DRAG IN A HEAT EXCHANGER WITH A TWISTED FLOW

B. V. Dzyubenko UDC 532.5.013.12:536.27

A study was made of the effect of different parameters on the drag coefficient in
longitudinal flow about bundles of twisted tubes of different profiles.

Heat~exchanging apparatus with longitudinal flow about bundles of twisted tubes have
been examined in several works [1-4]. In [1-3], criterional relations were obtained for cal~
culating the drag and heat-transfer coefficients in the space between the tubes and inside
twisted tubes of oval profile, and the efficiency of such heat exchangers was demonstrated.
In [4], results were presented from a study of the temperature and veleocity fields in the in-
tertube space of a heat exchanger with longitudinal flow about bundles of twisted tubes of
oval and three-lobed profiles. The form of these profiles was described in detail in [5].

It was shown in [4] that if, along with the Reynolds number

Reg = puay g /p (1)

we took as the determining criterion a criterion characterizing the twisting of the flow in
the bundle and having either the form

Fr, = u},/g.de (2)
where
g, = 2u,/d; (3)
Uy = qdu,, /s, (4)
or the form
Fr, = s¥/dd,, (5)

then the velocity field in the boundary layer can be generalized with a power law for bundles
of twisted tubes of different profile in the absence of geometric similitude, having taken
the local thickness of the boundary layer as the characteristic dimension. If we consider
the existence of a connection between the velocity field and the drag coefficient [6], then
we can assume that the relations obtained for calculating this coefficient in bundles of
twisted tubes of oval profile will also be valid for bundles of tubes of three-lobed profile.
To check this hypothesis and determine the effect of the number M = u/a and the temperature
factor on the drag in bundles of twisted tubes of different profile, as well as to evaluate
the length of the section of hydrodynamic stabilization of the flow, we conducted a study of
the adiabatic and nonisothermal flow of air.

Drag was studied by a generally accepted method on the experimental units described in
[1, 4]. Air flow rate was measured with a critical ring calibrated on a gas holder. The
pressure drops on the control sections were measured with liquid differential monometers and
DDFM induction-type transducers, while the pressure was measured with standard manometers
and capacitance~type transducers. The tests embraced the following range of parameter val-
ues: s/d = 6.5-35; Frp = 64-2000; Ref = 3~10°-5-10%; Ty /Tf = 1.0~1.42; Tf = 287-467°K; Ty <
621°K; M = 0.03-0.27; N = 2.3, The limiting error in the determination of the drag coeffi-
cient was 97 using a functional relation of the form

E=ERe, Frm, M, x/d, T,IT;). (6)

The coefficient £ was determined from the momentum equation for a liquid flow with a
variable density, with allowance for the fact that a bundle of twisted tubes is a channel
with a lengthwise~constant cross-sectional area, for which pug, = const(x):
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Fig. 1. Dependence of drag coefficient of bundle of twisted
tubes, referred to the friction coefficient in a circular
tube, on a criterion characterizing the effect of twisting
of the flow: 1) Eq. (13); 2) Eq. (16); 3) test data [1, 2]
for tubes of oval profile; 4) test data for three-lobed
tubes,

Fig. 2. Effect of the number M on the drag coefficient of
a bundle of twisted tubes: 1) test data for bundles of
twisted tubes with the numbers Frp = 290-2000; 2) test data
for a circular tube; 3) equation from [7].
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dx .
-2£; + puavduav' (7
For a section of finite length 7

!
U .
AP = _91_26_3{1’_1__ j‘ §uavdx -+ pluav1 (Ltavz — llav,l). (8)
€
0

For the %ection of stabilized flow, we may take & = const(x). Then, after making the substi-

tutions S ugydx = (ugy.1 + uav,2)7l¢/2 and puyy = G/Fg, we obtain the expression
[\

AP — (G/F;)* [(1/02) — (1/p4)]
(l/dg) (GIF; J* [1/(20,,))
where p,y = Pay/RTay, Tagy = (Ti + T2)/2, Pgy = (Py + P3)/2. Since the air density and flow

velocity in the tests deviated relatively little from a linear relationship with respect to
the length 7., we determined the coefficient £ from Eq. (9).

