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Tﬂ’é‘ﬁ’i?&? Recall the UVP mixing length model for the turbulent shear stress
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The first order equation governing pipe/channel flow becomes a quadratic equation in the derivative of the mean velocity
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Take the positive root

Remove the singularity at 1 = 0




(Sranrorn
The Universal Velocity Profile (UVP)
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Integrate the velocity derivative from the wall
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k - essentially the Karman constant. 1/2
2 S

a - wall damping length scale similar to the 1 + ]- + 4)\ 1 - R
van Driest length. T
m - exponent that, along with a, governs the increasing R,
shape and thickness of the near wall profile. M|X|ng Length funCtlon for the UVP 1.0 : >
b - length scale proportional to the distance 08 - \
above the wall of the beginning of the outer ’
layer. an - (y+ /a)m

N ky™(1 —e ) 1 06
n - exponent that, along with b, controls the /l(y ) — 1 k—+ 0.4
transition of the profile to the wake function. y+ n /n Y : \
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We saw that, for boundary layers, b and n bRT 0 B e b s ol
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parameter ..
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L R R, = 2652 Velocity Profile Comparison Ay = 2 i - 13n
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TIPSR R,; = 2652 Velocity Derivative Comparison

Log Indicator Function y*dU*/dy*

Velocity Derivative dU*/dy*
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Error in the R; = 2652 velocity derivative
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UVP damping function

ASKk:
What damping function would enable the
UVP to match the R, = 2652 data exactly?
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B;ﬂéﬁﬁ%? Consider a generalized Wall Damping Function o(y*/a). In effect, replace the two

ASTRONAUTICS

parameters, a and m in the function, e‘(y+/“)m, with just a damping length scale. The
new damping length scale will still be designated a.

kyt (1- ()

)\(y+) = What should we use for o(y*/a)?
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At each y; solve for the wall damping value, g, , in the
UVP that exactly matches the derivative given by the data.

What should we
use for k=0.4221, b =0.1724, n = 2.3087 At lea(;h yi+
solve for o;.
o(y*/a)? :
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Comparison of old and new wall damping functions
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The new damping function decays faster than the van Driest-type
exponential and it oscillates about zero several times.
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TSTANFORD Wall damping functions for 7 ZPGTBL simulations and 5 Channel flow simulations. All show similar behavior
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(s1ANFORD Damping functions superimposed
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Normalize the individual damping functions by a and average over all
11 cases. Assume the average is a Universal Wall Damping Function.
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R, = 2652 wall damping function compared to the Universal Wall Damping Function.
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R, = 2652 reduction in the velocity derivative error using o(y*/a).
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Bi’é‘ﬁﬁ%? R, = 2652 reduction in the velocity error using o(y*/a).
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R, = 2652, reduced error in the log indicator function.
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TSTANFORD

ASTRONAUTICS R, = 2652, UVP Reynolds shear stress closely matches DNS
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Generation of the Reynolds shear stress for boundary layers requires the boundary layer equation to be integrated.
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R, = 2652, UVP Reynolds shear stress is proportional to (y*)3 near the wall.

uv

107

0.100.
0.010.
0.001|

1074}

i uvt = 0.0013 (y*)3 i
i @ il
o1 1 10 100 1000 10
y*

Beihang University, Beijing China May 7, 2025, to June 4, 2025 20



TSTANFORD

reronavtics & | New mixing length function, A/ky* versus R, using parameters from R, = 2652 data
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The new A/ku* has a peak of 1.027 at y* = 77.54

k=0.4211
a =57.6441
b=0.1724
n=2.2703

~

10

1000

10°

107

Beihang University, Beijing China May 7, 2025, to June 4, 2025

With exponential damping

1.0 -
0.8

o)}

1 06
ky* 04!
02 -

increasing R,

P

x\

N

\

=p

10° 10" 10> 10* 10* 10° 10°

8

+

21



TSTANFORD

AERONAUTICS &
ASTRONAUTICS

5/11/25

Determination of best fit model parameters

Minimize G with respectto k, a, b, n

+ + vV )2
G= Z(u(kayfbnyl —u; (y)))
| UVP with new damping function |

Finding the minimum is much easier!
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At low Reynolds number, when the error is small, further reducing the error to
reach a minimum might not produce the most accurate value of the friction.

