The average friction coefficient on an impermeable surface at the section L was calculated
from the friction law of [2] Cfo =0.0256 Re**~°+?> uging the formula

0.0256 (Rej *0:75 —— Reik#0.75)
o= 0.75 (Ref * — Re¥¥)

The solid lines in Fig. 3 show the results of calculations from Eq. (11) for various
values of j4+/j-. It can be seen from Fig. 3 that there is satisfactory agreement between the
relation obtained and the test data for simultaneous mass blowing and suction at the wall.

NOTATION

4, j—, relative mass velocity of blowing and suction gas, respectively} §%*, §%*, momen-
tum logs thickness at the start and the end of the perforated section, m; w=u/u,, relative
longitudinal flow velocity; Cfo, friction coefficient on an impermeable surface; Cgt, Cgy+,
friction coefficient on a flat plate with simultaneous equal and unequal mass blowing and
suction; ¥4 =Cg1/Cfo, ¥yt =Cfy+/Cfo, relative friction law with equal and unequal mass blow-
ing and suctionj T4, T—, turbulent friction in a boundary layer with separate mass blowing
and suction, respectively; Ref* =uo8%*/v, Re%i* =uo8%*/v, Reynolds number at the start and the
end of the perforated sectionj by =23,/Cfo, bo=27_/Cfo, b+ =274+/Cfo, permeability parameters.
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EXPERIMENTAL INVESTIGATION OF HEAT EXCHANGE
IN A POROUS ANNULAR CHANNEL

V. Z. Kitaev UDC 536.27

The problems connected with the intensification of heat exchange in an annular chan-
nel with a porous inner wall are considered. A method for calculating a "tube-in-
tube" heat exchanger with a porous inner tube is described.

Various methods can be used for increasing the heat transfer coefficient and thereby
intensifying the heat exchange. For instance, transverse flow of the heat-transfer agent
through a porous wall can be provided. The transverse flow of the agent mass can be directed
from the heated heat-transfer agent to the heating agent, and vice versa. For this, it is
necessary to maintain a suitable pressure drop in the heat-transfer agents., In this case,
the medium is drawn off continuously along the porous wall immersed in the flow on the part
of one heat-transfer agent, while injection occurs on the part of the other agent. By

I / 2
ﬁ] /// // Fig. 1. Schematic diagram of

1 the heat exchanger with an
I — . . inner porous tube (I and II are
! A ! the heated and the heating heat-
/ ] /’ | transfer agents, respectively).
Jﬁ O/m émﬂ Lu 1) Outer tube; 2) inner porous
’ 24 z T[ tube.

K. E. Tsiolkovsii Moscow Aviation Technology Institute. Translated from Inzhenerno-
Fizicheskii Zhurnal, Vol. 43, No. 1, pp. 9-16, July, 1982, Original article submitted March
24, 1981,
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Fig. 2. Relationghips Ew/t1f1=f1(bT1) (a)
and tof/ty = £1(bT2) (b).

ensuring suction of the heat-transfer agent from the side of the wall with a lower value of
the heat transfer coefficient and injection of a portion of this agent into the medium moving
along the surface of the same wall with a higher value of the heat transfer coefficient, we
can increase the lower, and reduce the higher, heat transfer coefficient and secure a higher
overall heat transfer coefficient without an appreciable additional expenditure of energy.

We investigated earlier [1] a heat exchanger of the tube-in-tube type (Fig. 1). The
heat exchanger consists of an outer tube 1, whose inside diameter is equal to d, =106 mm,
and an inner porous tube 2, with the inside diameter d,in = 34 mm and the outside diameter
d,9ut =40 mm, The length of the heat exchanger is equal to L =1017 mm. Tube 2 is made of
ten equal porous cylinders with a length of 100 mm, separated by means of thermal insulation
rings. The permeability of the cylinders in their middle sections is higher by approximately
20% than at their ends. The porous tube is made of granulated powder of Khl8N1Q stainless
steel, 0.063-mm fraction, while the outer tube is made of steel (st, 20) and is covered on
the outside with a thermal insulation layer. Air serves as the heat-transfer agent, The
air discharge values at the inlet and outlet of the heat exchanger with respect to the heat-
ing as well as the heated agents were determined by means of chamber-type measuring dia-
phragms. The temperature of the walls and the heat-transfer agents was recorded by means
of Chromel—Alumel thermocouples. Moreover, we tested a similar heat exchanger, which had
an inner tube made of ordinary steel (st, 20).

