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Abstract. A new approach for modelling the roughness induced transition has been
developed, which is based on local variables and a transport equation. Thus information
of flow history relative to the considered point can be taken into account.

The transported variable "Roughness Amplification” A, serves as transition onset cri-
terton. Two functions determining the value of A, are implemented in this model. They
generate A, depending on several parameters like equivalent sand grain roughness height kg
and the dimensionless wall distance y* in close vicinity to the wall.

The model has been implemented in the DLR flow solver TRACE and has been validated
by two test cases. The first test case is a flat plate with roughness and different linear
pressure gradients. The second test case is also a flat plate but with a two-scale roughness.
Results show the feasibility of this approach to the applied test cases and a good agreement
with experimental findings.
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1 INTRODUCTION

The distributed surface roughness exerts different effects at the flow. It increases the
turbulent fluctuations in the turbulent boundary layer and it shifts the laminar-turbulent
transition at some upstream position. Both effects increase the boundary layer losses and
hence the drag forces, as reported by Schlichting[m] and Feindt[l], correspondingly. In
contrast, the losses can also be decreased if the separation length of a laminar/ turbulent
bubble is reduced or even completely prevented by enhanced transition tendency. Consid-
ering the laminar-turbulent transition process, the surface roughness can be regarded as
one of the transition influencing parameters, like turbulence intensity, pressure gradients
and Reynolds number, just to state some of them.

At large Reynolds numbers, where the boundary layer is almost completely in the
turbulent state, the loss increasing mechanisms will prevail. Depending on the roughness
dimensions and topology, the flat plate losses can be more than doubled! 161, According to
Hummel[?’], the loss coefficient ¢ of a high Reynolds number turbine blade (Re = 1200 000)
is increased by 40 % by typical roughness structures, which usually occur after comparably
small amount of gas turbine operation time.

At low Reynolds numbers the loss decreasing effect can be the dominant one. In
particular, this effect is of interest for the low pressure turbine blades of jet engines
operating at low Reynolds numbers (Re < 100000) during the cruise flight. Usually, the
surface of the turbine blades is hydraulically smooth after the manufacturing process, but
is roughened during operation such as from the equivalent sand grain roughness k* < 1 for
the smooth surface to k™ > 5 for a transitional-rough surface. Due to the aforementioned
positive effect at the laminar separation bubbles, some low pressure turbine blades show
even better performance after some time in operation.

The aim of the present work is to accurately predict the roughness effects at the laminar-
turbulent transition process, yielding a suitable tool for the estimation of roughness effects.
The effects at fully turbulent boundary layers are also accounted for by the approach of
Wilcox[Ql], and will not be subject of additional modelling improvements herein. Fur-
thermore, the single roughness elements will not be considered. The focus of the paper is
at the distributed roughness only.

Different approaches are known for calculating the roughness-induced transition on-
set. Analytical methods determine the point of indifference occuring upstream of the
transition onset. In that point disturbances in the boundary layer are neither amplified
nor damped. Feindt!!! gave a correlation for determining the length between the point
of indifference and the transition onset for different roughness heights. This can be im-
plemented in semi-empirical transition models by the consideration of laminar boundary
layer stability method approximation models, e.g. the e¥-method. In this approach the
transition onset is achieved when the grown amplitude is e”V-times bigger than the initial
amplitude, cf. Oertel and Delfs 1. As proposed by Standish et al.l 7], the roughness-
induced transition can be taken into account by reducing the exponent N. Empirical
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correlations on rou%hness height are also used for intermittency based transition models,
cf. Stripf et al. 181191 The physical intermittency describes the time-averaged turbulent
proportion of the boundary layer. If the intermittency reaches one, the boundary layer is
fully turbulent. Both the eV and intermittency based method rely on integral boundary
layer values, that means on non-local parameters.

