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In this study, the turbulent flow field is simultaneously measured by stereoscopic particle image
velocimetry (SPIV) and the wall mass transfer coefficient using the limiting diffusion current technique
(LDCT). SPIV measurements of the flow field behind an orifice in a round pipe are performed in the cross
and longitudinal sections. One-point linear and quadratic stochastic estimations are employed to calcu-
late the conditional average of the flow field associated with the large wall mass transfer coefficient. The
results suggest that the counter-rotating vortex pairs play an important role in the large wall mass trans-
fer coefficient. The flow structures associated with a large wall mass transfer coefficient in the cross sec-
tions are found to be similar to the flow structures enhancing the wall heat transfer obtained by a
theoretical analysis and numerical study in literature.
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1. Introduction

The heat and mass transfer behind orifices is of considerable
theoretical and engineering importance, as this phenomenon
appears widely in a variety of engineering applications. Consider,
for example, the problem of pipe walls thinning in nuclear/fossil
power plant pipelines. Such wall thinning is mainly caused by
flow-accelerated corrosion (FAC), which is common in carbon steel
pipes, where the wall’s iron ions diffuse into the turbulent bulk
flow through the oxide layer coating the wall’s surface [1].
Although FAC is affected by many factors—such as flow field, water
chemistry, and temperature—the rate at which walls thin in
nuclear/fossil power plant pipelines is generally considered to be
the result of a mass transfer phenomenon driven by the concentra-
tion gradient of the iron ions on wall surfaces and in the bulk flow
[1]. Indeed, a popular area of study within FAC research is deter-
mining what kinds of flow structures enhance the mass transfer
coefficient at the wall (hereafter referred to as the ‘‘wall mass
transfer coefficient”). However, this topic involves a basic and dif-
ficult problem—that is, the necessity of simultaneously measuring
the concentration field (or, equivalently, the wall mass transfer
coefficient) and the velocity field in wall-bounded flows.

The present paper focuses on flow structures associated with
large wall mass transfer coefficients at high Schmidt numbers (lar-
ger than 1000) behind circular orifices in round pipes. Our study is
conducted in relation to an actual instance of pipe-wall thinning
that caused a very serious accident at the Japanese Mihama
Nuclear Power Plant in 2004 [2]. Although this study only deals
with mass transfer, it is possible to use the Chilton–Colburn anal-
ogy to consider a relation between wall mass transfer and wall
heat transfer; thus, this study could also be of some value when
discussing structures associated with wall heat transfer.

Orifice flow is a typical, separated, internal flow that includes
extremely complex flow separation, reattachment, and redevelop-
ment processes. A separated internal flow may be encountered in
many practical situations—such as in the immediate vicinity of
valves, orifices, nozzles, and boiler tube gags as well as in sudden
changes of the pipeline diameter, and it may also exist in the
region adjacent to electrochemical cell inlet ports. Hence, it is
widely believed that the characteristics of flow structures associ-
ated with large wall mass transfer coefficient should exist in many
flow fields. Previous research relating to the characteristics of
heat/mass transfer in separated internal flows has mainly concen-
trated on two findings: the peaked, streamwise distribution of
heat/mass transfers downstream of sudden pipe changes and the
empirical relation between the peak heat/mass transfer values,
the Reynolds number, and the Prandtl/Schmidt number [3–5].

With the development of supercomputers, a number of numer-
ical simulations of turbulent mass transfers at solid boundaries
have been reported in recent years [6–9]; there is a comparative
lack of experimental research regarding turbulent mass transfers

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2016.06.012&domain=pdf
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2016.06.012
mailto:shanfeng@hust.edu.cn
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2016.06.012
http://www.sciencedirect.com/science/journal/00179310
http://www.elsevier.com/locate/ijhmt


2 F. Shan et al. / International Journal of Heat and Mass Transfer 102 (2016) 1–9
at solid walls—particularly in the case of separated internal flows.
For example, Yamagata et al. have measured the wall mass transfer
coefficient behind an orifice in a circular pipe using the benzoic
acid dissolution method in a water flow [10]—a method that
allowed them to measure the mass transfer at the Schmidt number
under conditions that were similar to the actual operating condi-
tions of the pipeline. Their results indicate that, because of flow
turbulence, the Sherwood number behind the orifice reaches its
maximum value within an area of 1–2 pipe diameters from the ori-
fice; that value then decreases gradually downstream. This trend
agrees qualitatively with the features of pipe-wall thinning data;
moreover, although their Schmidt number greatly differs from
the value we obtain in our mass transfer study wherein the electro-
chemical method is used [11], the distribution of the wall mass
transfer coefficient agrees qualitatively well. The different orifice
to pipe diameter ratios (b ratios) and the thicknesses of orifice
plates are believed to be responsible for the discrepancies. Utano-
hara et al. report that the profile of the measured FAC rate can be
well correlated with the profile of the root mean square of the wall
shear stress, as was predicted by LES [12]; their flow field results,
as predicted by RANS and LES, were validated by their LDV data.

