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Since the days of Newton, virtually all forms of convective heat
transfer have been based on his concept of the heat transfer coefficient.
However, as described in this article, Newton’s concept is useful only
when dealing with highly linear forms of heat transfer. A different
concept is required in order to effectively design and analyse equip-
ment involving non-linear heat transfer phenomena. The author
presents such a concept and describes its application and several
surprising but practical results which derive directly from it. In spite
of the fact that the new concept effectively deals with non-linear
phenomena, it is quite simple
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A new and simple concept for the analysis of
NON-LINEAR HEAT TRANSFER PHENOMENA

such as beiling

by E. F.

GLANCE at the chemical and petrochemical indus-

tries is enough to reveal the profound changes taking
place within their boundaries. Very fast reactions, syn-
theses carried out at abnormally high temperatures or pres-
sures, the handling of fluids with unusual properties such
as liquefied hydrogen and molten metals, exceptionally high
rates of heat and mass transfer and unstable systems, are all
appearing on the scene with increasing frequency.”

The profound changes enumerated in this quotation (2)
all suggest the possibility that we may be attempting to
reach beyond the limits of the engineering concepts cur-
rently used to design and analyse equipment. For example,
many processes which occur in a well-behaved and linear
manner at “‘normal” rates become increasingly non-linear
as they are made to occur at abnormally high rates. While
the non-linearities present a challenge to today’s engineer,
there is a very real danger that the concepts which have
proved adequate in the past may not be adequate to cope
with the many problems inherent in highly non-linear pro-
cesses and equipment. In particular, there is the danger that
we may retain the use of a linear concept for the analysis
of non-linear problems in which the concept itself is of
no value.

In this article it is proposed to take a close look at a
concept which has been a cornerstone of engineering for
over two hundred years—the concept of the “heat transfer
coefficient”, originated by NEwToN and contained in what
is often called Newton’s Law of Cooling. We shall deter-
mine under what conditions this concept is useful and
under what conditions it is not. From there we shall go
on to formulate a new concept which is more generally
useful and which better satisfies today’s requirements. The
manner in which the new concept is to be applied will be
discussed and illustrated by the presentation of several
examples. The examples were chosen to illustrate the im-
portance of the concept by demonstrating that problems
which have never vielded to solution are easily solved with
the new concept.

While this may seem a formidable task, the reader will
find that the new concept requires only the most elementary
mathematical background and is, therefore, easily under-
stood and utilized.

The author is President of the firm Stability Consultants of Cincinnati,
Ohio, U.S.A.
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A Close Look at Newton’s Concept
In order to better understand the need for a new concept,
it is necessary first to take a close look at Newton's con-
cept of the heat transfer coefficient. In particular, we must
analyse his concept to determine under what conditions it is
useful and under what conditions it is not. Once we have
made this distinction, we will be in position to appraise
both the need for a new concept and the requirements that
such a concept must satisfy.
To begin with, it should be recalled that the problem con-
fronting NEWTON was:
How is the flow of heat related to the tempera-
ture difference between an object and the sur-
rounding fluid?
This same question may be posed analytically by asking :
What is the nature of the function f in Equation 1?7
Q = f (Tovject — Ttiuia) L)
[n answer to this question, NEwWTON (1) proposed Equation
2 which is sometimes referred to as Newton’s Law of Cool-
ing and which has since served as the definition of the heat
transfer coefficient f.
Q e hA {Txm'face o TJ'luiuj} fees (2)
What we must now determine is: Under what conditions
is Equation 2 a satisfactory answer to the question posed by
Equation 1? To answer this question, let us rewrite Equa-
tion 2 in the form:
g = hAT cie3)

By differentiation of Equation 3 with respect to L\T the
following equation is obtained :

dq/dAT = h + AT (dh|dAT) o (@)
It can be seen that, for the special case where:
dh/dAT =0 i dS)
Equation 4 reduces to the simple form:
dq|dAT = h = g/AT Soal(G)