The operation of the heat exchangers is based on the counterflow principle: The heating
heat-transfer agent moves along tube 2, while the heated agent moves along tube 1., The fol-
lowing quantities were varied in the experiments: Re.f=(5.6-57)+10% or (Re1f)7, = (8.7-88)+
10, t, =16-23°C; Reof = (1.6-5.2).10" or (Rezg)1, = (4.8-15.6)+10°, t, =120-150°C.

The present article describes a method of determining the quantity of heat transferred
in a heat exchanger with a porous inner tube. The heat balance equation is used in proces-
sing the experimental data: »

Qp= ¢r1Gi 11 — CpuGity + Quogs = Cpalafy — CpaGa ts . (1)

The mean values of the heat transfer coefficients KLipo and Kpapo are determined with respect
to the quantity of heat transferred in the heat exchanger Qpot

Kripo— ot Cpulutu (2)

Atlm !

T G, T
Kuzpe=— 2% trolnte 3

The mean temperature drop At is determined from the relationship

ﬁNUEfﬁo [ (Nugf)gc
Nugp L/ Nug,
_5 j ' [¢] o]
| Fig. 3. Relationships (Nulf>po/NU1f =
y fa(bry) (a) and (Nugf)po/NUgf=f2(bI’2)
———J@g{é@ J (b).
o e LT b
-2 0 2 Oy -4 -Z o 1 bre
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The experimentally determined temperature distributions over the inner and outer surfaces

of the tube are used to find the mean temperatures of the porous wall on these surfaces by
means of the equations

At = = oy — iy - (&)

P
t, = S t,dF,
Fy, (5)
0
" 1
ly = — J tw dF. (6)
Fu

0

The mean discharge of transverse air flow Gy, averaged over the surface of the porous tube,
is calculated as the difference between the heat-transfer agent discharges at the inlet and
outlet of the heat exchanger.

The mean values of the heat transfer coefficients aipo and azpo are determined from the
expressions

. 0? prGw-t—w
%P T FoM, @
e Qo CpwCutes
LR VIR (&)
The mean temperature drops Aty, and Aty. are found by means of the expressions
Atwl = ?w - tlf ' (9)
Aty =ty —l. (10)
The experimental data are processed in the form of the relationships
Qpo/Q = f1(m), (11)
Kyapo /KL = 2 (), (12)
1, t
—H = f1 (le); ’:27;— = fl (bTE);
by ty
(Nu?f) ) A (Nugf)po
'—N-u—?;E— = fz (le), *—N—u—g;— = fz (bT2)y
where
m= ny (——Re” + 1\) ; ng = 2w .
Rey; , G, + G

J J
bri = —2— Re,/Prys; bra = <25~ ReyPryy;
0 17801, UT2 i) 2ft Laf s
Nulf Nuj,
7 PwiVws p;fv;f .
1Ff =, > of = T
P17y Pastlay
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Figure 2 shows the behavior of the relative wall temperature for the heated agent (a) and
its reciprocal value for the heating agent (b), respectively, as a function of the parameters
br: and bts.. The parameters by, and b, have positive values when a portion of the heat-
transfer agent is drawn off through the porous wall, and negative values when injection
takes place. It is evident that, for large positive values of br, (Fig. 2a), i.e., when the
heated air reaches the heating air through the porous wall, and suction occurs on the part
of the heated heat-transfer agent, while injection takes place on the part of the heating
agent, the mean wall temperature ty is virtually equal to the mean temperature of the heated
air t;f. This case corresponds to a quasi-uniform temperature distribution over the cross
section of the heated-agent flow. In the case of suction of the heating agent, when it
enters the heated agent, which corresponds to positive values of by, (Fig. 2b), the mean wall
temperature E%' approaches the mean flow temperature with an increase in bg,, i.e., as in
the preceding case, the temperature distribution over the cross section of the heating-agent
flow becomes more uniform. For negative values of bT; and by:, i.e., in the case of injec-
tion, the temperature distribution over the cross section of the heating flow becomes less
uniform with a reduction in by, (i.e., an increase in its absolute value) and is slightly
equalized over the cross section of the heated flow with a reduction in bT,. This difference
between the variations in the temperature distributions for the heating and the heated heat-
transfer agents with a decrease in by, and bT; in the range of their negative values can be
explained by the different rates of variation of E%ﬂ t.f and tif, t, with changes in b, and
b7,