2 MODEL FORMULATION

The transition model from Menter et al.[7h8) deals with the intermittency concept
described above. Instead of using boundary layer intregral values, this model uses only
local variables. With this approach the transition can be calculated without determining
the boundary layer’s edge and integral values. The transition model contains two trans-
port equations, one for the intermittency, and one for the momentum thickness Reynolds
number:

Apy) , 9(pU;s7) d te\ Oy
= Py —E, 4Pyt — Aoy 20 1
(9t + 8@- s s + 72 72 + 8@- a + gr 8$j ( )
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In equation (1) P,; and E,; are transition sources, which are dependend on the local
vorticity and several empirical correlations. In addition modifications of the Langtry-
correlations have been applied by Geifler?. These correlations give the connection be-
tween the critical Reynolds number Re. where intermittency first starts to increase and
the transition Reynolds number Rey;. Another empirical correlation is given for the tran-
sition length. The destruction/ relaminarization sources P, and E., are functions of
the vorticity magnitude €2 and ensure that the intermittency remains zero in the laminar
boundary layer. The intermittency is always equal one in the free stream.
The source term from equation 2:

Py = C(%?(R@et - Reet)(l - F@t) (3)

forces the transported scalar Reg; to match the local value of Rey, calculated from an
empirical correlation outside the boundary layer. With the blending function Fy, it is
ensured that Py equals zero in the boundary layer. The correlations of Langtry and
Menter[‘r)], which have been published recently, can also be used in combination with the
present approach for roughness-induced transition.

In this work a third transport equation for the variable called "Roughness Amplifica-
tion” A, has been implemented:

D(pA,) (U, A,) ) oA
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ot o At g |Car () o] with: 0w =20 (4)
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The source term P,r produces a transition amplifying variable A, in close vicinity to
a rough wall. Finally, A, is transported through the flow field by the convective and
diffusive terms of equation (4). This behaviour enables the flow history effects to be
taken into account. As will be shown by the test case with two-scale roughness height,
the roughness-induced amplification of disturbances can show a large lag between the
amplification location and the position where the boundary layer reacts to the distortion.
This phenomenon is a flow history effect, and can be accounted for by transport equations.

The source term P4pg in equation (4) is ap-

20— — plied only to the wall-adjacent cells and is
F,o [ / ] defined as: Par = F, - Fj. Herein, two
15f equations determining P4r have been cal-

i ] ibrated:
1.0} ] 2.0

; f B = {oyecvmom (5)
05 ] 11000.0
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0-%_;)‘ o4 08 12 16 y o ‘27.4 The value of P4p in this model depends on

the dimensionless wall distance y* and the
(a) F, Dependency of y* dimensionless roughness k" with:

0 sy oL 7)
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9000 / = IV E (8)
| 1 Pw 14
6000 As dependency of F, and Fj, given by
| / 1 equations (5) and (6), the shape of a sig-
3000 moid function was chosen with two hori-
i / 1 zontal asymptotes for k*, y* — Foo. The
ol | ool R R B generation of P by kT as governed by

00 30 60 90 120,150 180 g (6) is shown in fig. 1(b). For hydrauli-

cally smooth walls (k™ < 5) there is no

b) F, D d £kt .
(b) Fi Dependency o production of Pyg.

Fig. 1: Generation of A, in terms of Amp, To connect A, with the transport equa-
and Amp, tion (2), a new variable is defined as fol-
lows:
A, —20
Arg, — 220 0.0 9
rg max ( 50 ) 9)
Py = —10.0- Arg,, if Fy > 0.99. (10)

The variable Arg, ensures that only A, magnitudes bigger than two and only positive
values are considered. With increasing roughness heights and increasing A,-values the

4



Patrick Dassler, Dragan Kozulovié¢, Andreas Fiala

source term Py becomes negative in order to reduce the transported scalar Reet. In this
way the transition onset is promoted.

This approach captures the roughness effect on the transition process. The correspond-
ing impact at fully turbulent boundary layers is captured by the boundary condition of
the turbulence model as shown in the next section.

3 NUMERICAL METHOD

The numerical simulations have been conducted with the DLR in-house solver TRACE,
version 7.0, cf. Nirnberger [10] and Kiigeler [4]. In these simulations the Reynolds-
averaged Navier-Stokes equations are solved using a finite volume technique. The convec-
tive fluxes have been discretized by the 2"¢ order upwind scheme of Roe [15]. Furthermore,
the diffusive fluxes have been discretized by a 2"¢ order central differencing scheme, where
the mixed derivatives are also included ("Full Navier Stokes” approach). These derivatives
appear when transforming from the curvilinear to the cartesian frame of reference, and
their inclusion leads to accuracy improvement in three-dimensional flows, cf. Rober et
al. [14]. The discrete flow equations are iterated towards steady state using an implicit
predictor-corrector scheme of Mulder and van Leer™. With this scheme, the density
residual has been decreased by at least three orders of magnitude for all investigated test
cases.

