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Abstract 

 

Concerns have been raised as to the dependency of the solutions of turbulent flows in 

FLOW-3D
®  1

on the maximum ''turbulent mixing length,'' ὝὒὉὔ, which is set by the user 

when a two-equation turbulence model is used. This parameter acts as a limiter on the 

turbulent length scale which in turn limits the minimum turbulent dissipation. It has been 

observed that if the value is not chosen appropriately the results could become physically 

unrealistic. In order to resolve this issue, modifications have been made to the two-

equation turbulence models to construct local bounds on turbulent length and time scales. 

This technical note shows that these changes effectively eliminate the sensitivity of the 

solution to the value of ὝὒὉὔ.  

 

Some valuable discoveries were made along the way which led to more modifications of 

the turbulence models in FLOW-3D that further improved the results. The test cases 

discussed here include both simple as well as complex flows. Starting with the simplest 

flow configurations and obtaining reasonably accurate results permits the consideration 

of more complex cases. The data and conclusions documented here should be used as a 

starting point for any other changes to the turbulence models in FLOW-3D. 

 

Introduction and Formulation  

 

The two-equation turbulence models in FLOW-3D, including the standard and 

renormalization group (RNG) Ὧ ‐ models [6,25], are based on the turbulent viscosity 

hypothesis and solve two transport equations for the turbulent kinetic energy, Ὧ , and the 

turbulent dissipation, ‐. The RNG Ὧ ‐ model has several advantages over the standard 

Ὧ ‐ model. It is more accurate for rapidly strained flows and swirling flows and for 

lower Reynolds numbers (ὙὩ), the RNG model behaves better than the standard Ὧ ‐ 
which is only valid for high Reynolds number flows. 

 

The turbulent kinetic energy is defined as the energy of the turbulent velocity fluctuations 

 

 
Ὧ=

1

2
όᴂ2 + ὺᴂ2 + ύᴂ2 , (1)  
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where όᴂ, ὺᴂ, and ύᴂ are the components of the velocity fluctuations. Therefore, it can 

easily be seen that Ὧ has dimensions of 
fl2

2כ .  

 

By definition, the turbulent dissipation is non-negative and has dimensions of 
fl2

3כ . A 

length scale can be formed from Ὧ and ‐ 
 

 
ὒὝ=

Ὧ3/ 2

‐
, (2)  

 

as well as a time scale 

 

 
ὝὝ=

Ὧ

‐
. (3)  

 

Turbulent viscosity can be expressed as the product of the turbulent velocity and length 

scale. Therefore,  

 

 
’ὝᶿЍὯ 

Ὧ3/ 2

‐
= ὅ‘

Ὧ2

‐
, (4)  

 

where ὅ‘= 0.09 in the Ὧ ‐ model and ὅ‘= 0.085 in the RNG model.  

 

The transport equation for Ὧ is 

 

 ‬Ὧ

‬ὸ
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‬ὼ
+ ὺ
‬Ὧ

‬ώ
+ ύ
‬Ὧ

‬ᾀ
= +ע +꞉ Ὧ꜠ ‐, (5)  

 

where ע is the turbulence production term and in Cartesian coordinates is 
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Here, ὅὛὖ is the shear production coefficient. In Eq. (5), ꞉  is the buoyancy production 

term 
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where ὅ” has a default value of 0.0, unless the problem is thermally buoyant, in which 

case it takes on the value of 2.5. The diffusion term, ꜠Ὧ, in Eq. (5) is 
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where „Ὧ= 1.0 in the standard Ὧ ‐ model and „Ὧ= 0.72 in the RNG Ὧ ‐ model. 