At low Reynolds number the optimal values of k and a tend to track each other.
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B};@ﬁgggg At moderate Reynolds numbers profiles with somewhat different (but still very small) levels
of accuracy may give almost identical values of the friction.

ASTRONAUTICS

At moderate Reynolds number the optimal values of k and a tend to track each other.
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At low and moderate Reynolds number, by not requiring the most extreme level of accuracy, a 'soft constraint' can
be applied to k and a when minimizing the error. This may not be true at high Reynolds number, R, > 20,000.
Experience suggests that for large R, the minima in parameter space may lie very close to one another.
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STANFORD Channel turbulence from simulations
AERONAUTICS &
ASTRONAUTICS
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PSP# R, Ze e k a b n urms Umee UTmin

Yrdata  Uruvp

STANFORD T 850047 23.0788 23.0187 0.4054 553277 0.3602 13354 0.1402 03014 -03515 120 e e e . e -
2 109056 23.6738 23.6043 0.4034 54.3234 0.3672 1.3494 0.1646 0.2000 -0.3306

3 1430.26 24,3436 24.2704 0.4034 54.1727 0.3702 1.3414 0.1672 0.2907 -0.3662
AERONAUTICS & 4 182472 24.9410 24.9194 0.4034 54.1146 0.3652 1.3434 0.0858 0.2004 -0.1615
ASTRONAUTICS 5 234474 25.5345 25.4860 0.4054 54.3996 0.3642 1.3474 0.1488 0.2040 -0.3920
6 332737 26,1918 26.2473 0.4034 52.0356 0.3652 1.3354 0.1041 0.3163 -0.2044

7 412480 26.8018 26.8141 0.4031 545318 0.3405 1.5196 0.1070 0.1782 -0.2879

8 510856 27.2840 27.3753 0.4005 52.3625 0.3651 1.3751 0.0810 0.3327 -0.1265

9 6617.44 27.6054 27.8247 0.4061 53.2176 0.3436 1.4587 0.0644 0.2168 -0.1345

10 8536.62 283537 28.4962 0.4055 53.4499 0.3367 14930 0.0644 0.2306 -0.1264

11 10914.38 28.8432 28.9788 0.4062 53.8116 0.3260 1.6086 0.0484 0.1355 -0.1115 100
12 14848.87 29.6175 29.7748 0.4055 53.7105 0.3201 1.6423 0.0570 0.1574 -0.1430 M

13 19778.30 30.2906 30.4074 0.4055 53.8858 0.3271 1.6513 0.0441 0.1167 -0.1035 I e

14 25278.07 30.8868 30.9618 0.4060 54.4156 0.3191 1.7531 0.0417 0.0750 -0.1466

15 32869.08 31.5881 31.6753 0.4053 53.6086 0.3212 1.6723 0.0538 0.0872 -0.1675

16 42293.51 32.2268 32.3582 0.4062 54.0781 0.3098 1.7132 0.0647 0.1427 -0.1257
17 54530.62 32.7430 32.8613 0.4080 54.3395 0.3127 1.7132 0.0714 0.2227 -0.1163
18 76479.83 33.4563 33.4893 0.4099 54.7671 0.3250 1.7014 0.0860 0.2524 -0.2771
19 102200.19 34.2462 34.2870 0.4099 54.4778 0.3180 1.6763 0.0774 0.2345 -0.1674
20 127913.55 34.8458 34.9315 0.4101 54.6843 0.3135 1.6546 0.0755 0.2213 -0.1830
21 165704.41 35.5102 35.5322 0.4102 54.7826 0.3159 1.6586 0.0597 0.2218 -0.1154
22 216978.54 36.0106 36.0936 0.4161 55.7691 0.2962 1.6731 0.0707 0.2942 -0.0967 80
23 284254.01 36.5586 36.6758 0.4175 55.8720 0.2953 1.6668 0.0596 0.1996 -0.1084
24 366972.50 36.8963 37.0508 0.4187 57.2946 0.3054 1.7693 0.1015 0.1574 -0.2655
25  452379.62 37.3313 37.5257 0.4193 57.0466 0.3060 1.7364 0.0740 0.1944 -0.1704
26 530023.42 37.9002 38.1287 0.4190 55.7425 0.3215 1.4689 0.0974 0.2794 -0.1186

