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Abstract: The residence time distribution (RTD) curve is widely applied to describe the fluid flow in
a tundish, different tracer mass concentrations and different tracer volumes give different residence
time distribution curves for the same flow field. Thus, it is necessary to have a deep insight into the
effects of the mass concentration and the volume of tracer solution on the residence time distribution
curve. In order to describe the interaction between the tracer and the fluid, solute buoyancy is
considered in the Navier–Stokes equation. Numerical results show that, with the increase of the
mass concentration and the volume of the tracer, the shape of the residence time distribution curve
changes from single flat peak to single sharp peak and then to double peaks. This change comes
from the stratified flow of the tracer. Furthermore, the velocity difference number is introduced to
demonstrate the importance of the density difference between the tracer and the fluid.

Keywords: NaCl solution; stratified flow; RTD curve; tundish; OpenFOAM

1. Introduction

The residence time distribution (RTD) curve in continuous flow systems was firstly
proposed by Danckwerts [1]. The RTD curve obtained by the tracer techniques is vitally
significant in order to understand the flow behavior in chemical reactors [2,3]. In met-
allurgical industry, the tundish is an important reactor for connecting the ladle and the
mold. It’s necessary to have a deep insight into the fluid flow in the tundish because the
flow field in the tundish affects the inclusion removal [4–6] and the tundish optimization
design [7–9]. The metallurgists usually obtain the RTD curves by water model or numerical
simulation [10–14]. Because of cheapness and convenience, the saturated NaCl or KCl solu-
tion is injected in the incoming water stream as the tracer in the water model. In addition,
the continuity equation, the momentum equation, the turbulence model and the solute
transport equation are solved to obtain the time varying tracer concentration at the exit.
Compared to the water model, the numerical simulation has better data reproducibility.

In the textbook [15] and the past references [16,17], the RTD curves obtained by water
model and numerical simulation usually have a single flat peak, single sharp peak or
double peaks [18–21]. Maybe these three types of peaks have some relations with each
other. The RTD curves with different peaks have a great influence on the characteristic
values of the tundish. Especially, the double-peaks RTD curve implies that there is a
short-circuit flow in the tundish. However, the short-circuit flow may be not the only cause
for the double-peaks RTD curve.

When people conduct the water model, no matter what size the water model is, the
salt tracer is usually the saturated solution, the volume is not fixed, such as 20 mL [22],
100 mL [23] and 200 mL [24]. In the numerical simulation, most metallurgists ignored
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the density difference between the tracer and the water [25–27]. They believed that the
effect of the tracer parameters (concentration and volume) on the RTD curve is negligible.
Actually, as early as in 1992, Vassilicos and Sinha [28] put forward the idea that the tracer
density would affect the accuracy of RTD curve, and found that the results obtained by
mathematical model and water model were contradictory. Moreover, they claimed that the
tracer effect should be further investigated if larger volume of tracer were used. Thereupon,
Damle and Sahai [29] studied the effect of the buoyancy caused by the density difference
between the tracer (saturated KCl solution) and the water on the RTD curve in 1995,
and pointed out that the mixture of tracer leads to a strong sink flow for water flow in
the tundish.

For a deeper research and explanation about the effects of salt tracer on RTD curve,
Chen et al. [30] conducted water model and numerical simulation. Based on the measured
RTD curves and the predicted RTD curves (without density coupling), the RTD curves
measured by water model are deviated to the left side of the calculated RTD curves, this
deviation is more obvious when the tracer concentration and the tracer volume increase.
For the predicted RTD curve, Chen et al. [31,32] introduced the mixed composition fluid
model into the governing equation for RTD curve.

There are three highlights in present work.

(1) Different tracer mass concentrations and different tracer volumes give different RTD
curves for the same flow field. The effects of salt tracer amount and concentration on
RTD curves will be investigated.

(2) The dam without hole avoids the occurrence of the short-circuit flow, so stratified
flow from the density difference between tracer and water results in the two peaks of
RTD curves.

(3) The velocity difference number is introduced to demonstrate the importance of the
density difference between the tracer and the fluid.

In order to investigate the effects of the tracer on the fluid flow, water model for a
single-strand tundish with a dam was developed to obtain the RTD curve at first. Secondly,
a mathematical model based on Boussinesq approximation was developed to get the
coupled solution for the flow field and the tracer concentration field by an open source
software OpenFOAM (Section 2). Furthermore, the numerical result was validated by grid
independence, water model and industrial experiment result (Section 3).

