HEAT TRANSFER IN Z-SHAPED HEAT EXCHANGERS

A. M. Tikhonov UDC 536.27

The characteristics of heat transfer in Z-shaped heat exchangers are considered. The
parameters determining the thermal efficiency of such heat exchangers are described, and
generalized relationships for practical calculations are derived. The basic results have
been confirmed by an experimental investigation.

It is virtually impossible to realize in pure form the most efficient coolant counterflow system in re-
generative heat exchangers: sections with crossflow inevitably appear in places where the working medium
is supplied as a result of structural requirements (the so-called Z-shaped heat exchanger).

In heat exchangers of stationary gas-turbine plants with long channels (of the order of several
meters), these sections have a relatively small extent, so that their effect on the heat transfer process is
usually neglected.

In compact heat exchangers, which are used fairly widely at present, the use of channels with small
equivalent diameters reduces the extent of these sections (their order of magnitude is 0,1-0.2 m), The
crossflow sections in these devices can add up to a considerable percentage of the total heat-exchange sur-
face (up to 40-60%), so that they affect considerably the amount of transferred heat.

The results of an investigation of heat transfer in Z-shaped heat exchangers are given below.

The scheme of a Z~-shaped heat exchanger is shown in Figs, 1 and 3. In part I, air and gas move by
counterflow, while, in parts I and I1I, they move by crossflow.

The basic assumptions are the following:
1) the heat exchange coefficients in all parts are assumed to be constant;

2) parts I and Il have a triangular shape in the plan view, and their geometric and thermal param-
eters are equal (F'=F", k' =k™),

.

3) the distribution of discharge over the transverse cross section is assumed to be uniform in all
parts;

4) the coolant mixing conditions are considered for two extreme cases: a) there is no mixing of
coolants in the cross sections normal to the flow in any of the parts; b) in parts I and III the air
temperature is completely equalized in every cross section as a result of mixing; there is no
mixing of air in part II and no mixing of gas throughout the heat exchanger.

System without Air Mixing, The heat transfer in a Z-shaped heat exchanger (Fig. 1) is described
by a system of six equations (these relationships have been derived on the basis of the heat transfer and
heat balance equations, written for elementary areas of parts I and IiI of the heat exchanger; the variation
in the temperatures of the working media in part II is determined by means of the well-known relationships
for counterflow):
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Fig. 1. Calculation scheme for a Z-shaped heat ex-
changer without air mixing,
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According to [1], the efficiency of the counterflow part II is

L e e,

Mg = 1-6XP[(03""1)M§] for w 1. !
1— o exp [0 —1) My ]

Using a computer to solve the system of Egs. (1)~(6) according to the method of finite differences, we
have found the gas and air temperature profiles Té‘z and Tj,, respectively, and determined the mean tem-
! !
perature of the working media Tg, = | Tg,dx" and Ty, = | Tazdy' at the heat exchanger outlet, The degree
] é
of regeneration for a Z-shaped heat exchanger was determined with respect to the temperature change of the
working medium with the smaller water equivalent:

nrz{l-—rgz for 0 <1, ®
Taz for  >1.

Analysis of Egs. (1)~-(6) shows that the degree of regeneration depends on three quantities: e, Mé, and
Mé For convenience in comparing thE efficiency of the Z-shaped system with the efficiency of other sys-
tems, the equivalent quantities M and M, calculated with respect to the parameters of the coolant with the
smaller water equivalent, were used instead of the parameters Mé and Mg in the final results:

" {QMésrlMg” o o<, (9)
o(2Mg +Mg) for o >1,
M =2M/ (2Mg + Mg) . (10)
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Fig. 2. Gas and air temperature profiles at the outlet
of a Z-shaped heat exchanger without air mixing (w
=1; the solid curves represent T;;Z = (1L,;'1'2-—t5u)/(tg2
—tg); the dashed curves represent Tgy = (tay—tar)/ (tgy
—ta)): 1) M =1; 2)2; 3)4; 4)8 5) 15 a) M =0.3;
b) 0. 6.

The calculation results are given in Table 1; Fig. 2 shows the most characteristic temperature pro-
files at the outlet of a Z-shaped heat exchanger,

For M =0, a Z-shaped heat exchanger constitutes a pure counterflow heat exchanger, whose effi-
ciency is described by relationships (7). For M = 1, the internal boundaries of parts I and III coincide
(Fig. 1), which results in a single-pass crossflow heat exchanger without coolant mixing. In this case, the
results are in satisfactory agreement with the solution for this system given in [2] (the discrepancy between
the values of ny is less than 0. 001).