Furthermore, some researchers have used the naphthalene sub-
limation method to measure the wall mass transfer coefficient of
flows behind orifices and have discussed the mechanism involved
in asymmetric pipe-wall thinning in relation to the combined
effect of swirling flow and orifice bias [13,14]. In this respect, the
naphthalene sublimation method allows the measurements of
mass transfer coefficients in air flows at low Schmidt numbers.
In addition, some researchers have studied the effects of swirling
flow on mass and momentum transfers downstream of a pipe with
elbow and orifice [15]. More specifically, they have used the plaster
dissolution method to measure the distribution of the wall mass
transfer coefficient downstream of the orifice and have explained
why the pipe-wall thinning rate is not uniformly distributed when
there is swirling flow upstream of the orifice plate [15]. This
nonuniform distribution of pipe-wall thickness in the circumferen-
tial direction of the pipe greatly accelerates pipe breakdowns in the
industry. In addition, proper orthogonal decomposition (POD) has
been applied to analyze the large-scale energetic turbulent struc-
tures responsible for nonuniform thicknesses within pipe walls
[16]; such findings greatly contribute to our understanding of the
nonuniform distribution evident in the Mihama Nuclear Power
Plant pipe that is herein evaluated.

Despite the considerable amount of research conducted, inter-
actions between the underlying flow structures at a solid boundary
and the associated turbulent heat/mass transfer are still not well
understood because of the various obstacles involved in simultane-
ously measuring velocity and concentration fields close to a solid
boundary. The present study is a continuation of our previous work
relating to the characteristics of a flow field [17] and that relating
to the relationship between a flow field and mass transfer at a wall
[11]. Although we have already shown that a strong relation exists
between fluctuations in the wall mass transfer coefficient and
velocity components, it is still difficult to say what kind of flow
structures are responsible for enhancing the wall mass transfer
coefficient just by looking at the contour plot of the spatial–tempo-
ral correlation of the wall mass transfer coefficient and the flow
field. This objective can be fulfilled by using the conditional aver-
age technique. More specifically, we can conditionally average
the flow field when the wall mass transfer coefficient is large.
However, a conventional conditional average is not practical if
we are using the time-resolved PIV measurements, which require
huge amounts of computer memory and other computational
costs. Fortunately, stochastic estimation is able to calculate the
conditional average with much less data. stochastic estimation is
the approximation, or estimation, of a random variable in terms
of other random variables [18]; Adrian first proposed of its applica-
tion to extract coherent motion in turbulent flows [19]. Since then,
it has been widely used in the community of fluid dynamics (for
example, [20–22]), where the velocity field or pressure has been
mostly used to perform stochastic estimation. Indeed, the accuracy
of stochastic estimation has been tested many times in many dif-
ferent flows, always with almost unreasonable success [23]. There-
fore, in this study, we use stochastic estimation to estimate the
conditional average of the flow field when a very large wall mass
transfer coefficient appears; this, thus, enables us to focus on the
structures associated with large wall mass transfer coefficients.
To the best of our knowledge, this is the first study to use a wall
mass transfer coefficient in the stochastic estimation of flow field
structures.
2. Experimental setup

The problem of pipe-wall thinning is not directly discussed
here; instead, we consider the pipe-wall thinning problem as a
wall mass transfer phenomenon in which ferrous ions from the
carbon steel wall transfer into the bulk flow. This consideration
is consistent with a theoretical consideration that views pipe-
wall thinning in relation to corrosion [24]. For this study, LDCT
was used to measure the wall mass transfer coefficient. For a
detailed discussion of LDCT, please refer to [11] and the references
therein. In LDCT, we used a polarized condition wherein an ade-
quately large voltage was applied to an electrochemical cell in
which the current was controlled by the rate of the wall mass
transfer coefficient and wherein the concentration of the reactant
was always zero at the surface of the test electrode. The measured
electric current was therefore proportional to the mean rate of the
mass transfer over the test electrode.

