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TYPES OF MOMENTUM DEFECT DIFFUSION
AT THE BEGINING OF THE WAKE AND WAKE
ESTABLISHMENT ZONE FOR THE COUPLED
WAKE AND COMPARISON WITH
THE ISOLATED WAKE

HoaNG THI BICH NGOC
Department of Mecchanics, Hanoi University of Technology

ABSTRACT. The article [10] has presented the necessiiy of the classification into two
types£ Isolated wakes and coupled wakes. In this report, different types of momentum
defect diffusion at the begining of wake are analysed for the two types of coupled wake
and isolated wake. According to numerical results obtained, we analyse the existence -
long or short - of the wake establishment zone before the wake established zone, and this
zone is very different between isolated wake and coupled wake.

1. Introductioﬂ

From the established equation about the wake width, we will analyse types
of momentum defect diffusion at the beginning of the wake for coupled wake and
isolated wake. The difference about the type of momentum deffect diffusion of the
two sorts of wakes decides different properties of these two sorts of wakes.

According to obtained numerical results, we analyse the existence of the wake
establishment zone before the wake established zone. For coupled wake, the wake
establishment zone can be long, short, or negligible - which depends on the bound-
ary layers before the coupled wake and Reynolds number Re. in wake. But, for
isolated wake, the wake establishment zone is considerable, and before the wake
establishment zone, according to each case, it exists a zone of form vortexes, in
which, the numerical calculation is not converged.

2. General equation about wake width and type of momen-
tum defect gradual diffusion at the beginning of coupled
wake & comparison with the type of momentum defect sud-
den diffusion at the beginning of isolated wake

Existing theories of wake report that the bidimensional wake width is propor-
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tional to the square root of the abscissa z [6]:

b(z) = ky/z, (2.)

where k is a proportional coefficient. While according to the established theory
[12], we have:

xz

b(z) = %+h/

o

dr
()

(2.2)

where, & is the boundary layer thickness at the trailing edge, k; is the expansion
coefficient of wake width, and U{z) is the external velocity (with f, = const, see

(3.1)).

According to the existing formulas (2.1), we can put a question: is the absc-
. cissa £ = 0 determined at the beginning of wake or at the beginning of boundary
layer ?

o If the abscissa £ = 0 is counted at the beginning of the wake, the formulas
(2.1) are not applicable to coupled wake, because the width of coupled wakes is
not zero at the beginning.

e If the absccissa z = 0 is counted at the beginning of the boundary layer, is
the law of development of the boundary layer thickness similar to the law (2.1} of
the wake, so that the passageway from the bounda.ry layers to the coupled wake
has not leaps about the width.

According to the established equation (2.2), at the beginning of wake: z =0
the wake width is equal to the boundary layer thickness at the trailing edge:
b(z) = 6. The development of wake width along the flow (abscissa z) depends on
z and the external velocity U(z).

U(x)
b{x
m ) U (X, Y) Form vortex
u1m (X)
Fig. 1. Coupled wake F 1g. 2. Isolated wake

We know that the momentum defect in wake is conserved [2]. For the coupled
wake - “pur” coupled wake (not mixed wake} {10], the momentum defect is caused
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by friction losses in boundary layers before the coupled wake. At z = 0, from
the equation (2), the wake width: b(z = 0) = §. This momentum defect at the
beginning of the coupled wake is diffused in all the width 8. And we can call this
type of ‘momentum defect diffusion type of gradual diffusion.

‘While, for the isolated wake - “pur” isolated wake (not mixed wake) [10],
8o = 0, the momentum defect is caused by form resistance. At z = 0, from
equation {2.2), the wake width: b(z) = 0. Since z > 0, the wake width increases
according to the law: b(z) ~ /T (with U(z) = const). Thus, the space at the
beginning of isolated wake is limited, and the momentum defect is diffused with
sudden type. With this type of sudden diffusion of momentum defect, there are
form vortexes at the beginning of isolated wake.

3. Wake establishment zone for the coupled wake

Flow laws in the boundary layers and the coupled wake are different. Thus,
there is always a transition zone from the boundary layers to the coupled wake - .
from the flow with wall to the free flow (without wall). If neglecting form losses
behind the profile (“pur” coupled wake), characteristics of the transition zone
depend on characteristics of the boundary layers at the trailing edge [7, 8] and the
Reynolds number (Re,). The momentum defect is gradually diffused, and then
we can call this zone wake establishment zone (it is conventional that the wake
establishment zone is a zone, in which, flow parameters are fluctuated and there
are not singularitiés).