E= (9

In analyzing the test results for an adiabatic air flow, we determined the parameters
of the flow along its length using the method of successive approximation in conjunction with
tables of gasdynamic functions. The resulting calculated velocity

b= ula,, (10)
where
Oo, = 183V T*, (@RD)

was used to determine the thermodynamic temperature of the flow at a given cross section of
the bundle T = 1(T*), the air density o = P/RT, and the velocity u = G/pFf, where 1 = 7(}),
The stagnation temperature

T* =T -+ u¥2c, (12)
was measured in a receiver located in front of the twisted tubes, where -u~0.

The results of the study of coefficient £ for bundles of tubes of three-lobed profile
are shown in Fig. 1. They are generalized by the relation [2]

&= BE,,, (13)

where.
g, = 03164 Re;""7, (14)
B= 14 36F 0 (15)

Also shown for comparison is test data on the coefficient £ in bundles of twisted tubes of
oval profile [1, 2]. It can be seen from Fig. 1 that the empirical values of £ for tubes of
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Fig. 3. Effect of the length

of the section of hydrodynamic
stabilization of the flow on the
drag coefficient of a bundle of
twisted tubes with the number
Frp = 924: 1) Eq. (17); 2-6)
test data for xi/dg = 11.85, 7/
de = 47.5, xi/de = 36.2, Zt/de =
23.1; xy/de = 3.75, Iy/de = 55.5;
xi/de = 11.85; 1ly/dg = 8.12; x4/
de = 3.75, ly/dg = 86.7, respec-
tively.

three-lobed profile agree with Eq. (13), which is valid at numbers Frp > 100. At Fry < 100
there is a sharp increase in £ in the bundle due to separation of the flow from the spiral
surfaces of the tubes. Here, the coefficient is described by the formula

€= 0.3164 Re; **° (1 + 3.1- 108 F-*-%%), (16)

As already noted, the fact that the number of lobes on the twisted tubes will not affect
€ can be predicted on the basis of results of the study in [4]. To illustrate this more
clearly, we obtain a power law of 1/7 for the velocity distribution in the boundary layer of
a bundle of twisted tubes from the drag law (13), which can be reduced to the form

§ = 0.266Rej; ", an

if we introduce the quantity &, determined as follows, as an integral geometric characteristic
of the bundle

8==05(1 4 8.6 Fr0-357) s g | (18)
and determine the Reynolds number from §:

Rese = puyd/n. {19)

Then, regarding the equilibrium of an element of liquid being acted upon by shear stresses and
pressure forces:

[dPidx| = 274 (1 -+ 3.6 Fr0-257)-4/§, (20)
determining the coefficient ¢ by the formula o
|dPldx} = & (pul j4) [(1 4 3.6 Frp®-257)~45) (21)
and introducing the dynamic velocity v4 = Y1o/p, we can obtain the relation in [6]
v, = 6.99 (pu,8/m)' 7, (22)

if we equate Eqs. (20) and (21) and perform simple transformations.
The velocities u and uy, in the bundle of twisted tubes are related as follows
Uy = u [1 — (46%/d,)] (23)

or are connected by the following expression in the case of numbers Frp = 240-380, for which
we can expect optimum intensification of transfer processes:

gy & 0,965 (24)
Then, substituting (24) into (22), we obtain
ufv, =7.25(pv,6/wt” (25)
or
ufv, = 7.25 (pu,g/p)'/7 . (26)
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Fig. 4. Dependence of the drag
coefficient of a bundle of twisted
tubes on the temperature factor:
1-4) test data for the numbers

Fry = 64, 232, 924, 1050, respec-
tively.

These expressions differ from the analogous expressions for a circular tube by a constant
multiplier. This multiplier is equal to 8.74 [6] for the tube, since ugy = 0.8u for it.
The 1/7 power law for bundles of twisted tubes presented in [4]

ufu = (yf8)''" (27)
is obtained after Eq. (26) is divided by (25).