It-is the simple form of Equation 6 which actually underlies
the usefulness of the heat transfer coefficient concept. When
Equation 6 applies to the problem at hand, the heat trans-
fer coeflicient concept is very useful because, with a single
constant, it completely describes the functionality between
g and AT! This was precisely the question which NEwWTON
wished to answer,



Now that we have determined the conditions for which
Newton’s concept is useful, it is an easy matter to determine
the converse. The answer is simply:

Newton's concept of the heat transfer coefficient

is not useful whenever Equation 5 does not apply

with reasonable accuracy to the problem at hand.
1t should be noted that if Equation 5 is not satisfied, then
the value of the heat transfer coefficient gives essentially
no information about the relationship between g and AT—
and it is this relationship which we initially set out to deter-
mine. This may be better seen by considering the following
two examples:

(a) Given that A = 1000 and that dh/dAT = 0.

(b) Given that A = 1000 and that dh/dAT # 0.

From the information in the first example, we know all
about the relationship between g and AT—we can deter-
mine the value of g for any AT as well as all the derivatives

Fig. 1
q versus AT when dh/d AT

= 0. q/AT =1000

0-0
AT

of g with respect to AT. For this example, we know that the
functionality is precisely as shown in Fig. 1. On the other
hand, what can we determine about the functionality
between ¢ and AT from the information in Example (b)?
Virtually nothing. The only conclusion we can reach from
Example (b) is that, at some point on the unknown function,
a line drawn between that point and the origin has a slope
of 1000 Btu/h/ft*> °F. Moreover, we cannot establish the
- co-ordinates of a single point on the function, nor can
we determine anything about any of the derivatives of g
with respect to AT,

In the above analysis it has been shown that, in a very
special case, the concept of the heat transfer coefficient is
useful because it completely describes the functionality
between g and AT. Put another way, it is useful in this
special case because it is then able to take a great deal of
information and present it completely and concisely and
in a manner easily used for design and analysis. On the
other hand, Newton’s concept fails to accomplish this
for all but the special case and we must therefore look
for a new and better concept to replace it.

The New Concept

The principal requirement for the new concept is that it
provide a simple method for describing the relationship
between ¢ and AT in the general case, i.e. when Equation
5 is not satisfied. We can arrive at the essence of the new
concept by first considering the simplest form of equation
which does not satisfy Equation 5, namely:

g =mAT + B e )
Such an equation would apply to region 2-3 of Fig. 2. This

figure may be thought of as a curve relating ¢ to AT in a
boiler where natural convection occurs in region 1-2 and

®3

Fig. 2
q versus AT. In interval 2-3,
q = mAT 4+ B,B=0.

boiling occurs in region 2-3. For Equation 7, we would like
to answer the question: What is the simplest way to
describe the functionality between g and AT? The answer
is, of course, that Equation 7 is already in the simplest form
to describe the functionality between g and AT and, since
it is already in its simplest form, it can add nothing to
change that form by introducing the heat transfer coefficient
concept. This is the essence of the new concept—namely to
altogether avoid the use of heat transfer coefficients and
instead to deal only with ¢ and AT. This introduces the
problem of how to design heat transfer equipment without
utilizing heat transfer coefficients. However, as will be
shown later, it is generally simpler to design equipment by
using the new concept rather than heat transfer coefficients.

In the above example, the new concept completely
described the functionality between ¢ and AT (in interval
2-3) by the use of two constants, m and B. On the other
hand, the & concept would have required the use of still
another function, namely:

h=m + B/AT e (B)
to yield:

g = hAT = (m + B/AT) (AT) L (9)
The reader will at once recognize that Equation 9 can and
should be reduced to Equation 7. However, it should be
noted that the difference between the old and new con-
cepts is precisely the difference between these two equations,
Equation 9 contains the heat transfer coefficient and Equa

tion 7 does not.
For a number of years pool boiling experimenters have
been correlating and comparing data in the desirable

form:

q = f(AT) ... (10)
However, and this is the important point, the new concept
involves the recognition that Equation 10 is more than a
convenient form for correlating and comparing pool boiling
data. It should rather be the foundation for the correlation
of all forms of non-linear heat transfer and, more impor-
tant, Equation 10 should be the foundation for the design
and analysis of all types of non-linear heat transfer equip-
ment.

