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e  Roughness height (m)
e/D  Relative roughness
e+  Relative roughness scale
h  Mass transfer coefficient (m/s)
L  Length of pipes between pipe bends (m)
Rc  Pipe bend radius of curvature (m)
Re  Reynolds number
Sc  Schmidt number
Sh  Sherwood number
t  Experimental time (s)
x  Local distance along a pipe (m)
z  Streamwise distance from the start of the first pipe 

bend (m)
δ  Local instantaneous pipe surface wear (mm)
τm  Modified time (s)
ρ  Gypsum density (kg/m3)
θ  Pipe circumferential angle (°)
φ  Angle along pipe bend (°)

Subscripts
1  First pipe bend
2  Second pipe bend
d  Downstream pipe
i  Intermediate pipe

1 Introduction

Flow-accelerated corrosion (FAC) is a corrosion and mass 
transfer process that results in metal loss in piping system 
components and equipment [1, 2]. The process results from 
the dilution of metallic ions (ferrous ions) into the fluid 
near the wall, some of which are transported to the bulk 
flow and some of which form oxides that are deposited on 
the wall forming a barrier to the dilution process. The metal 

Abstract The mass transfer to turbulent flow through 
back-to-back pipe bends arranged in a 180° configuration 
with different lengths of pipe between the bends was meas-
ured using a dissolving gypsum test section in water. The 
measurements were performed for bends with a radius of 
curvature of 1.5 times the pipe diameter (D) at a Reynolds 
numbers of 70,000 and Schmidt number of 1280. The max-
imum mass transfer in the bends decreased from approxi-
mately 1.8 times the mass transfer in the upstream pipe 
when there was no separation distance between the bends 
to 1.7 times when there was a 1D or 5D length of pipe 
between the bends. The location of the maximum mass 
transfer was on the inner sidewall downstream of the sec-
ond bend when there was no separation distance between 
the bends. This location changed to the inner wall at the 
beginning of the second bend when there was a 1D long 
pipe between the bends, and to the inner sidewall at the end 
of the first bend when there was a 5D long pipe between 
the bends.

List of symbols
ΔCo  Initial concentration difference (g/l)
Cb  Bulk flow concentration (g/l)
Cw  Pipe wall concentration (g/l)
Dm  Gypsum diffusivity in water at 25 °C (m2/s)
D  Pipe inner diameter (m)
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removal rate depends on a number of factors, including the 
transport of the dissolved ions from the wall into the bulk 
flow and the transport of oxidants from the bulk flow to the 
near wall region. Thus, FAC is a concern near elements that 
cause large changes in the flow and promote turbulence and 
the transport of the ions between the wall region and the 
bulk flow [1, 2], and there is a need to characterize the mass 
transfer rates near these elements at high Schmidt numbers 
typical of ion transport in liquids.

The mass transfer in high Reynolds number turbulent 
flows through short radius 90° pipe bends, of interest here, 
is promoted on the inner wall near the bend inlet, on the 
side walls through the bend, and on the outer wall near 
and downstream of the bend exit [3–5]. The mass transfer 
is largest on the outer wall downstream of the bend exit; 
however, the enhancement relative to the mass transfer in 
the upstream pipe is also significant at other locations [5]. 
The mass transfer enhancement in pipe bends is affected by 
the radius of curvature of the bend [6–8] and can be related 
to the secondary flow within the bend. The secondary flow 
consist of a pair of mean counter-rotating motions [9, 10], 
though recent measurements indicate that the instantane-
ous secondary motion is a swirling mode that periodically 
switches direction [11, 12].

The mass transfer in bends is also affected by the 
proximity of other bends [13, 14]. The maximum mass 
transfer in short radius 90° pipe bends arranged in tan-
dem in S and 90-degree-out-of-plane configurations 
occurs near the entrance of the second bend [13, 14], 
and the enhancement relative to the upstream pipe is 
significantly larger than that for a single 90° pipe bend. 
The mass transfer enhancement in these bends decreases 
when the length of pipe separating the bends increases. 
The location of maximum mass transfer also changes, 
particularly in the bends arranged in the 90-degree-out-
of-plane configuration. The maximum mass transfer to 
high Reynolds number flows through short radius 180° 
bends appears to occur on the inner sidewalls of the sec-
ond bend or downstream of it [8]. Heretofore, the effect 
that a length of pipe between the bends has on the mass 
transfer in back-to-back bends arranged in a 180° con-
figuration has not been considered.

