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Theoretical Model and Experimental Study of Slurry Erosion by Flowing Dilute Sulfuric
Acid Under Turbulent Conditions

Weihang ZHANG, Zhigang SONG*

Abstract: Sewage pipes and acid rain, as the surface of concrete materials in buildings, are often eroded by sulfuric acid turbulence. In this paper, the influence of sulphuric
acid with different velocity on the erosion rate of concrete mortar under turbulent conditions is studied. The thickness expression of the viscous inner layer is obtained by
using the turbulent boundary layer theory, and the relationship between the viscous inner layer and the concentration boundary layer (CBLr) in the acidic solution near the
mortar wall is established by using the Schmidt number. On this basis, a theoretical model of the relationship between the velocity of sulfuric acid and the erosion rate of
mortar under turbulent conditions is derived, combining with the dissolution reaction process of dilute sulfuric acid erosion mortar (DSAEM). The results show that the erosion
rate increases with the increase of the velocity, but decreases with the exponential relation of the velocity. In order to verify the rationality of the theoretical model, a simulated
flow erosion test device was used to test 10 groups of cement mortar specimens for 800 h, and the experimental data of erosion rate and dilute sulfuric acid consumption of
mortar specimens with water-binder ratio of 0.5, pH value of 3.4 and flow rate of 1.70 m/s ~ 2.87 m/s were obtained, and compared with the theoretical model. The
experimental results show that the relationship between the amount of flushing and the flow rate is in good agreement with the theoretical results.
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1 INTRODUCTION

With the widespread use of concrete materials and the
acceleration of industrialization, the aging of concrete
caused by sulfuric acid erosion has gradually become a
global problem [1-5]. In sulfuric acid erosion, there are
both static sulfuric acid erosion and flowing sulfuric acid
erosion [6-9]. The concrete surface of buildings affected by
sewage pipes and acid rain is often eroded by flowing
sulfuric acid [10, 11], and the flow state of sulfuric acid is
mostly in turbulent state and rarely in laminar flow state
[12, 13]. Flowing sulfuric acid corrosion is often found in
concrete sewer lines. The Design Code for Sewage Works
(GB50014-2006) [14] and the European standard
(EN12056-2000) [15] stipulate that the minimum design
flow rate of sewers is 0.6 m/s to 5 m/s, and the minimum
diameter size of concrete pipes is 0.2 m. Therefore, the
minimum Reynolds number is 67000. In sewer pipes, the
critical Reynolds number (Rec) is 2320 [14], so the flow of
sewage is usually turbulent. Sand et al. [15] monitored
concrete corrosion in the Hamburg sewer system and
observed corrosion rates at corrosion depths exceeding 6
mm/yr. Mori et al. [16] pointed out that the most severe
corrosion occurred in the concrete area near the sewage
level, with a corrosion rate of 5.7 mm/yr. Wells [17] and
Bock [18] argued that several factors affect the corrosion
rate, such as H2S concentration, temperature, pH, and the
fluidity of acidic solutions. Some researchers have
conducted many experimental and theoretical studies on
the first three factors [19-23], but few studies have dealt
with the effect of acidic solution mobility. Xiong et al. [24]
studied the flow sulfuric acid erosion of four kinds of
mortar, and the results showed that the flow sulfuric acid
erosion was much more serious than static erosion.

Based on the boundary layer theory, a theoretical
model of the relationship between sulfuric acid velocity
and mortar erosion velocity under turbulent conditions was
studied [25]. Firstly, the thickness expression of the
viscous inner layer is obtained by applying the turbulent
boundary layer theory, and the relationship between the
viscous inner layer and the CBLr near the mortar wall is

established by using Schmidt number. On this basis,
combined with the dissolution reaction process of
DSAEM, the relationship between the velocity in the CBLr
and the concentration gradient of dilute sulfuric acid was
deduced [26]. The analytical functions of sulfuric acid flow
rate and mortar erosion rate under turbulent conditions are
derived, and the analytical functions of corrosion with time
under different sulfuric acid flow rate are further given. In
order to verify the rationality of the theoretical model, 10
groups of cement mortar specimens were tested for 800h
with a simulated flow erosion test device. The
experimental data of erosion rate and consumption of
dilute sulfuric acid at pH 3.4 and flow rate of
1.70 m/s ~ 2.87 m/s for mortar with water-binder ratio of
0.5 were obtained, and compared with the theoretical
model.

