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Abstract A so-called blockage geometry consisting of a

rod with a fin positioned concentrically within a pipe is

used to asses the capabilities of numerical turbulent flow

and mass transfer models to predict the turbulent mass

transfer coefficients. Measurements of the mass transfer

coefficient have been performed for a range of fin diame-

ters and flow rates. The limiting diffusion current mea-

surements were performed using the ferri-ferrocyanide

system and nickel electrodes. Different mass transfer tur-

bulence models are used for the calculations and the results

are compared with the measurements. The influence of

flow rate and fin diameter on the mass transfer rate is

examined.
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List of symbols

cb Bulk concentration of the reacting ion, mol m-3

ck Concentration of species k, mol m-3

cs Surface concentration of the reacting ion, mol m-3

de Equivalent diameter of duct, m

di Diameter of the rod, m

D Molecular diffusion constant of reacting ion,

m2 s-1

Dk Molecular diffusion constant of species k, m2 s-1

do Outside diameter of the annulus, m

Dt Turbulent diffusion coefficient, m2 s-1

F Faraday constant, 96,487 �C mol-1

i Current, A

ilim Limiting current, A

km Mass transfer coefficient, m s-1

L? Dimensionless length of the cathode

Ltot Length of the cathode, 0.1 m

N Mass transfer rate (ion flux), mol s-1

Re Reynolds number

S Area of the electrode, m2

Sc Schmidt number

Sct Turbulent Schmidt number

Sh Sherwood number

ShCC Sherwood number obtained from the Chilton-

Colburn correlation

y Normal distance to the wall, m

y? Dimensionless normal distance to the wall, as

defined in [19]

z Charge of reacting ion

�u Velocity vector, m s-1
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Greek

l Dynamic viscosity, kg m-1 s-1

m Kinematic viscosity, m2 s-1

mt Turbulent viscosity, m2 s-1

swall Surface shear stress, kg m-2 s-2

1 Introduction

A wide range of investigations have been performed on

blockage geometries by various workers such as Chapman

[21], Ihle et al. [22], Davis [23], Hall and Duffey [24], Cadek

et al. [25], Hall et al. [26] and many others. The investigation

of such geometries is essential in design and safety studies to

understand how ballooning of fuel rod cladding might affect

the subsequent thermal history of a Pressurized Water

Reactor which has suffered a loss-of-coolant accident.

Pembery provides experimentally determined mass

transport coefficients for a variety of blockage geometries

[4, 28, 29]. Four geometries are examined: axisymmetric

fins, an axisymmetric bulged rod, a necked tube and a rod

cluster. Data of Pembery for the axisymmetric fin case is

used here to assess the capabilities of turbulent flow and

mass transfer models to predict the turbulent mass transfer

coefficients.

In Pembery’s work, undertaken at Exeter University,

UK, measurements of mass transfer coefficient were car-

ried out for a range of fin diameters and flow rates. The

limiting diffusion current measurements were performed

using the ferri-ferrocyanide electrochemical system using

local nickel electrodes embedded in an active surrounding

electrode.

Different mass transfer turbulence models are used here

for the calculations and the results are compared with the

earlier measurements. The influence of flow rate and fin

diameter on the local mass transfer rate is examined.

2 Geometry of the pipe with an obstruction

The geometry under consideration is an axisymmetric

nickel rod with an inert PVC fin positioned concentrically

within a nickel pipe, thus producing an annular duct. A

detailed description of the geometry, the flow conditions

and the electrochemical measurement equipment and

techniques can be found in [4]. The pipe formed the outside

surface of the annular channel. The diameter of the rod was

12 mm and the inner diameter of the pipe was 51.8 mm. A

schematic representation of the rod is given in Fig. 1a.

The actual shape of the fin is shown in Fig. 1b. For the

calculations, only the geometry with an outer fin diameter

of 32 mm was used. In the experiments, four different fin

diameters were used, 27, 32, 37 and 42 mm.

The 32 flush mounted mini-electrodes were made from a

99.99% pure 1 mm nickel wire and were positioned

12.5 mm apart in 1.4 mm holes in the nickel rod. The mini

electrodes were insulated from the main electrode to permit

local measurement of current to be made and point mass

transfer coefficients to be determined. Araldite insulation

was used to insulate and isolate the mini electrodes from

the main cathode rod. This insulation gap between the two

electrodes causes the mass transfer boundary layer to dis-

sipate over the small inactive region. However, it was

determined numerically that this effect has a very small

effect on the local mass transfer coefficient.

