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Abstract
Measurement of the liquid-solid mass transfer coefficient within a trickle bed (i.e. 
gas-liquid flow within a packed bed) of porous silica pellets is achieved through the 
use of T

2
− T

2
 relaxation exchange nuclear magnetic resonance (NMR). Compared 

to many conventional measurement techniques, the NMR method enables measure-
ment of mass transport using pellets of real commercial interest. Mass transfer coef-
ficients measured using the NMR technique over a range of liquid Reynolds number, 
0.2 ≤ Re

L
≤ 1.4, are compared to a number of literature correlations, with values 

measured using the NMR method falling within the range predicted by the correla-
tions. The results demonstrate the importance of considering both the flow condi-
tions and the type of pellets used to develop mass transport correlations in trickle 
beds. This novel NMR application may be utilized in the future to screen catalyst 
pellets in trickle beds for optimal mass transport properties.

1  Introduction

Trickle bed reactors are used in many industrial processes where gas-liquid-solid 
contact is required, including hydrodesulpherization, hydrocracking, selective 
oxidation reactions, and Fischer-Tropsch synthesis [1–3]. In a trickle bed reac-
tor, solid catalyst pellets are packed randomly into a tube; gas and liquid are then 
passed through the packing in co-current downflow. The flow physics in trickle 
beds is complex, being a function of the bed structure, gas-liquid hydrodynamics, 
and gas-liquid-solid surface interactions. The performance of trickle bed reactors 
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is intrinsically linked to these complex hydrodynamics, which dictate the heat 
and mass transport in the bed. External mass transfer from the inter-pellet liquid 
phase to the catalyst pellet surface often limits the performance of trickle bed 
reactors [4–6].

In trickle beds, the liquid-solid mass transfer coefficient, k , (herein simply 
referred to as the mass transfer coefficient) is a proportionality constant linking the 
driving force for mass transfer (typically the concentration difference) and the mass 
transport flux between the inter-pellet liquid and pellet surface [3, 7]. For an arbi-
trary species (denoted A ), the rate of mass transfer between the bulk inter-pellet liq-
uid and the pellet surface is written as:

where Cinter

A
− C

S

A
 , is the concentration difference between the bulk inter-pellet liquid 

and surface, a
S
 is the external surface area per unit volume of inter-pellet void space 

in the bed, � is the pellet wetting efficiency defined as the fraction of the external 
pellet surface covered in liquid, and F

A
 is the resulting rate of mass transfer per unit 

volume of inter-pellet void space in the bed. Due to the similar effect � and k have on 
the overall rate of mass transfer, and because they are difficult to measure separately, 
it is common to group these parameters together as �k when quantifying the mass 
transport in trickle beds.

The mass transfer coefficient is a complex function of the diffusive and advective 
transport within trickle beds. Numerous techniques have been developed to meas-
ure the mass transfer coefficient including the dissolution method [8, 9], the electro-
chemical method [10, 11] and the ion-exchange method [12]. However, these methods 
require the use of a model analogue bed (e.g. a solid metallic electrode pellet in the 
case of the electrochemical method) rather than the porous catalyst pellets of relevance 
to trickle bed reactors. The ability to measure the mass transfer coefficient using the 
catalyst pellets of commercial interest is especially important for trickle beds, as pel-
let wettability and porosity are known to affect the hydrodynamics in trickle beds [13, 
14]. To measure the mass transfer coefficient on the catalyst pellets of interest, in situ 
techniques have been developed whereby a trickle bed reactor is operated and the reac-
tor conversion data are fit to a model to determine k [15, 16]. Whilst this enables one to 
study the pellets of interest, a clear disadvantage of these in situ methods is the need to 
assume a reaction kinetics model and subsequently model the entire reactor to extract 
k from the data. Alternatively, the dynamic adsorption method [17] can be used for 
studying mass transport in beds of porous pellets, however, the results can be influ-
enced by the effect of dispersion and complex transient models must be used to inter-
pret the results and extract the mass transfer coefficient. Utilizing magnetic resonance 
imaging (MRI), Zheng et al. [4] were the first to develop a truly operando technique 
for measuring the mass transfer coefficient in an operating trickle bed reactor. Whilst 
this original approach allows the mass transfer coefficient to be directly quantified in an 
operating reactor, it assumes that intra-pellet (internal) transport resistance is negligible 
and requires expertise in state-of-the-art MRI methods and data analysis. Clearly, to 
optimize the mass transport properties for the catalyst and reactor technology used at 

(1)F
A
= �ka

S

(
C
inter

A
− C

S

A

)
,
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scale, a method for non-invasively measuring mass transport at the pellet-scale in beds 
of real catalyst pellets is highly desirable.

Recently, Elgersma et al. [18] developed a technique for measuring the mass trans-
fer coefficient for single phase flow in a bed of catalyst support pellets using T

2
− T

2
 

relaxation exchange NMR. T
2
− T

2
 relaxation exchange NMR, first developed by Lee 

et al. [19], has been extensively utilized to probe molecular exchange between different 
relaxation environments in systems ranging from cement to articular cartilage [20–28]. 
Cross-peaks (often termed off-diagonal peaks) in the 2D T

2
− T

2
 exchange map are 

indicative of molecular exchange between different relaxation environments. When 
the exchanging environments have the same T

1
 relaxation times, and the exchange 

process is slow compared to T
2
 relaxation, the cross-peaks can be interpreted quanti-

tatively as the fraction of molecules exchanging during a given exchange time, t
mix

 . In 
real systems, these assumptions often break down and the effects of fast exchange and 
T
1
 relaxation hinder the quantitative interpretation of T

2
− T

2
 exchange data. Blümich 

and co-workers have made significant progress in the quantitative analysis of T
2
− T

2
 

relaxation exchange data. In particular, rather than only consider the effect of molecular 
exchange, Blümich et  al. introduced a framework for directly modelling the T

2
− T

2
 

exchange experiment as a magnetization transport problem [29]. In this framework, the 
effects of T

1
 relaxation and fast exchange are directly accounted for, and by fitting simu-

lated T
2
− T

2
 datasets to experimental results, it is possible to obtain quantitative meas-

urements of molecular exchange. This magnetization transport framework was then 
further extended to advection-diffusion problems by using the Bloch-Torrey equations 
to describe T

2
− T

2
 relaxation exchange for single phase flow in a packed bed [30]. 

