tion; 3 = (Tw — T)/(Tw — To), w = u/ue, relative temperature and velocity, respectively; )
8§ , &7, thickness of the dynamic and thermal boundary layers, respectively; e, = (&§/67)NTR,
coefficient of nonsimilarity of velocityand temperature profiles; n and nT, indices for power
law approximation to the velocity and temperature profiles, respectively; Ty and To, tempera-
tures of the wall and of the main air flow.
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NUMERICAL ANALYSIS OF LAMINAR FLUID FLOW IN A "POROUS PIPE
IN A PIPE" HEAT EXCHANGER

V. A. Babenko and D. K. Khrustalev UDC 532.517.2:536.27

The change in the velocity of liquid overflow through the wall of a porous tube
along the length of a system as a function of the input flow parameters and the
permeability of the inner tube walls is investigated.

A flow with variable rate along pipes of different configurations was recently the theme
of a considerable number of publications, which has certainly been caused by the demands of
engineers analyzing such flows. Motion with mass varying along the path is realized in col-
lector systems, e.g., in heat exchangers with porous elements, in heat pipes, etc. Laminar
fluid flow in a porous pipe with constant suction along the length has been studied in [1-5],
A flow with rate of mass delivery or extraction varying according to a known law has been
studied considerably less [6-8]. A more complex case is examined in this paper — flow with
variable mass in two channels separated by a permeable baffle. The velocity of overflow from
one channel to the other is not known and is determined from the solution of the problem. The
viscosity and density of the fluid are hence considered constant, mechanical energy dissipa-
tion into heat is neglected, and the geometric dimensions of the system are such that the
channel length is substantially greater than its diameter,

Laminar incompressible fluid flow in a circular pipe with permeable walls of a porous
material inserted in a coaxial pipe of larger radius with impermeable walls is considered.

Under the effect of a pressure drop on the porous pipe wall, the fluid will be sucked
out of the inner channel into the outer or conversely. The pressure drop on the wall and the
overflow velocity depend on the axial coordinate. Let us take Darcy's law for porous mate-
rial as the dependence of the overflow on the pressure drop. The suction rate for a homo-
geneously porous wall with constant thickness can be expressed as follows according to
Darcy's law:

_ K (p|r-=a —_ Plr=b) . (1)

UVir=a =

b
waln —
a

The flows in the inner channel and in the annular gap are described by the stationary Navier—
Stokes equations:

L0 Ju'? 4o Outd ;___._i apd . . NG +_1_ ou(H + 20t )’
ax or p Ox O0x3 r or o

gy O G0 1 g 0% 1 e 0D ) (2)
ax or o or dx? r or ar? ’ :
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Auté) a R .
[P m(“) == 0, 1o 19 2}
dx + or (o) (3

where the superscript i = 1 refers to the imner, and 2 to the outer channel, and (3) is the
continuity equation.

It is assumed that the mean radial velocity is small compared to the mean axial veloci-
ties in both channels, i.e., v/u << 1, Applying an analysis on the order of smallness to the
Navier—Stokes equations, we obtailn equaticns agreeing in form with the boundary-layer equa-
tions in a first approximation, as is usual.

Let us introduce the following notations:

Lo Y e T gy u
Qg a’ oy

pe P oa__ K o, wm )
put: vin2 v

We then obtain a system of Prandtl equations in cylindrical coordinates for the dimensionless
quantities:

y aU® o oUW dP oUw 19U (5)
() s ) e —_——_—,
A " ok =z TRt TR OR
agam +___é% (RVD)=0, i=1,2 (6)
Z

let us add the mass conservation laws in integral form for each domain to the boundary-layer
equations:

for the inner channel

1
f U® RdR = — VL1, )

».

(4

LN

for the amnular gap

(8)
_5; U® RdR = vf;;z.

g‘vﬁ.—"}:;jh

for the porous wall
b
—“V‘;f__g'z—'V%L:- : (9
a ~a

Let us write the boundary conditions reflecting the symmetry of the problem and the ad-
hesion of the fluid to the walls

{1)
Vio=0, 22| =0, U =0, VD, =UD . =0,
OR  |R=so IR IR=— (10
Vi(;)u-ﬁ == G! Ul{;(}::: fi«(~R) 3 Vg;(’:: 9 (R) ¢ y i= 13 29
=a Upy v

where £i(R), ¢i(R) are functions giving the velocity profiles u(1) and v(i) at the entrance.

