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Preface

The book presents methods for numerically calculating heat and mass transfer in
heat exchangers and facilities with channels formed by twisted tube bundles and
porous heat transfer elements (PHE). Heat transfer in such devices is enhanced
appreciably, which allows a reduction in their volume and amount of metal per
structure [20, 23]. Moreover, a vigorous interchannel mixing of the heat-transfer
fluid enables an improvement of output heat exchanger parameters and its operation
reliability under conditions of high temperatures and heat flux densities. Therefore,
heat exchangers with twisted tubes and PHE can be used successfully in aviation,
power engineering, transport, chemical industry and other technological branches.

A one-dimensional description of processes in the heat-transfer fluid is nor-
mally used for the thermal hydraulic calculations of heat exchangers. In practice,
however, a nonuniform heat supply (heat release) field is observed frequently in
the cross section of a tube bundle which forms nonuniform temperature fields of
the heat-transfer fluid in the intertubular space of a heat exchanger. Therefore, in
the general case, consideration should be given to three-dimensional or axisym-
metric problems with numerical calculations of steady and unsteady thermal
hydraulic processes in complex-geometry channels in order to determine spatial
temperature distributions in the heat-transfer fluid flows and the tube walls.
Numerical modeling of these processes yields practical results without carrying
out a great many expensive experiments.

For mathematical descriptions of steady and unsteady heat and mass transfer
in twisted tube bundles and PHE, these studies employ a model of homogenized
fluid flow which substitutes for the real flow in these devices [23]. In the case of
an unsteady process, a model of homogenized fluid flow is defined by a system of
equations which, alongside the equations of energy, momentum, continuity and
state for the heat-transfer fluid, incorporates a heat conduction equation for a
"solid phase", viz. twisted tubes or PHE. Here, a conjugate problem is solved with
allowance for edge effects and the use of a heat transfer coefficient and an effec-
tive diffusion coefficient dependent on the boundary conditions.

vi



PREFACE vii

Steady state problems of heat transfer in twisted tube bundles were solved
numerically using various methods. In the case of an axisymmetric heat release
nonuniformity in the bundle cross section, the most acceptable calculation method
is that of matrix factorization extended by G. I. Marchuk to solving parabolic
equations. The method was generalized to a homogenized fluid flow which is
described by a system of parabolic equations with nonlinearities and coefficients
dependent on the solution. Numerical analogs of the initial equations were written
using an implicit finite-difference scheme. The steady state temperature fields for
an axisymmetric heat release nonuniformity can be predicted also via a net-point
method using an explicit scheme and a time-dependence technique based on
replacing a steady state problem by a transient one and carrying the solution to a
point when it no longer changes in time. The flow in a heat exchanger with PHE is
described by a system of nonlinear differential equations of the elliptic type which
are also solved by a time-dependence technique. Here, substituting a steady state
problem by a transient one results in a system of parabolic equations solved by a
method of alternating directions. Implicit schemes of the method allow wider vari-
ations of the relation of spatial-temporal steps, and convergence in the optimal case
is attained with fewer iterations than using, for example, the method of successive
over-relaxation generally applied to explicit schemes.

For numerical modeling of transient problems, a calculation technique was
worked out based on separate solutions of the energy and heat conduction equa-
tions, and of the hydrodynamic equations correlated via the equation of state and
iteration cycles. The energy and heat conduction equations were solved by the
method of alternating directions both for axisymmetric and asymmetric heat
release uniformities. Numerical analogs of the initial equations were defined here
by an implicit scheme and solved by a factorization method delineated in the
studies of A. A. Samarskiy, G. I. Marchuk, and N. N. Yanenko. The momentum
and continuity equations were solved using McCormack’s explicit two-step
scheme of second-order accuracy. When written in a quasi-steady state approxi-
mation, the momentum and continuity equations were solved using a method of
factorization with the aid of the Simuni substitution.

The theoretical aspects of numerical modeling of the thermal hydraulic pro-
cesses in complex-geometry channels and the predictive techniques for these pro-
cesses are followed by the presentation and description of block diagrams for the
computation programs. Potentialities of the programs, and the questions as to the
choice of the calculation net and integration steps, and the data input and output
are also considered.