Motivated by the magnetization transport framework approach, Elgersma et al. devel-
oped a magnetization transport model to quantify the mass transfer coefficient from 
T
2
− T

2
 exchange measurements for single phase flow in a packed bed [18].

The objective of the present work is to extend the method developed by Elgersma 
et al. [18] to measure the mass transfer coefficient in a trickle bed, by adapting the 
magnetization transport model developed for single phase flow in a packed bed to 
treat the multiphase flow occurring within a trickle bed. The magnetization trans-
port model requires knowledge of the liquid saturation, � , in the bed, which can be 
measured using a simple NMR Hahn echo experiment. T

2
− T

2
 exchange measure-

ments are conducted in a trickle bed of porous silica pellets over a range of liquid 
flow rates, and the magnetization transport model is subsequently used to extract 
the mass transfer coefficient, �k . The resulting mass transfer coefficients are sub-
sequently compared to common correlations in the literature and discussed. The 
T
2
− T

2
 exchange method enables the direct measurement of molecular exchange in 

a trickle bed and offers a relatively straightforward approach to quantify the mass 
transfer coefficient utilizing the porous catalyst pellets of true commercial relevance.

2 � Magnetization Transport Model

The magnetization transport model developed by Elgersma et  al. [18] to quantify k 
from T

2
− T

2
 exchange measurements for single phase flow in packed beds must be 

modified for use in the three phase trickle bed (i.e., a gas-liquid flow within a packed 
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bed). The diffusion equation describing the transport of magnetization within the pellet 
remains unchanged from that used to describe single-phase flow in a packed bed, and is 
written [18]:

where Mintra is the intra-pellet magnetization density, Minter

S
 is the magnetization 

density at the pellet surface in the inter-pellet phase, Minter is the bulk (well-mixed) 
magnetization density in the inter-pellet phase, Meq is the thermal equilibrium mag-
netization density, r is the radial spatial coordinate of the pellet (ranging from r = 0 
at the pellet centre to r = d

p
∕2 at the outer surface of the pellet), d

p
 is the pellet 

diameter, Dintra is the intra-pellet molecular diffusion coefficient, R
1,2

 is the relaxa-
tion rate, and k is the mass transfer coefficient. Equation (2) describes the intra-pellet 
magnetization transport. To describe the inter-pellet transport, since the bed is only 
partially saturated with liquid, the wetting efficiency, � , and the inter-pellet liquid 
saturation, � , must be introduced. The inter-pellet magnetization density in the bed 
is then written (modifying Eq. (6) from [18]):

where Q is the volumetric flow rate and V inter is the inter-pellet void volume within 
the active region of the NMR probe. Note that the wetting efficiency, � , is defined as 
the fraction of external pellet surface area covered in liquid, and the inter-pellet liq-
uid saturation, � , is defined as the ratio of the volume of inter-pellet liquid to the 
total inter-pellet void volume in the bed. For a packed bed of spherical pellets it is 
easy to show that the pellet external surface area is a

S
=

6(1−�)

d
p
�

 where � is the voidage 
of the bed (ratio of inter-pellet void volume to the total volume of the bed). The 
average magnetization density in the bed, Mtot , measured during the NMR acquisi-
tion, is written as the volume average of the inter- and intra-pellet magnetization 
density:

where � is the pellet porosity and Mintra is the magnetization density averaged across 
the intra-pellet phase. Thus, the magnetization transport model for T

2
− T

2
 exchange 

in a trickle bed becomes Eqs.  (2–4) together with the T
2
− T

2
 exchange relaxation 

rate scheme, Ri

1,2
 , defined in [18]:

(2)

⎧
⎪⎪⎨⎪⎪⎩

�Mintra

�t
= D

intra
∇

2
M

intra
− R

intra

1,2

�
M

intra
−M

eq
�

M
intra

(t = 0) = M
intra

0

�Mintra

�r

���r=0 = 0

−D
intra �Mintra

�r

���r=d
p
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� = k
�
M

inter

S
−M

inter
�

,

(3)
�Minter

�t
= a

S
�k
(
M

inter

S
−M

inter
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−

Q

�V inter
M

inter
− R

inter

1,2
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M
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−M
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)
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(4)M
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M

inter
+

(1 − �)�

�� + (1 − �)�
Mintra,
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where i denotes the intra- or inter-pellet phase, tA
e
 and tB

e
 represent the time spent in 

the transverse plane during the first and second CPMG encoding intervals, respec-
tively, and t

mix
 is the mixing time. To model the cross-peak evolution during the 

T
2
− T

2
 experiment, the algorithm reported in [18] is used. Note that in treating the 

intra-pellet magnetization transport as a 1D problem (using Eq. (2)), it is implicitly 
assumed that the pellet wetting is spherically symmetric. In reality, this will not be 
the case, as the wetting is known to be non-symmetric in trickle beds [31]. How-
ever, given that the magnetization transport model was found to be insensitive to the 
overall wetting fraction, � , for the trickle bed conditions studied herein (as shown in 
“Model Parameterization” section), this assumption is not considered to quantita-
tively affect values of the mass transfer coefficient extracted from the model in this 
work.

2.1 � Model Parameterization

In this section, the parameterization of the magnetization transport model, Eq. (2–4), 
is discussed. The liquid saturation, � , is easily measured from a simple NMR Hahn-
echo experiment, as presented in the Results and Discussion, and as such is not 
used as a fitting parameter in the model but rather a known constant. The param-
eters �,�,Q,V inter , and a

S
 are determined based on well-established measurement 

techniques or geometrical arguments. The parameters Dintra
, T

i

1
 and Ti

2
 are measured 

using standard D − T
2
 and T

1
− T

2
 NMR correlation experiments, as discussed in 

[18]. This leaves � and k as the only unknown parameters in the model.
Since the mass transfer rate in the bed is proportional to �k (from Eq. (1)), it is 

sensible to group the parameters in the model as �k and � . To investigate the effect 
of the model parameters �k and � , the magnetization transport model was used to 
simulate the cross-peak evolution profile, IXP

I
TP

(
t
mix

)
 , for a range of values of �k and � . 