The transport equation for ‐ is 

 

 ‬‐
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‐

Ὧ
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where ὅ‐1, ὅ‐2, and ὅ‐3 are user-adjustable, non-dimensional parameters. The default 

value for ὅ‐1 is 1.44 for the Ὧ ‐ model and 1.42 for the RNG. ὅ‐2 defaults to 1.92 for 

the Ὧ ‐ and is computed based on the values of Ὧ, ‐ and the shear rate for the RNG 

model. ὅ‐3 has a value of 0.2 for both models. The diffusion term for the dissipation is 
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where „‐= 1.3 in the standard Ὧ ‐ model and „‐= 0.72 in the RNG Ὧ ‐ model. In 

order to prevent unphysically small dissipation rates, the minimum dissipation is limited 

by a maximum length scale, represented by ὝὒὉὔ in FLOW-3D 

 

 
‐άὭὲ=

3/ 2ὅ‘Ὧ
3/ 2

ὝὒὉὔ
. (11)  

 

It is recommended to use a value of ὝὒὉὔ equal to about 7% of the hydraulic diameter. 

However, there are often configurations with complex multi-scale features where 

choosing this parameter is not a straightforward task. It is in those cases where picking a 

wrong value for ὝὒὉὔ may lead to unrealistic results. In FLOW-3D version 9.3 and 

earlier, specifying ὝὒὉὔ was the only option. From Eq. (11), the minimum dissipation 

then becomes a function only of the local turbulent energy, and when this occurs, the 

two-equation model essentially reverts to a one-equation model. 

 

In FLOW-3D version 9.4, a new option has been incorporated to dynamically compute 

turbulent length and time scales, Eqs. (2) and (3), and their respective upper and lower 

bounds which are 
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ὝὝάὭὲ = 6.0
‘

”‐
, (14)  

 

 
ὝὝάὥὼ=

0.35

ὅ‘

1

ה
, (15)  

where ‘ is the molecular viscosity, ” is the density, and ה is the mean strain rate 

magnitude computed from the second invariant of the strain tensor. 

 

The lower bounds of the turbulent length and time scales are based on the Kolmogorov 

scales [13] and the upper bounds are based on the rapid distortion theory [5, 7]. The 

length scale ὒὝ, Eq. (2), subject to the limits given by Eqs. (12) and (13), is used to limit 

dissipation 

 

 
‐άὭὲ=

3/ 2ὅ‘Ὧ
3/ 2

ὒὝ
. (16)  

 

The inverse of the time scale ὝὝ, Eq. (3), subject to the limits given by Eqs. (14) and (15), 

is used on the right-hand side of Eq. (9) where ‐/Ὧ appears. The user still has the option 

to specify ὝὒὉὔ as the constant maximum length scale and bypass the dynamically 

computed limi ters. ὝὒὉὔ can also be defined for the turbulent boundary and initial 

conditions when the option to dynamically compute the bounds is selected. Hereon, we 

shall refer to ὝὒὉὔ as the user-specified, constant maximum length scale and to the new 

feature as dynamically computed limiters. 

 

Validation 

 

In order to evaluate the performance of the two-equation turbulence models in FLOW-3D 

several test cases are examined. These test cases have theoretical or experimental 

solutions against which the results from FLOW-3D are compared. The cases included in 

this technical note are flow in smooth and rough pipes with circular cross sections, two-

dimensional backward-facing step, and flow over a two-dimensional spillway. 

 

The main purpose of this work is to investigate and reduce the sensitivity of the 

turbulence models to the maximum turbulent mixing length, ὝὒὉὔ, in FLOW-3D. 

However, along the way other issues were encountered, which were also addressed. 

 

Pipe Flow 

 

For the turbulent pipe flow in a circular pipe, the head loss and the friction factor are 

obtained from the simulations and compared to the experimental data. 
 

Setup 
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Since the steady, fully developed pipe flow is axisymmetric, the computational domain is 

chosen as a wedge of the pipe (Fig. 1) in the azimuthal direction in cylindrical 

coordinates. 

 
Figure 1: Computational domain for the pipe flow. 

 

In order to minimize the simulation runtime and obtain accurate results, different sets of 

boundary conditions have been examined. These boundary conditions include 

velocity boundary at the top (maximum ᾀ) and continuative at the bottom, velocity 

boundary at the top and specified pressure at the bottom and finally periodic boundaries 

at the top and the bottom. In all these cases the boundary conditions at the front 

(minimum ώ), back (maximum ώ) and left (minimum ὼ) are symmetry and at the right a 

no-slip boundary condition is considered. After several tests and careful convergence 

studies the periodic boundary conditions were found to be the most efficient (Fig. 2). 