The monograph attaches a great deal of attention to experimentally substan-
tiating the flow models and the systems of equations describing steady and
unsteady thermal hydraulic processes. For this purpose, experimental and theoret-
ical temperature fields of the heat-transfer fluid are compared. The systems of
equations for steady and unsteady heat and mass transfer processes are closed
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using empirical relations which determine the coefficients of heat transfer and
hydraulic resistance and the effective diffusion coefficients in the function of gov-
erning dimensionless numbers. Here, along with linear relations in logarithmic
coordinates, it is suggested to draw on second-order polynomials which in some
cases better describe experimental data throughout the range of governing param-
eters and adequately reflect the physical nature of the heat and mass transfer pro-
cesses. For processing experimental data and evaluating benefits of the proposed
dimensionless relations, use is made of methods of statistical analysis of experi-
mental data. Computerized automated systems of control of the experiment, and
collection and processing of experimental data were employed in order to
improve accuracy and dependability of the results obtained. Since the transient
processes involving time variations in a heat load and a flow rate of the heat-trans-
fer fluid are characterized by high rates of parametric variations and are in some
cases governing, the unsteady heat and mass transfer was studied for different
types of transient behavior.

The investigations allowed an ascertainment of a range of applications for the
proposed dimensionless relations and a presentation of recommendations for
practical calculations of heat and mass transfer under unsteady and steady condi-
tions. The book analyzes and generalizes theoretical and experimental studies
performed by the authors and other investigators.
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thermal diffusivity

specific heat

specific heat at constant pressure

tube bundle diameter, d, = 2r,

equivalent diameter

effective diffusion coefficient

cross-sectional area of tubes in a bundle

area of the bundle flow section

projection of mass forces onto the axis x

mass flow rate of air

axial flow rate of the heat-transfer fluid in a cell
lateral flow of the heat-transfer fluid from the cell i
to the cell j per unit length of a channel
acceleration due to gravity

dimensionless effective diffusion coefficient
parameter characterizing the effect of a variation
in the flow rate of the heat-transfer fluid
parameter of thermaltransient behavior

ratio of the transient heat transfer coefficient

to its quasi-steady value

spatial integral scale of turbulence

tube bundle length, mixing length

heat power

number of tubes in a bundle

heat flux density

heat flux density on the wall

density of internal heat sources

static pressure



X NOMENCLATURE

P, total pressure

Ap pressure drop

r radial coordinate

T tube bundle radius

s twist pitch of a tube profile

T temperature

| 4 resultant velocity vector

u, v, w components of the averaged velocity V
in the orthogonal coordinate system

u', v', w' fluctuating velocity components

U, U, tangential and radial velocity components
in the cylindrical coordinate system

x longitudinal coordinate

y coordinate measured normally to the wall

o heat transfer coefficient

) boundary layer thickness

€ tube bundle porosity with respect to
the heat-transfer fluid, € = F,/Fy

z relative transient diffusion coefficient

A thermal conductivity

1) dynamic viscosity

\% kinematic viscosity

' hydraulic resistance

I channel perimeter

p density

T time

(0] angular coordinate

X turbulence intensity

Fo Fourier number

Fry dimensionless number defining the flow
swirling rate in a twisted tube bundle

Le Lewis number

Nu Nusselt number

Pr Prandtl number

Re Reynolds number

Subscripts

sh heat exchanger shell

qs quasi-steady
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NOMENCLATURE  xi

maximal, modified

transient

mean value, at mean temperature in the boundary layer
turbulent

"solid phase"

tube

effective

mean mass quantity

determined from d,

flow

directed along r

directed along the axis x

obtained from the boundary layer thickness
tangential

wall

flow in twisted tubes and in an intertubular space
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1

Mathematical Description of Thermal
Hydraulic Processes in Complex-Geometry
Channels

1.1 Design Features of Heat Exchangers with Twisted Tubes
and Porous Heat Transfer Elements

Among familiar techniques of heat and mass transfer enhancement, very promising
is the method of flow swirling in complex-geometry channels formed by the bun-
dles of twisted tubes of oval or three-blade profile [23] and a method relying on the
use of porous heat transfer elements (PHE) [4, 20]. These methods are realized in
heat exchangers of various structures with a great number of heat transfer elements
(twisted tubes, granules, spheres, and others). Therefore, a model of homogenized
fluid flow [23] appears to be the most promising for predicting temperature fields in
such heat exchangers, although in some cases a channel-by-channel predictive
method may be applied. As is well known, replacing the flow in a real twisted tube
bundle (or in porous elements) by a homogenized fluid flow is an engineering tech-
nique. The use of this technique for predicting temperature and velocity fields in
each specific case should be validated experimentally. Besides, the application of
the model of homogenized fluid flow to each type of a heat exchanger has distinc-
tions specified by the structural features of these devices.