The cross-peak evolution profiles, simulated by solving Eqs. (2–4) using the algo-
rithm reported in [18], are shown in Fig. 1. The pellet and bed parameters used in 
these simulations correspond to the trickle bed studied in this work, namely d

p
= 

1.3 mm, Dintra
= 1.25 × 10–9 m2 s−1, � = 0.39, � = 0.69, T intra

1
= 1.2 s, T inter

1
= 2.7 s, 

T
intra

2
= 0.15 s and T inter

2
= 1.2 s (these parameters are discussed further in the “Data 

processing and modelling” section and Table 1). Further, the liquid saturation was 
set as � = 0.48 and the flow rate was Q = 0.33 mL s−1 (consistent with the trickle 
bed studied here at Re

L
= 0.8). All numerical details regarding the solution of the 

magnetization transport model are identical to those reported in [18]. From Fig. 1a, 
it is seen that the cross-peak evolution I

XP
∕I

TP
 , is insensitive to the wetting effi-

ciency, � , at constant �k = 2 × 10–5  m  s−1. This is because, at low rates of mass 
transfer (low �k ), external transport limitations dominate, and as such the cross-peak 

(5)R
i

1,2
(t) =

⎧
⎪⎨⎪⎩

T
i

2

−1
, 0 < t < t

A

e

T
i

1

−1
, t

A

e
≤ t < t

A

e
+ t

mix

T
i

2

−1
, t

A

e
+ t

mix
≤ t < t

A

e
+ t

mix
+ t

B

e

,
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Fig. 1   Sensitivity of cross-peak evolution profile calculated using the magnetization transport model to 
parameters �k and k . a effect of � at constant �k = 2 × 10–5 m s−1; b effect of � at constant �k = 2 × 10–4 
m s−1; c effect of �k at constant � = 0.6

Table 1   Parameters used in 
the trickle bed magnetization 
transport model

Parameter

d
p
  [mm] 1.3

D
intra × 109 [m2 s−1] 1.25

� [−] 0.39
�  [−] 0.69
T
intra

1
 [s] 1.2

T
inter

1
 [s] 2.7

T
intra

2
 [s] 0.15

T
inter

2
 [s] 1.2
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evolution is only sensitive to the total rate of transport (which is proportional to �k ). 
However, at the larger mass transfer rate of �k = 2 × 10–4 m s−1 where internal diffu-
sion limits the transport, the cross-peak evolution shows some sensitivity towards 
the wetting efficiency at constant �k (Fig. 1b). This can be understood by consider-
ing Eq. (2) which describes the diffusive transport of magnetization within a pellet. 
In Eq. (2), k is treated as �k∕� due to the grouping of parameters that is being used 
here. Thus, at constant �k , variable � will impact the gradient in magnetization at the 
pellet boundary which in turn affects the diffusive flux of magnetization. Therefore, 
when internal diffusion resistance is significant (at high �k ) the cross-peak evolution 
is dependent on � , as seen in Fig. 1b. At constant � , the cross-peak evolution is very 
sensitive to �k , as seen in Fig. 1c, especially in the range of �k = 2 × 10–6–2 × 10–5 
m s−1. This is highly desirable, as it indicates that �k can be measured accurately by 
fitting the magnetization transport model to experimental T

2
− T

2
 exchange results. 

In contrast, as the results in Fig. 1a, b show, the model is only sensitive to the effect 
of � at large values of �k . Thus at low values of �k , � should not be interpreted quan-
titatively and potentially should be set as a fixed parameter to ensure robust model 
fits. In this work � was set as a constant value, as discussed later in the “Data pro-
cessing and modelling” section.

3 � Materials and Methods

3.1 � Materials and Trickle Bed Setup

The experimental setup used to conduct T
2
− T

2
 exchange experiments within a 

trickle bed is shown in Fig. 2. A 27 mm inner diameter tube constructed from poly-
ether ether ketone (PEEK) was loaded with porous silica spheres and placed ver-
tically through the bore of a 7.1 T superconducting magnet. The same Q50 silica 
spheres (Fuji Silysia) used by Elgersma et al. [18] were used as the packing material 
in this work (mean pore diameter 49.8  nm) with an average pellet diameter d

p
= 

1.3 mm. During packing, the bed was periodically tapped to consolidate the pack-
ing structure, and the entire 1 m length of the bed was packed with silica pellets. 
Deionized water (Elga PureLab Option DV-25) and air were used as the working 
fluids for all experiments. Compressed air was stepped down in pressure to 1.2 bara 
using a regulator valve, and the gas flow was measured and controlled using a vari-
able area flow meter (Brooks Instrument, Sho-Rate 1355) equipped with a needle 
flow control valve. Liquid was supplied to the trickle bed using a peristaltic pump 
(Watson Marlow 505S) with a 2 L vessel used at the pump outlet to dampen any 
flow oscillations and provide steady liquid flow to the trickle bed. Gas and liquid 
were introduced to the bed using a perforated gas-liquid distributor, details of which 
are described elsewhere [32]. The portion of the trickle bed within the NMR active 
region of the spectrometer was approximately 50 cm from the bed inlet, and 40 cm 
from the bed outlet, ensuring the section studied had no inlet or outlet flow effects. 
The combined gas-liquid flow exiting the bed was sent to a 10 L glass vessel, where 
the air was vented to atmosphere and the liquid was recycled to the bed. Liquid flow 
rate was measured by routing the flow exiting the bed to a volumetric cylinder for 
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a known time interval. Stainless steel 1/8″ Swagelok tubing was used to facilitate 
flow throughout the flow loop, whilst 4 mm silicone rubber tubing was used for the 
peristaltic pump.

3.2 � NMR Experiments

NMR experiments were conducted using a super-wide bore Bruker AV300 7.1  T 
superconducting magnet equipped with a 3-axis gradient set with maximum gradi-
ent strength 0.8 T m−1. A 66 mm diameter birdcage 1H r.f. coil tuned to 300.87 MHz 
was used for signal excitation and acquisition. The typical duration for a 90 ̊ hard 
pulse was 78 μs.

