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NOMENCLATURE

number of channels;
temperature of fluid in channel i;

B}

temperature vector, £ = (t;.f5.....1,)7:

t,

x, space coordinate along the stream;

L. length of channel in x-direction;

ki overall conductance for heat
channels i and k;

k.. effective heat transfer conductance;

hy. common perimeter of channels i and k:

W. fluid capacity rate (water equivalent). W = Qc:

Q. flow rate of fluid;

c.  specific heat of fluid;

ay, specific heat transference from channel i to channel k.

transfer between

kychy
A = >
W,
F. area for heat exchange, F = L h;
a;. dimensionless heat transfer conductance.
_ ki Fac
a; = W

A, coefficient matrix of the resulting system of differential
equations;

I, unit matrix;

K; eigenvectors of matrix A, K, = (K. K,;..... K"

Greek symbols
A, eigenvalues of matrix A;
£, n. dimensionless heat transfer conductances of two
streams in Fig. 1;
¢. dimensionless space coordinate. ¢ = x/L:

THE SYSTEM of equations for parallel-flow multichannel
heat exchanger using the linear formulation is, in the
notation of [1]

n

Y ault;—1)=0

| i=1.2 1
ax T L i=12....n (1)

xe {0, L)

where ag = ky hy/W, is the specific heat transference
(number of transfer units per unit of coordinate x). Several
authors have investigated the solution of system (1) for
specific cases and Wolf [1] presents a general procedure
for obtaining exact solutions. System (1) can be written in
compact matrix form as:

dr

At = (2)
dx
where A is the n x n matrix,
n
— Z ay Aigeeeennininenn ay,
K=1
n
A= Ay, — ¥ Gy Ga3........ sz
. k=1
n
Any - z 2
K=

If all the eigenvalues of matrix A are distinct. the general
solution of (2) is given by

t=Y Ke ™ (3)

where 1; and K are eigenvalues and eigenvectors of matrix 4.
If. however. some of the roots are repeated, the problem of
finding the general solution becomes more complicated (see,
for example, [2] or [3]).

Wolf proves that all eigenvalues are distinct ; however. his
proof contains an invalid assumption that multiple zero
roots cannot exist. Moreover, he does not prove that the
eigenvalues are real. which is of theoretical as well as of
practical importance. We will here demonstrate the answer
and show that Wolf’s assumption is invalid.

(1) All eigenvalues of matrix A are real

Proof: The eigenvalues of matrix A are a solution of the
characteristic equation |4 — 11| = 0.

Premultiplying this equation by the diagonal matrix B,
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W,

results in the eigenvalue problem,
{C —Bil=0

where C = BA. As |BA| = |B| A for any matrix then

|C — BAj = |B(A ~ ID)| = |Bl|(4 ~ ID)| = 0

so that all eigenvalues of matrix 4 and the above equation are
identical.
Now; (a) matrix C is symmetric as

*Z:kmhw kishys oo kyphy,
C= kyhyy — Zk: kachok oov. .. kaynhsyn,
ku!kni """"" T ankknk

and kyh;, = kihy; by definition.

{(b) matrix C is diagonally dominant with diagonal entries
of the same sign; this implies together with (a) that C is
negative semidefinite ([ 5], p. 24)

{c) B is symmetric, nonsingular.

Then all finite eigenvalues of A are real as follows from [4],
Theorem 8.6.

The physical meaning of this is obvious; the solution does

not possess any oscillatory component.
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(2) All nonzero eigenvalues are distinct: however. zero
multiple eigenvalues may exist.

The first part has been proved by Wolf {17, if his assump-
tion {page 905), that multiple zero roots cannot exist Is
omitted from the consideration. In order to provg this
contradiction. consider the following simple example {cf. [6]}

Let the geometry of the exchanger be that given in Fig. 1.
Assuming k = constant and introducing the dimensionless
constants

kF kF
C=Wl= “W;=332L=432L
14 kFk
n=._=- Wz—x——“:aan ay3L.. where F = Lh

and the dimensionless variable ¢ = % yields
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The eigenvalues of matrix 4 are the solution of the equation

i 1ot
Al[}.l - ,15(, H) -2 (7 - ;ﬂ: 0
1 u u ,

which gives the multiple root 4, = 4, = 0
Similarty changing direction of one flow, for example, the
signs of W, and W, results in the characteristic equation

A[/‘:‘ - (’ - 1) - e (1,+ '-5)
u u?)
i
+ Zuﬁ“(l —7)} =0
U

which again results, for u = 1. in a multiple zero root.

Consequently, Cramer’s rule cannot be used to obtain the
eigenvectors, corresponding to the multiple root 4,. as in
this case, the rank of matrix (4 — 4,1) may be n — 2 (see
Hildebrand [7]), and all minors of order n — 1 are zero. Thus
equations (7)}-{10) in [1] do not serve the general solution.
if the zero root is really muitiple.
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INTRODUCTION

Frow visualization can be used to provide decisive insights
into the processes which occur in many fluid mechanics
and convective heat-transfer problems. In gases. flow
visualization is usually accomplished by the injection of
smoke. Various ways of producing such smoke have been
reported, among which are chemical reactions and burning
of combustible materials such as cigars. Some of the
methods are of rather limited applicability because they
produce smoke which is ecither corrosive, flasnmable or
toxic. Smoke generators for short-time flow visualization
are not difficult to devise. especially for the low rates of
smoke utilization appropriate to laminar conditions. On
the other hand, long-time visualization of highly turbulent
flows requires that a high rate of smoke production be
sustained for an extended period of time. This note describes
a peneral purpose smoke generation system that fulfills
these requirements while preserving simplicity of construc-
tion and operation. In addition, representative flow field
photographs of a turbulent, rotating airflow in a cylindrical
enclosure will be presented to demonstrate the effectiveness
of the smoke generator.

SMOKE GENERATION SYSTEM
A schematic diagram of the smoke generation system is
shown in Fig. 1. The smoke is produced by the burning of
wood shavings in a steel pipe. As is seen in the figure, com-
pressed air is ducted to the pipe inlet and, in passing through
the pipe, participates in the combustion process. The thus-

produced smoke flows through copper tubing to the primary
filter, which consists of a steel pipe packed with steel wool.
The primary filter is immersed in a water bath to reduce the
temperature of the smoke stream. The smoke is then con-
veyed by plastic tubing to a second filter, which is a glass
bottle (to facilitate viewing of the smoke) packed with
steel wool. The second filter is provided with two exit ports,
one of which leads to the fluid flow test facility while the
other of which is a by-pass for venting the smoke.

In the present experiments, the smoke was ducted into a
manifold, from which it was distributed to as many as 24
% in. dia.) injection holes installed in the walls of the test
apparatus. With all 24 holes in use, the smoke generation
system provided sufficient smoke for about 25min of
continuous visualization of the flow,

The wood shavings used in the smoke generator were
produced with a standard wood-shop planer. White pine
was found to be a suitable wood. To load the smoke
generator with a charge of shavings, the steel pipe was
decoupled from the system. The shavings were introduced
from both ends of the pipe and compacted with the aid of
a rod. The fully charged pipe was then screwed to pipe
reducers at its upstream and downstream ends,

The upstream pipe reducer was fitted with an electrical
resistance heating element whose function was to ignite
the wood shavings. In order to ensure ignition. shavings
were also tightly packed into the upstream pipe reducer.
The heating element was coiled nichrome wire, a coil being
used to permit stretching and displacement of the element
when the shavings were being loaded. Power was supplied
to the heating element through a pair of copper connectors