Heat exchangers with a longitudinal flow past tubes may differ in the design
of twisted tubes and their relative position. The most common structure of such a
device is a heat exchanger with straight twisted tubes of oval profilef, whose gen-
eral view is presented in Fig. 1.1. The twisting of the oval profile of the tubes

1



2 MODELING AND DESIGN OF TWISTED TUBE HEAT EXCHANGERS
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Srz - . Fig. 1.1 General view of a heat exchanger with a
===
5 7 longitudinal flow past twisted tubes:1 — twisted
A’Js tubes; 2 — tube boards; 3 — shell; and 4 — inlet and
outlet tube stubs.

. Fig. 1.2 Relative position of twisted tubes in a

L ) - hexahedral shell when the structure is orderly:

1 — twisted tubes; 2 — shell; 3 - spiral channels; 4,

5 — straight-through channels for peripheral and

[~ 1 central cells; and 6 — conventional boundaries of spi-
6 5 ral and straight-through channels.

results in an intricate spatial flow of the heat-transfer fluid. A look at a fragment
of the cross section of a twisted tube bundle (Fig. 1.2) reveals the characteristic
flow regions in the channel for the heat-transfer fluid passage. A major part of the
flow section is taken up by spiral channels, where the flow swirls past twisted
tubes, which is longitudinal relative to their axes.

Examining a bundle with closely arranged tubes by transmitted light makes
the straight-through channels (Fig. 1.2) visible. The cross-sectional area of a
straight-through channel near the shell, on the heat exchange periphery, is notice-
ably larger than that of a straight-through channel in the central cells of the bun-
dle. Although the straight-through channels only account for about 9-10% of the
total area of the flow section, they have a certain impact on the flow structure in a

tAuthor's certificate 761820 USSR, B. V. Dzyubenko and Yu. V. Vilemas,
Shell-and-Tube Heat Exchanger, B. 1., 1980, No. 33, p. 194.



MATHEMATICAL DESCRIPTION OF THERMAL HYDRAULIC PROCESSES 3

twisted tube bundle [3]. The twisted tube bundle is characterized also by a non-
uniformity of the distribution of the bundle porosity with respect to the heat-trans-
fer fluid depending on the heat exchanger radius or azimuth. Figure 1.3 illustrates
the variation in the radial porosity of a 37-tube bundle with respect to the
heat-transfer fluid, €,. Numerical modeling of thermal hydraulic processes should
take account of these structural features of a twisted-tube heat exchanger.

Characteristic geometric parameters of twisted-tube heat exchangers are also
affected by the number of tubes in a bundle. It is clear from Fig. 1.4 that, for
bundles with few tubes (n = 7 or 19), the equivalent diameter of a bundle differs
markedly from d, for bundles with many tubes, and the perimeter of twisted tubes
[T, is much the smaller than the total bundle perimeter because of the contribution
of the shell perimeter. The effect of the number of tubes in a bundle on its deter-
mining dimensions should be considered when experimentally obtaining, apply-
ing and closing the dimensionless equations for transfer coefficients in twisted
tube bundles.

Design features of twisted tube bundles also specify the structure of a steady
turbulent flow [3]. Let us examine the chief characteristics of a flow which illus-
trate the effect of flow swirling in central and peripheral bundle cells. The flow in
central bundle cells is governed by the interaction of swirling flows in the spiral
channels of neighboring tubes (Fig. 1.5). Here, tangential velocities in the flow
core are distributed by the law of distribution of the tangential velocities induced
by vortex filaments with opposite rotation directions. In this case, the radial

0.5 m

0.4

03

R
Al

0 1 2 3 4 5 2r/d

Fig. 1.3 Radial porosity of a twisted tube bundle with respect to the heat-transfer fluid vs
radius: €, = f(2r/d), - - - €, = f(2r/d).