T
2
− T

2
 exchange experiments were conducted using the standard pulse sequence 

shown in [18], consisting of two CPMG echo trains separated by a mixing time dur-
ing which the magnetization is stored along the z-axis (and subject only to T

1
 relaxa-

tion). The mixing time, t
mix

 , was varied from 0.1 to 3.0 s in 5 increments to capture 
the temporal evolution of the cross-peak intensity. The inter-echo spacing was 8 ms 
and the repetition time was 7.5  s, resulting in an acquisition time of ~ 1.5  h for a 
single experiment at one t

mix
 value. All other experimental details for the T

2
− T

2
 

exchange experiments were identical to those used in [18].
To measure the total amount of liquid in the bed, from which the total liquid 

saturation, � , was subsequently calculated, a Hahn echo experiment was conducted 
using a standard (spatially unresolved) spin echo sequence. An echo time of 1 ms 

Fig. 2   Schematic of magnetic resonance trickle bed rig used to conduct T
2
− T

2
 exchange experiments. 

(1) compressed air supply, (2) regulator valve, (3) variable area flow meter, (4) gas-liquid inlet flow dis-
tributor, (5) 7.1 T superconducting magnet (6) 27 mm ID PEEK tube used as trickle bed, (7) gas-liquid 
outlet flow distributor, (8) stainless steel ball valve, (9) peristaltic pump, (10) 10 L glass vessel for sepa-
rating liquid and gas, (11) volumetric cylinder for liquid flow rate measurements; (12) 2 L vessel
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was used to eliminate any background signal with T
2
≪ 1 ms. A spectral width of 

100 kHz was used and 32k complex points in the FID were collected. A repetition 
time of 7.5 s was used, and 8 scans were averaged resulting in a total experiment 
time of 61 s. At each condition studied, 3 repeat measurements were conducted to 
ensure repeatability.

3.3 � Experimental Conditions

The bed was fully saturated with liquid by closing the bed outlet and feeding liquid 
to the bed while the gas inlet was open to atmosphere. The bed remained fully 
flooded for 12 h to give liquid sufficient time to permeate within all pellets and voids 
in the bed. T

2
− T

2
 exchange and Hahn echo magnetic resonance experiments were 

then conducted on the fully flooded bed. The bed outlet was then opened, and the 
bed was allowed to freely drain under gravity for 1 h. The total liquid in the bed was 
then measured using the Hahn echo experiment. Following the completion of exper-
iments on the drained bed, gas and liquid flow were introduced to the bed. The flow 
was allowed to stabilize for 1 h before commencing NMR experiments. Measure-
ments were conducted at four liquid flow rates, Q = 0.07, 0.18, 0.33 and 
0.547  mL  s−1, beginning with the lowest liquid flow rate first, and successively 
increasing the liquid flow rate for each condition. As such, the trickle bed was kept 
in the Levec wetted mode [33, 34] for the entirety of this study. The gas flow was 
kept constant at 91 NL h−1, giving a gas phase Reynolds number of Re

G
= 3.8. Note 

that the gas-phase Reynolds number is defined as Re
G
=

�
G
u
G
d
p

�
G

 , where �
G
 is the gas 

density, �
G
 is the gas viscosity, and u

G
 is the gas superficial velocity (calculated 

using the bed diameter). At each flow condition T
2
− T

2
 exchange and Hahn echo 

experiments were conducted. All experiments were conducted at 25 ± 3  °C and 
1.1 ± 0.05 bara.

3.4 � Data Processing and Modelling

Data acquired from Hahn echo experiments were Fourier transformed and the real 
part of the resulting spectra were 0th and 1st order phase corrected. The spectra were 
integrated giving the total signal intensity, I , corresponding to liquid water within 
the bed. The measurements of I were then used to calculate the liquid saturation in 
the bed, � , details of which follow in the Results and Discussion.

Data acquired from T
2
− T

2
 exchange measurements were processed as described 

in Elgersma et al. [18] to obtain the cross-peak evolution, I
XP
∕I

TP
(t
mix

) , at each flow 
condition studied. To summarize, the acquired 2D magnetization decay data were 
0th order phase corrected and the real part of the even echoes was retained. The fast 
2D inverse Laplace transform algorithm of Venkataramanan et al. [35] based on sin-
gular value decomposition was used to invert the time-domain data and obtain the 
2D T

2
− T

2
 joint probability distribution. The cross-peak intensity, I

XP
 , was then cal-

culated from the 2D T
2
− T

2
 distribution by integrating the cross-peak regions.

The magnetization transport model for the trickle bed, as given by Eqs.  (2–4), 
was solved numerically to simulate the cross-peak evolution. The numerical scheme 
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used to solve the model equations was the same as that reported in [18], whereby 
the method of lines was used to discretize the spatial dimension of the PDE and the 
resulting system of ODEs was solved. As explained in [18], the 2D magnetization 
decay was simulated using the transport model with the relaxation rate scheme set to 
be consistent with the experimental pulse sequence parameters used. The simulated 
2D magnetization decay was then used to compute the simulated cross peak inten-
sity by post-processing the simulation data in a manner identical to that used for the 
experimental data. Because of the insensitivity of the model cross-peak evolution 
to � at low or intermediate values of �k (shown in Fig. 1), � was set as a constant 
value � = 0.5 and was not used as a fitting parameter. The model was then used to fit 
the experimentally obtained cross-peak profiles, I

XP
∕I

TP
(t
mix

) , using the Levenberg-
Marquardt algorithm with �k as the sole fitting parameter. Simulations were subse-
quently conducted at � = 0.2 and � = 0.8 and in all cases the resulting best-fit value 
of �k varied by < 5%, thereby confirming that fixing the wetting efficiency to � = 
0.5 did not quantitatively impact the best-fit values of �k . The parameters used in 
the magnetization transport model are reported in Table 1. The bed voidage, � , was 
determined using the correlation of Foumeny and Benyahia [36]. The intra-pellet 
diffusivity, Dintra , pellet porosity, � , and the T

1
 relaxation times were taken from the 

values reported for the same silica pellets in [18]. The T
2
 intra- and inter-pellet relax-

ation times used in the model were taken as the log-mean value of the respective 
peaks obtained from a T

2
− T

2
 experiment on the fully flooded bed.

