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FLOW FRICTION OF THE TURBULENT COOLANT FLOW
IN CRYOGENIC POROUS CARLES

R C. flendricks
NASA Lawis Research Center
21000 Brookpark Rd.
Cleveland, 0Ohio 44135

and
V. M. Yeroshenko, L. I. Zaichik, and L. S. Yanovsky
The Krzhizhanovzky Power Eungipeering Institute,

Moscow, U.S5.5.KR.

ABSTRACT

Considered are cryogenic power transmission cables with
porous cores. Calculations of the turbulent coolant flow
with injection or suction through the porous wall are
presented within the framework of a two-layer model.
Universal velocity profiles have been obtained for the
viscous sublayer and flow core. Integrating the velocity
preofile, the law of flow friction in the pipe with injection
has been derived for the case when there is a tangential
injection velocity component. The effect of tangential
velocity on the relative law of flow friction is analysed.
The applicability of the Prandtl model to the problem under
study is discussed. It is shown that the error due to the
acceptance of the model increases with the injection
paraneter and at lowver Reynolds numbers; under these
circumstances, the influence of convective terms in the
turbulent energy equation on the mechanism of turbulent
transport should be taken into account.
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INTRODUCTIQN

One of the best technigques for cooling cryogenic power
transmission lines consists in the utilization of cores
permeable for the coolant. When cables of this type are
involved, the turbulent coolant flow in a long pipe with
injection or suction of the coolant through the porous wall
should be consideied in order to prudict thermal and
hydraulic behaviors.

Previous experimental and theoretical investigations
have been mainly focused on boundary layer flows while filows
with injection or suction have received inadequate attention
in literature. It is a common practice to estipate
parameters of turbulent flows in channels with injection or
suction using procedures developed for the boundary layer
(for instance, ref. 1). Besides, numerical calculations for
flows with injection or suction have been reported {refs. 2
and 3).

However, for practical purposes, it is of great
interest to develop calculation procedures applicable to
channels with ipjection or suction and involving relatively
simple analytical equations. Such a procedure is proposed
in this paper.

The flow of an incompressible f£luid with constant
physical properties through a circular pipe is described by
the folloving equation

T (1)

When normal and tangential injection velocities are
taken into account, the integraticn of equation (1) over the
pipe cross-section yields

N e A S N ) @
dx R p dx pR )

R R
where UE (Z/Rz){ urdr is the mean mass velocity, B: (2/R2U2){ uzrdr

ig the coefficient of impulse flow.

Since within the turbulent flow core the velocity
profile is nearly uniform, it may be approximately assunmed
that for the entire cross-section of the pipe exclusive of
the region near the wall

5 2,18 4 .2 14P
e +p3'.::_dxsu TY ax %
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Using equations (2) and (3), equation (1) can be rewritten
as follous

2t v
3 . 2r ¥ _ 13
3z TV < R WV R Y (rt) 4)

Below, in accordapce with the assumption of local
similarity (ref. 2), u+ and T4 are presumed to be
dependent only upon the transverse coordinate r.

Moreover, bearing in mind experimental results obtained
vith injection and given in referepce 4 is well as numerical
calculations carried out for suction in reference 2, wve

assume the linear dependence between the radial velocity and:
v o= vwr (4a)

Now the solution of equation (&) is

T, = el + v, (5)
[ (% “+]
To describe the turbulent impulse transport, the Prandtl
model may be employed
2
du
—2{ "+
= — 6
L (ﬁf) (6)
where E=K§f(§), £Fy) + 1 at -37-!-0

Considering equation (5), the integration of equation
{6) gives the velocity profile

Yy
sy e o

Yo

As in reference 5, ;b is a distance from the wall to where



the velocity equals to u, . _
Substracting from equation (7) its expression at y = 1,

éne obtains

= F(y)

<:|N
‘-'=I

Ly )

v

(8)

The above equaéion gives the velocity defect for pipes

with injection/suction. _
According to reference 5, the explicit function_ F(y)

may be given as follows

FG) = Aln(%), A=Le2s ©)

From equatlons (8) and (9), it may be concluded that
for the entire pipe cross-section the following logarithmic

dependence is valid and egquation (7) becomes

<.‘.|N

['/1+v ( +)-— 1] =Alny++Br (10)

where B = 5.5 - constant independent of injection.

With normal injection, equation (10} for the region
near the wall is well known (cf. refs. 1 and 6) while for
the flow core it can be easily found from equations (B8) and

(%9} a
The explicit exprassion for the velocity profile can be

derived from equation (10)

V

u, = uw+ + Alny+ + B + (Alny+ + B) (11)
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The presence of a tangential velocity, the velocity
profile within the viscous sublayer of turbulent f£low with

injection is

exp(V,y,y -~ 1
e 202
+ +

(12)

Within the framework of two-layer flow model, the most
natural manner for determining the viscous sublayer
thickness consists in setting the right~hand sides of both
velocity expressions (eqgs. (11) and (12)) equal to each
other

v, exp(VG)-l
+ L2 +4
A1n6+ + B +7+— (A1n6+ + B) = V+ (13)

Equation (13} shows that the thickness 6, is
independent of the tangential velocity ugy, . .