Fig. 1 shows a sketch of the SPIV in both cross and longitudinal
sections. A three-electrode system was employed in the chemical
reaction [11], which used a small cathode to measure the local wall
mass transfer coefficient, a much larger anode, and a reference
electrode. The local electrodes acting as the cathode in the electro-
chemical reaction are depicted as small yellow dots in Fig. 1; note
that, to clarify the test section, only some of the local cathodes are
shown in the figure. The cathodes for measuring the local wall
mass transfer coefficient are circular and have diameters of
1 mm. The anode is much larger than the local cathode and is a cir-
cular ring (with a thickness of 1 cm) mounted flush against the
pipe wall, as shown in Fig. 1. In our former study [11], we deter-
mined the location of the maximum mean wall mass transfer coef-
ficient to be xmax � 2R.

We made two types of simultaneous measurements, as indi-
cated by the laser sheet in Fig. 1. Note that, only some laser sheet
locations are shown to clarify the figure. We simultaneously mea-
sured the flow field in the longitudinal section and the wall mass
transfer coefficient at the location of the maximum mean wall
mass transfer coefficient xmax (x=R ¼ 2:0) just as we did in the pre-
vious study [11]. Additionally, we simultaneously measured the
flow field and the wall mass transfer coefficient of three cross sec-
tions at x/R = 1.8, 2.0 and 4.0, respectively. Therefore, in this study,
we discuss flow structures based on both the longitudinal and
cross sections, as shown in Fig. 1.

The viscosity of the working fluid was measured by a viscome-
ter, and its density q was calculated by the equation q =m/V,
where m and V are the mass and volume of the working fluid,
respectively. The Reynolds number based on the pipe’s diameter
and mean velocity was 25,000, and two temperatures of the work-
ing fluid (T = 283 K, 298 K) were measured, which correspond to
two Schmidt numbers (2770 and 1600). All other experimental
conditions were similar to those in our previous study [11].
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Fig. 1. Sketch of our simultaneous measurements; for clarification, only some of the local cathodes and laser sheet locations are shown.
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3. Stochastic estimation of the conditionally average flow field
on the basis of the wall mass transfer coefficient

It is usually possible to use conditional average to calculate the
turbulent flow field associated with a condition, where the average
of the flow field is collected when the fluctuation of the wall mass
transfer coefficient satisfies the specified condition. However,
stochastic estimation offers a huge advantage over conditional
average [25], since calculating the conditional average requires
directly finding the realizations of the flow field and the fluctua-
tions of the wall mass transfer coefficient that satisfy the pre-
scribed condition and since it is usually necessary to use
immense amounts of data to build up a stable conditional average.
In contrast, stochastic estimation requires evaluation of the corre-
lations between the flow field and the fluctuation of the wall mass
transfer coefficient, and such correlations are straightforwardly
calculated. In the calculation of the two-point correlations between
the flow field and the fluctuation of the wall mass transfer coeffi-
cient, it is possible to use all data samples instead of selecting only
the data samples that satisfy the conditions.

To be specific, we define the largest 20% of all measured coeffi-
cients of the wall mass transfer coefficient as the condition of large
wall mass transfer coefficient. Therefore, if we use conventional
conditional averaging to calculate the velocity field associated with
the condition of the large wall mass transfer coefficient condition,
only 20% of the measured velocity fields can be used. However, if
we use stochastic estimation to calculate the conditional average
associated with the condition of the large wall mass transfer coef-
ficient, every measured velocity field can be used since only uncon-
ditional cross correlation is needed. In other words, at least five
times the number of velocity fields is required for conventional
conditional average as for stochastic estimation. For the purposes
of the present study, wherein flow field measurements are taken
using a high-speed camera, requiring five times more velocity
fields creates a much larger burden for cameras and computers
and requiring much longer calculation times. Therefore, we used
the stochastic estimation method instead of the conventional con-
ditional average technique.