While using a velocity boundary condition requires a long pipe in order for the turbulent 

flow to become fully developed, the use of the periodic boundary conditions in the 

direction of the flow achieves that more quickly and the length of the pipe is no longer an 

issue. In this case, since the periodicity results in a uniform pressure distribution in the 

flow, a gravitational head is introduced in order to drive the flow. The product of density 

and gravity is equivalent to the pressure gradient in a real pipe. Gravity can be adjusted to 

obtain a desired flow rate and hence the Reynolds number. 

 
 

Figure 2: Boundary conditions for the pipe flow. 
Laminar Case 
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To make sure this approach is indeed plausible, a laminar flow case with ὙὩ= 1000 is 

modeled first. The specifics of the case are shown in Table 1. 

 

Pipe diameter Ὀ 4.0 cm 

Pipe length ὒ 1.0 cm 

Inflow velocity ộὟỚ 2.5 cm/s 

Fluid density ” 1.0 g/cm
3 

Fluid viscosity ‘ 0.01 g/cm-s 

 

Table 1: Pipe flow specifications for a laminar case for  ╡▄= . 
 

The gravitational acceleration, Ὣ, was adjusted to achieve the average velocity of 

 

 ộὟỚ= 2.5 cm/s. (17)  

 

For this average velocity, Ὣ comes out to be 

 

 Ὣ= 0.05 cm/s
2
. (18)  

 

The steady-state flow field based on the average mean kinetic energy (Fig. 3a) is shown 

in Fig. 3b. Since there is no pressure gradient along the pipe, the head loss is equal to the 

length of the pipe, and therefore 

 

 Ὤὒ= 1 cm. (19)  

 

Using the Darcy-Weisbach [4, 22] major loss equation 

 

 
ЎὬ= Ὤὒ= Ὢ

ὒ

Ὀ

ộὟỚ2

2Ὣ
, (20)  

 

and substituting for all the parameters 

 

 
Ὤὒ= 1 cm = Ὢ

1

4

(2.5)2

2(0.05)
. (21)  

 

Therefore, the friction factor is 

 

 Ὢ= 0.064  . (22)  

 

Analytically, for laminar flow 

 

 
Ў(ὴ+ ”ὫὬ) = ”ὫὬὒ=

8‘ộὟỚὒ

Ὑ2
, (23)  
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(a) Average mean kinetic energy over time. 

 

 
 

(b) Laminar pipe flow for  ╡▄= . 

 

Figure 3: Laminar pipe flow for  ╡▄= . 
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and substituting for Ὤὒfrom Eq. (20) 

 

 
”ὫὪ

ὒ

Ὀ

ộὟỚ2

2Ὣ
=

8‘ộὟỚὒ

Ὀ2/ 4
ᵼὪ=

64

”ộὟỚὈ/‘
=

64

ὙὩ
. (24)  

 

Therefore, the friction factor is independent of the value of Ὣ 

 

 
Ὢ=

64

ὙὩ
= 0.064  , (25)  

 

which matches the friction factor obtained from FLOW-3D, Eq. (22). 

 
Turbulent Case 

     

For a fully developed turbulent pipe flow at the Reynolds number of 10,000, which is 

well within the turbulent regime, the parameters presented in Table 2 were selected. 

 

Pipe diameter Ὀ 4.0 cm 

Pipe length ὒ 1.0 cm 

Inflow velocity ộὟỚ 25.0 cm/s 

Fluid density ” 1.0 g/cm
3 

Fluid viscosity ‘ 0.01 g/cm-s 

 

Table 2: Pipe flow specifications for a turbulent case for ╡▄= , . 
 