Figure 1 presents the calculated dependence between §
and V, « Moreover, the experimental data from reference 8
along with the viscous sublayer thickness obtained in
references 9 and 10 are also shown in figure 1.

-1
% A In( +0gV,) (14)
where ©, = 13,1 according to reference 9 and 9% = 11.9

Magggggiﬂgjto reference 10; V; is greater than -galr”

It should be noted that a measure of stability, Reg
including parameters calculated from equations (12) and (13)
for the viscous sublayer boundary, reduces as the injection
velocity grows and it increases with the suction velocity.
This is in agreement with the physical picture of the
injection influence on the region near the wall (refs. 8 and
10} - U

Employing the relation U, = ¥8/0 , the friction
resistance in the pipe can be derived. i, is given by

equation (12) for the viscous sublayer and by equation (711}
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for the remainder of the flow.

The friction rdsistance in a pipe vwith slanted
injection (suction) can be found by integrating the velocity
profile to give:

ﬁ iy 42 exp(V,6,) exp(V,81) (1 _ 6_+>_
A W v 2.2 V.R R
o V| virg ARy 4
1 Eﬂ:(l,.f:t_)__L_ +2A(1“R+_;..
T2 9 R R V.R p) 4
ViRY ) Ve
6. \] (1R
5, 5y 1 S\ Vel 2Ry
-.1_{_1“6-{--*'?{“ 4+ B TR +5lA 5
4 4 +/]
§ § 5
3 7 %% .2 + +
w3 R+ L - Zin%, 4+ 2= 1né, - 2 o= |+
2 PR T TR R R,
1nR 5 § §
+ DAB —fin%—R—*‘lns++-Ri + B %-i) (15)
- Ry + -
vhere
. Re T
Ro*7 V3%

The terns of an order of . 65/%& are onitted in
egquation (15) since ¢ << 1 . _ )

In the absence of 'vnjection or suction, equation (15)
gives the flow friction for a round tube

6

+
) 3 0
‘5/._-4\1@ +B-2A+—"(5., + 2A - 2Alné, - 2B (16)

Ao *o 2 R+0(*'0 *o )
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T |
.B.s‘/_fl -
R, =5=¥5 6, = 1L.64

0 0

Solving equation (16) by the method of interation at
high Re numbers, the explicit expression for A(Re) can be

Obtainea.
Four interations produce

/“ (1 L2 2.1 ( Be yp- Aln{Aln 24~ Aln[Aln X+op- Aln(Aln —]})

(a7

where
=24 4 + 2A ~ 2Alné - 2B
'*'o( *o + )

3A
D B«2

It is convenient to present calculations as a dependence
between the relative flow friction A/AO and injection or
suction parameter b = 8v JUA which is a common practice in
the boundary layer theo£§ (ref., 1)}.

When Re tends to infinity, it follows from egquations
(15) and (16) that

2
A 2 b
1im - ¥] = (1 ~w 1 -
(AO ) (- o) ( B p) (18)

Re -+ o«
where
L5}

= =
il CR S B Y@=

bkp
It can be readily seen that in the absence of the
tangential injection velocity, equation (18) coincides with
the lLimit friction depepdence suggested by Kutateladze-
Leontyev for turbulent boundary layers.
Figure 2 shows ¥(b) calculated fronm equations (15)

and (17).

The contribution 2f the viscous sublayer to the flow
friction appears to be insignificant even at Re = 104 and it
decreases further as the Reynoids number grows.

When there is an injected flow in the pipe, the flow
friction decreases with Re, similarly to the case with the
boundary layer (ref. 1), while in the presence of suction
flow, the Reynolds number influence bhecomes insignificant.
The latter is in agreement with reference 2 and the
simplified equation of Wallis (ref. 2-Discussion).

Figure 2 indicates that the results obtained are in
satisfactory agreement with other experiments and
calculations carried out for injection and suction

conditions at w = 0.

e
PR =,



Figure 3 illustrates the Lnfluence of the tangential
velogity on the relative flow friction in a pipe with
injection or suction. The skin friction stress ¥
decreases smoothly as the taungential velocity component uy,,
directed along the flow, increases; while V¥ increases when u
directed against the flow, incroeases, v

The procedure proposed here is based on certain
assumptions the main of which is iLie dcceptance of the
Prandtl model (equation (6)}). To estimate the region
wherein egquation (6) holds, it is necessary to consider the
equation of turbulence enerqgy balance without the diffusion
term but containing terms characterizing couvection,
genecation, and dissipation (ref. 19)

3/2
dE 3k 1l _du E
u8x+var -pTBr"'.ﬂ. (19)

where £ - turbulence scale assumed to be equal to the
Nikuradse mixing region length

T = 0.14 = 0.0872 - 0.06%" (20)

Similarly to the assumption of local similarity made in
abhove in respect to 7 and u, , the turbulent conergy, E,
is assumed to be a function only of the transverse
coordinate, E, = E , (xr) .

