CHAPTER 4 Nondimensionalization

The goal of may CFD problems is to sodvthe flav over configurations that kie
been tested in wind tunnels or flight tests.dpegimental tests, the model being studied is
of knowvn dimensions. Since there is no standard system of measurement for such testing,
some models are measured in feet, some in meters, some in inches, etc. Smnildrly
speeds might be measured in feet/second or meters/second or someapthendimen-
sionalizing the fla-field parameters in a CFD code reras the necessity of cegrting
from one system to another within the code.

Throughout this chaptethe termfree steamis used. Please see the note on [3age
concerning its usage.

4.1 Dimensional Brameter Definitions

The following parameters are used to nondimensionalize thefigbdd variables:

L = characteristic length, feet (e.g. chord)

L.+ = corresponding length in the grid (nondimensional)

ref
ER =L/ L, = reference length used by code, feet (dimensional)
0., = free-stream densitglug/feet

a,, = free-stream speed of sound, feet/second

|\~/|00 = free-stream&locity, feet/second

U, = free-stream molecular viscosisiug/feet-second

t =time, seconds
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CHAPTER 4 Nondimensionalization

The ~ here and elaere indicates a dimensional quantitipte that meters could be
substituted for feet, kg for slugs, etc., in thewabdefinitions, as long as it is done consis-
tently.

4.2 Genenl Flow-FHeld \ariables

In CFL3D, the nondimensionalizations are performed asvsllo

_p _
p== Po = 1
Poo
_ 4 _
us== u, = M, cosacos
Vv :
V= 3 v, = -M_sinf (4-1)
W = éﬂ w,, = M, sina cosB
= P p = 1'
~ o~ 2 00
Peol(B:) Y
Also,
2
e M
€=z ? 2 €0 = (1_1)+( 200)
Poo(Bco) Yy
a= = a,=1 (@-2)
aOO
T=g =¥P-2 71 =1
To P
X = —~ y = L
LR LR
~ ~n (4-3)
Z ta,
Z= =— t = —
LR LR

Also, Reynolds number based on the characteristic length is
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4.3 Reynolds Number Examples

Bl V]l
ReE = P |~ | (4-4)
Mo

Note thatRe|~_ is not input into the code, Ui rather the Reolds number per unit grid
length, in millions:

Re10® = PulVlobryy gt

reue = = Re- x10° (4-5)
ref He Lr
The free-stream Mach number is
Voo
M = == .
o N (4-6)
where the free-streanelcity magnitude is
~ ~ 2~ 2 o~ 2
Vo = J(0,)2+ (7,) + (W,,) @

The molecular viscosity is defined from Sutherlaftdaw as follavs:

3~
_ BT f[Tetc
D il “
§1+$
= (M —=
T+ =—

00

wherec = 198.6R = 110.#K is Sutherland constant.

4.3Reynolds Number Examples

Experience has st that some confusion arises when it comes to setting the parame-
terreue in CFL3D. Somexamples may help.

Suppose the configuration to be analyzed has a body length of 48 inches and it is
desired to run a simulation in which theyRelds number based on the body length is

6><106. Thus,|: = 48 inches and?eE = 6><106.

CFL3D Users Manual 55
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To carry out the simulation, a grid is required. Suppose three people each create a grid.
In the first persos’ grid, the length of the body is 48, i.e. the configuration is full size in

the grid coordinate system. Thus in grid 1 is 48. Therefore, by Equation (4-5),

6
= 6104107
reue 18

= 0.125 (4-9)

The second person decides to normalize the grid such that the body has a length of 1.
Thus, L, ingrid 2 is 1 and by Equation (4-5),

6
6X]:!_O x10_6 =

reue = 6.0 (4-10)

The third person as gven the geometry definition in centimeters. Grid 3 is therefore

generated with a body length of 1214B(nches= 121.9centimeter), solL, = 121.9
and
reue = 6X106X10_6 = 0.0492Z 4-11
T 1219 - R @1
4.4Time and Tme Step
Time is nondimensionalized as folls:
ta,,
t = — (4-12)
Lr

If a particular dimensional time stegt(in “LT5 - Time Step Brameters” on pag#l) is
required, then this relation may be used to determine the correspondingailugudfAt .