With respect to thermal efficiency, a Z-shaped system occupies the intermediate position between
pure counterflow (M= 0) and single~-pass crossflow (M = 1).

The Z-shaped system has the best characteristics for small values of the M parameter: M = 0.1-0.3,
However, in compact heat exchangers, the realization of a coolant motion approaching counterflow condi-
tions involves considerable design difficulties and is therefore not always possible.

As the zones with coolant crossflow expand, the value of M increases, and the system's efficiency
decreases. Nevertheless, even for large M values, M = 0.5-0.7, the thermal efficiency of a Z-shaped
system is not inferior to that of multipass crossflow systems (with two to three sections), which makes it
one of the most promising systems for heat exchangers with a high degree of regeneration (g, > 0.70-0.75).

System with Air Mixing. In contrast to the system just considered, the air temperatures in parts I
and III are a function of the argument x only {(Fig. 3).

The system of equations describing the heat transfer process consists of six relationships:

xdTy + (Ta—Tas) dx + dTydx = o (1—T;) [1— exp (—2Mg0)] dx, (11
I—H—Tg';::(l—— T,) (1 — exp (— 2Mg9), (12)

(1= dTy =0Ty —T3) {I—exp [—2Mg (1—x)]} dx, (13)

Tg — T = (T —Ta ) {1 — exp [—2Mg (1—)1}. (19

Expressions (5) and (6) are used as the fifth and sixth equations,

Relationships (11) and (13) are heat balance equations, written for elementary areas dx of parts I and
III (Fig. 3}. In these expressions, the amount of heat supplied to air dQ is determined by means of Eqgs.
(12) and (14), which describe the gas temperature variation within parts I and III for t, = const and t}'
= const at the section x under consideration [1].

The system of equations (11)-(14), (5), and (6) was solved by means of a computer, using the method
of finite differences. The methods of processing and presentation of the results used for the system con-
sidered previously were also used in this case,
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Fig. 3. Calculation scheme for a Z-shaped heat ex-
changer with air mixing.

The calculation results are given in Table 2
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92 " 4 - = /// r peratures in these parts are different at the section
4 5 a /?/ 5 b x = const, For this reason, the gy value for the

particular case considered above (M = 1) somewhat
exceeds the np values found in [3] for a crossflow
system with complete mixing and, consequently,
equal air temperatures at any transverse cross sec-
tion x = const,
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Pig. 4. Gas and air temperature profiles at the
outlet of a Z-shapedheatexchanger with air mix-
ing. The notation is the same as in Fig. 2.

Analysis of the data given in Tables 1 and 2 indicates that air mixing in the cg_ossﬂow zones reduces
the efficiency of a Z-shaped system, This effect is most strongly pronounced for M > 0,3-0.4.

Four heat exchangers made of soldered flat and corrugated plates were prepared for the tests. All
the experimental specimens had identical channels in the gas cavity: straight channels 119 mm long with an
approximately triangular shape and smooth walls, A similar heat-exchange surface was also used in the
air cavity of the heat exchanger. The difference consisted only in the arrangement of the corrugated plates,
which made it possible to realize different schemes of coolant motion,

Heat exchanger No. 1 had straight channels with a length of 199 mm in its air cavity; it corresponded
to the single-pass crossflow system. Heat exchangers Nos. 2 and 3 were based on the Z-shaped system
with double deflection of the air flow through 90° (Fig. 1); the channel lengths in the counterflow part of the
matrix were equal to 82 and 49 mm, respectively. The only difference between heat exchangers Nos, 4
and 2 was the absence of finning on parts with counterflow in the air cavity (slot channels).

The tests were performed in a device where the air (293°K) flowed first through the air cavity and
then through the gas cavity of the heat exchanger after heating in an electric heater (to 400°K). The
equality of the water equivalents of the coolants (w = 1) was thus maintained automatically.