4 � Results and Discussion

First, the measurement of the liquid saturation in the bed, as required by the mag-
netization transport model for determining the mass transfer coefficient, is reported 
using a simple Hahn echo experiment and the results are compared to correlations 
in the literature. Next, the results from T

2
− T

2
 exchange, and the subsequent fits of 

the magnetization model to the data are presented. Finally, the mass transfer coeffi-
cients, �k , extracted from the T

2
− T

2
 exchange measurements are compared to com-

mon mass transfer correlations and discussed.

4.1 � Measurement of Liquid Saturation, ˇ

The NMR spectra resulting from the Hahn echo experiment on the fully flooded bed, 
the fully drained bed ( Re

L
= 0) and the bed under various trickle flow conditions are 

shown in Fig. 3. Note that the liquid phase Reynolds number is defined as Re
L
=

�
L
u
L
d
p

�
L

 , 
where �

L
 is the liquid density, �

L
 is the liquid viscosity, and u

L
 is the liquid superficial 

velocity (calculated using the bed diameter). It is seen that the total signal intensity 
decreases when the bed is drained, and then increases as the liquid flow rate increases, 
indicating the total liquid holdup in the bed increases with liquid flow rate as expected 
[37–39]. Further, the chemical shift of the water in the bed changes slightly when the 
bed is drained and gas is introduced to the bed, shifting from ~ 4.8 to ~ 4.2 ppm, along 
with broadening of the lineshape; this is likely due to magnetic susceptibility gradients 



1433

1 3

Quantifying Liquid‑Solid Mass Transfer in a Trickle Bed Using…

at the gas-liquid interface. Note that all experimental and spectrometer parameters were 
kept the same for all experiments, and the echo time used (1 ms) is much shorter than 
the shortest T

2
 relaxation time of liquid in the system ( T intra

2
≈ 150 ms, Table 1). There-

fore, the changes in signal intensity can be quantitatively interpreted as a change in the 
number of 1H nuclei, and thus a change in the amount of liquid water, in the bed. The 
total signal intensity is quantified by integrating the spectra in Fig. 3, using integration 
limits from 2 to 7.5 ppm. The resulting signal intensity obtained by integration, I , nor-
malized to the intensity of the spectra from the fully flooded bed, I

f
 , is reported in 

Table 2 for each flow condition studied. The normalized signal intensity, I∕I
f
 , clearly 

increases with flow rate, indicating that liquid holdup indeed increases in the bed with 
flow rate.

To convert the signal intensity, I , into the liquid saturation in the bed, � , some con-
sideration of the bed voidage, � and pellet porosity, � , is required. Recall that the liquid 
saturation, � , represents the fraction of inter-pellet void volume in the bed that is filled 
with liquid, and is required in the magnetization transport model to quantify �k . The 
total signal intensity is written as:

Fig. 3   1H NMR spectra obtained using a Hahn echo experiment. Spectra are referenced to the chemical 
shift of tetramethylsilane

Table 2   Hahn echo integrated 
signal intensity, I , normalized 
by the intensity from the fully 
flooded bed, I

f
 , at each flow 

condition studied

The error reported represents the standard deviation of three repeat 
measurements

Re
�
 [−] I∕I

�
[−]

0 0.60 ± 0.01
0.2 0.65 ± 0.01
0.4 0.73 ± 0.01
0.8 0.75 ± 0.01
1.4 0.79 ± 0.01
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where �
spin

 is the volumetric nuclear spin density of liquid water (number of 1H 
nuclei per volume of water), V  is the volume of the bed within the NMR active 
region, h is the total liquid holdup in the bed defined as the ratio of total liquid vol-
ume to the total bed volume (e.g. volume of the empty bed), and � is the meas-
ured NMR signal per nuclear spin which is an empirical parameter dependent on 
the spectrometer sensitivity and pulse sequence details. Since all experiments were 
conducted at identical conditions and with identical spectrometer parameters, the 
normalized signal intensity is written:

where h
f
 is the total liquid holdup in the fully flooded bed. Assuming that the intra-

pellet liquid density is the same as the inter-pellet liquid density, and that the intra-
pellet volume is fully liquid saturated, the holdup is written:

Considering the average pore diameter of the silica pellets used here is 50 nm, 
both of these assumptions are reasonable as pores of this size do not substantially 
affect the liquid density [40], and due to capillarity the pores will be completely 
liquid saturated [41]. Combining Eqs. (7, 8) gives:

where �
f
 is the liquid saturation in the fully flooded bed. Since care was taken to 

fully flood the bed, the liquid saturation in the fully flooded bed can be taken to be 
�
f
= 1. Rearranging Eq. (9) gives:

Equation  (10) can therefore be used to quantify the bed liquid saturation, � , 
directly from the normalized signal intensities reported in Table 2.

Figure 4 shows the liquid saturation, � , calculated from the normalized signal 
intensity using Eq. (10), as a function of liquid Reynolds number, Re

L
 . In addi-

tion to the NMR calculated values, the liquid saturation predicted from the cor-
relations of Larachi et al. [38] and Ellman et al. [39] are shown for comparison. 
From Fig. 4 it is seen that the liquid saturation increases with Reynolds number 
from � = 0.16 at Re

L
= 0 to � = 0.55 at Re

L
= 1.4. An increase in liquid satura-

tion with liquid flow is predicted by both correlations. The measured value of 
liquid saturation falls between the value predicted by the two correlations for all 
conditions, except at Re

L
= 1.4, where the measured value slightly exceeds the 

value predicted by the correlation of Ellman et al. [39]. At low Re
L
 , the measured 

value of � is in closer agreement with the correlation of Larachi et al. [38] whilst 

(6)I = ��
spin

Vh,

(7)
I

I
f

=
h

h
f

,

(8)h = �� + (1 − �)�.