Two equation turbulence model k-w by Wilcox [20] has been used, together with a
dimensionless wall distance of ca. 1 for all simulated test cases. To capture roughness
effects in turbulent boundary layers, the boundary condition of the w-equation at Stokes
walls has been corrected as supposed by Wilcox [21]:

2s
Wrough = YroR  ith: Uy = W at. y=20 (11)
Pw
Parameter Sk depends on the surface roughness:
50)°
Sp = (/{;_+) for: kt <25 (12)
100
SR = k‘_+ for: k’+ > 25 (13)
As compared to the smooth boundary condition:
6v 3
smooth = 10 ———= ith: =— at: =0 14
w th <5y)2 W1 /8 40 a Yy ( )

the roughness correction by eq. 11 leads to lower turbulence dissipation rates in the very
near wall regions and larger production rates at the beginning of the log-layer, resulting
in larger turbulence and viscous loss in the boundary layer. In this way, the roughness
effects are reproduced by adjusting the turbulence model’s boundary condition only.
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4 TEST CASES AND RESULTS
4.1 Flat Plate with Distributed Roughness

The model for roughness induced transition has been calibrated with test cases con-
taining distributed sand grain roughness and linear pressure gradients as reported by
Feindt 1.

A0 )dx =00 , In Feindt’s test case the dependency of

: l]_ transition onset on the roughness height

' has been measured. With none, expand-
ing and contracting geometries of the outer
wall, different linear pressure gradients
could be set up. Here, three grids have
been generated for simulating the corre-
sponding measurements. All three grids
have 8064 cells with 126 cells in x-, and
Every 2" node is displayed. 04 omes in y-direction. With an applied

free stream velocity U; = 100 m/s at

d(plq,)/dx = +0.444 the beginning of the flat plate the di-
mensionless wall distance of the first cell
y* is one in average. With this free
i stream velocity a shorter flat plate with
il r = 0.2 m (Feindt’s flat plate length
r = 0.9 m), while Reynolds number
similarity is given, could be achieved. In
this way a faster convergence of our nu-
L_ Re - 0o “ cos plerical scheme, which .favours compress-

x " Every 2% node is displayed. ible flows, could be achieved while main-

tening the physical similarity. The outer
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d(p/a,)/dx = -0.444 L_ wall geometry r,(x) was calculated by
2

| iy "o
P :___ ro(@) = 5. W)
P Lo — el
i @
| i
[ )
i with

LG R TR P (16)

41

Every 2™ node is displayed.
The outer wall distance at the beginning of
Fig. 2: Feindt’s test cases: zero and linear the plate is given by

pressure gradients
ro1(z =0 m) = 0.1495 m. (17)
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With this shape of the outer wall a linear pressure gradient was achieved as shown in
figure 3. Although there is some difference from Feindt’s measurements, there is only a
deviation of 3.5 % from the theoretical values, cf. table 1.

18.0———
Puld; [ PG-zero
1751 ———— PG-adv. |]
| —oompe || PG Ap/an) [ (/]
17_0: ] theoret. | measured | simul.
A A IR do— 1T zero | 0.0 0.0 0.0
I T ] adv. | +0.444 | +0.371 +0.458
A Ee——— | fav. [-0.444 |[-0.487 | -0.430
800 o025 050 075 100 125 150 Tab. 1: Pressure gradients
Re, [E06]

Fig. 3: Linear pressure gradients

Six different equivalent sand grain roughness heights have been applied to the flat
plate: ks = 0, 10, 20, 30, 40 and 50 pum. With these values and the kinematic viscos-

ity v = 14.96 - 1075 m/s? the same range for the equivalent sand grain roughness height
Reynolds number Rey, is achieved like Feindt has applied:
Uy - ks
Reps = ——= = 0.0 ... 334.0. (18)
v

Because the turbulence intensity 7w is not given for the measurements, it was set up in a
way that the simulated transition onset with smooth wall is the same as in the experiments.
Thus at the beginning of the flat plate the turbulence intensity of Tu = 1.1 % has been
prescribed.

