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velocity to the inviscid flow. In fact, according to the inviscid
solution developed herein, the profile is linear, ru = r{1 —2z),
the inviscid flow being rotational.

EXPERIMENTAL COMPARISONS

Velocity profiles bave been measured in two experiments
cited previously [6,7]. Each design had attributes not
completely in accord with the systems analyzed herein; the
experiment with the internal viscous layer [6] had injection
Reynolds numbers in the vicinity of 20, which is sufficiently
small for effects of heat conduction on velocities to be
measurable, and that with the boundary layer on the burning
carbon surface [ 7] employed an open tube instead of a porous
wall, giving a nonzero axial pressure gradient near the
injection plane. Approximate corrections for these differences
resulted in good agreement between theoretical ealculation
and measurement [14].
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NOMENCLATURE

D, tube outside diameter [m];

Jis component of gravitational acceleration
in direction x; [m/s?];

k, isotropic flow conductivity [m?];

Ky,  flow conductivity tensor [m?];

K, flow conductivity in principal direction
[m?];

L, length of bundle measured in flow
direction [m];

P, pressure [Pa];

Ry,  flow resistance tensor [m~2];

Re, Reynolds number defined by plujD/u;

t, time [s];

;, component of superficial velocity in
direction x; [m/s];

U, bundle approach velocity [m/s];

X rectangular coordinate [m];

X, transverse pitch [m];

Y, longitudinal pitch {m].

Greek symbols

o, angle of rotation of axes;
Ap, pressure drop [Pa];

g, porosity or bundle void fraction;
i, fluid viscosity [Ns/m?};
o fluid density [kg/m?].

1. INTRODUCTION

THE PREDICTION of the velocity and pressure fields for flow
outside tubes (or rods) arranged in regular arrays is of
considerable practical importance in the design of certain
types of heat-transfer equipment. The purpose of this note is
to show how pressure drop data for one-dimensional flow in
tube bundles may be generalized in order to provide a
framework for analyzing the real flow problems which are
often multidimensional in nature. The proposed equations
are extensions to those previously used for analyzing flow in
anisotropic porous media. This approach does not give very
fine detail of the flow field, such as the local velocity profile
between a pair of tubes, but instead gives the general trends in
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pressure and superticial velocity across the bundle. This is all
that is necessary in many applications and is perhaps all that
can be realistically calculated given the current understand-
ing of multidimensional flow in tube bundles.

2. GENERAL ANALYSIS
Flow in anisotropic porous media is generally [ 1] repre-
sented by equations of the following form:
ép
B

)
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where u; is the superficial velocity in direction x; and K;;is the
permeability tensor. An inversc form of equation (1) may be
written as
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where R;; is a flow-resistance tensor which is related to K, by
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where 0;; is the Kronecker delta.

For the low Reynolds numbers encountered in porous
media calculations, the tensor components K;; and R;; arc
constants. However, the turbulence encountered in most
tube-bundles means that the components depend on the
magnitude and direction of the superficial velocity vectoru. A
convenient simplifying assumption is made here that K;; {and
R;;) depend only on the magnitude of the velocity and not the
direction. This assumption is shown below to be in reason-
able agreement with experimental data. To avoid confusion
between the variable K;; and the constant permeability
tensor, the former will be referred to as the flow conductivity
in the remainder of this note.

The above equations neglect gravitational and inertial
forces which have been included [2] for isotropic porous
media as follows:
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The same form of these terms is assumed valid here.

The above equation is the general momentum equation for
flow in rod bundles which should be solved in conjunction
with the mass continuity equation which for incompressible
flow is

=S (5)
! )

The source term S is included for generality but would be zero

in many applications. An important potential application [3]

of this type of modelling is the analysis of steam How in

power-station condensers. In this case S would be negative.
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With the above assumption that the K, are independent of
the Aow direction, it can be shown [ 1] that there are thr
mutually orthogonal directions which. when the coordinate
directions are in line with these dircctions. have the propern
that

K =10

i for

These directions are known as principal directions and the
corresponding flow conductivities. K. known as principal
conductivities. The principal conductivitics K; are denoted
by Kjin the remainder of this note. By symmetry, it is clear
that one of the principal directions is parallel to the tubes. For
regular arrays, the other two principal directions arc along
lines of symmetry. For example. in inline arrays, the principal
axes are parallel to the rows of tubes.

The transformation rules for rotation about one of the
principal directions (xy say) are [ 1]

Ky = Kycos x i ALsin®

K> = K)sin® 2+ K, cos™

Ky =K =(K;

<K s cos «

where » is the angle between the new axes and the principal
axes. Thesc same rules apply il K;; are replaced by R;;.

For a wide range of tube arrangements, existing cor-
relations and design charts for pressurc drop in tube bundles
may be casily transformed to give the principal conductivities
as a function of [u]. An excellent compilation of design curves
for crossflow is that of ESDU [4] For axial flow, the
hydraulic mean diameter concept may be used, at least to a
first approximation, to give the relationship between the axial
conductivity and the superficial velocity.

3. CONFIRMATION OF THE MODEL
L1 Flow perpendicular to tubes arranged in square and
cquilateral triangular lavouts
Clearly, in a square array of tubes

Ky o= K5 0=k osuyt 9y
It follows from cquations (6) (8} thut
Kip = hos o (10
and
Koy =k =0 (i)

for all ». Hence, the low properties in the plane perpendicular
to the tubes are isotropic. For tubes arranged in an
cquilateral-triangle layout, the cquations must remain the
same after rotation of the axes through 60°. Equations {6)-(8)
only admit this possibility if the low properties are again
isotropic. There are data on flow in different directions
through square and equilateral triangle arrays which may be
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Fi1G. 1. Flow-conductivity results obtained for flow i»n two directions in a square wrray with pitch-to-
diameter ratio of 1.25.
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F1G. 2. Flow-conductivity results obtained for flow
pitch-to-diameter ra

used to confirm these results. In the following discussion of
these data, the definitions proposed by TEMA will be used to
denote the tube layout and flow direction.