4 MODELING AND DESIGN OF TWISTED TUBE HEAT EXCHANGERS
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Fig. 1.4 Variation in the relative equivalent diameter (1) and perimeter (2) of tubes, and in the
porosity (3) of a twisted tube bundle with the number of tubes in a bundle.

velocity u,, in the cell center is directed from the tube wall to the flow core in the
same way as on the windward side of the tube profile [23] but is appreciably
smaller in magnitude. At the same time, «, on the leeward side of the tube profile
is directed to the tube wall [23]. Such an alternating direction of the velocity u in
the central bundle cell, with the direction of the swirling velocity u_over a large
side of the oval tube profile remaining unchanged, is indicative of a spatial motion
of the heat-transfer fluid, which enhances transfer processes. A vortex flow is
observable in this case both in the spiral and the straight-through channels of a
bundle. The directed convective flow of the heat-transfer fluid in the bundle cross
section and the high level of turbulence generated by the wall and swirling jets
with opposite rotation directions lead to an expansion of the flow core region and
the formation of a thin boundary layer. It is characteristic of the boundary layer on
twisted tubes that all components of the resultant velocity vector vary across the
thickness from zero on the wall to a maximum on the outer edge at the flow core.
The velocity in the flow core is practically unchangeable. Variations in the axial
velocity 4 and in the resultant velocity vector V in the flow core are described by
the universal logarithmic law, or the law of power 1/7 [23]. The boundary layer
thickness & is defined by the empirical relation

8 = Ad Fri (1.1)

where A = 0.0349 for 6, spiral channel, and A = 0.0156 for &, in a
straight-through channel [23]. The velocity u, in the outer part of the boundary
layer on twisted tubes (Fig. 1.5) varies by the law of a solid (u,r-! = const), i.e. the
twisted tubes act as vortex filaments. All velocity components on the tube wall are
equal to zero (Fig. 1.5). As demonstrated in ref. [3], maximum values of the veloc-
ities u_ and u, in the bundle cross section account for about 10-20% of the axial
velocity only on the outer edge of the boundary layer. In the flow core, the veloci-
ties u, and u, on the average make up a much smaller fraction of the axial velocity.

The flow in peripheral bundle cells differs somewhat in character from the
flow in the central cells. As shown in ref. [3], the velocity u_ in the flow core of
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peripheral cells is distributed by the law of circulation constancy (u_r = const).
Here, the direction of the velocity u,_ along the heat exchanger shell coincides
with the twisting direction of the tube profile (Fig. 1.6). Thus, a vortex flow about
the bundle axis forms in the peripheral region of a bundle, which contributes to
some extent to heat and mass transfer with an azimuthal heat supply nonunifor-
mity. From Fig. 1.6, which presents velocity components in orthogonal coordi-
nates, it is evident that the exchange of fluid portions between the boundary layer
and the flow core in the peripheral and central cells is similar in character, since
the directions of the velocities u, from the wall (+) and to the wall () are similar.
In the flow core, a certain anisotropy of properties is observable which tends to a
more isotropic structure at large Re numbers.

A very interesting structure of the shell-and-tube heat exchanger with twisted
oval-profile tubes, whose straight circular ends are fixed in tube boards and which
are relatively positioned to contact where an oval size is maximum is a device with
tubes consisting of sections of length (5...7)-d with opposite twisting directions

windward side leeward side
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5 5
leeward side windward side

Fig. 1.5 Profiles of the tangential (u) and radial (4,) velocity components in central cells of a
bundle with Fry, = 296 [3]: @, 4, and O — experimental data for u /u,y, at Re = 10¢, 1.5-10¢%, and
6.7-10%, respectively; @, x, and O — the same for u/u,y; 1 - relation u r-! = const; 2 — distribu-
tion of the velocity u,, generated by oppositely directed vortex filaments; 3 — profile of the radial
velocity u,; 4 — oval profile of a twisted tube; 5 — conventional boundaries of spiral channels;
and 6 — twisting direction of tubes.



