correlation L1 assumes a con
stant Sherwood number regardless of the conditions or geometry. The 
work of Boon et al. first used this number to describe the mass transfer 
coefficient around a tubular Pd-based membrane [21]. From this work, 
the number was adopted by other authors to describe the external mass 
transfer behavior of other tubular membranes without considering the 
different dimensions of their system [27,28]. The number originates 
from Nusselt number calculations for a concentric annular duct with 
insulated outer wall and an inner wall with constant heat flux [39]. The 
specific value of 6.18 is only relevant for a rin/rout = rmemb/ rvessel = 0.5, 
and therefore does not specifically fit for modules with different di
mensions. The membrane module used in this work has a rin/ rout =

0.18, which results in a Sherwood number of 9.09 according to corre
lation L2 [39]. Correlations L3-4, used by Catalano et al. were fitted 

using experimental data of a tubular Pd-based membrane [20,24]. 
Correlations L5-6, used by Caravella et al. originate from an analytical 
derivation to describe the extended Graetz problem by Sellars et al. [19, 
25,42]. The extended Graetz problem is defined as heat transfer for 
fully-developed laminar flow in a round tube or flat conduct with either 
constant wall heat flux or linear wall temperature [43]. Correlations 
L7-8 were derived analytically to describe the boundary layer in steady 
laminar flow along a flat plate, and were obtained using the Blasius 
solution [40,44]. 

Another important factor that must be taken into consideration when 
selecting an empirical mass correlation for the mass transfer coefficient 
is the geometry of the system considered. The membrane separator is in 
fact a concentric annular duct where the parallel flow is developing both 
hydrodynamically and concentration-wise. Developing flow makes it 
hard to predict the mass transfer behavior due to the different behavior 
taking place in the entrance region. Furthermore, the impact of a radial 
velocity gradient is often neglected when modelling the hydrodynamics 
of a mass transfer system. However, due to the high permeance of some 
membranes such as the Pd-based used in this work, a significant 
convective contribution to mass transfer in the radial direction can be 
expected. To check the relative importance of a radial velocity contri
bution, the uradial/uaxial ratio was also calculated for each datapoint 
based on the observed flux. uradial is simply the volumetric permeation 
flux and uaxial was estimated by taking the gas velocity at the inlet. The 
ratio is on average 0.12 for the entire dataset and it varies between 0.004 
and 0.450, illustrating that the velocity profile will be significantly 
distorted due to the high permeation flux. Finally, most suggested cor
relations in literature for mass transfer are based on the heat and mass 
transfer analogy, where most of the time a direct translation is made 
from heat transfer behavior to mass transfer behavior. The problem with 
this is that for heat transfer problems, radial convection is often 
neglected, whereas for mass transfer around highly permeable mem
brane, it might be an important factor. Summarizing the above, each 
correlation taken from literature has its limitations, therefore, carefully 
selecting a correlation or fitting a custom correlation for a specific 
membrane system is important. 

4.4. Fitting mass transfer correlations 

Since none of the mass transfer correlations was able to accurately 
describe the mass transfer behavior of the membranes tested in this 
work, a custom mass transfer correlation was fitted. The dataset ob
tained from the H2/N2 mixture tests was used to derive a Sherwood 
correlation that can be used to describe external mass transfer around 
the highly permeable Pd-Ag membrane. In Table 2, it was shown that 
correlations used for similar systems describe the Sherwood number as a 
function of the Reynolds number, the Schmidt number and the ratio of 
hydraulic diameter and axial dimension. Below the general forms for 
local and average Sherwood correlations are shown. 

Shz = f
(

Rez, Scz,
dh

z

)

(10)  

ShL = f
(

ReL, ScL,
dh

L

)

(11) 

Due to the complexity of modelling a system where the mass transfer 
coefficient is dependent on the conditions at the outlet (ReL and ScL), 
these values will be replaced by the values in the feed (Ref and Scf). The 
included variables contain information about the nature of the fluid and 
the geometry of the system. The Reynolds and Schmidt numbers are 
typically included since they summarize the characteristics of a mass 
transfer system with forced convective flow [45]. The Reynolds number 
is defined as the ratio of inertial and viscous forces. 