Let us define the Reynolds numbers used later for the overflow and the longitudinal velo-
cities in both domains:

Uirema @ uva PN 7 gy )
Re, = ““‘,‘r%a“‘“‘ = Vg%-}_—.-h Rex= Ty R% == s an

The problem was numerically solved by using the finite-difference method. An implicit
finite-difference approximation of the equations which assured the stability for any relation-
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ship between the z and R spacings for Uz 0 {2] was used for the solution. The equations were
approximated on a uniform mesh in each domain. The spacings along the radius in the inner and
outer channels were selected different. The velocities and pressures were considered known
for any k and 7 in the layer j and above in the flow. The flow is unknown on the (j + 1)~th
layer. There were no iterations in the nonlinearity.

Let us use the following finite-difference representations of the terms in (5) and (6)
for the (j + 1)-th layer:

W Upaw—Usx U Upra—Usns

0z Az " R 2AR '
U Ujawa—2Upun+Ujuny 0P Pj.—P;j (12)
oRE (AR) * oz T Az
Consequently, we obtain a system of algebraic equations from (5):
: (1)
Ui at + Bra Ule +via Ul = @5, ——@;—~ ' (13)
4 ,
2 AP '
aj U)o + 850U+ 75, U e 11(1)],;"*——"—62 . (14)
where
1 Vi 1
Qi == - -
2R;AR  2AR (AR)
— 2 s U},i
Bsi= (AR)? Ea Az
_ Vi 1 ! U,
Vi = AR T (BRY SRAR " DT A

for the domain 1, i = k=1, 2, 3, ..., n and for the domain 2, i =2 =20, 1,2, 3, ..., m

Resolving the indeterminacy by L'Hospital's rule for R = 0, we obtain

U“’ 4 4 U“"
Kjp = Az + (AR)2 ’ ﬁi,o = TA‘W" » (Di,o = AZ s ?i.ozo-
Let us write the continuity equation (6) in finite-difference form:
i (i
R, (U, a—UD + R, (U —UY k+1) Vi2t a1 R — Vi a R -0, (15)
2Az AR

fori=1%1,k=1,2, ..., nwhile k=0, 1, 2, ..., m for i = 2. Applving L'Hospital's rule
for R 0, we have

i

D0 +UR, o —U U + Vi
2Az AR

Summing (15) and (16) for the inner channel and taking into account that

V)'+( nu——-V;R—l = A(Pg')l - P; l)

= 0. (16)

we obtain

n

1

22 (P — P2 + E R, UL, h+‘—"“ Ui = ~—U§¥1 0 == ) R, UyA + U}ll) + —UN. an

AR 4n 4n
R==2 R==2

Relationship (17) expresses the law of conservation of mass in integral form for the

first domain and therefore corresponds to (7). Relationship (16) is not used later; (15)
and (17) can be considered linearly independent.

Analogously, from (15) we have an expression reflecting the mass conservation in the an-
nular gap
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_.-g% AP, — P2+ ERzU‘ = 2 RUY. (18)

We have therefore obtaine system o lgebraic equations (13)-(15), (17), (18) in
which the number of unknowns Uzl§ ?2§ {’? ?2§ P%‘) ?2§ agrees with the,number of
equations.

Let us seek the velocities U(l), U(z) in the form of a sum of two components:

apw oP®
UD a=NGhaet Wiihg ——— = , U =N+ W re 19)

Substituting these expressions into (13), (14) for N(i), N(z), w(‘), w(2>, we obtain four
systems of algebraic equations

i i (i1 o
oy wNf amt + Bra NIt VAN = 17—

- ; i f e
“J,AW§$1,301 + 51,&%21.k+\’!,kW§7‘~)1-R+1 =-—1, i=l2 (20)
where the coefficients «, B, y are the same as in (13) and (14).
Directly at the walls o = y = 0, 8 = 1 for each of gystems (20).

It is convenient to solve system (20) by factorization. By evaluating N, w(i) and

substituting (19) into(17) and (18), we obtain two equations with two unknowns P} +% and P(+l’

Having determined the pressure on the ( fl) ~th layer in both domains, we find the longitudi-
nal components of the velocity vector U 1) from (19). We find the suction Reynolds number
i VgR- for a known pressure drop on the porous wall. The velocities V( Y, Vé ) are de-

termined fyom recursion relation (15).

After this we go over to the next layer j and repeating the process compute the velocity
field for the whole structure in this manner.