Sulfate ions start from the outside to react with some
components of concrete, penetrate concrete, corrosion
concrete, and then reduce the performance of concrete. The
whole process is mainly influenced by two factors. First,
the properties of concrete itself are called material factors.
Including concrete water-cement ratio, porosity, cement
type and dosage, aggregate type and grade, admixture and
so on. The second is the characteristics of sulphate erosion
environment of concrete production, called environmental
factors. It includes the type of cation in the solution, the
concentration of sulfate ions, the temperature of the
solution, and the pH of the erosion solution. Material
factors affect sulfate erosion mainly by influencing
concrete compactness and the content of calcium aluminate
hydrate and Ca (OH),. Studies have shown that the higher
the concrete compactness, the lower the calcium aluminate
hydrate content and the better the concrete resistance to
sulfate attack. However, the degree of compaction and the
content of calcium aluminate hydrate do not affect the
mechanism of sulfate attack on concrete. Environmental
factors affect the degradation rate of concrete mainly by
influencing the condition or mechanism of sulfate reaction.
Because the sulfate ions in groundwater and soil are
different, the temperature is different, and the pH value is
different, if the water level changes, the concrete will still
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be in a state of dry and wet circulation. Therefore, concrete
forms damaged by sulfate erosion in actual engineering are
not the same. The influence of sulphate attack
environmental factors on the degradation of concrete
properties is very important. There are some literatures at
home and abroad. Based on the mechanism of sulfate
erosion and degradation of concrete materials, this paper
summarizes the research results and weak links of
environmental factors on sulfate erosion from a practical
point of view based on reading a lot of domestic and
foreign literature. The emphases and methods of concrete
sulfate erosion research are put forward.

2 CORROSION MODEL OF MORTAR IN FLOWING
SULFURIC ACID
2.1 TVBL and CBLr

When dilute sulfuric acid flows over the outsides of
mortar, a velocity gradient presents in the turbulent
velocity boundary layer (TVBL). TVBL in turbulence is
divided into two layers. They are respectively the viscous
bottom layer and the turbulent core layer (TCL) near the
surface of the mortar [25]. In the viscous bottom layer, the
flow state of sulfuric acid is laminar, and mass transfer
should depend on the concentration gradient. According to
Blasius [26], the thickness of the viscous bottom layer ds(u)
can be expressed as follows.

Sy(u)=72.21°" (v/u)*’ (1)

In the above formula, u represents the fluid velocity
(m/s), L represents the characteristic size of the pipeline
(m), and v represents the coefficient of kinematic viscosity
(m?/s), respectively.

At the same time, due to the different reaction at the
interface between mortar and sulfuric acid, the mass
transfer rate also has a concentration gradient
perpendicular to the flow direction. Therefore, when dilute
sulfuric acid flows through the mortar surface, two
boundary layers appear simultaneously on the mortar
surface. They are the TVBL and the CBLr (Fig. 1).
According to Schmidt's law, the relationship between the
thickness J5(u) of the CBLr in turbulent flow and the
thickness d.(u) of the viscous bottom layer is as follows
[28].

S, (1)), (u)=Sc? )

Where Sc is Schmidt number. In TCL, the flow state of
sulfuric acid is turbulent, and mass transfer mainly depends
on eddy motion. Combining Eq. (1) and Eq. (2), we can
have the following relationship.

o,

; (u) — 70 247 095071/3,,09 0.1 3)

According to Eq. (3), the CBLr thickness will decrease
with the growth of liquid flow rate, which will cause the
concentration gradient of sulfuric acid to thicken and the
diffusion flux to increase. Therefore, it can ultimately
enhance the corrosiveness of dilute sulfuric acid.

0 X

Figure 1 Concentration boundary layer and flow boundary layer
2.2 DSAEM Process

The DSAEM chemical reactions in the hydration
products of cement mortar are dissolved and consumed by
acid. CBLr surface is shown in Fig. 2. Since the
equivalence ratio of the reaction is 1:1, DSAEM process
modeled by the second-order homogeneous chemical
reaction-diffusion equation of OH- in CBLr.

oM __(xq) M, (x.q)
on -p o —kM_ (% q)M , (x.q) @

&q OH o’

Where x is the distance to the fresh surface (m), ¢ is the
reaction time (s), MOH’ ( X, q) and MH* (x, q) are the

concentrations of OH— and H+ at time ¢ and position x
(mol/L), respectively, DOH_ is the diffusion coefficient of

OH™ in the boundary layer (m%/s), and k is the reaction
constant (mol~'s™).
The boundary conditions are as follows.

x:O,MOH (O, q):MOH,S,MH{ (O,q):0 )
x=5(q), My, (5(q), q)=1%M,, M, (5(q),q)~99%M,
Where MOH_ s is the concentration of OH in

Ca(OH), and M 0t s saturated solution, which is the H*

concentration in dilute sulfuric acid. d(g) is the thickness
of boundary layer, which can be defined as a distance
where concentration reduce to 1% initial concentration.