2. Research Methods
2.1. Water Model

A water model is used for validation. Figure 1 shows that the water model consists of
water supply system, tundish system and drainage system. The water model is made of
plexiglass. The tundish is a single-strand tundish with a dam. Because there is no hole in
the dam, the short-circuit flow should not appear in the current case. Specifications of the
water model can be found in Table 1.

In present work, NaCl solution is applied as the tracer in the water model. The pulse
stimulus–response technique is used to measure the RTD curves. The experimental proce-
dure is as follows: When the liquid level remains stable in the water model, the tracer is
injected into the incoming water stream in the ladle shroud. At the same time, the electrical
conductivity at the tundish exit is monitored and the related data are saved continuously
in a personal computer. Because the electrical conductivity is linear with the tracer concen-
tration, the electrical conductivity curve can be transformed into the tracer concentration
curve. Consequently, the plot of the tracer concentration at the tundish exit against the
time is the RTD curve.
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Figure 1. Water model of tundish: (a) Schematic diagram of experimental system; (b) Front view of tundish; (c) Side view
of tundish

Table 1. Main dimensions and parameters for water model.

Parameters Water Model

Liquid Water
Number of strand single strand

Flow volume at the inlet 373.97 mL/s
Height of dam 140 mm

Diameter of inlet 30 mm
Diameter of outlet 12 mm

Height of liquid level 250 mm
Length of tundish model 1500 mm
Width of tundish model 300 mm
Height of tundish model 350 mm

2.2. Mathematical Model
2.2.1. Governing Equations and Assumptions

According to most widely applied approach to water model, some assumptions are
applied in the mathematical model.

(1) The fluid is an incompressible viscous fluid.
(2) The fluid flow is an isothermal steady isotropic turbulent flow.
(3) The free surface of fluid is flat in the tundish.

The fluid density is a function of tracer concentration. Based on Boussinesq approxi-
mation, the governing equations can be expressed as follows:

∇ ·→u = 0 (1)
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ρref
∂
→
u

∂t
+ ρref∇ ·

(→
u ⊗→u

)
−∇ ·

(
µeff∇

→
u
)
= −∇p + ρref[1− β(C− Cref)]

→
g (2)

where
→
u is the velocity of fluid; Cref is the reference tracer mass concentration; ρref is the

reference density, which is the density of fluid at the reference tracer mass concentration;
→
g

is the gravitational acceleration vector; β is the solute expansion coefficient of the tracer;
µeff is the effective viscosity; p is the pressure.

Equation (2) can be transformed into Equation (3):

∂
→
u

∂t
+∇ ·

(→
u ⊗→u

)
−∇ ·

(
νeff∇

→
u
)
= −∇ p

ρref
+

ρref
→
g

ρref
− ρrefβ(C− Cref)

→
g

ρref
(3)

Assigning ρk as 1− β(C− Cref), Equation (3) can be reformulated as follows:

∂
→
u

∂t
+∇ ·

(→
u ⊗→u

)
−∇ ·

(
νeff∇

→
u
)
= −∇ p

ρref
+ ρk

→
g (4)

where the effective viscosity νeff is determined by k− ε turbulence model.
The scalar transport model is used to describe the convection and the diffusion of the

tracer transport in the tundish.

∂C
∂t

+∇ ·
(→

u C
)
= ∇ · (Deff∇C) (5)

With
Deff = D0 +

µt

ρrefSct
(6)

where C is the tracer mass concentration; Deff and D0 are the effective diffusion coefficient
and the molecular diffusion coefficient, respectively. Sct = 1 is the turbulence Schmidt
number. The turbulent viscosity µt is given as follows:

µt = ρrefCµ
k2

ε
(7)

where Cµ is a constant that equals to 0.09; k and ε are turbulent kinetic energy and turbulent
energy dissipation rate respectively, which are calculated by the standard k-ε turbulence
model written as follows:

∂(ρk)
∂t

+ ρ
(
∇k
→
u
)
= ∇ ·

[(
µ +

µt

σk

)
∇k
]
+ Gk − ρε (8)

∂(ρε)

∂t
+ ρ
(
∇ε
→
u
)
= ∇ ·

[(
µ +

µt

σε

)
∇ε

]
+ C1

ε

k
Gk − C2ρ

ε2

k
(9)

where Gk is the production of turbulence kinetic energy due to the mean velocity gradients.
C1, C2, σk, σε are the constants that equal to 1.44, 1.92, 1.0, 1.3, respectively [33].

2.2.2. Gridsystem, Boundary Conditions and Initial Conditions

The mesh tool is ICEM CFD (Version 11.0, ANSYS, Pittsburgh, PA, USA, 2008). The
calculation domain is covered by the non-uniform hexahedral grid. The number of grid is
136,068, as shown in Figure 2. By quality testing, the quality metrics criterion over 0.9 is
close to 90%.