Figure 4 shows in detail the influence of the "Roughness Amplification" variable A,
on the transition process for the zero pressure gradient test case. On the left hand side
the distributions for the smooth wall are shown. There the transition process with no
interaction from the third transport equation is demonstrated. The figures on top 4(a)
and 4(b) display the contour plot for the transported variable A,. With no roughness
applied ks = 0 pum, the production of A, is set to zero by equation (9). Otherwise A, is
generated and convected into the flowfield. The contour plots 4(c) and 4(d) display the
influence of A, on the intermittency «. It can be seen, that the intermittency v of the
Menter and Langtry model is equal zero in the laminar part of the boundary layer, and
is equal one in the turbulent boundary layer part and in the free stream. The laminar
section with the higher roughness k; = 40 pum is significantly smaller than in figure 4(c).
The distributions for Rey in figures 4(e) and 4(f) show how much the value for Rey is
reduced if A, is generated by equation (10).
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(a) ks =0 pm
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(c) ks =0 um
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] Re,; 450 500 550 600 650 700
0.1100]
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(e) ks =0 um (f) ks =40 pm

Fig. 4: Distribution of selected values for sand grain roughness heights k£, = 0 pum and
ks =40 um
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(a) Defining the transition onset Re,; (b) Transition onset Re,; dependency on roughness

Fig. 5: Location of transition onset

The transition onset location Re,; was defined in this work as point of increasing
friction coefficient ¢;. As example for defining this point figure 5(a) is shown. In the
laminar section the displacement and momentum thickness are proportional to \/z. At
the minimum of the friction coefficient the curves of Res; and Resy change their shape.
For this reason the shape factor Hyy; = 01/ decreases rapidly (zero pressure gradient)
and the transition onset is located at this point. Figure 5(b) shows Feindt’s measured
transition onset Reynolds numbers Re,; over the equivalent sand grain roughness height
Reynolds number Rey for the zero pressure gradient test case. It seems that the roughness
has no influence on the transition onset location if

Uy - ks

14

Reys = < 120.0 (19)
that means for hydraulically smooth walls. With increasing Rey, the transition onset is
considerably shifted upstream.

The resulting friction coefficients are displayed in figure 6 for the three simulated pres-
sure gradients (PG-zero, PG-adverse and PG-favourable). In figure 6(a) the measured
transition onset locations for the zero pressure gradient test case are indicated. These lo-
cations have also been introduced in figure 5(b). The plots 6(b) and 6(c) show the curves
for the friction coefficient ¢y with positive (adverse) and negative (favourable) pressure
gradients. It can be seen, that an increasing pressure gradient in the flow direction moves
the transition onset location upstream, whereas with a decreasing pressure gradient of
the same magnitude the transition does not occur for the equivalent sand grain roughness
values ks = 0, 10 and 20 pm.



Patrick Dassler, Dragan Kozulovié¢, Andreas Fiala
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Feindt's 1 1
G Interpolated C
Results for 1
0.012 | Transition Onset m 0.012
0.008 0.008
0.004x 0.004
i ——
o000l b Lo L L oooobom bl L
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Re, [E06] Re, [E06]
(a) Zero pressure gradient (b) Adverse pressure gradient
0.016 ——————————————————
S B k=30 um
———— k=40pum| |
0.012 —— k=50 um |
0.008
0.004
ooopl i Lo L T LT
0.00 0.25 0.50 0.75 1.00 1.25 1.50

Re, [E06]

(¢) Favourable pressure gradient
Fig. 6: Friction coefficient cy: zero, linear adverse and favourable pressure gradient

A validation of the prediction of tran-

B e sition onset location with pressure gradi-

U.*5. ) ——a—— PG-zero Simulation K K
(CALIWY — —e — PG-adv. Simulation | ents is shown in figure 7. Although the
1350 —-—e--— PG-fav. Simulation | : s 1ol
4 ~ pozeroExperiment|  measured V&h_lgS of the displacement thick
+ > —alRe ©  PGadv.Experiment|  ness at transition onset (U - d14¢)/v does

<D O PG-fav. Experiment .. . .
900 S not coincide in on line curve, they seem to
I g@;% ] build a small range. The simulated val-
450 e ues of zero and favourable pressure gradi-
| ] ent are inside that range. The predictions
ol o b L of adverse pressure gradients are a bit be-
00 02 03 04 06 08,5 09

SOy low the measured values for none or small
Fig. 7: Influence of roughness on displace- roughness, indicating a too early transition
ment thickness at transition onset onset. Since this is hydraulically smooth

region, the basic transition model is re-
sponsible for the corresponding prediction
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deficiency. In general, the agreement between the measured and predicted transition onset
Reynolds number of all pressure gradients is very good for increasing roughness heights.