OH —._\

Mortar

|

CBL
Figure 2 Concentration boundary layer between acid and mortar

2.3 Solution Under Flowing Acid Conditions

It can be assumed that the concentration distributions
of H" and OH™ can be assumed satisfy the following form.
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MOI—F (x’ q) - MOH’,Se(_FX/(S(q))

(6)
M_ (x,q)= M, [1_6—(&/5((,))}

H

Combined Eq. (4) and Eq. (6), we can get the following
relationship.

Fe_do(q)
5(61)2 dg

=, F/5(q) KM, [1—e(‘F"/ "(‘?))} )

Eq. (7) integrates both sides simultaneously, with an
interval of 0 to d(g) Rearranging can lead to the following
relationship.

1n{4D _F2—[4kM+ 5() F+e ]/FZ}
OH H' .S

—akM . t(F+e 1) | /P m ®)

Based on the initial conditions g = 0 and d(g) = 0, we
can get M = 1n{4DOH7 F? . In addition, substituting M into

the Eq. (8) can have the following relationship:

e [ e

The acid flow rate on the corrosion zone S is Eq. (10).

oM
ox

Gel~F/9(0) }/5

According to Eq. (3), in the turbulent flow of acid, the
CBLr thickness is d.(u). Thus, for x = J.(u), the acid

consumption rate V., (g, x) canbe expressed as Eq. (11).

—cu_o'g/\ 1_5(7bq)
Pt (4 6 (u))= ae[ ] /m (11

+

VH+ (q,x)zD S

(10)
= [DH+MH+

where,
a=D M, S/2 /D _
_ 2
b=dkM,, F+e /F 02

¢ =36.1Sc‘”3v°~"L°-‘ / D,

From Eq. (11), V, (¢) will increase with u due to

q > 0. Further, for the flow velocity vL, the acid
consumption rate V. (¢) will reach at the value

(-30:709)
ac

the infinity.

in Eq. (13), when reaction time nearly reach at

— u70.9 V3 -
Vilg>w)=D .M Se{ v ﬁ/zm)/z b= (13)

HY T HY.S
7Mu70.9)
=ae

According to Eq. (13), as the reaction time approaches
infinity, the acid consumption rate Vu:(q) tends towards a
normal number. The stable acid consumption rate increases

009
with the growth of flow rate. This value ae( ) is

limited by the concentration of sulfuric acid during stable
reaction, H+ diffusion coefficient.

2.4 Acid Consumption

The integration of Eq. (14) from 0 to Q can obtain the
acid consumption M o (0).

M (Q)=] V(9,0 g =

_ ,;0-9 J ,e<—b> (14)
:jOQ ae[ " / e /\lle(bq) dg

Since the integration of Eq. (14) is not easy, a second-
order expansion of the velocity influence term
approximates the velocity influence term.

Ve (4, (n)) =
“ [ S e T PN )}

l—e( ~ba

(15)

amn$,9 am2n71.8

\/1 ) 1= bq)+2[1—e“’”f)}l'5

Substitute Eq. (15) into Eq. (14), and integrating both
sides of Eq. (14), we can obtain the total acid consumption
Mu:+(Q) within Q.

a amn : am'n
7)dg =
Ji—etho 1™ 2[1—6”"”]3'2

2, {HJl—e‘—”ﬂWm([ewmq/[w@]p

W @=[V, (0 0,00 =[ ¢
(16)

="In
b 1=4/1=eD b

. am,;*ls {m[( I=c9 41/ 1= _ 1)} YN } -
= AQ-BOn +c@n"*

Where,

A(Q) = Z?aln{(l +\/1 - e(_bQ) ) / (1 7\/1 _ e(—bQ) )}

- : (17)
B(Q) :%m([a 0 _1]/[e2))
€@ = fn[ Wi=e 41/ 1= p |3/ i =72
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As shown in Eq. (16), as the flow rate approaches
infinity, the acid consumption Mu+(Q) will approach A(Q).
That is, the amount of corrosion does not always increase
with the flow rate, and there is the maximum limit value.