Metals 2021, 11, 430 5 of 20

Metals 2021, 11, x FOR PEER REVIEW 5 of 22 
 

 

136,068, as shown in Figure 2. By quality testing, the quality metrics criterion over 0.9 is 

close to 90%. 

 

Figure 2. The structured mesh of single strand tundish. 

For the flow field, non-slip wall boundary condition is applied at the wall, the veloc-

ity at the inlet is a fixed value which is determined by the hydrodynamic experiment, the 

pressure-outlet boundary condition is applied at the tundish outlet. For the tracer concen-

tration field, the zero-gradient boundary condition is applied at the wall, the free surface 

and the tundish outlet. The tracer concentration at the inlet is also a fixed value which is 

determined by the mass fraction of NaCl solution as follows: 









0

00

if0

0if

ttC

ttCC
 (10) 

The initial tracer concentration field is specified by zero, the initial velocity field is 

specified by a steady flow field in the case of no tracer. 

2.2.3. Numerical Solution 

The coupled solution (BoussinesqRTDFoam solver) for the fluid flow governing 

equation and the solute transport equation are implemented by using the open source 

CFD toolbox OpenFOAM (version 3.0.0) which is based on the finite volume method. Fig-

ure 3 gives the coupling calculation procedure for the velocity field and the NaCl concen-

tration field by PISO algorithm [34]. The detailed calculation procedure is that discretiza-

tion of partial differential equation −> velocity and concentration prediction by initial con-

dition −> pressure correction based on pressure Poisson equation −> velocity and concen-

tration correction. The convergence criterion for the velocity, concentration, turbulent ki-

netic energy and its dissipation rate is set to 10−6. In addition, the convergence criterion for 

the pressure is 10−8. 

Table 2 lists the numerical schemes for BoussinesqRTDFoam solver. Table 3 shows 

the solvers used in BoussinesqRTDFoam solver calculation. 

Table 2. Numerical methods applied in BoussinesqRTDFoam solver. 

Solver Operator Method 

Time derivative Euler 

Gradient Gauss linear 

Divergence 
Gauss upwind 

Gauss linear 

Laplacian Gauss linear uncorrected 

Table 3. Numerical solvers applied in BoussinesqRTDFoam solver. 

Figure 2. The structured mesh of single strand tundish.

For the flow field, non-slip wall boundary condition is applied at the wall, the velocity
at the inlet is a fixed value which is determined by the hydrodynamic experiment, the
pressure-outlet boundary condition is applied at the tundish outlet. For the tracer concen-
tration field, the zero-gradient boundary condition is applied at the wall, the free surface
and the tundish outlet. The tracer concentration at the inlet is also a fixed value which is
determined by the mass fraction of NaCl solution as follows:{

C = C0 if 0 ≤ t ≤ t0
C = 0 if t > t0

(10)

The initial tracer concentration field is specified by zero, the initial velocity field is
specified by a steady flow field in the case of no tracer.

2.2.3. Numerical Solution

The coupled solution (BoussinesqRTDFoam solver) for the fluid flow governing
equation and the solute transport equation are implemented by using the open source CFD
toolbox OpenFOAM (version 3.0.0) which is based on the finite volume method. Figure 3
gives the coupling calculation procedure for the velocity field and the NaCl concentration
field by PISO algorithm [34]. The detailed calculation procedure is that discretization of
partial differential equation −> velocity and concentration prediction by initial condition
−> pressure correction based on pressure Poisson equation −> velocity and concentration
correction. The convergence criterion for the velocity, concentration, turbulent kinetic
energy and its dissipation rate is set to 10−6. In addition, the convergence criterion for the
pressure is 10−8.

Table 2 lists the numerical schemes for BoussinesqRTDFoam solver. Table 3 shows the
solvers used in BoussinesqRTDFoam solver calculation.

Table 2. Numerical methods applied in BoussinesqRTDFoam solver.

Solver Operator Method

Time derivative Euler

Gradient Gauss linear

Divergence Gauss upwind
Gauss linear

Laplacian Gauss linear uncorrected
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Table 3. Numerical solvers applied in BoussinesqRTDFoam solver.

Variables Numerical Solver

Velocity Preconditioned biconjugate gradient
Preconditioner diagonal-incomplete LU

Pressure
Preconditioned conjugate gradient

Preconditioner diagonal-incomplete Cholesky

Concentration
Preconditioned biconjugate gradient

Preconditioner diagonal-incomplete LU
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Figure 3. Calculation flow chart.