(9)
I

I
f

=
�� + (1 − �)�

��
f
+ (1 − �)�

,

(10)� =

I

I
f

((1 − �)� + �) − �(1 − �)

�
.
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at higher values of Re
L
 the measured values show better agreement with the cor-

relation of Ellman et al. [39].
The correlation of Larachi et al. [38] was developed using 1500 hydrodynamic 

measurements conducted using a wide range of fluids and flow conditions. However, 
the lowest liquid flow rate used in the development of the correlation of Larachi 
et al. [38] corresponds to Re

L
≈ 2, thus this correlation is being extrapolated for the 

conditions studied herein. Further, Larachi et  al. [38] only used non-porous glass 
pellets as the packing material, and did not use any data from beds with porous pel-
lets in the development of the correlation. Whilst the correlation predicts the NMR 
measured values of liquid saturation well for Re

L
≤ 0.2, values at higher Re

L
 are 

significantly underpredicted by the correlation. Lange et al. [42] also found the cor-
relation of Larachi et  al. [38] to underpredict the liquid saturation in trickle beds 
of porous pellets at Re

L
< 2. The correlation of Ellman et al. [39] used over 5000 

hydrodynamic experiments using a wide range of fluids, pellets, and flow condi-
tions to develop their correlation. Notably, Ellman et al. [39] utilized both porous 
and non-porous pellets. The lowest liquid flow rate used in the correlation develop-
ment corresponds to Re

L
≈ 0.8, thus the correlation is being extrapolated for values 

below this. From Fig. 4 it is seen that the correlation of Ellman et al. [39] gives good 
agreement in the region where it is not being extrapolated, Re

L
≥ 0.8. The agree-

ment of the NMR measured values of liquid saturation with the correlation of Ell-
man et al. [39] where it is not being extrapolated, and thus can be expected to agree 
within a reasonable uncertainty, gives confidence in the NMR measurements of � . 
Taken together, the results of Fig. 4 demonstrate that the pellets and flow conditions 
used in the development of liquid holdup correlations are important, and further 
demonstrate that a simple NMR method can be used to accurately and non-inva-
sively quantify the liquid saturation in trickle beds. These measurements of � can be 

[-]

[-] this work 
Larachi et al. (1991)
Ellman et al. (1990)

Fig. 4   Trickle bed liquid saturation, � , as a function of liquid phase Reynolds number, Re
L
 , calculated 

from the normalized signal intensity measurements using Eq.  (10). In addition to the NMR measured 
values, the correlations of Larachi et al. [38] and Ellman et al. [39] are shown for comparison. Note that 
the original correlation of Ellman et al. [39] directly predicts the dynamic liquid saturation, �

dyn
 , rather 

than the total liquid saturation, � . To facilitate comparison, the value of �
dyn

 predicted from the correla-
tion of Ellman et al. [39] was converted to the total liquid saturation, � = �

dyn
+ �

stat
 , by adding on the 

static liquid holdup measured experimentally using NMR at Re
L
= 0
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subsequently used in the magnetization transport model to quantify the mass transfer 
coefficient, �k , from experimental T

2
− T

2
 exchange measurements.

4.2 � T
2
− T

2
 exchange NMR and measurement of �k

T
2
− T

2
 exchange results for the fully flooded bed and for trickle flow over a range 

of Re
L
 at constant mixing time, t

mix
= 0.1 s, are shown in Fig. 5. In the flooded bed, 

Fig. 5a shows two clear relaxation environments which, as in [18], can be attributed 
to intra- and inter-pellet fluid, with T intra

2
≈ 0.15 s and T inter

2
≈ 1.2 s. After the bed 

is drained and gas and liquid flow are introduced to the bed, the T
2
 relaxation times 

decrease slightly for both the intra- and inter-pellet fluid. This decrease in (apparent) 
T
2
 is most likely due to stronger internal magnetic gradients within the bed when 

gas is introduced to the bed due to magnetic susceptibility differences between gas 
and liquid. The decrease in the inter-pellet T

2
 may also be due in part to decreased 

liquid saturation in the bed, whereby most of the liquid will exist in a film around 
the pellets and thus can more easily interact with the pellet surface. At higher liq-
uid flow rates, Re

L
≥ 0.4 (Fig. 5c–e), while the intra-pellet peak remains as a single 

peak at the same values of T
2
 as those observed for lower values of Re

L
 (peak I), the 

inter-pellet T
2
 peak is seen to split into two peaks, peaks II and III, with apparent T

2
 

1 H
 N

M
R

 si
gn

al
 d

en
si

ty
 

low

high

[s] 

 [s
] 

[s] [s] 

[s] [s] 

(a) (b) (c) 

(d) (e) 

I
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III

 [s
] 

Fig. 5   2D T
2
 distributions from T

2
− T

2
 exchange experiments at mixing time t

mix
= 0.1 s: a fully flooded 

bed; b Re
L
= 0.2; c Re

L
= 0.4; d Re

L
= 0.8; e Re

L
= 1.4. Note that trickle flow experiments (b–e) were 

conducted at constant gas flow Re
G
= 3.8
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values of approximately 0.4 s and 0.9 s. This splitting of the inter-pellet T
2
 peak is 

likely due to an increase in liquid saturation in the bed with Re
L
 , as was observed in 

Fig. 4. At low liquid saturation, most of the inter-pellet liquid will exist as a thin film 
coating the pellet surface [31]. This film liquid may be more affected by magnetic 
gradients due to gas-liquid susceptibility differences, and further will have more 
interaction with the surface due to the limited film thickness, and thus shorter T

2
 [43, 

44]. As the liquid flow increases, thus resulting in a higher liquid saturation, some 
large pockets of liquid form that will not be as highly impacted by gas-liquid sus-
ceptibility differences and will have reduced interaction with the surface compared 
to liquid in the film. These results in the splitting of the inter-pellet T

2
 peak into two 

separate peaks at Re
L
≥ 0.8 (Fig. 5d, e). Peaks II and III are therefore assigned to 

inter-pellet liquid associated with liquid films on the pellets and large pockets of 
liquid in the inter-pellet space, respectively. A small cross peak is seen to form at 
flow rates Re

L
≥ 0.4 (Fig. 5c–e). This is indicative of molecular exchange between 

the intra- and inter-pellet fluid. Because of the limited signal-to-noise ratio of the 
experiment, and small amount of exchange occurring at t

mix
= 0.1 s, only one cross-

peak is observed in Fig. 5c–e (rather than two symmetric cross-peaks). Investigation 
of the evolution of the cross-peaks as a function of t

mix
 can be used to directly probe 

the mass transport process occurring within the trickle bed.
The T

2
− T

2
 exchange results acquired at Re

L
= 0.8 are shown as a function of 

mixing time, t
mix

 , in Fig. 6. As t
mix

 increases, cross-peaks form and grow in intensity. 
At long t

mix
 , due to the lower SNR of the underlying measurements due to T

1
 relaxa-

tion, the peaks become blurred and merge together somewhat, especially at t
mix

= 
2.25 s (Fig. 6d). The inter-pellet water with the largest T

2
 value (peak III, T

2
≈ 0.9 s),  

is seen to remain at all mixing times and not split into cross-peaks for the mixing 
times studied here, whereas the inter-pellet water with the intermediate T