3 EXPERIMENT
3.1 Materials

According to reference [20], 10 cylindrical cement
mortar samples (diameter 50 mm X height 100 mm) were
manufactured. The mixed materials include Portland
cement (P.0.43 grade), Chinese ISO standard distilled
water and mix ratios as shown in Tab. 1.

3.2 Flow-Corrosion Devices

When the Scientific Research Institute of Kunming
Railway Bureau in China studied the sulfate erosion
damage problem of Chengdu-Kunming railway
engineering concrete, it used the accelerated test method of
dry and wet cycle and the method of immersion in the field
to carry out comparative tests [11]. Their test pieces have
three sizes, namely 7 cm x 7 cm X 21 cm prism,
4 cm x4 cm x 16 cm prism and 7.07 cm x 7.07 cm cube.
The dry and wet cycle system is as follows, room
temperature soaking for 14 hours remove and wipe the
surface water for 1 hour —80 °C constant temperature
drying for 6 hours cooling observation for 1 hour, that is, a
cycle, each cycle is 24 hours. The results of the dry and wet
cycle method were compared with the results of long-term
immersion in the field, and they found that the two methods
had a good agreement. This paper independently
developed and produced a flow corrosion device. The main
equipment consists of an electric rotary engine, water tank,
energy dissipation network and a governor, as shown in
Fig. 3. With the controller, the unit can provide a range of
rotational linear speeds from 0 m/s to 3.7 m/s. The critical
Reynolds count (CRec) for the transition flow ranges from
1.6 x 105 to 3.6 x 105 [18].

Re, =n,L/v (18)

In this formula, the characteristic size of sample L is
0.0157 m. At 20 °C and standard atmosphere, the kinetic
viscosity coefficient of sulfuric acid is 1.00374 x 107 m?/s,
and the critical flow rate ranges from 0.9 m/s to 2.22 m/s.
The linear rotation velocity of the selected samples in this
experiment ranges from 1.7 m/s to 2.87 m/s, which belongs
to turbulence.

3.3 Experimental Arrangement

According to GBT 17671-2021 in China, 10 sets of
cylindrical mortar specimens with diameter of 0.05 m and
height of 0.1 m were made in this paper. The mixing ratio
(mass ratio) of the specimen is 0.5. The erosion solution is
dilute sulfuric acid with 3.4 pH Value. The specific
experimental arrangements are shown in Tab. 1. After
vibration molding, the specimen was placed in a standard
curing box (constant temperature 24 °C, relative humidity
0.88) for 24 hours. After stripping, it was cured in saturated
sodium hydroxide solution for 28 days. After curing, it was
naturally dried in the room for 1 week. In order to avoid
direct contact between the top of the sample and the
bearing clamp and eliminate the influence of dilute sulfuric
acid washing from the bottom of the sample, the paper uses
polyethylene-based resin to seal both ends of the sample,
leaving only one side of the cylindrical sample to interact
with dilute sulfuric acid, as shown in Fig. 4. After the
experiment began, the pH value of the acid solution was
observed in real time with pHB — 1 pH meter (accuracy
0.01). At the same time, 0.13 mol/L dilute sulfuric acid was
titrated to maintain the pH value. The consumption rate of
dilute sulfuric acid can be obtained by dividing the amount
per drop by the interval time per drop as follows.

Vi =V, (‘Ii 41 )71 (19)

Where, g1 and g; is the time of the (i — 1)th and ith
titration respectively. V; is volume consumption of titration
acid (concentration 0.13 mol/L) in ith titration. Vy; is the
average reaction rate from time ¢, to g:.

35mm

100mm

60mm

v

Figure 4 Cment mortar specimen

Table 1 Mix proportion, pH value of solution and velocity
Mix proportion (by

n 1. Group | mw/mc mass) pH Velocity
T T T S C W / m/s
% 1 0.5 3 1 0.5 3.4 1.70
2 0.5 3 1 0.5 34 1.83
1 3 0.5 3 1 0.5 34 1.96
4 0.5 3 1 0.5 3.4 2.09
5 0.5 3 1 0.5 34 2.22
6 0.5 3 1 0.5 34 2.35
7 0.5 3 1 0.5 3.4 2.48
L L 8 0.5 3 1 0.5 34 2.61
. ) ) 9 0.5 3 1 0.5 34 2.74
Figure 3 Flow-corrosion device 10 05 3 1 05 34 .87
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3.4 Results and Discussion
3.4.1 Acid Consumption MH + (Q)

Tab. 2 shows the total acid consumption after
200 hours, 400 hours, 600 hours and 800 hours. The
corresponding A(Q), B(Q) and C(Q) fitting degrees of
Eq. (16) are shown in Tab. 3. The fitting curve is shown in

Fig. 5. It is found that Eq. (16) has a very high fitting degree.