Re=
ρudh

μ (12) 

Fig. 6. Effect of Reynolds number on the mass transfer coefficient, calculated 
using different correlations from literature (see Table 3). Calculations were 
done with: Sc = 0.5; L = 0.467 m; Dmemb = 0.014 m; Dvessel = 0.078 m; 
DH2-N2 = 0.271 μPa⋅s. 

Fig. 7. Box plot of the performance of correlations used in literature.  
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It is an important parameter to consider in a gas-phase mass transfer 
system since viscous forces slow down mass transfer in the gas phase 
around the membrane. On the other hand, the inertial forces diminish 
radial concentration profiles and therefore accelerate the mass transfer 
in the surroundings of the membrane. 

The Schmidt number is defined as the ratio of momentum and mass 
diffusivities. It contains relevant information about the properties of the 
fluid in the operating conditions [40]. 

Sc=
μ

ρDH2-N2

(20) 

In Table 3, a selection of nine different expressions (E1-9) for Sher
wood correlations can be found, together with the fitting results of each 
correlation with the adopted model. 

To assess the difference in external mass transfer behavior among the 
different lengths of the membrane, expression E1 was fitted for each 
membrane length separately and combined. The Sherwood numbers 
obtained from data fitting show that, for each membrane length, a 
different number arises. The obtained values still have a significant 
error, meaning that the actual behavior is not accurately captured by the 
expression of the correlation. Therefore, calculating the mass transfer 
coefficient in the gas-phase using a constant value for the Sherwood 
number would lead to less accurate prediction of the mass transfer co
efficient. The main reason for this is that hydrodynamics and gas 
properties affect the mass transfer coefficient, and these effects are not 
accounted for when only considering a constant Sherwood number. 
Besides that, depletion caused by hydrogen permeation could cause 
local differences in flow pattern and gas composition. These two pa
rameters are important to predict the mass transfer coefficient, and 
therefore, local differences in mass transfer coefficient can be expected. 
In Fig. 8, an example of an axial profile generated by the model is shown. 
Results show the significantly changing gas velocity and gas- 
composition along the length of the 467 mm long membrane. 

The differences among the fitted values of the Sherwood numbers in 
Table 3 indicates that there is a certain dependence of the mass transfer 
coefficient on the length or axial coordinate. Possible explanations for this 
dependence could be either entrance effects or the changing conditions 
due to hydrogen depletion. Entrance effects would lead to local differences 
in the mass transfer coefficient, which would have a much bigger impact 
for smaller membranes than for larger membranes. In the entrance region, 
a higher mass transfer rate could be expected since concentration polari
zation profiles still need to settle. Additionally, the average gas velocity is 
higher for a shorter membrane, also leading to higher observed mass 
transfer coefficient. The alternative explanation is the local differences 
induced by hydrogen depletion. Gas velocity, hydrogen fraction and flux 
are all changing with the axial coordinate. Gas velocity could change the 

hydrodynamics of the system, hydrogen fraction affects the local gas 
properties, and the hydrogen flux impacts the overall velocity profile. Any 
of these effects could cause a difference in effective mass transfer coeffi
cient when comparing membranes of different lengths, and therefore a 
different overall Sherwood number is possible. 

Using a constant Sherwood number for the entire membrane length did 
not yield a correlation that could be used to describe the mass transfer 
coefficient accurately. The expressions used for fitting the Sherwood cor
relations need more complexity, this is typically done by including expo
nential terms with the Reynolds and Schmidt numbers [40,46,47]. To 
evaluate the existence/strength of the dependencies on these dimension
less numbers, a sensitivity analysis was performed using the fitting model. 
The dataset was fitted to expression E3 from Table 3, while keeping the 
exponents of the Schmidt and Reynolds numbers fixed for different cases. 
In Fig. 9, the results of the sensitivity analysis are reported and show that 
the impact of the Re-exponent is significantly larger than the impact of the 
Sc-exponent. This means that hydrodynamics plays an important role in 
the prediction of the mass transfer coefficient. 