Poulson and Robinson [8] found that the mass transfer 
enhancement in 180° bends changed with Reynolds num-
ber. This was attributed to the development of roughness in 
the bend that was much larger than in the upstream pipe 
[8, 15]. The mass transfer at high Schmidt numbers, typi-
cal of FAC applications, is affected by even modest wall 
roughness [16, 17]. Thus, it is important to characterize 
the development of the roughness that occurs in dissolv-
ing wall mass transfer applications, such as FAC, where the 
roughness can develop on the surface as part of the mass 
transfer process.

The objective of this investigation is to examine the 
effect of bend proximity on the mass transfer in back-to-
back pipe bends arranged in a 180° configuration. Meas-
urements were performed for bends that were separated 
by pipes with lengths of 0, 1 and 5 diameters using a dis-
solving wall technique, with water flowing through cast 
gypsum test sections following [13, 14]. This process has 
a high Schmidt number, similar to that for the diffusion of 
the iron magnetite layer in carbon steel piping in water, 
providing a mass transfer environment analogous to FAC. 
The topography of the worn and unworn surfaces of the test 
sections are measured using a laser scanner so that the sur-
face roughness and the local mass transfer over the entire 
surface can be characterized. The results show that the 
location and value of the maximum mass transfer enhance-
ment changes with the proximity of the bends. The experi-
ments were performed at a Reynolds number of 70,000 so 
that the results could be compared to the cases where the 
back-to-back bends were arranged in a S-shape [13] and 
in a 90° out of plane configuration [14]. The experimental 
facility and methodology are described in the next section, 
followed by the results of the experiments and the conclu-
sions of the study.

2  Experimental methodology

The dissolving wall mass transfer experiments were per-
formed in a 2.54 cm (1 in.) diameter (D) test facility shown 
schematically in Fig. 1 that was also used in [13, 14]. Water 
from a 50 L water tank is circulated through the test loop 
by a centrifugal pump. The flow rate is regulated using 
globe valves and measured using a turbine flow meter. 
The water flow passes through a flow conditioning sec-
tion before entering a 152.4 cm (60D) long straight acrylic 
pipe upstream of the test section. The gypsum test sections 
were oriented horizontally and the flow exited the test sec-
tion to a 38.1 cm (15D) long straight acrylic pipe before 
being directed to the reservoir through a flexible hose. The 
water temperature was measured in the reservoir and main-
tained at 25 ± 0.5 °C using a cooling loop. An electrical 
conductivity probe was used to measure the conductivity of 
the water in the reservoir to determine the overall mass of 
gypsum dissolved into the water. The probe was calibrated 
off line before the experiments.

The gypsum test sections included an 20.3 cm (8D) long 
straight pipe upstream of the bends, two 90° pipe bends 
with radius of curvature of 3.81 cm (Rc/D = 1.5), and a 
10.2 cm (4D) long downstream straight section. Test sec-
tions without a pipe between the bends and with 2.54 cm 
(1D) and 12.7 cm (5D) long straight pipes between the 
bends were considered. The test section had a nominal 
diameter of 2.54 cm throughout. The test sections were 
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cast from Hydrocal (CaSO4·1/2 H2O) that produces high 
density Gypsum using solid molding cores that were held 
in position in an outer mold. The components were cast 
in succession so that the core could be removed from the 
different components. The cast test sections were then left 
to cure and dry until their weight reached a constant value 
using a scale accurate to ±1 g. The test sections were also 
allowed to dry after each experiment until their weight was 
constant. The difference in the weight of the test section 
before and after each experiment was used as one measure 
of the overall mass removed during the experiment.

Once the test section from each experiment was dry, it 
was cut into two halves along the symmetry plane. This 
was also done for two unworn test sections that had not 
undergone testing. In each case, the surface topography 
of each half was measured relative to a common datum 
using a laser digitizer with a resolution of 0.2 mm. Several 
scans were taken from different directions to ensure com-
plete surface coverage and increase the resolution of the 
data. The laser digitized surfaces were initially aligned to 
a common coordinate system using commercial software 
and then more precisely aligned and analyzed using in-
house routines. The digitized data clouds were re-gridded 
to a uniform grid with nominal dimensions of 1.1° in the 
azimuthal direction and 0.5 mm (0.02D) along the pipe 
centerline. The section alignment was then refined based on 
the surface symmetry in the upstream and downstream pipe 
sections and checks were made for any systematic bias. 
The results in all cases were compared with the physical 
samples and the laser scanner results to ensure the surface 
was properly represented.