Figure 1 shows values of k determined from flow in two
directions in a square array of pitch-to-diameter ratio 1.25.
Similar data are shown in Fig. 2 for equilateral triangular
arrays with pitch-to-diameter of 1.25 to 1.33. In these figures,
the Reynolds number, Re, is a scalar defined by

Re = plulD/p. (12)

It can be seen that, for the most part, the differences in & for the
two flow directions are within the scatter in the data. The
exception is the square array over the Reynolds number range
300-2000 where there is some indication of a systematic
difference between flow directions. However, this difference is
small compared with the scatter in the data and hence we are
justified in ignoring it until further information is obtained.
The general conclusion is therefore that square and equi-
lateral triangle arrays exhibit isotropy in the plane per-
pendicular to the tube axes which is in agreement with the
proposed model.

3.2. Flow in the plane parallel to the tubes

Data are available on pressure drop over inclined bundles
and this may be compared with predictions from the current
model. In the following analysis of this problem, direction 1 is
taken as parallel to the tubes and 2 as a principal direction
perpendicular to the tubes.

For one-dimensional flow perpendicular to the tubes
(case A) the pressure drop is given from equation (1) as

Ap, = uUL, /K, (13)

where U is the approach velocity and L, the depth of the
bundle in the flow direction. The pressure drop for the same
bundle when inclined to the flow (case B) is given from
equation (2) as

Apg = pULgR,,. (14)

The length Ly is related to L, by

L, = Lgcosa (15)

where « is the angle which the bundle is rotated from the
normal flow direction. A pressure drop is also set up normal
to the flow direction but this is ignored here since it has not
been measured. Combining equations (13)—(15), and using
the tensor transformation rules from equations (6)—(8), gives,

'

K5 .
= coszx+vlsmatanoz.
Ap, K

By

(16)

in two directions in equilateral-triangle arrays with
tios of 1.25 and 1.33.

For values of Re greater than about 10° and for the tube
layouts usually found in heat exchangers, K/K, is very small
which means that equation (16) is well approximated by

Apg/Ap, = cos o (17)

for o < 60°.

Kazakevich [ 10] has obtained pressure drop data for high-
Reynolds-number flow over inclined bundles which may be
compared with equation (17). These data are unfortunately
for only 5 and 6 rows crossed which means that flow-
development effects are most likely present in the experi-
ments.

Figure 3 shows the pressure drop ratio, Apg/Ap,,, obtained
by Kazakevich for each row and the development effect can
be seen in these data. The predictions from equation (17) are
also shown in this figure and there is some tendency. for the
measured values to approach the prediction as the number of
rows is increased. Hence, those results give further partial
support for the model.

4. CONCLUSIONS

General equations are proposed for predicting multi-
dimensional flow in tube bundles. The equations use a flow
conductivity (or flow resistance) tensor which may be
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F1G.3. Comparison of the predicted pressure-drop ratio with
the data of Kazakevich [10] for flow over inclined bundlies.
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obtained from existing correlations for one-dimensional flow
through tube bundles. A simple assumption is used that the
flow conductivity tensor depends only on the magnitude of
the superficial velocity vector and not on its direction. This
leads to some useful and interesting results, one of which is
that the flow properties are isotropic for the plane per-
pendicular to tubes which are arranged in square and
equilateral-triangle arrays. This means that the pressure drop
for flow in one direction through such arrays may be
predicted from data on the flow in another direction, The
assumption that the flow conductivity is independent of flow
direction is shown to be in reasonable agreement with
existing experimental data.
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NOMENCLATURE
area;
constant, equation {7);
specific heat at constant pressure;
diameter;
(v}, velocity function, = u/u,;
Gin),  temperature function = {T— TW(T,— T}
Gr, Grashof number ;
1(0),  integral, equation (8)

"ﬂb{‘,mk

i Fb
= { {sin §)>3 dg/(sin ))¥° } :

JO

d, acceleration of gravity

K, thermal conductivity ;

m, mass flow rate,= pii - 2zRIsin

Nu, Nusselt number ;

,,,,,, 1 M

Nu, average Nusselt number, = Nu{0)do .
v

Pr, Prandtl number ;

Pr*.  modified Prandtl number =
Pr{l+24/C AT = Pri2:%/C,AT):

q, heat flux:
T. temperature;
AT, wall superheat, T,,— T,;
i, tangential component of velocity ;
il
i, average velocity, = 5 J udy;
2 Jo

L, radial compoenent of velocny .
X. tangential coordinate :
I radial coordinate.

CGreek symbols

Ve numerical constant, = F'{1}:
Vs numerical constant, = F'(0):
Vi numerical constant, = G'(0):
Ve numerical constant. = | F(yidy:
R
d, vapor film thickness;
0, angular coordinate
I8 dimensionless radial coordimate, = 14
A tatent heat of vaporization:
A% modified latent heat of vaporization, =
A1+ C,AT22);
¥, kinematic viscosily;
I density.
Subscripts
I8 liquid ;
8, saturation :
W, wall.
Superscripts

differential with respect to 5
average value.