For a turbulent flow in a circular pipe, the Swamee-Jain [16] equation  

 

 
Ὢ=

1.325

ln
‭

3.7Ὀ+
5.74
ὙὩ0.9

2 , 
(26)  

 

is used to solve directly for the DarcyïWeisbach friction factor Ὢ in Eq. (20). This is an 

approximation to the implicit Colebrook-White [2, 3] equation 

 

 1

Ὢ
= 2 log10

‭

3.7Ὀ
+

2.51

ὙὩὪ
. (27)  

 

Moody [12, 14] used Eq. (26) to plot the turbulent part of the well-known Moody 

diagram (Fig. 4), where ‭ is the surface roughness. For the cases presented here, the 

surface was assumed to be smooth unless otherwise specified, that is, ‭= 0. 

 

The way to compute the gravitational acceleration is different for turbulent flows due to 

the non-linear behavior of the friction factor. At a Reynolds number of 10,000 the 

friction factor, according to Eq. (26), is 
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 Ὢ= 0.0309. (28)  

 

Substituting this friction factor as well as the average velocity required to generate a 

Reynolds number of 10,000 into the Darcy-Weisbach equation Eq. (20) 

 

 
Ὤὒ= Ὢ

ὒ

Ὀ

ộὟỚ2

2Ὣ
= 0.0309

1

4

252

2Ὣ
, (29)  

 

and since 

 

 Ὤὒ= 1 cm, (30)  

 

we find 

 

 Ὣ= 2.4 cm/s
2
. (31)  

 

The gravitational acceleration of 2.4 cm/s
2
 results in the average turbulent flow velocity 

of 25 cm/s. The steady-state average velocity predicted by the simulation can then be 

used to evaluate the accuracy of the turbulence models. 

 

     

 
 

Figure 4: Moody diagram (reprint of Beck and Collins, University of Sheffield). 
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Dynamically Computed Limiters on Turbulent Time and Length Scales 

 

A suggested value for ὝὒὉὔ is 7% of the pipe radius, that is, 0.14 cm in this case. For 

the sensitivity study the value of ὝὒὉὔ is changed by factors of 2 and 10 both up and 

down, plus some intermediate values. The results are shown in Fig. 5. The results for 

when the turbulent scale limiters are computed dynamically are also presented. Different 

mesh resolutions in the radial direction, ὲὶ, are also considered. It is clear that for a 

constant turbulent length scale the solution strongly depends on ὝὒὉὔ, at least up to a 

certain value. 

 

With the modifications to the two-equation turbulence models, the model does not 

depend on TLEN, thus the sensitivity to its values is eliminated. Instead of a user-

specified ὝὒὉὔ, the bounds on the turbulent time and length scales are determined 

locally based on the flow characteristics. Figures 9 and 10 show results for a range of 

Reynolds numbers and surface roughness, denoted by ‭. 
 

 
Figure 5: ╣╛╔╝ study for different mesh resolutions, with  constant ╣╛╔╝ as well as 

the dynamically computed turbulent scale limiters . The average velocity is 

compared to the experimental data at ╡▄= ,  and a friction factor  of 

█= . . 
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Turbulent boundary layer  

 

The generally recommended value for ὝὒὉὔ is 7% of the smallest length scale of the 

problem, here the pipe radius, and hence ὝὒὉὔ= 0.14 cm. A study on the sensitivity of 

the results to the mesh resolution in the radial direction has been performed. The results 

are presented in Fig. 6. The mesh resolution for the pipe radius of 2 cm was changed 

from 32 uniform mesh points down to 1. Additionally, a non-uniform mesh with higher 

resolution near the wall was used. Besides the mesh resolution, the two-equation Ὧ ‐ 
and the RNG Ὧ ‐ were examined. The RNG model was tested with and without the 

dynamic computation of the bounds on the turbulent scales. The resulting average 

velocities were compared to the average velocity of 25 cm/s which is based on the 

empirical calculations considering the head loss and the friction factor at this Reynolds 

number. 

 

It is evident from Fig. 6 that increasing the mesh resolution does not improve the 

accuracy of the solution. In fact by increasing the mesh resolution beyond 10 points the 

average velocity starts to decrease and deviate from the target value, and for the 32 point 

case, it exhibits a significant drop. This behavior has to do with the way the turbulent 

boundary layer is accounted for. 

