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Abstract. Numerical simulations were performed to determine the effect of the Reynolds number 
(Re) on the wall mass transfer rate of the straight pipe under the fully developed turbulent flow. The 
simulations were conducted for Re=20,000, 40,000 and 70,000. Because the viscous sublayer is a key 
zone to the wall mass transfer of the pipe, the low Reynolds Number k-ε turbulence model was 
applied, by use of which the mass transfer in the viscous sublayer could be calculated out. The 
Schmitt number (Sc) was determined to be 1280 in the research. On basis of the simulation results, the 
average Sherwood number (Sha) along the pipe axis at Re=20,000, 40,000 and 70,000 was determined 
to be 886, 1668 and 2835, respectively, all a little lower than but close to the corresponding values, 
1110, 1934 and 3026, which were derived from the correlation 4.08.00023.0 ScReSh =  [1]. 

Introduction 
Mass transfer enhancement is regarded as one of the elements leading to flow-accelerated 

corrosion (FAC) in the piping system of the nuclear and fossil power plants. The common pipe 
components include the elbows, tees, valves, and so on, so researches in mass transfer characteristics 
of these pipe components are very important. Jinbiao [2] numerically researched about mass transfer 
enhancement downstream of an orifice, so did El-Gammal [3] and Hwang [4]. Jinbiao investigated 
effects of Reynolds number, orifice thickness and diameter ratio and investigation results showed that 
the locations of reattachment point and the peak transfer rate point were not affected by the Reynolds 
number, and a thin orifice helped mass transfer enhancement in its downstream. Moreover, the peak 
transfer point appeared at about 0.4Lr (reattachment length) downstream of the orifice. On basis of the 
simulation results, El-Gammal [3] drew conclusions that the Sherwood number (Sh ) increased 
sharply downstream of the orifice, reaching a maximum within 1-2 diameters downstream of the 
orifice, before relaxing back to the fully developed pipe flow value. The research about the orifice 
besides, El-Gammal [5] got the surface wear pattern caused by the flow in a 90-degree elbow on basis 
of experiments and simulations.  

Though the research in mass transfer characteristics of straight pipes is a little simpler, it offers a 
base for the researches about the comliated pipe components. The paper is to numerically research in 
the wall mass transfer characteristics of the fully developed turbulent pipe. And the objectives of the 
study are to get Sh  values at Re=20,000, 40,000, and 700,00 and then get the relations among Sc, Re 
and Sh. 

Numerical Analysis 
Numerical simulations were performed to get the wall mass transfer rates in a 1-in. diameter (D) 

and length L=5D hydrocal (CaSO4·2H2O) pipe at Re= 20,000, 40,000, and 70,000 under fully 
developed flow. Since the flow is axisymmetric, a two-dimensional model was considered to reduce 
the computational time. 

The governing conservation equations for continuity, momentum and species for incompressible 
fluid are 
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where iu and iu′  are the mean and fluctuating velocity components (i= 1, 2), c and c′  are the mean 
and fluctuating molar concentration of the species in the mixture, ν  is the kinematic viscosity of the 
fluid, and ABD  is the mass diffusivity between two species in the mixture, which is that between 

water and hydrocal at 25ºC in the study and is taken as 6.98×10-10 as [3]. 
As for the boundary conditions, the hydrocal concentration at the wall was taken as 2.4 kg/m3, the 

saturation concentration of the hydrocal in the water, taken as 0 at the axis. The outlet of the research 
domain was set as the pressure-outlet at pressure p= 0 Pa. 

The GAMBIT code and FLUENT code were respectively used to generate the computational 
mesh and conduct the simulation. In order that mass transfer in the viscosity sublayer could be solved, 
the low Reynolds Number k-ε turbulence model  was used and so the maximum +y value for the first 
cell close to the wall should not exceed 0.125 [3]. Corresponding to the +y  value of the first cell close 
to the wall, its y value could be determined. The definition formula of +y  is 

ν
*yuy =+                                                                                                                                        (4) 

where the friction velocity *u is defined by the formula 

( )2
1

* ρτ wu =                                                                                                                                    (5) 
The Reynolds stress at the wall, wτ , is estimated from Fanning equation 

8
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where v is the velocity value and f is the friction factor. By checking the Moody’s figure, f was taken 
as 0.019 about for flow in the smooth circular pipe at Re=70000.  

By combining the formulas (4)-(6), it was obtained 
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where the ν  value of water at 25ºC is 8.94×10-7 m2/s. From the formula
ν
vDRe = , the v value was 

derived to be 2.46 m/s under conditions of Re=70000 and D=1 in.. By putting the +y  value of 0.125, 
and the corresponding values of f, ν , and v into formula (7),  the y value for the first cell close to the 
wall was obtained to be 0009.0≤y  mm. 