2
 value 

(peak II, T
2
≈ 0.4–0.5 s), forms substantial cross-peaks with the intra-pellet water 

due to molecular exchange. This is largely consistent with the previously discussed 
interpretation that the longest T

2
 value (peak III) is attributable to large pockets of 

water, which will be the slowest to exchange with the intra-pellet liquid (peak I). To 
quantify the cross-peak intensity, I

XP
 , the cross-peak regions in the 2D T

2
 distribu-

tions were integrated as described in [18]. To account for the error incurred when 
selecting the integration regions, which has previously been shown to be the largest 
source of error when quantifying I

XP
 [45], the integration bounds were increased/

decreased as shown by the red shading in Fig. 6c. Similar integration bounds to that 
shown in Fig. 6c were used for all values of t

mix
.

The cross-peak intensity, I
XP

 , normalized by the total peak intensity in the 2D 
T
2
 distribution, I

TP
 , is shown as a function of mixing time in Fig. 7, along with the 

best fit of the trickle bed magnetization transport model (Eqs. (2–4)) to the experi-
mental data for each flow condition studied. The resulting mass transfer coefficients, 
�k , extracted from the best fit of the model are reported in Table 3. As expected, 
and as was observed in [18] for single phase flow, the cross-peak intensity increases 
faster at larger Re

L
 , indicative of faster mass transfer between the intra- and inter-

pellet phase. This is captured by the magnetization transport model, which reports 
an increase in �k as Re

L
 increases (Table 3). Considering that only a single fitting 

parameter is used in the model ( �k ), the model fits the experimental data in Fig. 7 
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very well. The good agreement between model and experimental cross-peak profiles 
demonstrates that the magnetization transport model developed in [18] can indeed 
be successfully extended to trickle bed systems, despite the more complicated 
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Fig. 6   2D T
2
 distributions from T

2
− T

2
 exchange experiments at Re

L
= 0.8 over a range of mixing times, 

t
mix

 : a t
mix

= 0.1  s; b t
mix

= 0.75  s; c t
mix

= 1.5  s; d t
mix

= 2.25  s; e t
mix

= 3.0 s. Note that all trickle 
flow experiments were conducted at constant gas flow Re

G
= 3.8. The cross-peak integration regions are 

shown by the dashed red lines in panel (c). The shaded red region represents the uncertainty in the inte-
gration region used to estimate the error in the cross-peak intensity, I

XP

Fig. 7   T
2
− T

2
 cross peak evolu-

tion profiles, I
XP
∕I

TP
(t
mix

) , as 
obtained from the experimental 
NMR data (points) and the best 
fit of the trickle bed magnetiza-
tion transport model to the data 
(solid lines) at each flow condi-
tion. Error bars represent the 
variation of I

XP
∕I

TP
 when the 

integration bounds were varied
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multiphase flow physics. The resulting mass transfer coefficients can subsequently 
be compared to existing literature correlations to assess how the T

2
− T

2
 NMR tech-

nique compares to established measurements of mass transfer.

4.3 � Comparison Of Dimensionless Mass Transfer Coefficients With Existing 
Correlations

The mass transfer coefficients measured using the T
2
− T

2
 exchange NMR method in 

this work are compared to four literature correlations for the mass transfer coeffi-
cient in trickle beds in Fig. 8. The mass transfer coefficients are presented in dimen-
sionless form, �Sh = �

kd
p

D
L

 , to facilitate comparison with the mass transfer correla-
tions from the literature, which are typically in dimensionless form. Note that D

L
 is 

the molecular diffusivity of the inter-pellet liquid phase, taken here as D
L
= 2.2 × 

10–9 m2 s−1 [46]. The correlations compared here, as summarized in Table 4, were 
developed using a variety of experimental techniques and pellet materials. From 
Fig. 8 it is seen that the mass transfer coefficients measured in this work using relax-
ation exchange NMR fall within the range given by the correlations. This gives 

Table 3   Mass transfer 
coefficients, �k , extracted from 
the fit of the magnetization 
transport model to the 
experimental T

2
− T

2
 exchange 

data

Error bars represent the 95% parameter confidence interval for �k 
obtained from non-linear least squares regression

Re
�
 [−] �k× 106 [m 

s−1]

0.2 2.5 ± 1
0.4 8.2 ± 3
0.8 23 ± 10
1.4 26 ± 11

[-]

[-] Satterfield et al. A (1978) 
Satterfield et al. B (1978) 
Tan & Smith (1982) 
Rao & Drinkenburg (1985)

this work 

Fig. 8   Dimensionless mass transfer coefficient, �Sh , as a function of liquid Reynolds number, Re
L
 . The 

results from T
2
− T

2
 exchange NMR measurements are plotted along with the correlations of Satterfield 

et al. [48], Tan and Smith [17], and Rao and Drinkenburg [47] for comparison. Note that the correlation 
of Rao and Drinkenburg [47] requires the liquid saturation, � . To evaluate the correlation of Rao and 
Drinkenburg [47], the liquid saturation correlations of Larachi et al. [38] and Ellman et al. [39] were both 
used, and the resulting range of �Sh is presented by the shaded green region
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confidence that the NMR relaxation exchange technique developed in this work can 
be successfully employed to measure mass transfer coefficients within trickle beds. 
The correlation of Rao & Drinkenburg [47] and correlation A from Satterfield et al. 
[48] show the best agreement with the NMR measurements. However, at Re

L
≥ 0.8, 

these correlations somewhat underpredict the measured value of �k . Correlation B 
from Satterfield et al. [48] is seen to underpredict the measurements, while the cor-
relation of Tan and Smith [17] is seen to overpredict the measurements at all Re

L
 

studied.
The correlation of Tan and Smith [17] has previously been reported to overpre-

dict operando measurements of the mass transfer coefficient in a trickle bed [4]. 
This overprediction was attributed to the manner in which Tan and Smith introduced 
liquid into the bed, whereby the liquid was fed in large capillary tubes which may 
have caused forced pulsing flow in the bed. Correlation B from Satterfield et al. [48] 
used data collected with zero gas flow, Re