Mass transfer experiments for each test section configu-
ration were performed multiple times over different time 

periods from 20 to 120 min. A new test section was used 
at the start of each experiment. The local mass removed 
from each sample was determined by subtracting the local 
pipe radius of the worn sample from the local radius of the 
unworn sample that had not been tested. The overall mass 
removed from each sample was determined by integrat-
ing the local measurements. This was compared with the 
amount of mass removed from the difference in weight of 
the test section before and after the experiment and from 
the concentration of gypsum dissolved in the water during 
the experiment. The measured mass values agreed to within 
±8 % in all cases and well within this for the longer times 
as shown in Fig. 2.

Following [13, 14], the local mass transfer coefficient h 
was determined by

Turbine flow meter

Bypass
line

Centrifugal pump

Tank

Cooling coilConductivity probe

Flexible hose

Flow conditioning section
with honeycomb

C shaped test section

160 cm

75 cm

Globe valve

Globe valve

Drain

Turbine flow meter

Fig. 1  Schematic showing the components of the test facility

Fig. 2  Mass balance for the 180° pipe bends with L/D = 0, 1 and 5 
for a Reynolds number of 70,000
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where δ is the local thickness of Gypsum removed, ρ is the 
Gypsum density and τm is a modified time given by

Here, Cw and Cb are the Gypsum concentration at the wall 
and in the bulk flow, respectively, and ΔCo is the initial 
concentration difference. The modified time accounts for 
the change in the concentration difference between the wall 
and the bulk flow over the course of the experiment. The 
local rate at which the gypsum was removed (dρδ/dτm) was 
determined from a best linear fit to the data from the dif-
ferent samples run over the different experimental times. 
The gypsum concentration at the wall was taken as the 
saturation concentration for gypsum ions in water at 25 °C 
(2.4 g/L). The density of the gypsum was 1550 kg/m3. The 
resulting mass transfer coefficient h, is then used to com-
pute the Sherwood number given by

(1)
ρdδ

dτm
= h�Co,

(2)τm =

1

�Co

t∫

0

(Cw − Cbt
)dt.

where D is the initial nominal pipe diameter and Dm is the 
mass diffusivity with a value of 6.5 × 10−10 m2/s at 25 °C. 
The measurements were performed for a Reynolds num-
ber of 70,000 where the Reynolds number is based on the 
initial nominal pipe diameter, and the Schmidt number is 
1280. The nominal diameter of the upstream pipe increased 
approximately 4 % over the longest experimental time, and 
was considered in the uncertainty analysis. The uncertainty 
in the local Sherwood number estimated following [18] 
was approximately ±23 %, while the uncertainty in the 
Reynolds number was ±4 %.

3  Results and discussion

The analysis of the results was initiated by considering the 
roughness that developed on the surfaces of the test sec-
tions. Typical realizations of the surface in the bends and the 
pipes immediately upstream and downstream of the bends 

(3)Sh =

hD

Dm

(a) L/D=0                             (b) L/D=1

L/D = 5 (left) upstream elbow (right) downstream elbow

Fig. 3  Surface topologies of the bends after an experimental time of 60 min
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are shown in Fig. 3. The results show evidence of round 
imperfections due to small air bubbles that were cast into 
the test section and imperfections at the seams due to imper-
fect bonding of the different components. The surfaces also 
have shallower narrow streaks caused by the flow over the 
surface. The streaks change direction through the bends and 
are thought to reflect the direction of the mean flow near the 
wall. The streaks are inclined relative to the bend centerline 
through the initial part of the first bend in all geometries as 
the secondary flow develops. The angle continues to change 
up to the end of the first bend when there was no separation 
between the bends (L/D = 0), but did not appear to change 
in the second bend consistent with flow measurements in 
180° bends [19–22]. The angle of the streaks did not con-
tinue to change through the latter part of the first bend when 
there was a straight pipe between the bends. The streaks also 
became less inclined along the pipe between the bends in the 
geometry with the L/D = 5 pipe between the bends, likely 
because the strength of the secondary flow decreases down-
stream of the first bend. This decrease in angle is not evident 
in the geometry for the L/D = 1 case. However, the inclina-
tion of the streaks in the second bend are smaller than in the 
geometry with L/D = 0, indicating that the presences of the 
pipe does impact the secondary flow in the second bend.

The local surface roughness was examined by subtract-
ing the local radius of the pipe from a running local aver-
age radius over a larger area (approximately 10° in the 
azimuthal direction and 0.2D along the centerline). A dis-
tribution of the roughness for the geometry with L/D = 1 is 
shown in Fig. 4. These results show evidence of the streaks 
and other roughness features. The size of the local rough-
ness in the upstream pipe and in the bends was character-
ized by estimating the typical peak to valley height of the 
variations in each region. The change in this roughness with 
the testing period for the L/D = 1 case is shown in Fig. 5. 
The results show that roughness was present on the wall of 
the pipe and bends even at the end of the shortest experi-
mental time. The size of the roughness increased with the 
testing period, though at a decreasing rate. The size of the 
roughness in the bends is larger than in the upstream pipe, 
similar to the results of [8], although there is roughness in 
the pipe in the present case. The size of the roughness was 
similar to that in back-to-back bends arranged in an out-of-
plane configuration measured using the same approach [14], 
but smaller than the roughness for measurements in a single 
bend and bends arranged in an S-configuration [5, 13].