For the time step,

At = desired time step, seconds

Therefore,

At = — (4-13)
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4.5 Moving Mesh

4.5Moving Mesh

These additionalalues may be needed for the nondimensionalization of thégio
mesh parameters:

f= frequeny, cycles/second

k. = reduced frequenck, = fﬂ/éw Note: This definition of reduced frequemdif-
fers from the “standard” definitiok, = ?IZ/I\N/I00 . Also, note that the quantities

L and L, used to nondimensionalize the viv@g mesh data need not be the
sameas those used to nondimensionabizey, z, andt. That is wly L, is
input explicitly in the moving mesh section of the input file.

kg = I~_/(2néwfo) = rate of gravth of displacement, Wherh) = the time to reach
63.2% of the maximum displacement, seconds

4.5.1Translational Motion

These dimensional parameters are also needed for the translational nondimensional-
izations:

U ans = X cOMponent of translationaélocity, feet/second (needed fiorans = 1)
Virans = Y component of translationaélocity, feet/second (needed fiorans = 1)
Wi, ans = Z COMponent of translationaélocity, feet/second (needed fiorans = 1)
Xmax = Maximumx displacement, feet (needed farans > 1)
Ymax = Maximumy displacement, feet (needed farans > 1)
Z,.x = maximumz displacement, feet (needed farans > 1)

Again note that meters or inches, etc. could be substituted for feet in treedsdmitions,
as long as it is done consisten#yso, not all of the abe dimensional parameters are rel-
evant to a gren problem. Br example, in sinusoidal plungingt(ans = 2), k

Virans» @andw,, . are irrel@ant.

g’ utrans’
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4.5.1.1Translation Vith Constant ¥locity

Foritrans = 1, input the follaving nondimensional parameters:
rfreq = 0.0

utrans = Uy, 5,/ @, (Mach number ok translation)

vtrans = Vi, 4ne/

WErans = W, ;ne/ ao

The nondimensional displacement in the code is thearged by

X = Ugranst
Y = Viranst (4-14)
= Wiranst

4.5.1.2Sinusoidal Plunging
Foritrans = 2, input the follawing nondimensional parameters:

rfreq =k,

utrans= X /Lg
vtrans=y, . /Lg
wtrans= 7. /Lg

Note that,imax/ﬂR, for example, is simply the maximum displacement in “grid units”.
The nondimensional displacement in the code is thearged by
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4.5.1 Translational Motion

Kt
- i U
X utranssm%rtl_—D
ref
okt
y = vtranssm%nl_—rg (4-15)

If the time step is to be chosen so that therédNasteps perycle, the required inputalue
of dt (see “O5 - Time Step Arameters” on pag&l) may be determined from

I-ref
dt = N (4-16)

The corresponding dimensional time step is
ANt = LN (4-17)

N [Cf

4.5.1.3Accelention to Constant Displacement

Foritrans = 3, input the follawving nondimensional parameters:
rfreq = kg

utrans= X /Lg

vtrans= 9, . /Lg

wtrans= 7. /Lg

Note that,f(max/ﬂR, for example, is simply the maximum displacement in “grid units”.
The nondimensional displacement in the code is thearged by
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— k t -
X = Uy ans 1.O—exp5—2nL—rB
L ref -
— k t -
Y = Vipang 1.0- exp%—ZnL—rB
L ref -
— k t =
Z = Wy s 1.0—exp5—2nﬁ£
L ref -

Thus, withutrans = x

max’
LS 1
Xmax €
at a nondimensional time of
t. = I-ref
0 2nk,

rfreq for itrans = 3 may therefore be defined as

L .
rfreq = =& = L
2ty  2ma,t,

X will attain 63.2% of itS maximum walue, i.e.