Figure 2 shows the results of study of the effect of the number M on the coefficient &
for bundles of twisted tubes of three-lobed and oval profiles. Also shown are results of
study of the effect of M on the friction coefficient in smooth circular tubes. We obtained
these results at numbers Re = 2,1:10°-8.2-10* and Azy = 0.09-0.63. This data on £ was ob-
tained by a single method, which facilitates comparison of the results. It follows from
Fig. 2 that M does not affect £ in the adiabatic flow of a compressible gas in bundles of
twisted tubes and in a circular tube in the investigated range of M. This conclusion agrees
for the most part with the data from studies of the flow of a compressible gas in tubes, such
as [7, 8]. At the same time, when M > 0.5 [7], there is some reduction in £ in the tubes
(Fig. 2). This is confirmed by the results in [8]. However, the ranges of Re and M which
we investigated, where M has no effect on £, are of the greatest interest for heat exchangers
with a twisted flow.

The effect of the length of the section of hydrodynamic stabilization of a flow in a
bundle of twisted tubes on the coefficient £ was studied for the case of axisymmetric inlet
of the flow from a large volume by calculating & from Eq. (9) for different control-section
lengths 7Z¢ with xi/de = 3.75, 11.85, and 36.2. The study results are shown in Fig. 3. It
follows from the latter than for xj/de = 3.750r xj/28 > 12, the mean value of £ is nearly
constant along the control section for all of the variants examined. Since £ may be under-
estimated by at least 5% in a bundle of twisted tubes due to different conditions of flow
about the static pressure transducers [9], then the value xj/dg = 3.75 should be regarded as
a minimum estimate of the length of the section of hydrodynamic stabilization of the flow.
The length of the thermal initial section for bundles of twisted tubes was determined in
[10] and is equal to (Zi/dg)h = 14, in contrast to (Zj/d )n = 50 for a circular tube [11].
The length of the section of hydrodynamic stabilization of the flow in a tube (Zi/de)y = 30
[11], i.e., it is roughly 70% less than the length (lj/dg)y. Then, by analogy, it can be
assumed that (Zi/de)y ~ 8 for bundles of twisted tubes. The relative shortness of the sec-
tions of hydrodynamic and thermal flow stabilization in bundles of twisted tubes can be ex-
plained by the equilizing effect of the twisting of the flow, leading to significant expan-
sion of the core of the flow along the entire bundle and to a thin boundary layer on the
twisted tubes.

It is apparent from the results of the study of the effect of the temperature factor on
£ that the following relation holds for all of the bundles of twisted tubes investigated in
the range of Ty/Tf covered by the experiment

&/, g = const(T [T,), (28)

which was noted in [1-3]. The coefficient { deviates within the limits of the experimental
error only for the bundle with Fry = 924 in the range T,/Tf = 1.2-1.42., This allows us to
conclude that the variability of the physical properties of the liquid through the thickness
of the boundary layer in a bundle of twisted tubes has almost no effect in the range of
parameters embraced by the experiments. It should also be noted that, in pipe flow, the
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variability of the physical properties of the liquid through the boundary-layer thickness
also affects friction to a significantly lesser degree than it does heat thransfer [12].

NOTATION

Re, Reynolds number; Fr., Fry, criteria characterizing features of the flow in a bundle
of twisted tubes; p, demsity; u, velocity; d,, equivalent diameter; d, maximum dimension of
tube profile; s, pitch of twisting of tube profile; T, temperature; p, viscosity, a, speed
of sound; N, number of tube lobes; &, drag coefficient; P, pressure; AP, pressure drop; 7,
length of control section; x, longitudinal coordinate; G, mass flow rate of air; F¢, cross-
sectional area of bundle; Cp> specific heat; §, thickness of boundary layer; y, coordinate
reckoned from tube wall; To, shear stress on wall., Indices: f, flow; w, wall; ¢, centrifu~
gal; 1, tangential; av, mass-average; i, initial; t, control; 1, inlet to section; 2, outlet
from section: tu, tubes.
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