The effect of roughness on the mass transfer can be 
characterized by considering the results for flow through 
channels and pipes with regular roughness [16, 17]. Those 
results indicate that a surface should be hydraulically 
smooth when e+, the roughness Reynolds number (eu*/ν), 
is less than approximately 3. The value of Shr/Shs, the ratio 
of the Sherwood number for the rough wall relative to 

that for a smooth wall, increases for e+ between 3 and 10, 
reaching a maximum between e+ of 10 to 15, and thereafter 
decreasing with e+ [16, 17]. For fully developed pipe flow 
with a Reynolds number of 70,000, a value of e+ of 10 cor-
responds to e/D ~ 2.5 × 10−3. The roughness in the pipe 
was larger than this in the pipe and bends after all but the 
shortest experimental time, and near this at this time.

Fig. 4  Relative roughness on the surface with L/D = 1 after an 
experimental time of 120 min

Fig. 5  Change in the relative roughness in the pipe and bends for 
L/D = 1 with time



2692 Heat Mass Transfer (2016) 52:2687–2695

1 3

The distribution of the local Sherwood number for the dif-
ferent geometries is shown in Fig. 6. The mass transfer rate 
appeared uniform and axisymmetric in much of the inlet pipe 
for the L/D = 5 case. The Sherwood number was elevated 
at the pipe inlet due to entrance effects. This persisted for 
approximately two diameters into the pipe. There was a sec-
ond region of elevated Sherwood number in the inlet pipe for 
the geometries with L/D = 0 and 1. The inlet pipes for these 
test sections were cast in two sections and the mass trans-
fer was elevated at the seam between the sections. The aver-
age Sherwood number in the pipe over a region from 1D to 
3D upstream of the first bend varied between approximately 
3050 and 3200, consistent with [5, 13, 14], and also consist-
ent with the correlation for a rough pipe [23].

The Sherwood number in the first bend was elevated 
on the inner wall near the bend inlet in all the geometries. 

There was also a region of elevated mass transfer on the 
sidewall of the first bend consistent with the results for the 
single bend [5]. The mass transfer in the geometry with 
L/D = 0 was elevated on the inner sidewall of the second 
bend and in the pipe immediately downstream of the sec-
ond bend. The mass transfer in the geometry with L/D = 1 
was elevated on the inner sidewall of the pipe immedi-
ately downstream of first bend and on the inner wall of 
the second bend at the bend inlet. The mass transfer was 
also elevated on the inner wall of the second bend though 
not as much as in the geometry without a pipe between the 
bends. The mass transfer in the geometry with L/D = 5 was 
elevated on the inner wall and inner sidewall of the pipe 
downstream of the first bend and on the inner wall of the 
second bend, though again not as much as in the L/D = 0 
geometry.

Entry Exit    Entry Exit

(a) L/D=0 (b) L/D=1

Entry Exit

(c) L/D=5

Fig. 6  Local Sherwood number contours for the 180° pipe bends with different separation distances for a Reynolds number of 70,000 and 
Schmidt number of 1280
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Profiles of the mass transfer enhancement along the 
180° bend and around the pipe circumference at differ-
ent locations are shown in Figs. 7 and 8. The results here 
are the Sherwood number normalized by the Sherwood 
number from the corresponding upstream pipe. The posi-
tion along the centerline z is measured relative to the start 
of the first bend, while the azimuthal position is meas-
ured relative to the inner radius with 180° corresponding 
to the outer radius. The distance xi in the separation pipe 
is measured from the end of the first bend. The maximum 
mass transfer enhancement in the geometry with L/D = 0 
of approximately 1.8 occurred in the first 0.3D downstream 
of the second bend at an azimuthal location between 40° 
and 75° from the inner radius of the bend. The maximum 
mass transfer enhancement in the geometry with L/D = 1 
occurred in the first 0.3D of the pipe downstream of the 
first bend between 40° and 70° from the inner radius, and 
in the first 0.3D or 10° of the second bend at positions 
between 20° and 40° from the inner radius. The maximum 
mass transfer enhancement in both regions was approxi-
mately 1.7. The mass transfer enhancement was elevated 
in the second bend but the levels were smaller than in the 
pipe between the two bends. The maximum mass transfer 
for the geometry with the L/D = 5 was approximately 1.7 

at locations between 40° and 70° from the inner radius near 
the end of the first bend.