The problem was solved for a heat exchanger with the following geometric dimensions: a =
9 - 107%m b=20- 10" m ¢ =25"+10"m L =3m., The main computational mesh had 100
riodes along the length of the structure and 50 along the radius in the inner and annular
channels. The change in the computation results did not exceed 1% when the mesh was reduced
two and more times in size.

A checking computation was performed for the case of impermeable inner tube walls and a
steady velocity profile at the entrance. Hence, the velocity profiles were practically un-
changed with distance from the entrance. The pressure drop in the inner channel agreed with
the drop computed by the Poiseuille formula to hundredths of a percent accuracy. The results
of variant No. 2 (see Table 1) were compared with values of U, V, P, which were obtained by
the method proposed by Weissberg [1] for the computation of the flow in a pipe with permeable
walls with constant suction. It was hence assumed that Rey = 0.63 over the whole length of
the structure. The differences in the values of U, V. P in the inner channel were less than
0.5%.

The proposed finite-difference scheme describes well such physical phenomena as pressure
restoration and the occurrence of reverse flows under strong suction, and reconstruction of
the pivotal velocity profile in the entry section.

It can therefore be considered that the results obtained by this method have sufficient
accuracy.

The solution of the problem showed that the overflow distribution in the system depends
essentially on the magnitude of the inner pipe wall permeability and on the velocity profiles
at the entrance. '

Homogeneous (pivotal) and Poiseuille (steady) profiles were examined. The velocity field
at the entrance is homogeneous if the structure is attached directly to the pressure source,
a pump or plenum.

A steady velocity profile holds when a sufficiently long section with impermeable walls
adjoins the structure entrance. It is given by the formulas
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TABLE 1. Initial Data for Different Variants of the Computation
for v = 0.2323 « 10~° m*/sec; p = 136 kg/m®

Variant - = (D —p(2)y (x=
number K, Darcy Re; (x=0) Re, (x=0) |(p ;X/rr)zz(x 0),
1 0 1500 900 . 3,75
2 1 1500 900 3,75
3 5 800 1700 0,75
4 10 1300 1600 0,375
5 20 1000 1670 0,25
6 30 1200 1850 0,125

R2a? — b? b2 — 2 in Ra )
- ~ 4 41n(cyb) b
f1(R) = 2up (1 —R?), [o(R) = up o s , (21)
' 41n(c/b) 3

for the homogeneous profile f{(R) = const(i), i = 1, 2.

Let us note that if the value V?ﬁllis known for the layer j, then by limiting ourselves
tothe case of zero longitudinal component of the velocity vector in the porous wall, we can
find the magnitude of the velocity V in the porous domain as a function of the radius by
means of the formula :

V(R) = ViRLi/R. (22)

The set of initijal data for the different computational variants is presented in Table 1,

The dashed lines in the figures correspond to the pivotal profile at the entrance.

Steady Entrance Velocity Profile

Suction of the fluid from the inner channel causes a certain pressure rise while blowing
in the outer channel specifies a pressure drop (Fig. 1). The influence of suction on the
pressure distribution reduces to the fact that it is impossible to obtain strictly constant
suction along the length for this structure. However, cases of almost constant suction are

possible for small K (TFig. 2).

Growth of suction along the length is necessary to stabilize the temperture field in the
porous domain since the fluid moving away from the entrance will be heated somewhat because
of internal heat liberation and the influx of heat from outside. Cases of growing suction
are shown in Fig. 2.

Pivotal Entrance Velocity Profile

Reconstruction of the velocity field occurs upon giving a homogeneous velocity profile
at the entrance, which results in substantial differences in the overflow velocity as com-
pared with the case considered above. Upon withdrawal from the entrance, the velocity profile

0 pn
s T a
7,
P2 .
AN \\~. [ b j
2 |7 ‘
P— ! ‘
R
06 91
g |
N
\Y N \\
M
0 Lo~ 2 X 2 ] \i
] B . S, - 1o / 2 x

Fig. 1. Pressure change in the inner (a) and outer (b)
channels along the structure length. Numbers at the
curves signify the variant.
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Fig. 2. Change in magnitude of the suction along the structure length.

Fig, 3. Velocity profiles U(l), U(z), V(l), V(z) at different distances from
the entrance. Numbers at the curves signify the number of the layers along
the system axis.

in both domains gradually approaches the steady state, whereupon negative radial velocities
occur (Fig. 3).

Reconstruction of the velocity field results in the pressure at the entrance changing
more sharply than at some distance away. The pressure gradient in the annular gap is greater
than in the inner channel (Fig. 1b).

The total friction drag for this structure is considerably greater in the case of a piv-
otal profile at the entrance than for the steady state.