To detecmine the Reynolds stresses, the Kolmogorov
correlation can be used (ref. 15)

du
o ell2
T, aR.E+ & (21)

If the convective terms dare absent in eguation (19),
the turbulent tangential stress and energy can bhe obtained
Erom eguations (19) to (21)

a =2+
S ) @

du
Ry
BTt (65") (23)



PAGE 9

The constants « and ¢ may be determined fron
equations (22) and (6), avajc=1 ., and, since in the region
near the wall, the ratio between the turbulent tangential
stress and turbulent energy remains constant, this
p&.:amabar, according to reference 16, can be taken to be
T JE, = (ac)t/27% 0,26 7

Consequently, o = 0.51, ¢ = 0,13 .

The assumption of turbulent enerqgy local similarity makes it
possible to define the term u 3E/2x in equation (19)

du
9E ki A dU
U 9% uE+ dx 2uu*E+ 8 dx

or, taking into account the continuity equation, one obtains

4v. u
JE W A
WgsE -y U 3 (24)

Using equations (4a), (23}, and (24), equation (19) can
be written as follovws

cE, _fdu)’ ‘/- /2 _ an/?
-I——azd? =—2V 2 5 ++ +(1-y)(—i§.-— (25)

where the velocity profile u is determined from egquation
(ll1). The iteration procedure has been employed to solve
equation (25). Considering the right-hand side as a
disturbing factwur, the solution of eguation (25) in the
first and second approximations may be written

o f 9% :
E+1 = K-a.yf- (26)
du 2 . dEilz
a2y 2 E/- 1/2 = 1
E_!_2 <L (d?) v, <12 ¥V 1»1_*_13_'_1 + (1 -y) & (27)

e e e P



The approximation E4, 1s justified under the
assumption that the turbulence oenergy gencration and
dissipation are equal, {(uat is, when the Prandtl model is
valid. 4

Calculated values of E, and E, at Re =10
w, =0 normed on uf, are plotted in figure 4.

It is evident that the maximum of turbulence increases
and moves away from the wall as the injection flow grows.
This is found to Le in qualitative agreement with
experiments reported in reference 17 for a rectangular duct
with the injection flow entering the duct from one of the
valls. At high parameters of suction, the f£low in the pipe
center tends to become laminar.

Discrepancy between E and E, due to the influence
of convective terms on the "turbulent transport mechanisnm,
characterizes the region of applicability of results on skin
friction in pipes wita injection or suction.

As the injection parameter increases (b < ~4) anpd Re
decreases, the error due to the Prandtl model grows and one
should consider the influence of convective terms in the
turbulent energy equation on the turbulent transport

flechanisme.

and

NOMENCLATURE

axial and radial <oordinates
axial and radial velocity correspondingly
pressure
density
shearing stress
pipe radius
viscous sublayer thickness
kinematic viscosity
= Vtylo shear velocity
skin-friction coefficient
Dimensionless variables:

<

o <ol omg E R
*
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Re = —=~

= Re ofA
R, 2‘/;

Subscripts:

L} at the wall
0 without injection or suction
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FRICTION DE L'ECOULEMENT TURBULENT EN CABLE POREUX CRYOGENIQUE

SUMMAIRE: Ici sont considerais les cables de puissance
cryogenique avec injection ou aspiration a travers la muraille
poreuse, est presenté dans le cas d'un modele avec deux couches.
Le porfile de vélocit® universelle est deriveé pour 13 couche
vifLause et le centre d'ecoulement. Avec l1l'injection du

profile de veélociie, ont arrive & la loi qui directe la friction
de l'écoulement dans un tube avec injection pour le cas ou il

y & un component de velocité d'injection tangentiel. L'efféet de
la valocite. tangential sur la loi relative a 1'coulement de
friction est analyse. L'application du modele de Prandtl au
probleme ici est discoute. Il est montré gue l'erreur du modele
est augmente par le paramete d'injection pour les numbres
Reynolds plus bas; sons ces ¢ircumstances, l'influence des
termes convectives dans l'equation d'energie turbulente devrait
8tre pris en comptes.
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1 CALCULATION FROM REF. 10 8  FROM REF. 12
2 CALCULATION BY THE METHOD 9 FROM REF, 13
% PROPGSED 10  FROM REF. 14
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Figure 1. - Viscous sublayer thickness ver sus in-
jection or suction velocity.

Figure 2. - The influence of injection or suction parameter on rela-
tive flow friction.
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Figure 3. - Injection or suction tangential velocity versus flow friction.
Flgure 4. - Distribution of turbulent energy in the pipe
cross-section,