The air discharge was measured by means of a calibrated diaphragm with an accuracy to +1%, the
mean-mass air and "gas" temperatures ahead and beyond the heat exchanger were measured by means of
nickel resistance thermometers in conjunction with a UMV bridge, which ensured a measuring accuracy
of 0.2°C, while the temperature profiles were measured by means of Chromel—Copel thermocouples
(thermoelectrode diameter, 0.1 mm) and recorded with a PP-2 potentiometer, The heat loss to the external
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medium was measured by means of the additional-wall method, for which foam-plastic plates with a thick-
ness of 8 mm and copper resistance thermometers pasted on their surfaces were used; the plates were
placed on both sides of the experimental specimen in a layer of thermal insulation (felt).

The test results are given in Table 3,

The column 7y gxp Provides the experimental values of the

degree of regeueration, equal to the mean-arithmetic values of 5y, which are calculated separately with
respect to changes in the temperature of the working medium in the air and gas cavities of the heat ex-

changer,

A correction for the heat loss to the external medium was used in calculating g, (for all heat

exchangers in our experiments, this loss was less than 0.7% of the total amount of transferred heat).

The column 7y ggle Of Table 3 provides the calculated values of the degree of regeneration, deter-

mined by means of the relationships for the system without air mixing (Table 1),

The heat exchange coef-

ficients in triangular channels were determined with respect to the characteristics of a similar surface on
a special stand, while the heat exchange coefficients in the slot channels of heat exchanger No, 4 were de-
termined with respect to data from [2].

Tests of heat exchanger No. 1 (M = 1) have confirmed the adequacy of the proposed experimental

method and the satisfactory accuracy of the data obtained.

The heat balance with respect to air and "gas"

was accurate within 2-3%,

In testing the Z-shaped heat exchangers, Nos, 2 and 3, the experimental and theoretical data on the
degree of regeneration and the air and "gas" temperature distributions at the outlet from the matrix showed

satisfactory agreement (Table 3).
transverse mixing of coolants.

The continuous longitudinal finning virtually precluded the possibility of
Therefore, the relationships for a system without air mixing can be used

in calculating such heat exchangers (Table 1 and Fig. 2).

The absence of finning in parts with crossflow in heat exchanger No. 4 reduced considerably (by a
factor or approximately 2.5-3.0) the hydraulic loss in Z-shaped channels, but it produced nonuniformities

in the air distribution in channels of the matrix.

This was indicated by direct measurements of the velocity

field at the outlet from the Z-shaped channels and also by the discrepancy between the measured and the
calculated "gas" temperature profiles at the heat exchanger outlet (for comparison, one can point out the

satisfactory agreement between these profiles in tests of heat exchanger No. 2),

The nonuniformity of the

air distribution reduced the degree of regeneration of heat exchanger No, 4 in comparison with the calcu-

lated value (Table 3).

Moreover, tests of heat exchanger No, 4 have revealed a considerable nonuniformity of the air tem-

perature profile t}, at the outlet from Z-shaped channels,
finning in parts with crossflow, only partial mixing of air occurs in these zones,

Under actual conditions, even in the absence of
It could be expected that,

with respect to efficiency, such systems occupy an infermediate position between the systems without and
with complete air mixing considered in the preseunt article.

In conclusion, it should be mentioned that the efficiency data for Z-shaped systems given in Tables
1 and 2 can also be used for calculating heat exchangers where Z-shaped channels are provided in both the
air and the gas cavities and the flow deflection angle is different from 90°.

tal, tgl’ taz, and th

t', t", and t"
T = (t—tay)/(tg —tay)
cpg and cpy
Gg and Ga
w = cpglg/CpaCa
k" and k"
F' and F"
1 | §
Mg "= k f:' /sngg and
Mg = k"F"/cpgGg
M and M

NOTA TION

are the mean-mass coolant temperatures at the inlet and outlet sections of the
heat exchanger (°K);

are the local temperature values (°K);

are the dimensionless temperatures;

are the specific heat values at constant pressure (J/kg-°K);

are the coolant discharges (kg/sec);

is the ratio of the water equivalents of the coolants;

are the heat transfer coefficients (3/m%sec°K);

are the heat-exchange surface areas (mz);

are the parameters of the Z-shaped heat exchanger;

are the parameters of the Z-shaped heat exchanger determined by relationships
{9) and (10);
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ny 1S the degree of regeneration defined by relationship (8);
np is the efficiency of the counterflow part defined by relationship (7).

Subscripts and Superscripts

a is the air;
g is the gas;
1 and 2 are the inlet and outlet sections, respectively;

t,",and ™ are parts of the Z-shaped heat exchanger.
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