The results show that the experimental relationship
between acid consumption and velocity is in good
agreement with the theoretical model.

Table 2 Specimen Acid consumption at different stages

M]—H(Q) / mmol

Group | u/m/s 200 h 400 h 600 h 800 h
1 1.70 673 875 101.5 112.4
2 1.83 738 94.1 108.5 118.2
3 1.96 76.0 96.6 110.8 121.6
4 2.09 78.6 98.7 112.6 123.3
5 2.22 79.6 99.6 113.4 1243
6 235 81.7 101.6 116.3 1273
7 2.48 83.4 103.5 117.5 128.5
8 2.61 86.0 106.3 120.6 131.4
9 2.74 87.7 107.9 122.1 133
10 2.87 88.1 108.7 123.4 1342

Table 3 Regression experimental results according to Eq. (16)

Time A(Q) B(Q) C(Q) Correlation coefficient
200 h 10.50 1.81 —6.58 0.978
400 h 13.01 3.80 —4.60 0.972
600 h 14.93 5.70 -2.85 0.966
800 h 16.02 5.50 —3.22 0.980
94 11 -
3 84 gm.
§ 74 %: 94
. ® Experiment
5 = —EQF(ZZ
6 : : .8 : : )
15 2.0 25 3.0 15 20 25 3.0
u(m/s) u(ny/s)
=200h =400h
13 144
124
= 313
T T 124
T N o=t N
= Experiment @ Experiment
ol :
. : L i : : :
15 20 25 3.0 1.5 2.0 25 3.0
u(m/s) u(m/s)
=600h 1=800h
Figure 5 Acid consumption and fitting curves of the specimen at different times
3.4.2 Acid Consumption Rate VH + (q) ) t }
According to Eq. (11), the acid consumption rate and 224 I z§
. . = EZ[ s 2180,
the rate obtained from the curve fitted by the analytical Sig s R < f
solution are shown. Tab. 4 shows that the results of a, b and o T i S
. . i P i
¢ are also different under different groups of flow rates. \ et o ‘ s . S
The fitting curve is shown in Fig. 6. We found the equation. ’ [ ’ ;
. . . . O Experiment] _ O Experiment] © Experiment]
Eq. (11) shows that the fitting correlation coefficient is g ¢ _;4
greater than 0.9 that is, the fitting degree is very high. .4 %
Table 4 Regression experimental results according to Eq. (1 1) ° 200 400 600 800 ° 200 400 600 800 400 600 800
B [h] fh] [l
Ind ax103/ fjll Oii ex104 / Correlatio u=2.09m/s 6 u=2.22m/s 6 w23t
14X mdmol/h1/2mL m m1/2 o . o
1 coefficient ] o ] o
[ 17.96 273 2175 0.928 =7\ £
2 12.65 0.88 13.62 0.926 z E
3 13.17 1.52 9.48 0.901 £2 =2
4 12.06 0.96 8.37 0.979 o
5 8 . 7 1 0 46 5 42 0A93 7 400 600 800 0 200 40}) 600 800 200 4(;0 60; k8‘:}0
6 12.01 0.79 8.62 0.926 . " i i
7 988 054 653 04951 O(: w=2.48m/s w=2.61m/s w=2.74m/s
8 12.17 0.71 8.74 0.927 P S Erpei
9 10.32 0.52 5.45 0.947 3
10 13.09 0.76 7.84 0.959 2
i 200 400 600 sl’m
h]
u=2.87Tm/s
Figure 6 Acid consumption rate and fitting curves of different groups
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4 CONCLUSION

Based on viscous bottom layer and CBLr model, a
theoretical model of the relationship between mortar
corrosion rate and sulfuric acid corrosion is proposed and
verified by corresponding experimental analysis. Finally,
the following conclusions are drawn.

a) The corrosion rate is positively correlated with the
flow rate, but the incremental rate decreases with the
increase of flow rate. The initial setting time and final
setting time of super sulfur cement is longer than that of
ordinary Portland cement.

b) When the sulfuric acid flow rate increases to a
certain range, the corrosion rate reaches the upper limit.
The upper limit of corrosion rate is determined by the
factors, which are the sulfuric acid concentration, OH— the
diffusion coefficient and the mortar corrosion area.

¢) According to the test results, the test results of
corrosion rate and flow rate are completely consistent with
the analytical model proposed in this paper.
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