4.2 Flat Plate with Step Change in Roughness

Pinson and Wang[12]’[13] report on the effect of a two-scale roughness on boundary
layer transition over a heated flat plate. That plate had a full length of 2.05 m. On the
first 5 cm a different roughness height was applied than on the remaining downstream
2 m of the plate. The introduced nomenclature determines the applied roughness.

0.0300
E Simulation
e
g x v 100,100 Experiment Sandpaper | Roughness Level
c/2 \ - A R, ks Reys
v -] [um] | [pm] | [-]
0.0010 | AN 100 37.0 | 164 | 98
:grrw]wgi’r?;r section - w 60 77.0 | 341 205
00 T F‘{e‘ BT Tab. 2: Roughness levels

Fig. 8: Friction coefficient ¢; with step change in
roughness

According to the nomenclature the test case 100 100 means that there is a constant
roughness with 100-grit sandpaper applied to the flat plate. Here, the combinations
60 00, 60 100 and 100 100 are presented. Table 2 gives information about the corre-
sponding roughness heights. The equivalent sand grain roughness was calculated to set
the wall boundary condition in TRACE. For this aim following approximation is applied:

k, = 4.433- R, (20)

For simulations running with that test case a two-dimensional grid has been generated.
This grid has 8060 cells with 155 cells in x- and 52 cells in y-direction. The dimensionless
wall distance of the cell in close vicinity to the wall is y™ = 0.8 in average with a flow
velocity U; = 8.6 m/s at the beginning of the plate.

In the experiments the turbulence intensity is given with Tu = 0.5 %. A different value
of Tu = 0.8 % is prescribed in the simulations in order to get the same transition onset
location as the smooth wall.

The skin friction coefficients for experiments and simulations are shown in figure 8.
The shortest laminar section occurs with the biggest step change in roughness in test case
60 00. A detailed view on this test case is shown in figure 9. It has been simulated

11
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__DENREEEEY

A: 1 6111621263136414651

-
s

Step Change
x=0, 00 m 0,05m in Roughness
Test Case 60_00 r / / /
X
(a) Flowfield ) Detail view on step in roughness

Fig. 9: Generation of amplifiying variable A, with step change in roughness

while adding a constant value of A, = 3000 in the two cells which are in close vicinity to
the step. Figure 9(a) shows the whole flowfield for that test case and figure 9(b) zooms
in on the step. Interestingly, the laminar section can be extended if a small roughness
behind the step is added, cf. figure 8. This effect is traced back to the fact, that the
formation and amplification of flow disturbances is reduced due to a smaller step height.
The information of this smaller step (60 100) is transported through the flowfield, since
the roughness amplification variable A, is handled by a transport equation in the present
approach. In other words, the impact at the flow is manifested somewhere else (at the
transition location) than the origin of the disturbance (at the step location). Thus the
transition occurs earlier than in the test case with constant roughness (100_100), but later
than in the case with the large step (60 00); an effect which is accurately reproduced by
the roughness-induced transition model.

T — The prediction of the transition length, ex-
RexT—RexlE ﬁ?mu'aﬂon 100 1@/ pressed by Re,r — Re, in figure 10 (¢-

i L] inson (2000) i e I .

3E05 | |— = ——. Mayle (1991) , transition onset, T-transition end), is in
I . ] reasonable agreement with the experiments
i A X ] and also with the smooth-wall correlation

= T ey | of Mayle®
i 60 001~ —~ 60_100] ] © ayle

1E05T / ] Re,r — Rey = 75.0 - (Regng)5/4 (21)
[ -~ ]

ogos i Lo L L L It seems that the surface roughness can
° 190 00 40 B0ge 0 90 considerably shift the transition onset lo-

cation, but that it does not alter the tran-

Fig. 10: i f th iti
ig. 10: Comparison o the transition sition length significantly.