The experimental data for the device with smooth walls are adequately described by the

following relationships:

Nu?lc = 0,72 Re?fay A a7

Nugf == 0.178 REg;tg . (18)
Here Nu?f and Nugf are the mean values of the Nusselt number. The experimental data were
processed by means of (17) and (18) for the Reif and Re.f values used in experiments on the
porous—-tube heat exchanger. The results of this processing are given in Fig. 3. It is evi-
dent from the diagrams that suction of the heat-transfer agent promotes more intensive heat
exchange, while the blowing~out of the agent tends to reduce the heat exchange, although
the Nusselt number varies to different degrees for the first and the second heat exchanger,
depending on the dimensionless parameter of the transverse air flow. The values of the
Nusselt number in the absence of transverse air flow, but in the presence of a porous wall,
are larger than the Nusselt numbers for the same Reynolds numbers in the presence of a solid
wall. The experimental data for a heat exchanger with a porous wall are adequately approxi-
mated by equations expressing the mean Nusselt numbers for the first and the second heat-
transfer agents:

(Nt o= N, (117" -+ 8,577, (19
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b b
(Nug 5= Nug, (1.3 24107, (20)

The measurement data for relationships (11), (12), and (19), (20), are processed in the fol-
lowing manner: Using the Re,f and Re.§ values known from experiments on the heat exchanger
with a porous wall, we determine by means of Eqs. (17) and (18) the values of Nulf and Nu3f.
With a correction for the temperature factor, we obtain

Nuy; = Nu?fT£i5and Nuy; = NungzZ:zs.
Furthermore, we use the found values of Nu,f and Nu.f to determine the mean values of a: and
az by means of relationships (15) and (16). The value of Kj, is determined with respect to
the known heat-transfer resistance of the wall, as for an ordinary tube-in-tube heat exchan-
gers

1 1

Ke= ( 1 49Ut 1 1 ) T TE (21)
9

In . '
A din + ocdom B oczdén

The values of Q are determined from the expression

Q = KL Atlm,

Figure 4a illustrates the relationship on/Q =f,(m). The experimental data are adequately
described by the dependence

Qpo=Q(2- 107" — 0,55.10%"). (22)

The form of this relationship depends on the heat-transfer resistance of the wall, which
figures as a component in the heat transfer coefficient in calculating Q. TIn the case of
low heat-transfer resistance of the wall, Eq. (22) can be used for determining the quantity
of heat transferred in a heat exchanger with transverse flow of a portion of one of the
agents., Figure 4b shows the relationship KLipo/Kp =f2(m).

Analyzing the data given in Fig. 4a and b, we note the following.

For small values of m (from 0.5 to —0.5), the heat transfer coefficient Kiipo exceeds
the value of the heat transfer coefficient for an ordinary heat exchanger. If a portion of
the heated heat-transfer agent enters the heating agent, i.e., when suction takes place on
the part of the heated agent, while injection takes place on the part of the heating agent,
the transferred quantity of heat Qpop is larger in a heat exchanger with an inner porous tube
than in an ordinary heat exchanger if m=0-0.1, This is explained by the fact that the velo-
city and temperature profiles in the transverse cross sections of the heat exchanger vary for
both the heating and the heated agents. In this, the heat transfer coefficient on the part
of the heated agent increases, while it decreases on the part of the heating agent, and the
overall heat transfer coefficient increases, so that the quantity of transferred heat also
increases. If m>0.12, the quantity of heat transferred in a heat exchanger with a porous
wall is smaller than that in a simple heat exchanger, while if m>0.36, the on/Q ratio
becomes negative, since, in this case, there is a quantity of heat transferred to the heating
agent with the transverse flow of the heated air mass, such that the total enthalpy of the
heating air is larger at the outlet of the heat exchanger than at its inlet, while the
enthalpy of the heated air at the outlet of the heat exchanger is smaller than at the inlet.