2.2.4. Simulation Parameters

The solute expansion coefficient is determined by the experiment. The solute expan-
sion coefficient of NaCl can be obtained by Equation (11). The least square fitting method
is carried out to get the linear relationship (Equation (12)) between the mass concentration
and the density of NaCl solution in Figure 4. The Equation (12) gives the relation between
the density and the mass concentration of NaCl solution. The linear coefficient of deter-
mination (R2) of fitting is 0.9874, which indicates the excellent degree of linear correlation
between the density and the mass concentration of NaCl solution, the solute expansion
coefficient β is −0.0071.

β = − 1
ρref

∂ρ

∂C
(11)

ρ = 6.75C + 952.95 (12)
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NaCl is a strong electrolyte which can ionize Na+ and Cl− completely in the water.
The average diffusion coefficient of NaCl solution is usually used to describe the diffusion
process. Cussler deduced Equation (13) to calculate the average diffusion coefficient of
electrolyte [35].

Dsalt =
|z1|+ |z2|

|z2|/D1 + |z1|/D2
(13)

where |zi| and Di refer to the charge of the ion and the diffusion coefficient of ion. The av-
erage diffusion coefficient of NaCl can be reformulated as Equation (14).

DNaCl =
2

1/DNa+ + 1/DCl−
(14)

Based on Ghaffari’s calculation results, the average diffusion coefficients of NaCl
solution with different mass fractions at 298.15 K (25 ◦C) are shown in Table 4 [36].

Table 4. The average diffusion coefficients of NaCl solution with different mass concentration.

Mass Concentration (%) 3.01 11.36 15.38 21.33 26.42

Average diffusion coefficient
(10−9m2/s) 0.914 0.945 0.725 0.66 0.551

3. Validation of Numerical Results
3.1. Grid Independence

In order to ensure the accuracy and reliability of the numerical result, the grid sen-
sitivity experiments were carried out for a RTD calculation case. In this case, the tracer
is 100 mL saturated NaCl solution. The grid system consists of 84,072, 112,380, 136,068,
162,156 and 184,860 grids.

Table 5 gives the related analysis result. The peak concentration time is 111 s when the
grid number increases from 84,072 mesh to 184,460 mesh. From the mesh 84,072 to 184,860,
the variation of peak concentration (Cmax) is on the third digit (the maximum related error
is only 0.89%). Therefore, the 136,068 mesh can be applied to obtain the next RTD curves.
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Table 5. Analysis result of RTD curves for different grid numbers.

Grid
Numbers 84,072 112,380 136,068 162,156 184,860

tmax 111 111 111 111 111
Cmax 0.020212 0.020322 0.020379 0.020200 0.020097

3.2. Water Model and Industrial Validation

Figure 5 gives three RTD curves by water model and numerical simulation, the tracer
is 100 mL saturated NaCl solution. The theoretical residence time is 301 s. The ideal RTD
curve has one peak at 141 s. In this case, the tracer has the same physical parameters as
the water, so there is no solute buoyancy. The actual RTD curve is calculated under the
condition of solute buoyancy, it has two peaks at 111 s and 171 s. The experimental RTD
curve from water model also has two peaks at 110 s and 176 s.
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Table 6 lists the RTD curves analysis results which are obtained by the classic combined
method [37]. The difference of the plug volume fraction, the dead volume fraction and
the well-mixed volume fraction between the RTD curve with solute buoyancy and the
RTD curve from water model are 7.88%, 9.94% and 2.27%, respectively. The difference of
the plug volume fraction, the dead volume fraction and the well-mixed volume fraction
between the ideal RTD curve and the RTD curve from the water model are 12.11%, 40.06%
and 9.07%, respectively. Thus, the predicted RTD curve with solute buoyancy agrees well
with the RTD curve from the water model, the ideal RTD curve is only an estimation for
the RTD curve from water model.

Table 6. RTD analysis results of numerical simulation and water model.

Case Vp Vd Vm

RTD curve with solute buoyancy effect 29.57% 5.98% 64.45%
RTD curve from water model 27.41% 6.64% 65.95%

Ideal RTD curve 30.73% 9.30% 59.97%

Figure 6 shows the numerical simulation results and industrial experiment data.
The detailed description of the operating conditions and the size of the tundish is pro-



Metals 2021, 11, 430 9 of 20

vided in Cwudzinski’s papers [38,39]. Compared with industrial experiment, a greater Ni
concentration occurs in the tundish SEN based on numerical simulation. The chemical
homogenization process from the industrial experiment correlates well with the RTD curve
based on the mathematical model with solute buoyancy. Two factors lead to the difference
between the industrial experiment and the numerical result. (1) The Ni alloy melting
process is not considered in the mathematical model. (2) The temperature of molten steel
in the tundish decreases gradually during one heat, but the current mathematical model
doesn’t consider the thermal buoyancy.
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Figure 6. RTD curve results of numerical simulation and industrial experiment.