0.6 ‘ ‘ : 80
05l Koo =0.4082 + 0.0055 o 5447 +1.21
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TSTANFO RT Z_idata :"L_iuvp k a b n u+7‘ms U+maw u+min Le
RD 1383.36 25.5602 25.6151 0.4202 58.6033 0.1828 2.3718 0.0294 0.0655 -0.0381 0.995
ﬁg%?{gANLj\TUIEIS C% 1516.99 25.9827 25.9999 0.4205 58.9419 0.1787 2.3842 0.0327 0.0635 -0.0420 0.995
1660.91 26.3251 26.3489 0.4200 58.7051 0.1764 2.3328 0.0237 0.0410 -0.0339 0.995
1806.16 26.6193 26.6304 0.4207 58.7189 0.1757 2.2392 0.0197 0.0402 -0.0337 0.995
1955.32 26.8496 26.8544 0.4211 58.8018 0.1747 2.2373 0.0184 0.0356 -0.0385 0.995
2104.15 27.0464 27.0652 0.4211 58.8125 0.1727 2.2933 0.0150 0.0383 -0.0167 0.995 ZPGTBL
2651.82 27.4729 27.5508 0.4211 57.6441 0.1724 2.2703 0.0294 0.0218 -0.0865 0.995
2077.23 26.7834 26.7838 0.4207 57.4787 0.1775 2.2416 0.0494 0.0782 -0.1488 0.995
4199.96 28.8297 28.8929 0.4205 57.3455 0.1685 2.1976 0.0850 0.1971 -0.1379 0.995
8708.43 30.5176 30.6446 0.4205 57.7037 0.1715 2.1045 0.1476 0.3032 -0.2258 0.995
16711.52 32.0348 32.2518 0.4191 57.0626 0.1856 1.7177 0.1780 0.2853 -0.2620 0.995
0.6 80
05 Kmean =0.42050 £ 0.00059 | Amean =58.17 £ 0.71
04 ecccee o ° ° o | 60 e0ocep . . o |
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For all boundary layer cases
80 5h - 50.995
This insures consistency
when mean values of the
parameters are used in
applications.
60
ut
40
® ®
® ®
20 ¢ °
® ®
® ®
® ®
8 ®. .9, ‘ s s ‘
1 1 10 100 1000 104
+
y
28



TSTANFORD

AERONAUTICS &
ASTRONAUTICS

10
8

6
uu”*

4

2

ZPGTBL turbulence from simulations
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i u + + + u
R, Ue Ue k a b n U rms U maz U min 3

UT data Ut yup v
TSTANFORD 840.788 23.4405 23.5363 0.4215 56.7993 0.1992 2.5400 0.0796 0.1111 -0.1701 0.995 120
AERONAUTICS & 1082.73 25.2970 25.3327 0.4225 56.5478 0.1836 1.8138 0.1024 0.1403 -0.2467 0.995

e DO DTG R) 1128.48 27.9189 27.9205 0.4223 57.3206 0.1237 2.7091 0.0964 0.2086 -0.2439 0.995 &
1188.00 31.3791 31.0872 0.4195 55.3516 0.0983 2.2553 0.1771 0.2975 -0.2918 0.995 S
1233.35 34.3316 34.1980 0.4225 56.6264 0.0770 3.7015 0.1667 0.2862 -0.3337 0.995 o
1199.70 38.0131 37.5798 0.4201 56.0683 0.0641 4.6239 0.2884 0.5872 -0.4433 0.995 AdVPGTBL K
2294.49 26.2558 26.2637 0.4195 54.8484 0.2180 1.7118 0.0819 0.1196 -0.1950 0.995 100 S
2693.75 28.0896 28.1486 0.4212 55.8802 0.1696 1.7915 0.0384 0.0741 -0.1007 0.995 I o o
2972.75 29.9626 30.0105 0.4214 56.0065 0.1334 2.0693 0.0516 0.0636 -0.1271 0.995
3204.70 32.7188 32.6572 0.4214 55.8777 0.1042 2.3448 0.0805 0.1439 -0.1591 0.995
3289.93 34.9745 34.6631 0.4211 56.2013 0.0897 2.6032 0.1590 0.2544 -0.3208 0.995
3370.72 37.8787 37.6014 0.4183 56.5134 0.0747 3.8665 0.1707 0.2846 -0.4330 0.995