After assessing the importance of the Re and Sc numbers when pre
dicting the Sherwood number, expressions including these dimension
less numbers were fitted. In Table 3 and Fig. 10, the results of fitting 
expressions E1-4 can be compared. The accuracy increased significantly 
upon the addition of dependence on the Reynolds number, demon
strating that hydrodynamics is a relevant aspect to be included. Also 
giving an additional degree of freedom in terms of the dependency on 

Table 3 
Different expressions for Sherwood correlations used in literature [20,23,25,39,40,45–48], together with the fitting results.  

# General form Fitted correlation RE ∗ RE10
∗∗

E1 ShL = a1 ShL = 9.661 (L-150) 6.85% 74.47% 

ShL = 7.044 (L-300) 9.86% 50.35% 

ShL = 6.081 (L-467) 10.70% 43.97% 

ShL = 7.878 (All data) 9.75% 54.14% 
E2 Shz = a1 • Rea2

z Shz = 1.452 • Re0.44
z 6.85% 79.91% 

E3 Shz = a1 • Re0.5
z • Sc0.33

z Shz = 1.531 • Re0.50∗

z • Sc0.33∗

z 6.27% 83.69% 
E4 Shz = a1 • Rea2

z • Sca3
z Shz = 1.356 • Re0.57

z • Sc0.47
z 6.16% 85.82% 

E5 Shz = a1 • Pez
a2 Shz = 1.452 • Pez

0.58 6.15% 86.05% 
E6 ShL = a1 • Rea2

f • Sca3
f ShL = 1.186 • Re0.53

f • Sc0.22
f 

6.95% 78.96% 
E7 ShL = a1 • Pea2

f ShL = 1.566 • Pe0.53
f 

7.21% 71.87% 
E8 

Shz = a1 •

(

Rez •
dh

z

)a2

• Sca3
z Shz = 2.015 •

(

Rez •
dh

z

)0.62
• Sc0.76

z 

2.65% 96.22% 

E9 Shz = a1 • Gza2
z Shz = 1.846 • Gzz

0.60 2.77% 95.51% 

∗RE = 〈|RE|〉, ∗∗RE10 = percentage within ± 10% error.  

Fig. 8. Axial profile of gas velocity, hydrogen fraction and hydrogen flux 
generated by the model with fitted parameters of L-467. xH2(feed) = 0.50, 
Fv(feed) = 15 ln min− 1, pret = 5 bar(a) and T = 400 ◦C. Calculations were done 
with ShL = 10. 
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the Schmidt number improved accuracy as well, but it was not as im
pactful as the Reynolds dependency. Fixing the exponents to 0.50 and 
0.33 (in expression E3) still gives an accuracy close to expression E4 
with freely fitted exponents. This means that the fitted values of these 
exponents are in line with literature data, since 0.50 and 0.33 are the 
values most frequently appearing in literature for cylindrical mass and 
heat transfer systems with forced laminar flows [40,45–47]. 

In literature, some works use a correlation predicting the averaged 
Sherwood number (Table 3: 1–4&8) and some use a locally predicted 
Sherwood number (Table 2: 5–7). To evaluate whether the use of local or 
average Sherwood numbers improves the accuracy of the model, two 
different expressions were fitted both for the average and local form. 
Comparing E4-5 to E6-7 in Table 3 and Fig. 10, allows to compare the 
average and local approach. In general, the local correlations seem to be 
more accurate than the average correlations. This is because the local 
correlations can account for local differences occurring over the length of 
the membrane. These differences arise due to depletion and developing 
flow. 

By looking at E4 and E5, a comparison can also be made based on 
whether combining the Reynolds and Schmidt terms into one Peclet 
term is desirable. Results show that using a single Peclet term does not 
significantly reduce the accuracy of the correlation. This means that the 
expression can be simplified to a form with only two fitted parameters 
instead of three without lowering the accuracy. 