A brief introduction of the equations used in the stochastic esti-
mation of the conditional velocity field in the longitudinal section,
based on the condition of the wall mass transfer coefficient, is pro-
vided as an example. Since such estimation in the cross section is
quite similar to that in the longitudinal section, those equations
are not provided here. The velocities and wall mass transfer coeffi-
cient in all equations in the present paper present fluctuating com-
ponents. The conditional average can be estimated by a power
series, as shown by Guezennec [26].

huxyijki ¼ Axyipkp þ Bxyimnkmkn þ Cxyipqrkpkqkr þ � � � ð1Þ
where huxyijki represents the conditional average of the turbulent
flow field uxyi based on the fluctuations of the wall mass transfer
coefficient k; the angle bracket denotes ensemble average; the sub-
scripts x and y denote the position (2D) in the flow field, as shown in
Fig. 1; subscript i denotes the velocity components of interest (i = 1,
2, 3); subscripts p, m, n, q, and r of the wall mass transfer coefficient
k represent different events; and Axyip, Bxyimn, and Cxyipqr represent
stochastic estimation coefficients. The stochastic estimation coeffi-
cients are found by minimizing the mean square error of the esti-
mate, which depends on where the estimate is truncated [27].
The summation convention is utilized, and the sum is taken from
1 to P, where P is the number of estimating events (in this case,
the total number of wall mass transfer measurements). In the pre-
sent study, the stochastic estimation is formulated using zero time
lag correlations; thus, for simplicity, time is dropped when deriving
formulations. In addition, we use only one estimating event in the
wall mass transfer fluctuations, i.e., P = 1. However, different num-
bers for the terms on the right-hand side of Eq. (1) can be used in
the estimation. More specifically, if every term is truncated after
the first term on the right-hand side of Eq. (1), this is known as a
linear stochastic estimation (LSE); if the first two terms on the
right-hand side of Eq. (1) are retained, this is known as a quadratic
stochastic estimation (QSE). Usually, terms with orders higher than
two have little effect on the accuracy of the estimation; thus, only
the LSE and QSE results are discussed in the present study. Below,
we present only those equations used to directly calculate the LSE
and QSE. For details of their derivation, please see [27].

3.1. Linear stochastic estimation (LSE)

The linear estimate involves only one set of coefficients, i.e., it
retains only the first term of Eq. (1):

huxyijki � Axyi;link ð2Þ
where Axyi;lin is the LSE coefficient. In order to distinguish the coef-
ficient used in the LSE from the coefficient used in the first term
of QSE, we use Axyi;lin in the LSE. Using one estimation event, Axyi;lin

is calculated as follows [22]:

Axyi;lin ¼ huxyiki
hkki ð3Þ
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where uxyi and k are the same as in Eq. (1) and the angle bracket rep-
resents the ensemble average.

To obtain the stochastic estimation of the conditional average of
the turbulent flow field for a range of wall mass transfer fluctua-
tion values—e.g., k > c0krms (where c0 is threshold and krms is the
root mean square of k) — k in Eq. (2) is replaced with the appropri-
ate conditional moment. More specifically, the linear stochastic
estimation of the conditional averages of the fluctuations of the
wall mass transfer coefficient becomes

huxyijk > c0krmsi ¼ Axyi;linhkjk > c0krmsi ð4Þ
where

hkjk > c0krmsi ¼
R1
c0krms

k � pdfðkÞdkR1
c0krms

pdfðkÞdk ð5Þ

and where pdfðkÞ is the probability density function of the wall
mass transfer coefficient fluctuations.

3.2. Quadratic stochastic estimation (QSE)

The quadratic estimate involves the first two terms of Eq. (1):

huxyijki ¼ A0
xyipkp þ Bxyimnkmkn ð6Þ

In the calculation of the coefficients, the linear and quadratic
coefficients are not independent; hence, the coefficients for the lin-
ear term in the quadratic estimate are slightly different from the
coefficients in the linear estimate. Therefore, we use a prime of
the coefficient of the first term in Eq. (6).

The coefficients of the QSE are as follows:

½AB�xyi ¼
A0
xyi;quad

Bxyi

" #
¼ ½kk��1½Vk�xyi ð7Þ

where the square bracket represents a matrix; ½AB� is the matrix
composed by the stochastic estimation coefficients A and B; sub-
scripts x, y, and i are the same as those in Eq. (1); A0

xyi;quad is the coef-
ficient of the linear term in the QSE; Bxyi is the coefficient of the
quadratic term in the QSE; ½Vk�xyi is a matrix composed by the cross
correlation of the velocity field and the wall mass transfer coeffi-
cient, as shown in Eq. (8); and ½kk� is a matrix composed by
moments of wall mass transfer fluctuations, as shown in Eq. (9),
where superscript �1 represents the inverse of a matrix