The mass transfer enhancement in the 180° bend with 
L/D = 0 was well below the results from Poulson and 
Robinson [8] for small radius 180° bends at the Reynolds 
number of 70,000. Poulson and Robinson [8] reported that 
the maximum enhancement in this range of Reynolds num-
ber could be correlated by 0.71 Re0.12 that would yield a 
maximum enhancement of approximately 2.7 at a Reynolds 
number 70,000. Poulson and Robinson [8] argued that the 
change in the enhancement with Reynolds number was due 
to the fact that the wall in the bend was rough while the 
wall on the pipe was smooth. The maximum mass trans-
fer enhancement of 1.8 found here with rough walls in 
the upstream pipe and bend, however, did agree with the 
value of 1.8 reported by Poulson and Robinson [8] for 180° 
bends with smooth walls in both the upstream pipe and 
bends. Thus, the results suggest that the mass transfer in the 
180° bend may be approximately 1.8 times that observed in 
a pipe when the wall roughness conditions are similar.

The maximum mass transfer enhancement for the 
180° bend is compared to the cases where the bends were 
arranged in a S-configuration [13] and a 90-degree out-
of-plane configuration [14] in Fig. 9. The maximum mass 
transfer enhancement for the 180° configuration was sub-
stantially smaller than the maximum enhancements of 3.2 
and 2.7 for the S-configuration [13] and 90° out-of-plane 
configuration [14] under the same conditions, with rough 
wall upstream pipes and bends. This value was even below 
the maximum enhancement of 1.85 downstream of a single 
90° bend [5] with the same conditions. The mass transfer 
enhancement was smaller with the addition of the separa-
tion length between the bends. The maximum enhance-
ments for the cases with L/D = 1 and 5 were similar to 
the local maximum mass transfer enhancement observed 
on the sidewalls of the single 90 bend [5]. The results for 
the individual bends in the 180° bend would be expected 
to recover to the results for the 90° bend as the separation 
distance between the bends increases. There was some 
mass transfer enhancement observed on the outer wall of 
the pipe in the geometry with L/D = 5, though not as much 
as that for the bends in the S- and out-of-plane configura-
tions for the same length of pipe between the bends [13, 
14], suggesting a further separation may be needed for this 
to occur. The reason for this is not clear and requires fur-
ther investigation.

4  Summary and conclusion

The mass transfer in 180° bends with a radius of curvature 
of 1.5 time the pipe diameter and different lengths of pipe 
between the bends was measured at a nominal Reynolds 

Fig. 7  Streamwise profiles of the mass transfer enhancement along 
the 180° pipe bend with L/D = 0, 1 and 5 for a Reynolds number of 
70,000 on the intrados at (black solid line) θ = 21°, (grey solid line) 
θ = 58° and on the extrados at (grey dashed line) θ = 165°
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Fig. 8  Azimuthal profiles of the mass transfer enhancement for the 180° pipe bends with (left) L/D = 0, (center) L/D = 1 and (right) L/D = 5 
for a Reynolds number of 70,000
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number of 70,000 and Schmidt number of 1280 using 
a dissolvable wall measurement technique. The results 
showed that the surface roughness of both the pipe and 
bends initially increased for small amount of mass removal, 
but changed more slowly as larger amounts of mass was 
removed. The roughness was larger in the bend than in 
the pipe, but appeared fully rough after short times in both 
regions. The local distributions of the Sherwood number 
over the surface showed that the mass transfer enhance-
ment in the back-to-back bends was largest on the inner 
side wall near the end of the second bend when there was 
no separation distance between the bends. The location 
of the maximum enhancement was on the inner sidewall 
near the end of the first bend for the L/D = 5 geometry, 
and inner sidewall near the end of the first bend or the inner 
wall of the second bend inlet for the L/D = 1 geometry. 
The largest mass transfer enhancement relative to the mass 
transfer in the upstream pipe was approximately 1.8 when 
there was no separation between the bends. The maximum 
mass transfer enhancement in geometries with L/D = 1 and 
5 was approximately 1.7, and slightly less than the mass 
transfer enhancement on the outer wall downstream of a 
single bend with the same radius of curvature. Thus, the 
results suggest the presence of the second bend in a 180° 
bend with moderate lengths of pipe between the bends 
changes the mass transfer distribution, but not necessarily 
the magnitude of the mass transfer enhancement relative to 
that in a single bend.
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