To further improve the accuracy and/or increase the robustness of 
the Sherwood correlation, expressions E8-9 were also used for data 

fitting. Looking at the fitting results in Table 3 and Fig. 10, it can be seen 
that upon the addition of the dh/z ratio, the accuracy improved signif
icantly compared to expression E5. When expressions E8 and E9 are 
compared, it can also be concluded that the exponential terms can be 
combined into one without a significant cost in terms of accuracy. The 
remaining correlation includes only the Graetz (Gz = Sc • Re • dh/z) 
number exponential term and just 2 fitted parameters are required. 

5. Discussion 

The correlations fitting in the previous paragraph allows to draw the 
following points:  

• An overall constant value of the Sherwood number, leading to a 
constant value of the mass transfer coefficient in the film layer 
model, is typically not accurate enough to describe the concentration 
polarization phenomena in a membrane separation module. Only 
54.14% of the predicted values are within a relative error of 10% 
with the experimental results.  

• Using a constant value of the Sherwood number calculated averagely 
(in this work, using the inlet conditions), assuming that it is constant 
along the membrane, but it changes depending on the inlet condi
tions, improves the performance: up to 78.96% of the predictions are 
within 10% of relative error with experimental data.  

• It is possible to further improve the fitting by considering a local 
formulation of the Sherwood number. Up to 86.05% of the predicted 

Fig. 9. Box plot of the results of the sensitivity analysis on the Re- (A) and Sc- (B) exponents.  

Fig. 10. Box plot of the performance of each fitted correlation shown in Table 3.  
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values can fall in the 10% range of the relative error using a 
formulation dependent on the Peclet number.  

• An even better fitting can be found by introducing the dependence on 
the axial position z. In this case, 96.22% of the data points were 
reproduced within the 10% relative error. To simplify the fitting, the 
Graetz number can be used instead of fitting Re and Sc separately, 
preferring the formulation simplicity over a small loss of accuracy 
(95.51% of the data are then in the 10% relative error range). 

Therefore, the best correlation fitted in this work is the following 
expression. 

Shz =1.846 •

(

Rez • Scz •
dh

z

)0.60

=1.846 • Gzz
0.60 (13) 

Where the Graetz number is: 

Gz=Re • Sc •
dh

z
=

ρvdh

μ •
μ

ρD
•

dh

z
=

vd2
h

DH2 − N2 z
(14) 

It typically describes laminar flow in a channel. For the experiments 
Reynolds numbers varied from 6 to 150 (Re = 37), meaning that the 
flow was laminar. The Graetz numbers calculated half-way the mem
brane varied from 2 to 25 (Gz = 8), these values are sufficiently low to 
assume that flow is fully developed. Binary hydrogen-nitrogen diffu
sivity is always a near-constant parameter in the conditions of the ex
periments, same as the hydraulic diameter. Thus, the two parameters 
actively affecting the Sherwood number and thus the mass transfer co
efficient are the fluid velocity and the axial coordinate z. 

Regarding fluid velocity, it was observed that the experimental re
sults in Fig. 5 for the three different membrane lengths were almost 
identical at the same F/A ratio. This means that, in case of a double 
membrane length (or membrane area), the inlet flow rate and therefore 
also the gas velocity are doubled. This suggests that the gas velocity 
through the vessel does not affect, in the range investigated, the external 
mass transfer, and thus permeation performance, in a significant way. 

Additionally, the matching mass transfer behavior at the same F/A 
ratio suggests that there is not an important effect of the membrane 
length by itself, ruling out a strong impact of entrance effects. However, 
data-fitting indicated that the inclusion of the axial coordinate is 
significantly beneficial for the performance of the correlation. 

Furthermore, it was also observed that the overall mass transfer 
behavior is significantly impacted with changes in the hydrogen content. 
Both Richardson’s equation and the film layer model itself include de
pendencies on the hydrogen fraction but the experimental results sug
gest an additional dependency on the hydrogen content. The presence of 
the axial coordinate at the denominator, increasing over the membrane 
length, and of velocity at the numerator, decreasing with membrane 
length, very likely support the film layer model to describe the flux 
reduction due to a decrease in hydrogen content. 