½Vk�xyi ¼
huxyiki
huxyikki

� �
ð8Þ

½kk��1 ¼ hkki hkkki
hkkki hkkkki

� ��1

ð9Þ
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Fig. 2. Root mean square of the uncertainty of the instantaneous streamwise
velocity.
Likewise, to obtain the stochastic estimation of the conditional
average of velocity fluctuations for a range of wall mass transfer
fluctuation values—e.g., k > c0krms —the equations become

huxyijk > c0krmsi ¼ A0
xyi;quadhkjk > c0krmsi þ Bxyihk2jk > c0krmsi ð10Þ

where

hk2jk > c0krmsi ¼
R1
c0krms

k2 � pdfðkÞdkR1
c0krms

pdfðkÞdk ð11Þ
4. Results and discussion

4.1. Uncertainty analysis of the experimental results and accuracy of
the stochastic estimation

We have already discussed the uncertainty analysis of the wall
mass transfer measurement in detail in a previous study [11]. More
specifically, we compared our wall mass transfer results in a fully
developed pipe flow with a semi-empirical equation proposed in
[28] to demonstrate the accuracy of our measurements. Quantifica-
tion of the PIV uncertainty has rapidly progressed recently [29–31].
Therefore, we very briefly show the PIV uncertainty results using
the correlation statistics method embedded in the advanced com-
mercial software package Davis 8.3.0, as proposed by Wieneke
[32].

Fig. 2 shows the root mean square of the uncertainty of instan-
taneous streamwise velocity as an example. It demonstrates that
the uncertainty of streamwise velocity is highly dependent on
the property of the flow field itself. For instance, in the shear-
layer region where the velocity gradient is extremely large, the
uncertainty of the flow field is also very large (above 0.1 m/s);
however, given the fact that the velocity magnitude is also very
large, this large uncertainty is acceptable. In addition, the uncer-
tainty in the region very close to the wall (approximately 0.1 R
from the wall) is also very large. Such results are unsurprising
since, as is well known, the high-velocity-gradient shear layer
and near-wall regions are very challenging for PIV. Meanwhile,
the uncertainty in the core region is very small, where the flow
is very stable. The uncertainty in other regions ranges from
0.06 m/s (approximately 0.2 pixel/s) to 0.12 m/s (approximately
0.4 pixel/s), which is close to the reported uncertainty range for
conventional, double-pulse PIV experimental data. Therefore, we
believe that the data in the present study is acceptable. The uncer-
tainty profile of vertical velocity in the longitudinal section is sim-
ilar to that shown in Fig. 2, only with a lower magnitude. Similar
conclusions can be obtained regarding the quantification of the
uncertainty in the cross-sectional measurements, which are not
shown here for brevity.

The best and most direct method for addressing the accuracy of
the LSE and QSE used in the present study is to compare the results
obtained by the LSE and QSE with those obtained by conventional
conditional averages. However, this is not practical for the present
study. The accuracy of stochastic estimation in fluid dynamics has
been tested many times in many different flows [23,33]. Therefore,
we believe it is reasonable to apply stochastic estimation in the
present study. We think that as long as we obtain the convergent
cross correlation of the velocity field and the wall mass transfer
coefficient, it is possible to obtain accurate stochastic estimation
results. From the equations given in Sections 3.1 and 3.2, we can
see that we need the convergent cross correlation of huxyiki,
huxyikki, the second-order moment hkki, the third-order moment
hkkki, and the fourth-order moment hkkkki of the wall mass trans-
fer coefficient fluctuations. In this respect, for each loop of the
simultaneous measurement, we measured the mass transfer
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coefficient for 2 min; the total number of loops for the simultane-
ous measurements is six in the longitudinal section and eight in
the cross section. Therefore, we measured the wall mass transfer
for 28 min to guarantee the convergence of the fourth-order
moment hkkkki. To obtain the convergence of the cross correlation
of huxyiki and huxyikki, we suppose that if we obtain convergent
third-order moments of the velocity fluctuations, then we can
obtain the convergent cross correlation of huxyiki and huxyikki.
Therefore, we compared the third-order moments of velocity fluc-
tuations in the present study with the data we obtained in our pre-
vious statistical measurements, which used CCD cameras [17]. A
comparison of the two shows reasonable agreement; for brevity,
that comparison is not included here.

4.2. Statistical quantity of the flow field in the cross sections

The statistical quantity of the flow field in the longitudinal sec-
tion behind an orifice in a round pipe has already been presented in
our previous studies [11,17]; we therefore only show the statistical
quantities of the velocity field in the cross section at x/R = 2 as an
example. Fig. 3 shows the contours of the mean streamwise veloc-
ity and the turbulent kinetic energy. It is possible to clearly observe
the axisymmetric property of both mean streamwise velocity and
turbulent kinetic energy from Fig. 3. In addition, the statistical
quantities agree very well with those from longitudinal measure-
ments presented elsewhere [11,17], which suggests that the PIV
measurements taken in the cross sections of the present study
are quite accurate.