0.67 T w ; — T ] 80 ‘ ‘
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R. e :—jwp k a b n uems Umaz UTmin %
ST ANFORD 429.39 20.1597 20.0852 0.4204 57.6320 0.4920 1.3805 0.0861 0.1577 -0.1210 0.995
666.20 20.7287 20.7431 0.4211 56.6151 0.5450 1.4265 0.0746 0.2021 -0.1149 0.995
AERONAUTICS & 696.78 20.8750 20.7386 0.4211 56.2556 0.5590 1.4445 0.0664 0.0913 -0.1364 0.995
ASTRONAUTICS 837.26 21.1776 21.2092 0.4204 56.5069 0.5680 1.4405 0.0504 0.1764 -0.0847 0.995
937.18 21.3760 21.4448 0.4204 56.5698 0.5870 1.4315 0.0539 0.0900 -0.0906 0.995
1018.42 21.3920 21.4892 0.4214 57.2364 0.669 1.4125 0.0676 0.1057 -0.1350 0.995
546.03 21.1474 20.9520 0.4211 57.6327 0.4290 1.4025 0.0847 0.1585 -0.1954 0.995
783.15 21.6813 21.5114 0.4211 57.0318 0.4730 1.4125 0.0813 0.1599 -0.1699 0.995
940.33 21.8366 21.7718 0.4211 57.0327 0.4980 1.4225 0.0406 0.1033 -0.0648 0.995
113257 22.0424 22.1489 0.4208 57.2613 0.5450 1.4025 0.0499 0.1327 -0.0883 0.995 aV
1273.59 22.2230 22.3037 0.4205 57.5810 0.6079 1.3825 0.0460 0.0982 -0.1190 0.995
1407.51 22.1511 22.2514 0.4197 57.5650 0.7447 1.3825 0.0500 0.1003 -0.0957 0.995
676.97 21.7204 21.6131 0.4213 57.0988 0.3915 1.4325 0.0880 0.2387 -0.1108 0.995
966.54 22.2435 22.1385 0.4213 56.6218 0.4360 1.4325 0.0667 0.1558 -0.1050 0.995
1144.22 224216 22.3211 0.4214 56.3373 0.4465 1.5025 0.0656 0.2158 -0.1005 0.995
1411.65 22.6737 22.7223 0.4210 57.0052 0.5263 1.4025 0.0426 0.0729 -0.0647 0.995
1533.96 22.9257 23.0538 0.4210 56.8663 0.5069 1.3725 0.0872 0.1769 -0.1126 0.995
1702.99 22.8822 23.0006 0.4200 56.9691 0.6029 1.3725 0.0921 0.1781 -0.1237 0.995
0.6 l 80 ‘ S Y ‘
Kinean =0.42084 + 0.00049 :
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TSTANFORD

AERONAUTICS &
ASTRONAUTICS

The boundary layer wall parameters k and a are approximately
independent of Reynolds number and pressure gradient.