 

In FLOW-3D the boundary layer calculations are done only for the first mesh point away 

from the wall and the second mesh point is assumed to be outside the boundary layer. As 

the mesh gets finer, the possibility of the second mesh point being within the boundary 

layer increases and this degrades the accuracy of the results. This explains the gradual 

deviation from the target value for the velocity. 

 

The sudden drop in the value of the average velocity in Fig. 6 when 32 points in the 

radial direction are used has to do with the calculation of the wall-friction velocity όᶻ  

 

 
όᶻ=

†ύ
” , (32)  

 

where †ύ is the wall shear stress. In this case (ὲὶ= 32), the first mesh point away from 

the wall, based on which, the distance from the wall in viscous lengths or wall units ώ+   

 

 
ώ+ =

ώόᶻ”

‘
, (33)  

 

is calculated, falls below the value of 5, which is within the viscous (sometimes called 

linear) sublayer, where  

 

 ό+ =
ό

όz
= ώ+  (34)  

 

is called the inner layer velocity. 
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After reviewing the literature [13, 23, 24] and performing a number of tests, it was 

concluded that if any of the turbulence models were used, the log-law should be applied 

to the first point away from the wall regardless of how small ώ+  might be. Therefore, 

 

 
ό+ =

1

‖
ln ώ+ + ὄ, (35)  

 

where ‖= 0.433 for all the turbulence models except for RNG where ‖= 0.399, and 

ὄ= 5.0.   

 

Pope [13] mentions that near the wall ώ+ < 30  this approximation is poor but this 

region makes a negligible contribution to the integral of ộὟỚ (except for very low 

Reynolds numbers). The results when using the log-law for all the cases (no matter how 

small ώ+  gets) are shown in Fig. 7. For the turbulence model that uses the constant 

maximum mixing length, ὝὒὉὔ, the results improve. However, the new bounds in the 

Ὧ ‐ turbulence models cause accuracy problems for fine meshes (ὲὶ> 30). 

 

Turbulent Energy Calculations 

 

It is clear that the modifications to the turbulent time and length scale limiters eliminate 

the sensitivity to ὝὒὉὔ. However, it can be seen from Fig. 7 that these changes make the 

solution deviate sharply from the target value when the mesh becomes finer than a certain 

threshold (31 points for this particular case). After rigorous testing and monitoring 

different variables involved in the turbulence models with the dynamic calculation of the 

bounds on turbulent time and length scales, it was found that in the transitional stages of 

the flow, for finer meshes, the production term, ע, in the turbulent energy equation (Eq. 

6) cannot overcome the dissipation term. As a result, the turbulent energy becomes 

negative and hence reset to a small default value. This problem was resolved by delaying 

the application of turbulent dissipation to turbulent kinetic energy until turbulent 

production exceeds dissipation. The results after this modification (Fig. 8) are reasonable 

in accuracy and the only reason for the degradation of accuracy with the mesh resolution 

is the validity of the turbulent boundary layer approximations. It is worth mentioning that 

this modification has no effect on the results when a constant, user-specified TLEN is 

employed as the upper bound of the length scale. Note that Figs. 9 and 10 are the results 

after this modification.  
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Figure 6: Mesh resolution study for different turbulence models as well as with a 

constant maximum length scale of ╣╛╔╝= .  cm and with the dynamically 

computed turbulent scale limiters. The average velocity is compared with the 

experimental data for  ╡▄= ,  and friction factor █= . . 
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Figure 7: Mesh resolution study for different boundary layer considerations with 

╣╛╔╝= .  cm and with the dynamically computed turbulent scale limiters . The 

average velocity is compared with the experimental results for average velocity for  

╡▄= ,  and friction factor  █= . . 
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Figure 8: Mesh resolution study with the modification to the turbulent energy 

calculation with ╣╛╔╝= .  cm and with the dynamically computed turbulent 

scale limiters . The average velocity is compared with the experimental data for  

╡▄= ,  and friction factor  █= . . 

 

 

 

 

 

 

 