4. Results and Discussion
4.1. Injected Tracer Mass Concentration

Figure 7 gives the numerical results of RTD curves in the case of different tracer
mass concentrations and the same tracer solution volume (100 mL). When the tracer is
the saturated NaCl solution, the RTD curve has double peaks. When the tracer mass
concentration falls to 21.33%, 15.38% and 11.36%, the related RTD curves have a sharp
peak. When the tracer mass concentration falls to 3.01%, the RTD curve is a flat RTD
curve. In other words, with the decrease of the tracer concentration, the RTD curves change
from the double peaks RTD curve to the sharp single peak RTD curve, then to the flat
single RTD curve. Such a phenomenon comes from the fact that the density difference
between the tracer and the fluid leads to the stratified flow. Consequently, there are two
streams with the tracer reaching the tundish outlet at different moments. When the tracer
concentration decreases gradually, the density difference decreases, and then the stratified
flow phenomenon becomes weaker.
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Figure 8 shows that, for the ideal RTD curve, with the increase of the tracer concen-
tration, the plug volume fraction, the well-mixed fraction and the dead volume fraction
remain the constant. The reason leads to such interesting phenomena: In the mathemat-
ical model of ideal RTD curve, the physical parameter of the tracer is equal to that of
the water, so the analysis result of ideal RTD curve should be independent on the tracer
mass concentration.

Figure 8a shows that, with the increase of the tracer concentration, the plug volume
fraction of actual RTD curve follows the following rule: decrease→ increase→ decrease.
Two reasons lead to such a phenomenon.

(1) The change of the tracer concentration results in the change of flow field. With the increase
of the tracer concentration, the actual RTD curve changes from the flat single peak RTD
curve to the sharp single peak RTD curve, then to the double peaks RTD curve.

(2) Table 7 shows that with the increase of tracer mass concentration, the sum of the
minimum residence time and the peak concentration time follows the following rule:
decrease→ increase→ decrease due to the relevant variation of flow field.

Metals 2021, 11, x FOR PEER REVIEW 10 of 22 
 

 

 

Figure 7. RTD curves for the different tracer mass concentrations. 

Figure 8 shows that, for the ideal RTD curve, with the increase of the tracer concen-

tration, the plug volume fraction, the well-mixed fraction and the dead volume fraction 

remain the constant. The reason leads to such interesting phenomena: In the mathematical 

model of ideal RTD curve, the physical parameter of the tracer is equal to that of the water, 

so the analysis result of ideal RTD curve should be independent on the tracer mass con-

centration. 

  

(a) (b) 

Figure 8. Cont.



Metals 2021, 11, 430 11 of 20
Metals 2021, 11, x FOR PEER REVIEW 11 of 22 
 

 

 

(c) 

Figure 8. RTD curves analysis result by different tracer mass concentrations: (a) plug volume; (b) 

dead volume; (c) well-mixed volume. 

Figure 8a shows that, with the increase of the tracer concentration, the plug volume 

fraction of actual RTD curve follows the following rule: decrease → increase → de-

crease. Two reasons lead to such a phenomenon. 

(1) The change of the tracer concentration results in the change of flow field. With the 

increase of the tracer concentration, the actual RTD curve changes from the flat single 

peak RTD curve to the sharp single peak RTD curve, then to the double peaks RTD 

curve. 

(2) Table 7 shows that with the increase of tracer mass concentration, the sum of the 

minimum residence time and the peak concentration time follows the following rule: 

decrease → increase → decrease due to the relevant variation of flow field. 

Figure 8b shows that the dead volume fraction of actual RTD curve decreases with 

the increase of the tracer concentration because the fact that the fluid with tracer flows 

along the tundish bottom results in the longer path from the ladle shroud to the tundish 

outlet. 

Figure 8c shows that, with the increase of the tracer concentration, the well-mixed 

volume fraction of actual RTD curve follows the following rule: increase → decrease → 

increase. The well-mixed volume is closely related to the plug volume and the dead vol-

ume. In the classical combined model, the sum of three volume fractions should be 1. For 

the RTD curves with single sharp peak, the well-mixed volume fraction does not increase 

(or decrease) monotonically with the tracer concentration because there are two contra-

dictory factors: the plug volume fraction increases with the increase of the tracer concen-

tration, the dead volume fraction decreases with the increase of the tracer concentration. 