0.6,
0.5
04
k0.3
02
0.1

Kemean =0.42078 + 0.00084

O O @OCIEOOTOA0 O0® O (@)

O Zero pressure gradient
O Adverse pressure gradient

O Favorable pressure gradient
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TSTANFORD

AERONAUTICS &
ASTRONAUTICS

The boundary layer wake parameters b and n are approximately related through g,

1.0 5
O Perry and Marusic 10 m/sec |
O 8 | O Perry and Marusic 30 m/sec i 4;
) Jones, Marusic and Perry 5 m/sec L
O Jones, Marusic and Perry 7.5 m/sec
O 6 | O Jones, Marusic and Perry 10 m/sec 3 i
b n |
4 0.26 —26.° : :
0.4 b(B.) = 0.026 + —0.24—F _ 2|
0.93 + 0.588. (254 8,)%3 /
» {Re}
1 For all boundary
02 L/%\NQL 1 1+ layer cases
— a o I On = 00.995
0.0 * ‘ ‘ ‘ ‘ 0! J \ ‘ ‘ . ’
-2 0 2 4 6 8 10 12 ) 0 2 4 6 8 10 12
Be Be
For . = 0, the parameter b = 0.7760 which matches the correlation For . = 0, the parameter n =2.277 which lies above the correlation

5/11/25 Beihang University, Beijing China May 7, 2025, to June 4, 2025 33
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5/11/25

High Reynolds number

Beihang University, Beijing China May 7, 2025, to June 4, 2025
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TSTANFORD

AERONAUTICS &
ASTRONAUTICS

Modified wall-
wake mixing
length function.
The parameters k
and a become one
parameter ka.

Scaled velocity profile

5/11/25

Recall the UVP

(1)
ds

A(kl, a) b7 n? R’T7 y+) —

y+
—/ 1/2
o [+ (1400 (1))

+

byt (1-o(1))

(- (&))"

Carry out a scaling - Multiply and divide the damping and wake terms by k

ky* (1- ()
)‘(k7 a, ba n, R'ra y+) —

okt (1-o() :

ky+

kut(ka,b,n, kR, ky™) =

(= ())" e ))”

(- )

. 1/2
(e (i)

Beihang University, Beijing China May 7, 2025, to June 4, 2025

(ka,b,n, kR, ky™)

ds

v > ky"
R, — kR,

u/ur — ku/u;

35




TSTANFORD

AERONAUTICS &

Define the shape function

ky+

®(ka,b,n, kR, kyt) =

where

Aka,b,n, kR, ky) =

-

j 1/2
(i)

5/11/25 Beihang University, Beijing China May 7, 2025, to June 4, 2025

ds — In(ky™)

Note
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AERONAUTICS &
ASTRONAUTICS 50

4.5}

4.0}

3.5|

5/11/25

Plot @ versus y/§;, for various R;.

N

1 , OS>
256128 6432 16 8 4 2x10° = R;

0 02 04 06 08 10 0

o, On
Above kR, = 2000, ® is independent of R;

®(ka,b,n, kR, ky") = ¢(ka,b,n, %)
h

104 0001 0010 0.100

;

For boundary layers, the wake parameters b and n are approximately related through £,

®(ka,b,n, kR, ky") = ¢(ka, Be, %)
h

Beihang University, Beijing China May 7, 2025, to June 4, 2025
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5/11/25

¢ versus y/&; for ZPGTBL, Pipe and Channel flow.

¢

50

ZPG boundary layer

4.5

-----
-----
-

4.0

Pipe

3.5

—_—

Channel
—

3.0}

23.0 0.2 0.4 0.6 0.8 1.0

S

Beihang University, Beijing China May 7, 2025, to June 4, 2025
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(gTANFORD

AERONAUTICS &
ASTRONAUTICS

Average parameters before and after the introduction of the new wall damping function

Flow k Ok a Oa m Om b n on .
Pipe (21 profiles) 0.4092 0.0057 20.0950 0.381 1.6210 0.0379 0.3195 0.0157 1.6190 0.1204 EXponentlal
Channel (7 profiles) 0.4086 0.0179 22.8673 1.599 1.2569 0.0292 0.4649 0.0485 1.3972 0.1213 dam in
ZPG Boundary Layer (11 profiles) 0.4233 0.0068 249583 0.663 1.1473 0.0373 0.1752 0.0060 2.1707 0.2238 P g
Flow k Ok a Oq m Om b o n o,
Pipe (21 profiles) 0.4082 0.0055 54.47 1.21 _ 0.3315 0.0245 1.564 0.156
Channel (7 profiles) 0.3994 0.0030  53.56 153 —— —— 04938 0.0406 1.414 0.095 UWDF
ZPG Boundary Layer (11 profiles) 0.42050 0.00059 58.17 0.71 _ 0.1760 0.0050 2.217 0.184