For the electrical connection of the local electrodes

0.2 mm diameter nickel wire was used. The outer surface

of the annulus (the pipe) was used as anode.

3 Flow for annulus with obstruction

As no flow measurements for this geometry are available,

the turbulent flow solver (esp the k–x model of Wilcox

2001) has been validated to simulate the flow in a com-

parable geometry [2, 3, 6, 7]. To this purpose the calculated

turbulent flow in a pipe with an axisymmetric expansion

has been validated with measurements presented in [5]. A

detailed description of the turbulence model is given in [7],

while the numerical approach to solve the Navier-Stokes

equations and the turbulence equations is presented in [27].

The general agreement between the calculation and the

experimental values of the velocity and turbulent kinetic

energy profiles is good. However, the size of the main

recirculation zone is overestimated by about 35%.

Fig. 1 a Schematic drawing of the rod with the fin. b Schematic drawing of the fin
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The Reynolds number is defined on the basis of the

mean inlet velocity and the equivalent diameter, case equal

to:

de ¼ do � di: ð1Þ

For the geometry under consideration here the equivalent

diameter is 39.8 mm.

The streamlines and turbulent kinetic energy for

Re = 13,200 and a fin diameter of 32 mm are shown in

Fig. 2. The streamlines and the grid near the fin are rep-

resented in Fig. 3. There are three recirculation zones

visible in Fig. 2: one in front of the fin, one big recircu-

lation zone behind the fin and a third smaller recirculation

zone beneath the second close to the fin as determined and

described by Tagg et al. [30].

4 Measurements

Various electrochemical systems can be used to obtain

limiting currents. To avoid deposition reactions that would

roughen the surface of the electrode and thus influence the

flow and surface area, the ferri-ferrocyanide system is often

chosen. The reaction taking place at the cathode is:

FeðCNÞ3�6 þ e� $ FeðCNÞ4�6 : ð2Þ

As the opposite reaction occurs at the anode, there is no

net production or consumption of ions; hence the concen-

tration of all species remains constant over time.

When using the ferri-ferrocyanide system, ferricyanide

reduction at the cathode is employed as the limiting reac-

tion because it gives a better limiting current plateau than

the anodic reaction [4]. The cathodic reaction involves a

species with a higher diffusivity than the anodic reaction

and therefore the anode has to be bigger than the cathode in

order to achieve limiting conditions at the cathode. The

diffusion coefficient D of the ferricyanide ion is

6.631 9 10-10 m2 s-1 at 20 �C, leading to a Schmidt

number of 1,632. The electrolyte consists of 0.005 M

equimolar mixture of potassium ferri- and ferrocyanide

with a supporting electrolyte of 0.5 M sodium hydroxide.

The large amount of supporting electrolyte ensures that the

effects of migration on the transport of reacting ions are

negligible.

The density of the ferri-ferrocyanide/NaOH electrolyte

is 1,020.5 kg m-3 and the dynamic viscosity is

1.105 9 10-3 N s m-1 at 20 �C [4].

The aim of the experiments is to obtain the local mass

transfer coefficient along the rod. The mass transfer coef-

ficient km is defined as:

N ¼ i

zF
¼ kmSðcb � csÞ: ð3Þ

For the limiting current situation, the concentration of

the reacting ion is equal to zero at the electrode, cs = 0.

Therefore, the mass transfer is related to the limiting

current (ilim) via:

km ¼
ilim

zFcbS
: ð4Þ

Fig. 2 Overview of the flow and the kinetic energy, Re = 13,200,

dimensions in m

Fig. 3 Detail of the flow and the mesh near the fin, Re = 13,200,

dimensions in m
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This means that the local mass transfer coefficient can be

computed from measurements of the local limiting current.

As the local limiting current is an integral quantity, the

mass transfer coefficient will be a (local) mean value. The

local limiting current density along the rod is measured at

the mini-electrodes. Using Eq. 3 this local current density

is transformed into a local mass transfer coefficient.

The values of the mass transfer coefficient for a fully

developed turbulent flow in an annular geometry are given

by a correlation from Berger and Hau as reported in [4],

which for Schmidt numbers larger than 1,000 is:

Sh ¼ kmde

D
¼ 0:0165Re0:86Sc0:33: ð5Þ

Additionally, Baehr [1] reports the following correction

to the Chilton-Colburn correlation for turbulent mass

transfer in an annular duct:

Sh ¼ 0:86
di

do

� ��0:16

ShCC ð6Þ

with ShCC the Sherwood number obtained from the

Chilton-Colburn correlation as given in

Sh ¼ 0:023Re0:8Sc1=3: ð7Þ

This correction assumes that only the inner surface (the rod

in this case) is used to perform the mass transfer mea-

surements. For comparison purposes, these two correla-

tions, labeled ‘Berger and Hau’ and ‘Chilton-Colburn’ are

shown in the figures for the mass transfer coefficient along

the rod.