Table 7. RTD curves analysis results in the case of different tracer concentration. 

Tracer Mass 

Concentration/% 

Minimum 

Residence 

Time/s 

Peak 

Concentration 

Time/s 

Average 

Residence 

Time/s 

Theoretical 

Residence 

Time/s 

3.01 50 129 273 

301 

11.36 65 111 278 

15.38 66 116 279 

21.33 67 119 280 

26.42 67 111 283 

Figure 8. RTD curves analysis result by different tracer mass concentrations: (a) plug volume; (b) dead volume; (c) well-
mixed volume.

Table 7. RTD curves analysis results in the case of different tracer concentration.

Tracer Mass
Concentration/%

Minimum
Residence

Time/s

Peak
Concentration

Time/s

Average
Residence

Time/s

Theoretical
Residence

Time/s

3.01 50 129 273

301
11.36 65 111 278
15.38 66 116 279
21.33 67 119 280
26.42 67 111 283

Figure 8b shows that the dead volume fraction of actual RTD curve decreases with the
increase of the tracer concentration because the fact that the fluid with tracer flows along
the tundish bottom results in the longer path from the ladle shroud to the tundish outlet.

Figure 8c shows that, with the increase of the tracer concentration, the well-mixed
volume fraction of actual RTD curve follows the following rule: increase→ decrease→
increase. The well-mixed volume is closely related to the plug volume and the dead volume.
In the classical combined model, the sum of three volume fractions should be 1. For the
RTD curves with single sharp peak, the well-mixed volume fraction does not increase (or
decrease) monotonically with the tracer concentration because there are two contradictory
factors: the plug volume fraction increases with the increase of the tracer concentration,
the dead volume fraction decreases with the increase of the tracer concentration.

4.2. Tracer Solution Volume

Figure 9 gives the numerical results of RTD curves in the case of different NaCl solution
volumes and the saturated NaCl solution (26.42%). When the tracer solution volumes are
100 mL, 200 mL, 300 mL, 400 mL and 500 mL NaCl solution, double peaks appear. When
the tracer solution volume falls to 75 mL, 50 mL and 25 mL, there is a sharp peak. When
the tracer solution volume falls to 10 mL, there is a flat RTD curve. In other words, with
the decrease of the tracer solution volume, the RTD curves change from the double peaks
RTD curve to the sharp single peak RTD curve, then to the flat single peak RTD curve. The
reason for this phenomenon is the same as the case of different concentrations.
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Figure 9. RTD curves for the different tracer solution volumes.

Table 8 shows that the RTD curves in the case of different tracer solution volumes
have the following characteristics:

(1) The first peak concentration increases with the tracer solution volume, when the
tracer solution volume increases from 100 mL to 500 mL, the first peak concentration
is always greater than the second peak concentration.

(2) With the increase of the tracer solution volume, the first peak time follows the follow-
ing rule: decrease→ increase→ decrease. Because the RTD curves change from the
single flat peak to the single sharp peak, then to the double peaks.

(3) With the increase of the tracer solution volume, the second peak time decreases
monotonously and the second peak concentration increases monotonously.

(4) With the increase of the tracer solution volume, the average residence time follows
the following rule: keep unchanged→ increase→ decrease because the RTD curves
change from the single flat peak to the single sharp peak, then to the double peaks.

Table 8. RTD curves analysis results in the case of different tracer solution volumes.

Tracer
Volume/mL

First Peak
Time/s

First Peak
Concentration

Second Peak
Time/s

Second Peak
Concentration

Average
Residence

Time/s

5 135 0.0009 - - 273
10 132 0.0020 - - 273
25 105 0.0053 - - 275
50 113 0.0120 - - 278
75 119 0.0176 - - 280
100 111 0.0203 171 0.0194 283
200 69 0.0446 147 0.0398 258
300 58 0.0617 130 0.0597 254
400 51 0.0810 116 0.0787 251
500 46 0.0990 111 0.0966 250

Figure 10 shows that the effect of the tracer solution volume on the RTD curve is
similar to that of the tracer concentration on the RTD curve.

(1) For the ideal RTD curve, the plug volume fraction, the dead volume fraction and the
well-mixed volume fraction remain the constant.

(2) If the tracer solution volume is less than 10 mL, the related plug volume fraction,
dead volume fraction and well-mixed volume fraction are close to the analysis result
of ideal RTD curve.
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(3) With the increase of the tracer solution volume, the plug volume fraction of actual
RTD curve follows the following rule: decrease→ increase→ decrease. The rule is
the same as the case of different mass concentrations. The volume of tracer has a
great influence on the flow field in tundish. As a result, with the increase of the tracer
volume, the actual RTD curve changes from the flat single peak RTD curve to the
sharp single peak RTD curve, then to the double peaks RTD curve.