A function describing the mass transfer coefficient including the 
dependence of the hydrogen content seems in general complex and case 
dependent, and it is difficult to match this relation with the simplicity 
required by a model. The fitted correlation in this work provides a 
powerful tool to reproduce several datapoints with a relatively simple 
expression. 

6. Conclusions 

In this work, one Pd-based membrane was tested at three different 
lengths. First, permeation tests were performed in pure hydrogen and 
nitrogen to determine the Richardson’s parameters and ideal perm- 
selectivity. Then H2/N2 mixture tests were performed to analyze the 
external mass transfer impact on hydrogen permeation and to generate a 
dataset that can be used for external mass transfer modelling. 

The results of the H2/N2 mixture tests indicate that in membrane 
systems with highly permeable Pd-based membranes in an empty vessel, 

the permeation behavior is dominated by the effects of concentration 
polarization and hydrogen depletion. 

The observations from the mixture experiments were taken into 
consideration during construction of the model. Depletion was 
accounted for by discretizing the membrane area in the axial direction 
and concentration polarization was covered by the inclusion of a film 
layer model with empirical Sherwood correlation. 

To determine the best Sherwood correlation to predict the external 
mass transfer behavior of the membrane system used in this work, eight 
different correlations taken from literature and used in similar systems 
were discussed and evaluated. However, none of these correlations were 
able to accurately predict the mass transfer behavior observed during 
the mixture tests. Therefore, a new correlation was constructed and 
fitted. Different expressions including different parameters were 
considered and the best expression was selected. Significant improve
ment compared to the correlations available in literature was achieved: 
while best results from literature correlation came from a constant 
Sherwood value and was able to represent 55.32% of the experimental 
results in the 10% relative error range, the correlation fitted for this 
work on several experimental conditions was able to reproduce in that 
range 95.51% of them. 

Fig. 11 shows a comparison of the four different correlations tested 
or fitted in this work. The best performing literature correlation (L1), the 
most frequently appearing expression (Sh = a1 • Rea2 • Sca3 ), as aver
aged (E6) and local (E4) correlation and the best fitted correlation in this 
work (E9). The fitted correlation using expression E9 shows a much 
higher accuracy than the other three correlations, indicating that the 
accuracy of the prediction of the mass transfer coefficient can be 
significantly enhanced when using the right empirical correlation. 

Fig. 11. Box plot of the performance of a selection of correlations used in 
this work. 
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Nomenclature 

Letters 
a Empirical factor 
A Membrane area, m2 

Ac Cross sectional area of retentate, m2 

ctot Total molar concentration, mol m− 3 

dh Hydraulic diameter, m 
D Diffusion coefficient, m2 s− 1 

D Diameter, m 
Ea Activation energy, J mol− 1 

F Molar flow, mol s− 1 

Fv Volumetric flow, ln min− 1 

Gz Graetz number 
ID Inner diameter, mm 
IQR Inter quartile range 
kg Mass transfer coefficient, m s− 1 

L Length, m 
n Pressure exponent 
N Molar flux, mol s− 1 m− 2 

OD Outer diameter, mm 
p Partial pressure, Pa 
P Perimeter, m 
Pe Permeance, mol s− 1m− 2bar− 1 

Pe Peclet number 
Pe0 Pre-exponential factor of permeance, mol s− 1m− 2Pa− n 

r Radius, m 
R Universal gas coefficient, J mol− 1K− 1 

Re Reynolds number 
RE Relative Error, % 
RF Recovery factor, % 
S Selectivity 
Sc Schmidt number 
Sh Sherwood number 
T Temperature, K 
u Gas velocity, m s− 1 

x Molar fraction 
y Radial coordinate, m 
z Axial coordinate, m  

Greek letters 
δ Film layer thickness, m 
μ Dynamic viscosity, Pa s 
ρ Mass density, kg m− 3  

Subscripts 
exp Experimental 
f Feed 
in Inner 
L At position z = L 
memb Membrane 
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mod Model 
out Outer 
perm Permeate 
ret Retentate 
z At position z 
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