If a portion of the heating heat-transfer agent enters the heated agent, i.e., when
injection occurs on the part of the heated air, and suction takes place on the part of the
heating air, the value of Qpo increases with a reduction in m (with an increase in its abso-
lute value). 1In this case, the heat transfer is greatly affected by the large quantity of
heat transferred with the transverse flow to the heated agent. If all of the heating agent
enters the heated agent, or, on the contrary, the heated agent enters the heating agent, we
obtain an ordinary heat exchanger of the mixing type. It should be mentioned that also in
the absence of transverse flow for m=0, the heat exchange is more intensive in the presence
of a porous wall, as is indicated by Fig. 4a. Thus, the heat transferred in a heat exchanger
with a porous inner tube and a counter-flow arrangement can be calculated in the following
manner: We determine Re:f and Re,f with respect to the known structural dimensions of the
heat exchanger for the assigned parameters of the heat-transfer agents and the wall tempera-
ture and then the values of Nulf and Nu3f, by means of Eqs. (17) and (18), after which we
find (Nu?f)po and (Nu%f)po by using relationships (19) and (20). We then determine the
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Nusselt numbers by taking into account the temperature factor, using expressions (13) and
(14), and then the mean values of the heat transfer coefficients aipe and ozpo from expres-
sions (15) and (16). Using the known heat-transfer resistance of the wall material, we find
the mean value of the heat transfer coefficient KLlpO or Ky zpo from the relationships

i ( AQ \
— (] PNw (23)
Kuispo Epo At Lty pod P
Vo AQ, /. ! \
Kiopoms —— T —w [ 2
Fepe Epo AtLst (\ ctopots Epo | -
where o
AQw = C7J‘wGw (z‘b - [w)’ (25)
E. — 1 n _ggff+__ﬁ,£___;<__1;_ﬂ_
PO 9, dft " aypod®t  ogpodd® (26)

The quantity of heat transferred in the heat exchanger is determined by means of the
equation

%0: KLlpoAth’ ——‘_cPwGwEI—U (27)
orY _
Qpo= Krapo ML = € - (28)

In relationships (2), (3), (7), (8), (23), (24), (27), and (28), the upper sign holds when
a portion of the heating agent is drawn off, so that it enters the heated agent, while the
lower sign applies when the direction of the transverse flow is reversed, i.e,, when the
heated agent is drawn off,

Analysis of the obtained results indicates that an inner porous tube makes it possible
to intensify considerably the heat exchange without, as is shown by experiments, apprecigble
energy expenditure. In the case of transverse flow, one of the heating surfaces 1s automati-
cally cleansed from impurities when one of the agents from which mechanical impurities have
been eliminated is injected into the contaminated heat-transfer agent. However, the above
method of heat exchange intensification can be used only if technological conditions allow
partial overflow of one heat-transfer agent into another,

NOTATION

Cp, specific heat of the heat-transfer agents; F, heat exchange surface; F, and F,,
surface area of the annular cross section between d; and d,OVt and the cross-sectional sur-
face area of the porous tube with respect to the inside diameter, respectively; Fy and FJ,
surface areas of the porous tube with respect to the diameters d,°Ut and d,, respectively;
G, mass discharge of the heat-transfer agents; J, relative transverse flow discharge of the
heat-transfer agents; Ky, heat transfer coefficientj L, length of the porous tube; nf, rela-
tive discharge of the agents through the wall; m and by, dimensionless parameters of the
transverse gas flow; u, gas velocity; Q, quantity of transferred heat; Qipgs, heat loss to
the ambient; T, temperature of the heat-transfer agents across the wall; Ty =Tf/Ty, tempera-
ture factorj t, temperature of the heat-transfer agents in the heat exchanger's transverse
sections} vy, velocity of the transverse gas flow through the porous wall] a, heat transfer
coefficient on the part of the heat-transfer agents; A, thermal conductivity coefficient;
U, dynamic viscosity of the heat-transfer agents} Re, Reynolds number) Nu, Nusselt number;
Pr, Prandtl number; p, density of the heat-transfer agents. Subscripts or superscripts: f
mean flow parameters; po, flow parameters in the heat exchanger with a porous inner tubej
0, flow parameters for a temperature factor equal to unitys w, parameters of the transverse
flow through a porous wall; 1 and 2, heated and heating heat-transfer agents, respectively;
the prime denctes the flow parameters at the outlet from the heat exchanger, while the double
prime denotes the parameters of the flow through the surface of the porous tube F}.

>
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