4.3. Statistics of the wall mass transfer coefficient fluctuations

In this section, we analyze the statistical properties of the wall
mass transfer coefficient fluctuations at x=R ¼ 2 as an example.
Fig. 4 shows the probability density function (pdf) and cumulative
distribution function (cdf) of the wall mass transfer fluctuation k at
x/R = 2 normalized by its root mean square value krms. The colors of
the two y-axis correspond with those of the profiles of the func-
tions. In other words, the black broken line representing the pdf
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Fig. 3. Contours of the statist
of k/krms is described by the left y-axis, and the red solid line rep-
resenting the cdf of k/krms is described by the right y-axis. In addi-
tion, several thinner dotted lines are used to assist in defining
certain quantities. From the profile of the pdf and the vertical dot-
ted line k/krms = 0, it is possible to observe that the fluctuation of
the wall mass transfer at x/R = 2 deviates from the Gaussian distri-
bution. The horizontal red dotted line in Fig. 4 shows that the cdf of
k/kmax equals 0.8. We use the values klarge to define the region of
large wall mass transfer coefficient fluctuations. klarge refers to
nondimensional values normalized by krms. In other words, we
define 20% of the wall mass transfer fluctuation values
(k=krms > klarge) as large values. The flow field structures associated
with this region is discussed in following sections.
4.4. Single-point stochastic estimation of the flow field

To obtain a stochastic estimation of the flow field on the basis of
specified wall mass transfer coefficient conditions, we define the
large wall mass transfer coefficient to be the condition at which
the fluctuation in the wall mass transfer coefficient is greater than
klarge, i.e., k > klarge. All calculations are based on the equations pre-
sented in Section 3. Note that, the coefficients for the stochastic
estimation (including both the LSE and QSE) are only determined
by the statistical properties of the velocity fields and wall mass
transfer coefficient time series as well as the unconditional cross-
correlation functions between the velocity field and the wall mass
transfer coefficient. In other words, the stochastic estimation coef-
ficients are not dependent on the specified conditions, which are
determined by the events of interest. The conditional turbulent
structures obtained by the stochastic estimation are then deter-
mined by both the stochastic estimation coefficients and the spec-
ified conditions. In the single-point stochastic estimation in the
present study, the wall mass transfer coefficient at one location
is the specified condition. From the equations for single-point
stochastic estimation in Section 3, we know that the specified con-
dition can only affect the magnitude of the obtained flow struc-
tures and cannot change the shape of these structures. That is,
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Fig. 4. Probability density function (pdf) and cumulative distribution function (cdf)
of the fluctuation in the wall mass transfer coefficient k at x/R = 2, normalized by its
root mean square, krms.
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the shape of the conditional flow structures obtained in the present
study are not dependent on the specified conditions.

After performing a stochastic estimation of the velocity field,
the coherent structures are extracted from the velocity gradient
tensor, as proposed in [34]. More specifically, the swirling and
shear strength b is calculated as follows:

b ¼ @u
@y

� @v
@x

� 1
2

@u
@x

� @v
@y

� �
þ 1
4

@u
@x

� �2

þ @v
@y

� �2
" #

ð12Þ

where the pattern is shear when b is negative and is a swirl when b
is positive.

Fig. 5 shows nondimensional swirling, shear strength, and
streamline patterns based on the LSE and QSE of huxyijk > klargei in
the longitudinal section for both two temperatures of the working
fluid. b is normalized by �U2