The presence of a fluid overflow results in a rise in the total friction drag; for Rey=
0.63 it grew 87 as compared with the case of zero suction.

Reconstruction of the velocity field complicates the prediction of the mode of mass over-
flow from one channel to the other under different conditions at the entrance. Nevertheless,
even in the case of a pivotal profile at the entrance the production of stable modes in this
structure is possible (Fig. 2).

In conclusion, let us note that the proposed computation method can be used for any en-
trance velocity profiles for U =0.

NOTATION

k, 7, radial indices in the inner and outer channels; j, index along the system length;
n and m, quantity of partitions alongthe radius in the inner and outer channels; u and v,
longitudinal and radial Velocity, m/sec; U and V, dimensionless longitudinal and radial velo-
cities; p, pressure, N/m?; P, dimensionless pressure; K, permeability coefficient, Darcy; u,
v, coefficients of dynamic (kg/m sec) and kinematic (m*/sec) viscosity; p, fluid density,
kg/m®; @, inner radius of the porous pipe, m; b, outer_radius of the porous pipe, m; c, inner
radius of the outer pipe, m; L, structure length m; Uo, and Uoz, mean velocities at the
entrance to the inner and outer channels, m/sec; r, radius, m; x, distance from the entrance,
m; R, dimensionless radius; z, dimensionless distance from the entrance; Re, and Re;, Rey-
nolds number for the innmer and outer channels; Re,, suction Reynolds number.
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COMPUTATION OF THE PRESSURE LOSS IN GAS FLOW THROUGH POROUS MATERIALS

V. D. Daragan, A. Yu. Kotov, UDC 532.546:537.527
G. N. Mel'nikov, A. V., Pustogarov,
and V. I. Starshinov

The development of methods of designing the heat shield of high-heat-stressed elements
of power plants, particularly plasmatrons, by blowing coolant through permeable structure ele-
ments requires a study, firstly, of the gas flow hydrodynamics in a porous material. The rise
in the specific power of a plasmatron, and hence, the thermal loading of its elements, the
use of blowing through a porous wall as a method of delivering the working body into the chan-
nel [1], result in the need to use blowing with high specific gas mass flow rates. The fea-
tures of flows with high specific mass flow rates are the predominance of inertial pressure
losses over the viscous losses, the rise in the pressure losses at the entrance and exit from
the porous wall, the necessity to take account of compressibility in describing the flow in
a porous medium. A rise in the mass flow rate through a wall can result in "choking" of the
flow, i.e., in a mode when the mass flow rate will remain constant for a constant pressure
in front of the wall, independently of the pressure change at the exit.

The flow in porous media with compressibility taken into account is inadequately inves-
tigated. The influence of compressibility on the flow as a function of the porous material
characteristics and of the magnitude of the mass flow rate is analyzed in [2, 3] on a capil-
lary model of a porous body. The presence of '"choking" effects was experimentally confirmed
in {4, 5]. The influence of material porosity on the "choking'" was considered in [6]. How-
ever, actual porous materials are characterizaed by a complex pore space, a difference in
pore and interpore passage sizes, convolutions of the pore channels, which constrain the ap-
plication of an analysis based on a capillary model [2, 3].

The hydraulic drag of a porous wall can be determined from the expression [7]

P—Py ., 200" e
L d

where £ is the hydraulic drag coefficient; P, and P,, gas pressure at the entrance and exit
from a porous wall of thickness L; and v and d, characteristic velocity and geometric size,
Selection of the characteristic parameters for a porous material is ambiguous. The filtra-
tion velocity vf = G/pF (G is the mass flow rate through a porous wall with cross-sectional
area F at a normal velocity) or the mean velocity in the pores vp = v¢/Nl, where I is the por-
osity, is taken as the characteristic velocity. The particle diameter d,z, or the mean pore
diameter dp [7] is taken as the characteristic dimension. Since £ is a gunction of not only
the material structure but also the flow mode € = f(Re), the results for different porous
materials [7] is not extended successfully by means of (1). Flow deviation from the Darcy
law occurs for values of Re substantially less than should have been expected on the basis

of computations for models with channels with the characteristic dimensions dpar and d

taken since the passage to the inertial flow mode is detemmined not only by the size of the
pore channels but also by the shape, convolution, contractions, and expansions. Moreover,
substantial errors are inherent to the very methods for determining the mean pore and particle
size.

The two-term mode of writing the fluid motion equation

dP .
Ix = apw + Ppv (2)
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