Symbols used

A = area, ft2;
a = dimensionless constant;
B = dimensional constant:
b = dimensionless constant;
¢ = dimensionless constant;
i = function;
f = derivative of function *f’;
h = heat transfer coefficient, Btu/h ft* °F;
J = thermal conductivity, Btu/h ft °F:
m = dimensional constant;
M = unspecified function of viscosity, density and
‘other correlating parameters;
N = dimensionless gquantity;
O = heat flow, Btu/h:
g = heat flux, Btu/h ft%;
t = thickness, ft;
T = temperature, °F;
AT = temperature difference, deg F:
U/ = overall heat transfer coefficient, Btu/h {t* °F;
x = vapour quality, weight per cent.

Subscripts

BI = Boiling Interface;

Nu refers to Nusselt Number;
Pr refers to Prandtl Number:
Re refers to Reynolds Number;
S refers to steam;

t refers to total.




New Versus Old Concept
The distinction between the new and old concepts may
be better appreciated by noting that the new concept is
useful in the general case:
dq |dAT = {' (AT) # constant B D)

whereas Newton's concept is useful only when Equations
12 and 13 are both satisfied :
dq/dAT = f (AT) = constant = h wean(12)
gAT =0)=0 el )
From this it can be seen that the new concept does
not altogether preclude heat transfer coefficients; rather,
heat transfer coefficients result naturally from the new
concept whenever their use is indicated by the experimental
evidence.

The above may be stated graphically by noting that a
heat transfer coefficient is simply the slope of the line drawn
between some point (g1, AT:) and the origin as shown in
Fig. 3. When the broken line in Fig. 3 is also the curve
relating g to AT, the new concept involves heat transfer
coefficients, When the converse is true, it is much simpler
and more useful to deal directly with ¢ and AT without
attempting to use heat transfer coefficients.

Using the New Concept -

In a preceding section we concluded with the observa-
tion that heat transfer coefficients must not serve as the
foundation for the design of non-linear heat transfer equip-
ment. It is therefore necessary to find an alternative
method based on Equation 10 which will provide a simple
and reliable procedure for design and analysis. Rather
than present the application of the new concept in the
abstract, let us analyse a simple numerical problem.

Given:
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(i) At the interface marked 3, ¢ = 1000 (73 — Ty) —
10,000.
(ii) At the interface marked 2, ¢ = 500 (71 — T%).
(iii) The plate (2-3) is 0.01 ft thick and k = 10, ie.
g = kAT/t = 1000 (7. — T3).
(iv) T1 = 375°F, T. = 300°F.

Problem:

What is the heat flux from 1 to 4? Using the new con-
cept, it is first observed that:

(i —T)=T1~T)+ T:—T)+ T:—1T4) ....(14)
and, therefore, by substitution of the given information
into Equation 14:

(Th — T4) = (gq/500) + (g/1000) + (g/1000) + 10
from which we obtain:

g = 250 (I, — Ty — 2500 ... (16)
Since (T, — Ty) is given as 75°F, Equation 16 indicates
that the answer to the problem is 16,250 Btu/h ft%.

For comparison, let us now solve the same simple prob-
lem using the heat transfer coefficient concept. In this case,
the given information will take the form:

() At the interface marked 3, /i = 1000 — 10,000/

(Ty =T
(i) At the interface marked 2, i = 500.
(iii) and (iv) No change from above.
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With the heat transfer coefficient concept, the important
thing is to first determine the overall heat transfer coeffi-
cient U so that g can then be determined from :

q = UAT A atys)
Toward this end we write : :
U= . (18)
(1/h2) + (Ufhy) + (t/k)
e l 10,000
002 + 1 = e ;
0.002 4 1(1000 Tr TJ + 0.001
e (19)

Since the value of (T3 — T) is unknown, the solution of the
problem begins by assuming a value for (T3 — T%) so that
a first estimate for U from Equation 19 may be deter-
mined. This value of U is then used to solve Equation 17
to obtain a first estimate of g. This first estimate of g is
then used with Equation 3 to determine a second estimate
of (T3 — T:) and the entire procedure is iterated until we
at last converge on the correct answer. (As will be discussed
later, there are a number of situations for which the above
iteration technique would diverge rather than converge,
forcing us to seek an alternative method of solution. The
significance of this complication is discussed in the para-
graph on stability.)