0=D
2, where U0 is the mean upstream

pipe flow streamwise velocity, and D is the pipe diameter. The
arrows at the bottom of the graphs represent the locations of the
mass-transfer measurement sensor. The stochastic estimation
can be used to calculate both the instantaneous and conditional
averages of the flow field. If it is used to estimate the instantaneous
flow field on the basis of the wall mass transfer coefficient, it
results in large errors as the correlation between the flow field
and the wall mass transfer coefficient decays to zero, ultimately
approaching the root mean square of the flow field. On the other
hand, if the stochastic estimation is used to estimate the condi-
tional average flow field, the error in the stochastic estimation
may still be small because the conditional average flow field also
vanishes as the correlation between the flow field and the wall
mass transfer coefficient decays to zero, e.g., if the flow field is very
far from the wall mass transfer measurement sensor [25]. There-
fore, the stochastic estimation of the conditional velocity field is
only calculated in the region close to the sensor of the wall mass
transfer measurement between 0:5 6 x=R 6 3:5 and
�1 6 y=R 6 0, as shown in Fig. 5. From Fig. 5(a) and (c), we can
observe that a large wall mass transfer coefficient is associated
with two vortex structures (positive contours) on the two sides
of the wall mass transfer measurement sensor. Additionally, shear
structures (negative contours) can be observed just on the top of
the mass transfer measurement sensor in all graphs of Fig. 5. These
shear structures (minus contours) are probably caused by the
impingement of shear layer onto the pipe wall.
When we compare the results obtained by LSE and QSE, we
observe that LSE (Fig. 5(a) and (c)) and QSE (Fig. 5(b) and (d)) show
similar results in general, particularly in relation to the large vortex
structure on the right side of the wall mass transfer measurement
sensor. However, when using the QSE, it can be seen that the inten-
sities of the nondimensional shear and vortex structures are
strengthened, which implies that a strong nonlinear relationship
likely exists between the flow field and the wall mass transfer coef-
ficient. When we compare the results for two different Schmidt
numbers, we observe that the region formed by vortex structures
(positive contours) downstream and upstream of the mass transfer
measurement sensor and the region formed by shear structures
(negative contours) just on the top of the mass transfer measure-
ment sensor are quite similar. However, the positions of the vortex
structures for the two Schmidt numbers are different, which may
be due to the different Schmidt numbers. In this study, we only
measured two Schmidt numbers, more cases are needed to get
conclusive results.

The main research objective of the present study is to reveal the
mechanisms of FAC. Therefore, we selected the positions of the
cross sections based on the regions where FAC usually occurs. In
our study, we found that the maximum mean wall mass transfer
coefficient occurs in the recirculation region at x=R � 2 [11], there-
fore we carried out the simultaneous measurements in the cross
section at x/R = 2. In order to prove the reproducibility of the flow
structures obtained by stochastic estimation, we also analyzed the
cross section at x/R = 1.8. On the other hand, other researchers
found that the maximum mean wall mass transfer occurs in the
region 2–4 R [10]. According to our previous study on the flow field
[17], this region includes both the recirculation and reattachment
regions in orifice flow. Therefore, we have also provided the results
of the cross section at x/R = 4 in the reattachment region.

Figs. 6–8 show the nondimensional swirling, shear strength,
and streamline patterns based on the LSE and QSE of uxyijk > klarge
at cross sections located at x/R = 2, 1.8, and 4, respectively. As men-
tioned earlier, stochastic estimation requires that the velocity com-
ponents have a relationship with the wall mass transfer coefficient;
therefore, we only analyze the flow field in the region y=R < �0:5
near the sensor of the wall mass transfer measurement. It is possi-
ble to clearly see two vortex structures on each side of the sensor of
the wall mass transfer measurement in Figs. 6–8. In addition, the
fluid flows toward the pipe wall, which enhances the mass trans-
port of the reactant in the fluid to the pipe wall. It is possible to
observe clearer counter-rotating vortex pairs using the QSE, as
shown in Figs. 6(b), 7(b) and 8(b). Moreover, it should be pointed
out that results in Figs. 6–8 were measured for working fluids with
two different Schmidt numbers. Although the details of the vortex
structures in Figs. 6–8 are different, all figures show that the
counter-rotating vortex pairs are associated with large wall mass
transfer coefficients. Therefore, it is reasonable to assume the con-
clusion that counter-rotating vortex pairs are associated with large
wall mass transfer coefficient is valid for a large range of Schmidt
numbers (at least between 1600 and 2770).