Using the established equation about the wake width {2.2) in a numerical
method [3, 9], we calculated some cases (one case was compared with an exper-
imental case of Andropoulos and Bradshaw [3]), and numerical results in figures
3, 4 show the wake establishment zone for coupled wakes (Case a: coupled wake
without pressure gradient with the external velocity U(z) = 0.5m/s; Case b: cou-
pled wake without pressure gradient with U(z) = 10m/s; v = 10~ %m?s~!). The
figure 3 represents converged results of 4 longitudinal iterances for the integral f,,
and the figure 4 converged results of 4 longitudinal iterances for the integral fy,
where:

1
f”:!tx_;d(%)’ (3.1)

fy:!iid(i)’ | (3.2)



with, uy = uy(z,y)is the velocity defect distribution in the wake,
U1m = Uim(2) i_s centerline velocity defect,

Ye = yc(z) is the distance from the axis to the point, at which, the

| ‘velocity defect is a half of the centerline velocity defect: u1(z,y:) = 0.5u 1, (z).

For the integral f,, Schlichting semi-empirically found its constancy for iso-
lated wakes without pressure gradient [1]:

fu = ey = const (3.3)

Our numerical results also demonstrate the constancy of the integral f, for wakes
without pressure gradient [14]. That is, the integral f, has special properties.

For the integral f,, our numerical results demonstrate its constancy for all
cases: wakes without pressure gradients and accelerating, decelerating wakes [16,
17]: .
fy = ¢y = const [universal integral|. (3.4)

" This is equivalent to the experimental conclusion of Schlichting and Reichard
(1929-1932) about the demensionless velocity defect {18]:

7
L= (E) [univeral relation). (3.5)
Uim Ye
That is, the integral f, also is a special integral, which we call universal integral
[14].

Beside special properties of these two integrals f, and f,, numerical results '
show that these integrals are very sensitive with errors. Thus, we represent in
following figures numerical results of only the two special parameters above: f,

and fy.

e For the case a, numerical results in figures 3.a, 4.a show that at the beginning
of wake, exists a bad converged zone, which lengthens about 0.15m. We can
consider this zone wake establishment zone. Next, it is the wake established zone.
However, the numerical calculation is converged only on the length of 25m (zone
C). After the zone C, the numerical calculation is diverged (zone D). This is
explained by factor that: at the wake establishment zone, calculation knots bring
certain errors. In the next calculation process, these errors add to accumulated
numerical errors in the zone C. When the total error is too big, the calculation is
diverged. We can find that, the longer the wake establishment zone, the shorter
the numerical converged zone (zone C), and vice verca.

¢ For the case b, numerical results in figures 3.b, 4.b show that the wake
establishment zone is so small that not visible in the figures. Thus, the numerical
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converged zone C is very long, till 32m, there are not yet numerical unstabilities.
Why is the wake establishment zone in this case more moderate? This can be
that when the external velocity U(z) is big, according to the equation (2.2), the
expansion of wake width b(x) upstream of wake is small. Thus, the passageway
from the boundary layers to the coupled wake at the trailing edge is gradual.

That also shows inconveniences of existing formulas (2.1) about the wake width, - -

when in these formulas, these is not the presence of the external velocity U(z).
And numerical results calculated for asymmetric coupled wakes [11, 15] show that,
parallelly with the axis displacement of the asymmetric, the wake establishment
zone of the asymmetric wakes is more important than one of symmetric wakes
with same flow conditions. —

fu
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Results of 4 longitudinal iterances
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Note that in the zone D after the zone C, although the numerical calculation
not converged (this is caused by too large numerical errors), but physically, the
me D belongs to the wake established zone (which always follows flow laws of

ie zone C in cases of constant external velocity). . .

Also using the same method as for the calculation of coupled wake [13], we
ulculated some cases of isolated wakes. The numerical calculation must then
impt a certain distance (z,p) from the beginning point of the wake. In figures
and 6, represent numerical results on the integral! f, and the integral fy for
vo cases without pressure gradient with different drag coefficients ¢, different
cternal velocities U(z) and similar cross dimensions. For the case c: ¢, = 1.22
:ylinder body}, z., > 0.21; for the case d: ¢, = 1.55 (triangle body), z., > 0.28.
erhaps, this can be explained by the factor that: for isolate wakes, before the
ake establishment, there is a zone of form vortexes, where Prandtl’s equation
ystem is not verified, and thu_s,' the numerical calculation can not converged at
eginning knots. We can see that for the two cases of coupled wakes above, the
ad converged zone upstream of the wake lengthens about 0.15m in the case a,
nd this zone is negligible in the case b. But here, for the two cases of isolated
rakes, the bad converged zone is much more than one of the cases of coupled
rakes: about 1 m for the case ¢ and about 2.5 m for the case d. We find that flow
pstream of coupled wakes is much more tender than the flow upsream of isolated

rakes.
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4. Conclusion

The presented analysis about the different types of momentum defect diffusion
at the beginning of the wake for coupled wake for and isolated wake, and the studies
about the wake establishment zone for these two sorts of wakes show that it is very
necessary to classify the wakes into two types: isolated wake and ccupled wakes.
And thus, it is necessary to have two respective study domains for the wakes: the
study domain of isolated wakes and the study domain of coupled wakes.