5.0

y = L 0.4233]/0.4233-1L 0.4205] /0.4205
ka.bn. <) e Inis28]:= Log[@.4233] /0. 0g[0.4205] /0.
4.5 qb( 2TET ) - " loutiz28)- ©.0293059

on,

40

¢
35

30

In[326]:= Log[0.4092] /0.4092 - Log[0.4082] / 0.4082

out[326]= 0.0113436

In[327]:= Log[0.4086] /0.4086 - Log[0.3994] / 0.3994

out[327]= 0.107475

280 02 04

5/11/25

Beihang University, Beijing China May 7, 2025, to June 4, 2025

1 1 1 y
+_ 1 +y , * 1 Yy
a— kln(y )+ kln(k)—l— kqﬁ(ka,ﬁc, 5h)

Differences in the shape function before and
after are almost entirely due to small
differences in k before and after the
incorporation of the new damping function.
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Tﬂ’i‘ﬁﬁ%? Explicit high Reynolds number form of the UVP

ASTRONAUTICS

*
2(1— RLT
ut(k,a,b,n, Ry, y") = ds

1/2
o i (rae(i-2))

0<y* <R,

At Reynolds numbers larger than kR, = 2000 the boundary layer
velocity profile above y* = 132 is accurately approximated by

1 1 Y
+ _ = + - I
() kln(ky ) + kqﬁ (ka, b,n, 5h)

yt > 132

Evaluate at the boundary layer edge to determine the friction law.

ut = Lin(ky*) + 1 (ka,b,m,1)

5/11/25 Beihang University, Beijing China May 7, 2025, to June 4, 2025
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AERONAUTICS &
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The UVP friction law (blue line) based on averaged parameters

40
- e In(R,) + 8.8309
30
Ue
— 20"
Ur
ZPGTBL
10
O L

1

10 100 1000 10* 105

R

5/11/25

106

40

30

Ur

0

u
— 20

i o
e
e
e
10
NG
NG
NG
e

"
u 1 (]
. = 04082 In(R;) + 6.5472 @cp

Ue

1
—— In(R,) + 7.3528

u, 04286

1 10 100 1000 10* 105 10°

R

Beihang University, Beijing China May 7, 2025, to June 4, 2025
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TSTANFORD

NERONAUTICS & The boundary layer shape function for various g, is essentially unchanged

ASTRONAUTICS

’LL+:

1
k

1
_ln(ky+) + Eqb ]CCL, Bca

14

12

10

B. = 18.0

Y y* > 132
5r kR, > 2000
B, =10
] Zﬁc =05
<— . =00

5/11/25 Beihang University, Beijing China May 7, 2025, to June 4, 2025
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5/11/25

The high Reynolds number form of the UVP can be used to study all
of the integral measures of the boundary layer as functions of R,

1 1
ut = —ln(ky+) + —¢ ka,ﬁc,
k k On

Ue 1

— = —In(kR;) + %gb(ka,ﬁc, 1)

ur k

u

in(kR,) + In ( ) + (ka, 8., 5&)
Yo in(kR,) + ¢ (ka, B, 1)

Beihang University, Beijing China May 7, 2025, to June 4, 2025
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5/11/25

Integral measures of the ZPGTBL as functions of R,

For . = 0, the parameter b = 0.7760 which matches the correlation

For . = 0, the parameter n =2.277 which does not match the correlation

Required integrals exponential damping

¢(ka,m,b,n,1) = 4.530802,

G
y = Jqﬁ (ka,m,b,n,n)dn = 3.861861,
0

£
Il
O e

Cs = Jln (n)*¢p(ka, m, b, n,n)*dn = 21.719529.