Note that the conditional flow structures are three-dimensional
in reality. However, using the data measured by stereo-PIV mea-
surements, we can only obtain the projection of these three-
dimensional flow structures onto the laser sheet. It can be seen
that the flow structures in Figs. 6–8 are not symmetric with respect
to the pipe center. One possible reason is because the projection of
the three-dimensional flow structures onto the laser sheet deviates
from a symmetric pattern. Although it is extremely difficult to do
the simultaneous measurement for sufficiently long time using
high-speed cameras as we mentioned in the introduction, it prob-
ably will improve the symmetry of these conditional vortices
shown in Figs. 6–8.
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Fig. 6. Swirling, shear strength, and streamline patterns of the estimated fluctuating velocity field for huyzijk > klargei at x/R = 2 (T = 298 K, Sc = 1600).
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As we mentioned in the introduction, the present study using
the stochastic estimation is a continuation of our previous study
using POD [11]. Therefore, it is meaningful to discuss the key dif-
ferences between the methods and results of the two studies. It
is widely known that POD analyzes the turbulent structures from
the viewpoint of turbulent kinetic energy, which extracts the most
energetic large-scale turbulent structures. However, the stochastic
estimation calculates the turbulent structures satisfying specified
conditions, which can be objectively determined by researchers.
The previous study revealed that the second POD eigenmode in
the recirculation region ‘‘compression and expansion mode” is
probably the reason why the maximum mean wall mass transfer
coefficient occurs at approximately one pipe diameter downstream
from the orifice plate when the b ratio is 0.62. Additionally, our
previous study reveals that there are relationship between the
large-scale flow structures and the wall mass transfer coefficient.
However, we still do not know what these large-scale structures
are. Moreover, it’s difficult to understand this kind of relationship
from the contour plots of the spatio-temporal correlation of the
flow field and the wall mass transfer coefficient.

The present study reveals that the counter-rotating vortex pairs
are associated with large wall mass transfer coefficients. Addition-
ally, from the equations used for the SE in Section 3, we know that
the stochastic estimation calculates the conditional average flow
field using unconditional correlation functions. Therefore, the
stochastic estimation does not contain more information than
the correlation functions, but it interprets the unconditional corre-
lation functions so that they are much easier to understand. More
specifically, the stochastic estimation offers an opportunity to
interpret the correlation function by vector fields, from which it
is easy to derive the streamline patterns, swirling, and shear
strength, as shown in Figs. 5–8.
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It is also very interesting to note that similar vortex structures
have been reported in theoretical and numerical studies regarding
wall heat transfer enhancement [35]. Fig. 9 shows a comparison of
flow structures that enhance wall mass transfer and wall heat
transfer. The flow structure enhancing wall mass transfer is
obtained on the basis of the QSE for huyzijk > klargei at x/R = 1.8. In
contrast, the flow structure enhancing wall heat transfer is
obtained by theoretically analyzing the irreversibility of the heat
transfer process [35]. More specifically, the exergy destruction rate
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Fig. 9. Comparison of the flow structures enhancing wall mass transfer a
was set as an optimization objective, and the fluid power con-
sumption was set as a constraint condition. A momentum equation
with an additional volume force was constructed through a func-
tional variation to numerically simulate the convective heat trans-
fer by coupling with an energy equation. The authors found that
the longitudinal swirl flow with multiple vortexes is a flow pattern
with good heat-transfer performance inside circular pipes. In order
to compare the multivortex flow structures in [35] with the exper-
imental results in the present study, only one vortex pair is shown
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in Fig. 9(b). It is observed that a similar counter-rotating vortex
pair is obtained by the theoretical optimization and numerical sim-
ulation. It is necessary to point out that the work in [35] was not
conducted to validate the work in the present study; therefore,
the hydrodynamic conditions in [35] as well as the physical prop-
erties of the working fluid are different from those in the present
study. Therefore, the sizes of the counter-rotating vortex pairs
are quite different between these two cases.

5. Conclusions

We used both linear and quadratic stochastic estimation meth-
ods to analyze the flow structures associated with the conditions of
large wall mass transfer coefficients, the conditions of which were
determined from the pdf and cdf of the fluctuations in the wall
mass transfer coefficient. In the single-point stochastic estimation
in the present study, the use of a quadratic term was shown to con-
siderably increase the intensity of the vortex structures, which
implies that the flow field has a nonlinear relationship with the
wall mass transfer coefficient. The results for both longitudinal
and cross sections suggest that vortex structures appear when a
large wall mass transfer coefficient exists. The results from the
cross-sectional measurements reveal that counter-rotating vortex
pairs are associated with large wall mass transfer coefficients.
Therefore, if it is possible to prevent the generation of such struc-
tures in the flow field, it should also be possible to suppress the
mass-transfer coefficient and thus pipe-wall thinning problems.
In addition, if the aim is to enhance the wall mass transfer coeffi-
cient, it is possible to control the flow field by generating more
of these structures. Actually, similar vortex structures have been
reported to enhance convective heat transfer from a theoretical
analysis and numerical study in literature, which we believe is
due to the analogy between heat and mass transfer.
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