(4) With the increase of the tracer solution volume, the dead volume fraction of actual
RTD curve follows the following rule: decrease → increase. The reasons for the
decrease of dead volume fraction is that the longer flow path of tracer leads to the
longer average residence time in the tundish. The reasons for the increase is that the
greater solute buoyancy leads to stronger fluid flow, then the average residence time
of the fluid becomes shorter in the tundish.

(5) With the increase of the tracer solution volume, the well-mixed volume fraction of
actual RTD curve follows the following rule: increase→ decrease→ increase.
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Figure 10. RTD curves analysis result by different tracer solution volumes: (a) plug volume; (b) dead volume; (c) well-
mixed volume.

4.3. General Discussion
4.3.1. Tracer Transfer Behavior

Figure 11 gives the tracer (100 mL saturated solution) transport process. First, the
tracer leaves the ladle shroud and spreads out until it impinges the tundish bottom. Then,
the tracer flows along the tundish bottom and spreads around. Next, some tracer climbs
over the dam and flows toward the outlet. Finally, the tracer reaches the tundish outlet and
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flows out of the tundish. The difference of the tracer behavior between the ideal tracer and
actual tracer comes from the density difference. The ideal tracer is considered to have the
same density as water, while the actual tracer has the same density as the corresponding
salt solution. The fluid is always affected by the solute buoyancy in the tundish. Therefore,
the phenomenon of stratified flow occurs during the transport of tracer in tundish (shown
in Figure 11c’), which result in the two peaks of RTD curve (shown in Figure 5). The
short-circuiting flow maybe also lead to the double-peaks RTD curve, but the tundish
structure (dam without hole) selected in this paper has eliminated this situation.
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Figure 11. Tracer mass concentration distribution in tundish at different moments with solute
buoyancy or not: Ideal tracer (a) 0 s; (b) 1 s; (c) 25 s; (d) 67 s; (e) 112 s; (f) 171 s; (g) 400 s; (h) 1200 s;
Actual tracer (a’) 0 s; (b’) 1 s; (c’) 25 s; (d’) 67 s; (e’) 112 s; (f’) 171 s; (g’) 400 s; (h’) 1200 s.
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4.3.2. Solute Buoyancy

In order to have a deep insight into the effect of tracer mass concentration on the flow
field, a dimensionless number, δ (velocity difference number), is introduced to reveal the
effect of the solute buoyancy. The velocity difference number represents the ratio of the
velocity difference caused by the solute buoyancy to the velocity in the case of ideal tracer.

δ =

√
(u− uI)

2 + (v− vI)
2 + (w− wI)

2√
u2

I + v2
I + w2

I

(15)

where u, v, w is the velocity at x, y, z direction in the case of actual tracer, uI, vI, wI is the
velocity at x, y, z direction in the case of ideal tracer.

Figure 12 shows the distribution of δ (velocity difference number) in the central section
of the tundish at different moments (tracer is 100 mL saturated NaCl solution).

(1) The solute buoyancy has very little effect on the flow field at the initial stage of the
tracer pulse (Figure 12a,b), because the tracer is in the region where the fluid flow
fast.

(2) With the help of the fluid flow, the tracer moves toward the outlet, the value of δ is
big in the region (Figure 12c–f) where the tracer concentration is great (Figure 11c’–f’).

(3) After 171 s, the tracer concentration in the tundish decreases with the time, the fluid
flow in the case of actual tracer is closer to the fluid flow in the case of ideal tracer as
shown in Figure 12g,h.
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Figure 12. The distribution of velocity difference number δ in the tundish at different moments:
(a) 0 s; (b) 1 s; (c) 25 s; (d) 67 s; (e) 112 s; (f) 171 s; (g) 400 s; (h) 1200 s.

Figure 13 shows the effect of tracer mass concentration (volume is 100 mL) on the fluid
flow in the tundish at 25 s. With the increase of tracer mass concentration, the stronger effect
of solute buoyancy on the flow field leads to the differences among the RTD curves for
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different tracer mass concentrations. The value of δ becomes bigger in the region between
the ladle shroud and the dam with the increase of the tracer mass concentration.
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Figure 13. The distribution of velocity difference number δ in tundish at 25 s: (a) c = 3.01%; (b) c = 15.38%; (c) saturated
NaCl solution.