References

1. Abramovich G. N. The theory of turbulent jets, USA, 1963.

2. Abramovich G. N. Theory of the free jet and its applications, Aero. Inst.
1936.

3. Andreopoulos J. and Bradshaw P. Mesurements of interacting turbulent shear
layers in the near wake of a flat plate, J. Fluid Mech. {1980}, vol. 100, part
3, pp. 639-668.

4. Bradshaw P. Suggested origin of Prandtl’s mizing-length theory, J. Nature,
vol. 249, p.135, 1974.

5. Cebeci T. Calculation of three-dimensional boundary layer, J. ATAAJ, vol. 12,
p. 779, 1974,

6. Cebeci T. and Bradshaw P. Momentum transfer in boundary la.yers, Wa.shmg-
ton - London, 1979. :

43



10.

11.

12.

13.

14.

15.

16.

17.

Cousteix J. Aérodynamique en fluide visqueur - Couche limite laminaire,
Paris, 1987..

Cousteix J. Aérodynamique en flurde visqueuz - Turbulence en couche himite,
Paris, 1988. :

Keller H. B. and Cebeci. Accurate numerical methods for boundary layer
flows, pt. 2 two-dimensional tirbulent flows, AIAA J. Vol. 10, p. 1193, 1972.

Hoang Thi Bich Ngoc. Relationship between the boundary layer and the wake
and Necessity of the classification of wakes into two types: Isolated wakes and
coupled wakes, Proccedings of the 4th National Conference on Fluid Mechan-
ics, Hanoi, 1996. '

Hoang Thi Bich Ngoc. Asymmetric two-dtmensional tirbulent wake: Classifi-
cation and Mechanism of the azis displacement and Method of determination
of the axis displacement, Proceedings of the 4th National Conference on Fluid
Mechanics, Hanoi, 1996.

Hoang Thi Bich Ngoc. Symmetric 2D turbulent wake: Establishment of the
equations about wake width and centerline velocity defect'in the general case,
Proceedings of the International Conference on Engineering Mechanics Today,
Hanoi, 1997.

Hoang Thi Bich Ngoc. Ezperimental directions and possibility of perfection
about the nalytical theory of coupled wake without pressure gradient, Proceed-
ings of the International Conference on Enginnering Mechanics Todays, hanot,
1997. '

Hoang Thi Bich Ngoc. Developmemt of Schlichting’s two-dimensional tur-
bulent wake theory for general case of coupled wake and wake with pressure
gradient, Proceedings of the 6th National Congress on Mechanics, Hanoi,
1997. -

Hoang Thi Bich Ngoc. Properties of the asymmetric wake after taking into
account the azis displacement, Proceedings of the 6th National Congress on
Mechanics, Hanoi, 1997.

Hoang Thi Bich Ngoc and Vu Duy Quang. Properties of coupled turbulent
wakes with positive and negative pressure gradients, Proceedings of the Inter-
national Conference on Engineering Mechanics Today, Hanoi, 1997.

Hoang Thi Bich Ngoc and Vu Duy Quang. Risk of decelerating coupled wakes
and Application to the landing case, Proceedings of the 6th National Congress
on Mechanics, Hanoi, 1997. '

44



18, Schlichting H. Boundary Layer Theory, New York, 1962.

Received March 22, 1998

CAC KIEU KHUYECH TAN PONG LUQNG THIEU HUT & BAU VET VA
VUNG VET D ANG THIET LAP CUA VET LIEN HQP VA SO SANH VOI VET DON

Trong bai viét [10], di trinh bay sw cin thié€t phai phan loai v& thanh hai
loai: vét don va vét lién hop. Bai viét ndy d8 cdp t&i cdc kidu khuyéch tan déng
lwgng thi€u hut & dau vét, d8i véi hai loai vét don va vét lién hop. Véi hai loai
vét nay, cic kidu khuyéch tan déng lwong thifu hut & diu vét rit khic nhau, va
chinh diém khic nhau ndy chi phéi nhitng d¥c diém khéc nhau co ban cla hai loai
v&t néi trén. Theo k&t qua s§ nhin dwoce, s tdn tai cla ving vét dang thiét lap
- dai hojc ngin - & trwdc viing vét thidt lip dwoce phan tich trong bai nay. Ving
vét dang thiét 14p nay rit khac nhau gitra vét don v vét lién hop.
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