0

¢ (ka, m, b,n,n)>dny = 15.149878,

¢ (ka, m, b,n,n)’dn = 60.327378,

In (17)*¢(ka, m, b, n, n)dn = 6.578894,

Required integrals new damping function

C, = ¢ (ka,0,1) = 4.57971

1
Co = / ¢ (ka,0,n) dn = 3.88251
0
1
s = / # (ka,0,m)* dn = 15.3355
0
1
Gy = / ¢ (ka,0,n)% dn = 61.5649
0
1
Cs = / In(n)¢ (ka,0, eta)dn = —3.45378
0
Cs = / In(n)¢ (ka,0,n) d = —12.0726
1
Cr = / In(n)%¢ (ka,0,n) dn = 6.53181
0

1
Cs = / In(n)?¢ (ka,0,n)* dny = 21.4279
0
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For all boundary layer cases

dn, = 00.995

This insures consistency
when mean values of the
parameters are used in
applications.

The new integrals are very
close to the old integrals

44




TSTANFORD

AERONAUTICS &

ASTRONAUTICS

Integral measures of the ZPGTBL as functions of R, using the new damping function.

Friction law Displacement thickness Momentum thickness
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50t " 107 107 }
—C = 0524294 R s y e 65 wi
40} i Ue O1 _ 2 <=2 - 0060316 R,
15| —=0.157085 R,'/, 1051 y
Ue 30! Uueby. T TR
e V1000 - Y 1000}
20! . Rs, = 4.03615R,
Ye — 2.37812In(R,) + 8.83091 0] ' 36l
105 - ] o _ LOO72n(kR,) + 277312, oo
L7 / ~ In(kR,)+457971 T
x : x x 0.1 x x x : A ‘ : : . : ‘ :
e 10 1000 105 107 0.1 10 1000 105 107 0'%).1 10 1000 105 107
R: R R:
Ue 1 1 1 5 |
— = —In(k —o| ka,0,1 o1u U 1Ue u U
uT k ( RT) + kqs( 707 ) R51 — € = 1 —_—— d’rl R62 — = _— 1 _— — d’r’
vV 0 ’u,e 14 0 ue ue
U 1 1 1
— = Eln(RT) + Eln(k‘) + E(Jl Re — 1+ Ch —02R p. _ (1+Ci—Ca)in(kR;) =2~ C1 = C3 — 205 + C1C2 R,
Ut 01 — k T 02 = l’n,(qu-) + C1 k
Ue L) + 1n(0.4205) + 4.57971
— = n T n . .
ur  0.4205 0.4205 0.4205 Rs — 4.03615R p. _ L6972n(kR,) + 277312, oo
L T %7 " In(kR,) + 457971 T
U
— = 2.37812In(R,) + 8.83091
Ur
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y R,
Karman integral equation for zero pressure gradient
1
d_52_ Ur 2_0 OC:E(Z—chcz-|-Csz-|—C3,—(71C3—|—2C5
dx Ue N —2C,Cs — (2 — C2 + C3 +2Cs5) In (k)
+(14C - G)In(k)?) = 132.307
dR. U ur ) 2 1
= 7 =—(2+C-C;3—-2C+2(14+C, — C)In(k)) =
dR;  dRs,/dR. (%) p=13(=2+C G —2C +2(1 + C = G)In (k) = 102.285
1
dR _ B 3
* = o+ BIn(R,) + yln(R,)’ T (1+ G = G) =228263
dR,
Ry = (0 — f+2y+ (B — 29)In (R.) + yIn(R.)*)R, R, = (3.31525 + 2.48103In(R,) + In(R,)?)22.8263R,
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Conclusions

1) Over the past year, a new wall damping function has been derived for the UVP that improves the agreement with data while reducing the
number of parameters in the UVP model from 5 to 4 for pipes and channels and from 4 to 3 for boundary layers.

2) The new damping function decays faster than the van Driest-type exponential and oscillates about zero several times.

3) The agreement with DNS data for the derivative of the mean velocity is much better near the wall. This leads to better agreement
between the Reynolds shear stress generated from the UVP and DNS data near the wall.

4) The variation in optimal model parameter values from case to case is reduced, especially for boundary layer flows.

5) The Karman constant, k, and the wall length scale, a, cannot be thought of as independent parameters. They act together through the
product, ka, that appears in the shape function. If ka is fixed, then changing the Karman constant applies a pure scaling to the velocity.
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