(4-18)

(4-19)

(4-20)

(4-21)

wheret, is the time (seconds) to reach 63.2% of the maximum displacement. Increasing
rfreq has the déct of decreasing the time to attain a specified percentage of the asymp-

totic maximum displacement.

4.5.2Rotational Motion

These additional dimensional parameters are needed for the rotational nondimension-

alizations:

(I)X = X component of rotationalelocity, revolutions/second (needed fioptat = 1)

(I)y =y component of rotationakelocity, revolutions/second (needed fioptat = 1)

w, = z component of rotationalelocity, revolutions/second (needed fiootat = 1)

éx, max = Maximum angular displacement ab&udxis, dgrees (needed farotat >1)
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4.5.2 Rotational Motion

By, max = maximum angular displacement abgudxis, dgrees (needed forotat >1)

éz, max = Maximum angular displacement abautxis, dgrees (needed forotat >1)
Again note that meters or inches, etc. could be substituted for feet in treed®dmi-

tions, as long as it is done consistenipt all of the abee dimensional parameters are

relevant to a gren problem. Br example, in sinusoidal pitchingrbtat = 2) kg, W, (Toy,

and w, are irreleant.

Using these dimensionadles, the nondimensionalizations are performed asvsillo
4.5.2.1Rotation Vith Constant Angular &locity

Forirotat = 1, input the follaving nondimensional parameters:

rfreq =0.

omegax = ,L/a,,

omegay = JJyI:/éoo

omegaz = &,L/a,

For turbomachinery type applicatiorfs,is typically chosen as the prop/blade diameter

that @, w,, @, = M, / (adwance ratio). The angular displacement (radians) in the code
is then goerned by

8. =2 w,t

X T[Lref

8 =2 wyt

y = T[ref (4-22)
Wt

ez = 2T[L——

4.5.2.2Sinusoidal ¥riation of Angular Displacement

Forirotat = 2, input the follving parameters:
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rfreq =k,
omegax = éX, max, degrees
omegay = éy, max, degrees

omegaz = 0, max, degrees

The rotational displacement (radians) in the code is theerged by

_ m . I O

6, = wx—1805|n%nkr———LrefD
_ m . t O

Gy = wV_lSOSIn%T[kr_LrefD (4-23)
_ L {0

6, = wZI—msm%ner—D

ref

If the time step is to be chosen so that therdNasteps perycle, the required inputalue
of dt (see “O5 - Time Step Arameters” on pag&l) may be determined from

L
At = kr_el\fl (4-24)

r

The corresponding dimensional time step is:

1
N

ANt = (4-25)

—h

4.5.2.3Accelention to a Constant Rotational Displacement
Forirotat = 3, input the follving nondimensional parameters:
rfreq =k

g

omegax = éx, max, degrees
omegay = éy, max, degrees

omegaz = éz, max » degrees
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4.5.2 Rotational Motion

The rotational displacement (radians) in the code is theerged by

_ T, [ t
6, = 180_1—exp[-—2nerrefD_
T, q
= V1 _ explomk O _
ey 180_1 expp 2nerrefD_ (4-26)
_ T, [ t O
6, = 180_1 expp 2nerrefD_

Thus, withw, = éx, max, 0, Will attain 63.2% of it5s maximum alue, i.e.

0,/06 = 1—1' (4-27)

x’ Yx, max e

at a nondimensional time of

t_L
0™ 2k,

(4-28)

Increasingk, has the déct of decreasing the time to attain a specified percentage of the
asymptotic maximum displacementreq for irotat = 3 may therefore be defined as
I-ref |:

rfreq = =
a 2, 2ma

- (4-29)
ty

0

Wherefo Is the time (seconds) to reach 63.2% of maximum displacement.
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