length with Mayle’s smooth-wall
correlation!0l
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Re =672000 Re =751000 Re,=989000 The figure 11 shows velocity u/Uy, turbu-
- o o lent kinetic energy:
yid F F
15| ’ ’ F=05- (V+7+w?)  (22)
10l I I and Reynolds shear stress —u/v'/U? pro-
i I I files for the boundary layer at selected Re,-
sl I I positions of the constant roughness test
i / i / i / case 100 _100. Although Pinson reports
ool | [ |1 /. only u'/Us and v'/U,, values for calcu-
0 05 to os 10 05 1 lating the turbulent kinetic energy k, the
Re,=672000 Rex=75;000 Re,=989000 rough but useful assumption
ﬁ'ﬁ [ | uiviw'=4:2:3 (23)
1'5—3 1 g was made, cf. Wilcox2l, This assump-
! ! I tion is valid for fully turbulent flows and
10 . 5 was nearly achieved at Re, = 989000 with
K % '\ i u'/v" = 2.5 in average. Thus the arithmetic
05 EF%D I mean between v’ and v was taken for w'.
) ] j@m With the eddy viscosity p; the Reynolds
00b==""1 —_ =

¢y 3 .
0 05 10 05 1 shear stress —u/v’ is calculated:

k [J/kg] o ou
5.0 Re=672000 Re,=751000 Re,=989000 oy = M <_) (24)
yio | 1 [ 1 [ i
15l 11 1 & ] The first streamwise position is located at
i 14 10 ] the end of the transitional region, and the
Lol {1 {4 ] both other positions are clearly located in
' o F ] the fully turbulent part. The former po-
AN 100 ] sition shows some deviations between the
05 = [ . .
i [>§j 11 : 11 ] measured and simulated values, especially
i;@'i@/ 10 11 ] for the wall distance of the maximum tur-
0.0b=—T .. .
0o 05 10 05 10 05 1 bulent kinetic energy. The reason there-
uv'u;

fore is the large sensitivity of the transi-
Fig. 11: Selected distributions of turbulent {;onal boundary layer with respect to the

quantities for 100_100 case at {yapsition onset point. Due to a somewhat

8,6 m/s early onset prediction, the simulation sug-
gest already a fully turbulent boundary layer at this streamwise position, with turbu-
lence quantities shifted towards the wall. The deviation is much smaller for the both
downstream positions, since the aforementioned sensitivity is much smaller in the fully
turbulent boundary layer. The very good agreement between the simulation and experi-
ment for the downstream positions confirms the ability of the method for the prediction
of roughness-induced transitional boundary layers.

13
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5 CONCLUSIONS AND OUTLOOK

A model for prediction of the roughness-induced transition has been implemented in
the DLR flow solver TRACE using only local variables. This approach is based on the
~-f-transition model of Menter and Langtrym and includes a new transport equation for
a roughness-induced amplification of flow disturbances. The roughness amplification is
applied only to the wall-adjacent cells, and is transported by the convective and diffusive
terms of the transport equation into the complete flow field. Validation on flat plates
with pressure gradients, constant and two-scale roughness has been made. Results clearly
demonstrate the feasibility of the current approach. In agreement with the measurements
the transition onset position is shifted when different surface roughness values and step
change of roughness are prescribed. It seems that the surface roughness can consider-
ably shift the transition onset location, but that it does not alter the transition length
significantly.

Further work needs to be done on flow situations with more than three (roughness
height, pressure gradient, step change in roughness) parameters acting on the flow. To
predict the roughness effects in complex, three-dimensional flows, the wall curvature, low
separations, unsteady flow, etc. have to be considered.
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7 NOMENCLATURE
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Friction Coeflicient

Turbulent Kinetic Energy per Unit Mass, cf. Eq. (22)
Equivalent Sand Grain Roughness Height
Dimensionless Roughness Height, cf. Eq. (8)
Dynamic Pressure At Inlet

Time

Reynolds Shear Stress

Cartesian Coordinates

Dimensionless Wall Distance, cf. Eq. (7)

Transported Variable "Amplifying Roughness"

Source Term

Destruction Term

Arithmetic Average Roughness Height

Equivalent Sand Grain Roughness Height Reynolds
Number, cf. Eq. (18)

Reynolds Number

Reynolds Number at Transition Onset

Reynolds Number at Onset of Turbulence Boundary
Layer

Local Transition Onset Momentum Thickness Reynolds
Number (Based On Free Stream Conditions)

Local Transition Onset Momentum Thickness Reynolds
Number (Obtained From Transport Equation)
Turbulence Intensity

Velocitiy at Beginning of Flat Plate

Shear Velocitiy

Intermittency

Boundary Layer Thickness
Displacement Thickness

Momentum Thickness (6 as Subscript)
Density

Dynamic Viscosity

Eddy Viscosity

Kinematic Viscosity

Wall Shear Stress
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