Figures 14 and 15 give the flow field in the case of different tracer mass concentrations.
They are similar flow fields at the left side of the ladle shroud and at the right side of the
dam. However, there are different flow field between the ladle shroud and the dam. In the
case of the ideal tracer, the fluid near the free surface flows from the ladle shroud to the
dam. Some fluid impacts the dam and then flows along the tundish bottom, the other pass
over the dam. In the case of the actual tracer, the velocity field is very complex. Some fluid
near the free surface flows back to the ladle shroud. Near the tundish bottom, there is big
vortex and some fluid climbs over the dam and then flow toward the outlet.
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Figure 15. Fluid flow in the case of actual tracer (26.42%) at 25 s: (a) Main cross section; (b) Free surface section.

In summary, the tracer changes the flow behavior inside the tundish during the water
model experiment. The reason leads to such an interesting phenomenon is the density
difference between tracer and water. When water model experiment is used to restore
the flow characteristics of molten steel. Double-peaks RTD curve usually appears in the
current water model experiment. Based on the analysis of tracer transfer behavior, the
stratified flow is a key fact to leads the double-peaks RTD curve. Therefore, the lower mass
concentration and the smaller volume of the tracer can describe accurately the fluid flow
behavior in the tundish.

5. Conclusions

In this paper, the momentum equations which involve the solute buoyancy is de-
veloped to investigate the effects of salt tracer amount and concentration on RTD curves.
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The numerical result is validated by water model experiment and industrial data. The
conclusions are summarized as follows:

(1) The predicted RTD curve in the case of solute buoyancy has the double-peaks shape,
which is closer to the RTD curve by water model. However, the ideal RTD curve has
the single flat peak shape, which is different from the RTD curve by water model.

(2) With the increase of the mass concentration and the volume of the tracer, the shape of
the RTD curve changes from single flat peak to single sharp peak and then to double
peaks. However, the ideal RTD curves are always single flat peak. The phenomenon
leads to an interesting fact. The plug volume fraction, dead volume fraction and
well-mixed volume fraction change with the increase of the mass concentration and
the volume of the tracer for the same flow field. In order to weaken this phenomenon,
the low mass concentration and the small volume of the tracer are recommended for
the water model experiment.

(3) By comparing the tracer transfer behavior of ideal tracer with actual tracer, because
of the difference of fluid density, there is a stratified flow phenomenon in the case
of actual tracer. The stratified flow causes the tracer to split into two streams to
reach the tundish outlet. Therefore, there are different RTD curves for the same flow
field. In other words, the unreasonable tracer parameters maybe lead to the strange
RTD curves.

(4) For describing the effect of tracer on flow field, the velocity difference number (δ) is
introduced to demonstrate the importance of the density difference between the tracer
and the fluid. As time goes on, the effect of tracer on the fluid flow in the tundish
first becomes stronger and then weakens gradually. With the decrease of tracer mass
concentration, the effect of tracer on the fluid flow in the tundish weakens gradually.

In the future, we will focus on the following interesting issues:

(1) The quantitative criterion should be proposed to determine the concentration and the
volume of the tracer.

(2) There are some RTD curve analysis models, and these model give different RTD
analysis results, it is necessary to give the advantage and the disadvantage of these
models.
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Abbreviations

→
u Velocity of fluid (m/s)
Cref Reference concentration (—)
→
g Gravitational acceleration vector (m/s2)
p Pressure (Pa)
C Tracer mass concentration (—)
k Turbulent kinetic energy (m2/s2)
ε Turbulence dissipation rate (m2/s3)
Deff Effective diffusion coefficient (m2/s)
Sct Turbulence Schmidt number (—)
|zi| Charge of the ion (—)
Di Diffusion coefficient of ion (m2/s)
Q Fluid flow rate at tundish exit (m3/s)
tmin Minimum residence time (s)
tmax Peak concentration time (s)
t Theoretical residence time (s)
tc Average residence time (s)
Vp Plug volume fraction (—)
Vd Dead volume fraction (—)
Vm Well-mixed volume fraction (—)
V Volume of molten steel in the tundish (m3)
u Velocity at x direction in the case of actual tracer(m/s)
v Velocity at y direction in the case of actual tracer (m/s)
w Velocity at z direction in the case of actual tracer (m/s)
uI Velocity at x direction in the case of ideal tracer (m/s)
vI Velocity at y direction in the case of ideal tracer (m/s)
wI Velocity at z direction in the case of ideal tracer (m/s)
Greek Symbols
ρref Reference density (kg/m3)
β Solute expansion coefficient (—)
µeff Dynamic viscosity (Pa·s)
νeff Kinematic viscosity (m2/s)
δ Velocity difference number (—)
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