5 Modelling mass transfer in turbulent flow

5.1 Turbulent mass transfer

When migration is neglected, the steady state convection-

diffusion equation can be written as

�u �rck ¼ �rðDk
�rckÞ: ð8Þ

Similar to modelling turbulent fluid flow, the effects of

turbulence on mass transfer are modelled by adding the

turbulent diffusion Dt to the molecular diffusion:

�u �rck ¼ �r½ðDk þ DtÞ �rck�: ð9Þ

For mass transfer the following dimensionless numbers

are commonly used:

Sc ¼ m
D

ð10Þ

the Schmidt number, equivalent to the Prandtl number in

heat transfer, describing the ratio between the viscosity and

the molecular diffusion and

Sct ¼
mt

Dt

ð11Þ

the turbulent Schmidt number, equivalent to the turbulent

Prandtl number, describing the ratio between the turbulent

viscosity and the turbulent diffusion.

5.2 Turbulence models for mass transfer

Several models have been proposed [8–10, 12–16] to cal-

culate turbulent diffusion. The influence of different tur-

bulent mass transport models on the predicted limiting

current have been investigated by Nelissen et al. [27]. Most

of these models are straightforward extrapolations of

models for turbulent heat transfer [12]. However, because

the mass transfer boundary layer is at least one order of

magnitude smaller than the hydrodynamic and thermal

boundary layers, this similarity does not always hold.

The models used here are:

• Dt = 0. The turbulent diffusion is neglected because

it is assumed that the turbulent boundary layer is so

small that all the effects happen in the laminar sub-

layer of the turbulent fluid flow. This assumption is

valid if the length of the electrode is small [18]

Ltot

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
swall=lm

q
¼ Lþ\700

� �
.

• Dt � mt or Sct = constant. This is the straightforward

extrapolation to mass transfer of what is generally done

in turbulent heat transfer [11, 17]. A typical value for

the constant is 0.71. More elaborate models consider

Fig. 4 Concentration distribution near the fin, Re = 6,400, dimen-

sions in m
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the dependence of Sct on some global quantities of the

flow (Re, Sc, boundary layer thickness, …) [13].

• Dt is given by an algebraic turbulence model. This is

the equivalent of an algebraic turbulence model for

flow. Several different models have been developed [8,

12, 19, 20], most of them based on one set of

measurements. Most models start from the fact, both

theoretical and experimental, that the turbulent diffu-

sion varies with y3 close to the wall. A typical example

is the model proposed by Aravinth [12]:

Dt

m
¼ 0:0007yþ

3

ð1þ 0:00405yþ2Þ0:5
; 0\yþ\30; Sc� 1: ð12Þ

6 Calculations

The flow field as shown in Sect. 3, is interpolated to a grid

specially refined for mass transfer calculations. As only the

linear convection-diffusion equation is solved, machine

accuracy is achieved in two iterations.

Figure 4 shows the concentration distribution and the

streamlines of the flow in the region near the fin for

Re = 6,400. Again a very small mass transfer boundary

layer is observed. The direct influence of the flow, espe-

cially the recirculation zones, on the concentration distri-

bution is clearly noticeable.

6.1 Influence of turbulence model

In Fig. 5 the mass transfer coefficient along the rod is

shown for Re = 24,150 calculated using different turbulent

mass transfer models. On the x-axis the distance from the

leading edge of the fin is used. From this it is clear that the

electrode length is not long enough to exhibit a big dif-

ference between the turbulence models. As long as the

turbulent mass transfer boundary layer remains small

molecular diffusion is dominant and thus the resulting

turbulent mass transfer remains independent of the model

chosen for the turbulent diffusion. Only near the end of the

electrode is a small difference noticeable. The model

Sct = 1 overestimates the turbulent diffusion coefficient,

while Dt = 0 underestimates the mass transfer coefficient.

Both the algebraic model and the model Sct = 4.5 yield

almost exactly the same results between the two extremes

mentioned above.

The general trend of the calculated mass transfer coef-

ficient distribution and the measured values matches very

well.