Because the length of 0.0009 mm is very short, the block-structured mesh was used, the whole 
computational zone being divided into 16 zones with different grid sizes. The radial length and axial 
length were set as y and x coordinate respectively in GAMBIT. From the wall to axis the wide of the 
grids, Δy, increased and the length of the grids, Δx, also increased when the zone changed, but Δx 
kept the same in a zone. As a principle, the increase ratio for the adjacent grids should not exceed 1.2 
and the aspects of all grids should not exceed 5. The sum of the grids in the whole computational 
domain was about 540,000 and a partial mesh graph is presented as fig. 1. The convergence criterion 
applied to the residuals of the main flow and mass transfer parameters was less than 10-8. 
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Fig. 1 a part of the mesh graph 

The study researches in wall mass transfer of a fully developed turbulent flow pipe, so in order to 
get the v, k, and ε profiles the flow in a L=50D pipe was simulated before the simulation of mass 
transfer. For the same cause, the maximum +y value for the first cell close to the wall could not 
exceed 1 when the flow simulation was conducted. And the corresponding y value was derived to be 
0.007 mm. Similarly, the block-structured mesh was used and the whole computational domain was 
divided into 10 zones. The inlet of the research domain was set as velocity-inlet and the outlet as 
pressure-outlet at p= 0 Pa. The convergence criterion was taken as the same as that in the mass 
transfer simulation. The v-y (r), k-y, and ε-y profiles at the outlet cross section coincide with those at 
the cross section of L=45D and the coincidence of the v-y profiles is shown in Fig. 2. The coincidence 
of the profiles proves that the flow has fully developed at the outlet.  
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Fig. 2 v-r profiles at outlet and 45D cross section from flow simulation 

The v-y, k-y, and ε-y profiles at the outlet gotten by the flow simulation were written into the inlet 
boundary conditions for the mass transfer simulation in form of profile files and then the mass 
transfer simulation was conducted. 

The v-y, k-y, and ε-y profiles at the outlet cross section all coincide or nearly coincide with those at 
the inlet and the coincidence of the v-y profiles is shown in Fig. 3. 
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Fig. 3 v-r profiles at inlet and outlet face from mass transfer simulation 

It is derived by calculation that the mesh for mass transfer at Re=70,000 is appropriate for those at 
Re=20,000 and 40,000. 
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Results and Discussion 
On basis of the mass transfer simulaiton results, the average Sherwood number along the x 

coordinate, aSh , could be derived. Take the whole pipe as the research domain, denoted as Ω. The 
mass flow rate of the hydrocal from the wall into Ω, 1m& , was calculated by the formula  

( ) ( ) wawawaw1 whDLwwhDLwwhAm ρπρπρ =−=−= ∞∞&  
where ha is the average mass transfer coefficient in m/s, Aw is the annular wall area of the pipe, ρ is the 
density of the mixture, and ww and ∞w  are respectively the hydrocal concentration at the wall and in 
the mainstream area in kg/m3. 

Meanwhile, the net mass flow rate of the hydrocal out of Ω through the inlet and outlet face, 
denoted as 2m&  ,was calculated by the formula 

( ) ( ) ( )io
2

ioio2 4
1 wwvDwwAvwwmm −=−=−= ρπρ&&  

where m&  is the mass flow rate of the mixture from the inlet face into Ω in kg/s, and wi and wo are 
respectively the mass-weighted average concentration of the hydrocal in the inlet face and outlet face. 

According to the law of mass conservation 1m&  must equal 2m& , so the formula solving ha was 
gotten  
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The definition formula of Sh is 
ν
hDSh =  and Sha is 

ν
DhSh a

a = , and  the aSh  values for mass 

transfer at Re=20,000, 40,000 and 70,000 were gotten to be 886, 1668 and 2835, respectively. The 

Schmidt number is defined by the formula 
ABD

Sc ν
= and its value equals 1280 in the study. 

Meantime, the Sh values for wall mass transfer at Re=20,000, 40,000 and 70,000 in a circular pipe 
under fully developed flow were gotten to be 1110, 1934 and 3026 by use of the widely accepted 
correlation 4.08.00023.0 ScReSh =  [1]. The aSh  values derived from the simulation are a little lower 
than but close to those gotten by the correlation above. 

Conclusions 
The Sh values for wall mass transfer at Sc= 1280 and Re=20,000, 40,000 and 70,000 in a circular 

pipe under fully developed flow are gotten to be 886, 1668 and 2835 in the study. The data are a little 
lower than but close to the values, 1110, 1934 and 3026, which are gotten from the widely accepted 
correlation 4.08.00023.0 ScReSh = . 
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