G
= 0, and as such does not account for 

any effects that gas flow rate causes on the liquid mass transfer. Given that Saroha 
[49] observed a weak increase in k with increasing gas flow rate in the trickle flow 
regime, not accounting for the effect of gas flow may be the reason that correlation 
B from Satterfield et al. [48] underpredicts the values of �k measured in this work. 
Correlation A from Satterfield et al. [48] and the correlation of Rao and Drinkenburg 
[47] were developed using the dissolution and electrochemical method, respectively. 
Further, both were developed from data collected at a higher liquid flow rates than 
those studied here (Table 4), and using non-porous pellets. Despite these differences, 
both of the aforementioned correlations show good agreement with the NMR meas-
ured values of �k at Re

L
≤ 0.4, but at Re

L
≥ 0.8 these correlations underpredict the 

measured value of �k . Since �k increases with Re
L
 , it seems unlikely that this under-

prediction is caused by extrapolating the correlation to low Re
L
 . Rather, the under-

prediction is more likely caused by the pellet porosity and/or the pellet wettability. 

Table 4   Correlations for �Sh in trickle beds obtained using a variety of experimental methods

Note that the Schmidt number is defined as Sc = �
L

�D
L

 , where D
L
 is the molecular diffusion coefficient of 

the (inter-pellet) liquid phase

Satterfield et al. A [48] �Sh = 0.815 Re0.822
L

Sc
1∕3 ; 1.5 < Re

L
< 196; 0 < Re

G
< 433

Method: dissolution
Fluids: water, N2, He, Ar
Packing: non-porous benzoic acid cylinders

Satterfield et al. B [48] �Sh = 0.266 Re1.147
L

Sc
1∕3 ; Re

L
< 20; Re

G
= 0

Method: dissolution
Fluids: water, aqueous solutions of glycerol and surfactants
Packing: non-porous benzoic acid cylinders

Tan and Smith [17] �Sh = 4.25 Re0.48
L

Sc
1∕3 ; 0.88 < Re

L
< 34.5; 0.1 < Re

G
< 2.7

Method: dynamic adsorption
Fluids: aqueous benzaldehyde, He
Packing: porous activated carbon particles

Rao and Drinkenburg [47] �Sh = 0.24 
(
Re

L
∕�

)0.75
Sc

1∕3 ; 70 < Re
L
< 250; 11 < Re

G
< 385

Method: electrochemical
Fluids: aqueous electrolyte solution, air
Packing: non-porous glass and nickel electrode cylinders
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The porosity and wettability of pellets has previously been observed to affect pellet 
wetting efficiency, pressure drop and flow texture in trickle beds [13, 31, 50]. Specifi-
cally, Baussaron et al. [14] have observed that � depends on the liquid-solid interac-
tion strength at low liquid flow rates, comparable to those studied here. Thus, the 
exclusive use of non-porous pellets to develop Correlation A from Satterfield et al. 
[48] and the correlation of Rao and Drinkenburg [47], may be the cause of the under-
prediction of the measured value of �k at Re

L
≥ 0.8. In further support of this sugges-

tion, Tan and Smith [17] used porous pellets in the development of their correlation, 
which subsequently predicts much higher values of �k than either of the correlations 
developed using non-porous pellets. Although the larger values predicted by Tan and 
Smith [17] may be due in part to the previously mentioned issue of liquid pulsing, 
it is also possible that this is partially due to the use of porous as opposed to non-
porous pellets. Taken together, the results reported in Fig. 8 suggest that the NMR 
relaxation exchange method can be used to quantitatively measure the mass transfer 
coefficient, �k , in trickle beds at low liquid flow rates. Comparison with correlations 
demonstrates the importance of considering the assumptions, flow conditions and 
pellet materials used to develop mass transport correlations when selecting an appro-
priate correlation for use in designing or scaling up a trickle bed process. Whilst the 
measurements conducted in this work were conducted using a high-field magnet, in 
principle the mass transfer coefficient could be measured using a portable low-field 
magnet. In a low-field implementation of this method, it may not be possible to meas-
ure the liquid saturation, � , using the Hahn echo procedure reported herein which 
relies on chemical shift difference between inter- and intra-pellet liquid, and the use 
of correlations for � may be required. However, the relaxation exchange measure-
ments could likely be directly conducted on a low-field magnet, as demonstrated by 
Olaru et al.[30], and subsequently used to obtain the mass transfer coefficient. A low-
field implementation of the present technique would significantly improve the acces-
sibility of this method for use by chemical engineering practitioners.

5 � Conclusions

In this work, the T
2
− T

2
 relaxation exchange NMR method for measuring the mass 

transfer coefficient developed in [18] was successfully extended to quantify the liquid-
solid mass transfer coefficient in a trickle bed of porous silica pellets. To achieve this, 
the magnetization transport model derived for single-phase flow in a packed bed was 
adapted to account for the partial surface wetting and partial liquid saturation within a 
trickle bed. To directly measure the molecular exchange between intra- and inter-pellet 
liquid in the bed, T

2
− T

2
 exchange experiments were conducted over a range of liquid 

flow rates 0.2 ≤ Re
L
≤ 1.4, at a constant gas flow rate Re

G
= 3.8. The cross-peak inten-

sity, I
XP

 , from the T
2
− T

2
 exchange experiments, indicative of molecular exchange, 

increased with both exchange time, t
mix

 , and liquid flow rate. The magnetization trans-
port model was found to fit the cross-peak evolution data accurately using the mass 
transfer coefficient as the sole fitting parameter. The resulting values of the mass trans-
fer coefficient were compared to several commonly used literature correlations, with 
the values measured using the NMR method falling within the range predicted by the 
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correlations. Comparison of the mass transfer coefficient measured by NMR with the 
correlations demonstrates the importance of considering the flow conditions and pellets 
used to develop mass transfer correlations when selecting a correlation to use for a spe-
cific bed. Importantly, the method developed here can be utilized on other pellet geom-
etries and support materials of commercial relevance. As such, this method can be used 
in the future for the screening and optimization of catalyst pellets and reactor operating 
conditions for optimal mass transport properties.
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