In both the experiments and the calculations, the elec-

trode starts 50 mm before the first measuring point (mini-

electrode). The measurements indicate that this is sufficient

to have a complete developed mass transfer boundary layer,

while the calculations suggests that there is still a big vari-

ation in the mass transfer coefficient for the first group of

measuring points. Simulations were performed imposing

c = 0 at the electrode, which is numerically equal to

imposing the limiting current, whereas in the experiments a

potential is applied which yield the limiting current. At the

part of the electrode closest to the inlet, the assumption

c = 0 causes a very high peak in current density in the

simulations, as confirmed by the Leveque solution [31]

which shows that the mass-transfer rate becomes infinite

near the beginning of the mass-transfer section. This phe-

nomenon is not found in the experiments because the first

mini-electrode is 50 mm downstream of the start of the

electrode. However, this effect might be overestimated by

the simulations because the recirculation zone upstream of

the fin is not well predicted. It is also possible that this initial

effect is not correctly captured in the experiments due to the

fact that the entire electrode is not operating at limiting

current density. In reference [32] it is shown that when 97%

of the limiting current is imposed, the concentration over a

portion on the upstream side of the electrode can be sig-

nificantly different from zero. This then means that the

numerical boundary condition does not correspond to the

measured reality in the upstream part of the electrode.

As expected from the flow calculations for a pipe

expansion [5], the length of the main recirculation zone

downstream of the fin is overestimated. This is indicated by

the fact that the point where the mass transfer is maximum

is further downstream than the measured peak in the mass

transfer coefficient. However, the absolute value of the peak

mass transfer coefficient matches perfectly between mea-

surements and simulations. The peak in the mass transfer

coefficient directly behind the fin is due to the second
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Fig. 5 Mass transfer coefficient distribution along the rod, Re =

24,150
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recirculation zone. This peak is not present in the mea-

surements because the spacing between the point electrodes

is too large. The size of the recirculation zone upstream of

the fin is captured almost perfectly.

Far downstream from the fin fully developed mass

transfer coefficients are found both in the measurements

and in the simulations. The best agreement is reached for

the algebraic model and the model Sct = 4.5.

The small oscillations and secondary peaks for the cal-

culated mass transfer coefficient are caused by the imple-

mented LDA scheme [33].

Figure 6 shows the mass transfer coefficients along the

rod for different turbulence models for Re = 6,400. The

same conclusions concerning the position and value of the

peaks in the mass transfer coefficient are valid as for

Re = 24,000. However, for this flow rate the influence of

the turbulence models is almost negligible, showing that

the influence of the turbulent diffusion in small compared

to the molecular diffusion. Also the mass transfer coeffi-

cient for a fully developed flow is found most accurately

when using the algebraic model and the model Sct = 4.5.

6.2 Influence of flow rate

Figure 7 represents the calculated and measured mass

transfer coefficients for Re = 6,400, Re = 13,200 and

Re = 24,150. For each of these calculations the model

Sct = 4.5 is used. Overall, the trend of the calculations and

the measurements agrees well for all flow rates. The higher

the flow rate, the better the calculations and measurements

match, especially concerning the position of the peak value

of mass transfer coefficient.
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The very strong variation in the calculated values of the

mass transfer coefficient near the fin is due to the complex

structure of the smaller recirculation zone(s) directly in

front and behind the fin.

As noted from experiments [4], the position of the peak in

the mass transfer coefficient profile increases slowly in the

downstream direction with Reynolds number. This trend is

not found in the numerical simulations, as the position of the

peak mass transfer is almost independent of the flow rate.

Again this is of course related to the problems encountered

by the k–x model to predict the recirculation zone length

accurately for different flow rates and configurations.

7 Conclusions

The turbulent mass transfer coefficient in an annular duct

with an obstruction on the inner core has been calculated

using different turbulent mass transfer models. The results

are compared with earlier measurements obtained from

limiting current experiments using the ferri-ferrocyanide

system. Also correlations for fully developed mass transfer

are used to validate the calculations. The qualitative and

the quantitative agreements between calculations and

measurements are good, except for the position of the peak

in the mass transfer profile. As this peak is related to the

recirculation zone length, the position of the peak is

overestimated (as expected), because the flow solver also

produced this result in other comparable geometries. Also

the influence of the flow rate is predicted correctly by the

simulations. Far downstream of fin, the mass transfer

coefficient for fully developed flow is obtained.

It can be concluded that, although not perfect, these

results prove that the numerical models provide very

acceptable predictions of turbulent mass transfer suited to

industrial applications.
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