It should be noted that Equations 16 and 19 are mathe-
matically equivalent and that the one can be obtained from
the other. The only real difference between the equations
is conceptual in nature; one is based on coefficients and
one is not. In the above example, the difference in concept
makes the- difference between a simple and direct solution
on the one hand, and a less simple and cumbersome solu-
tion on the other. Moreover, when we consider more prac-
tical problems, we will find that the difference between the
two concepts magnifies to the point where the correct solu-
tion of many practical problems becomes virtually impos-
sible when based on the old concept.

Some Examples of Non-Linear Heat Transfer

What exactly is non-linear heat transfer? To answer this
question, let us begin by defining linear heat transfer in the
following way (bearing in mind that we refer primarily to
convective heat transfer):

Linear heat transfer is the transfer of heat which
occurs in such a fashion that both Eguations 12
and 13 are satisfied.

While the above is a very restrictive definition of the
linear aspect (since we require that Equation 13 also be
satisfied), this definition is strongly suggested by the heat
transfer cosfficient concept. Perhaps the only example of
really linear heat transfer is one-phase, forced convection
occurring under small temperature differences. This type of
heat transfer has been well correlated for many years by
equations of the form:

Nyu = ﬂfNHa-‘Jh(Nw)'ﬂ sees l"ZO)
for which Equations 12 and 13 are indeed satisfied.



An example of a non-linear heat transfer process is free
convection for which the relationship between ¢ and AT
is as shown in Fig. 4.

Free convection is non-linear at all values of AT due to
the interaction between AT and the convective flow rate,
i.e. an increased AT increases not only the thermal driving
force but also the driving force available to “pump” the
cooling fluid. This type of heat transfer is generally corre-
lated by expressions which may be reduced to:

h = (AT)*(M) s (21)
where @ is generally given to be 0.25 to 0.33. Eliminating
the copefficient from Equation 21 gives:

g = (AT (M) coenl22)

which yields:
dq|dAT = (a + 1) (AT)*(M)

Combining Equations 21 and 23 gives:

s A23)

h— (—1-—) (dqdAT) = 0.8 dg/dAT ....(24)

1+ a
at any value of AT. The 0.8 in Equation 24 gives some

measure of the “efficiency” of the heat transfer coefficient .

concept since it indicates how well the coefficient describes
dg[dAT at the point being considered. Since +0.8 is
reasonably close to +1.0, the use of the s concept for the
analysis of free convection problems is not altogether un-
reasonable. However, the substitution of the new concept
would eliminate the necessity for iterative type solutions
for solving problems of this sort.

Perhaps the most highly non-linear form of heat transfer
occurs in the boiling process. The exireme non-linearity
was first observed by Nukivama (3), who measured the
shape of the pool boiling curve shown in Fig. 5.

Fig. §
The “pool boiling curve”.

As shown in that figure, this type of heat transfer is so
highly non-linear that it includes a region in which dg/
dAT is negative. Since the heat transfer coefficient can never
be negative, it follows that # and dg/dAT will be of oppo-
site sign whenever the latter is negative. As will be discussed
later, the coefficient concept is of no value whenever the
possibility exists that dg/dAT is less than zero. When this
possibility exists, the retention of the heat transfer coeffi-
cient concept makes the correct solution of certain prac-
tical problems so difficult as to be virtually impossible.

Practical Results of the New Concept

Let us now use the new concept to solve some practical
problems. Since the boiling process is so important and
also so non-linear, problems centred around boiling equip-
ment will be considered. However, it will be apparent that
the manner in which the concept is to be applied in no way
depends on the process being considered and that the
sample problems illustrate the application of the new con-
cept in general.

Optimizing the Performance of Existing Equipment

The first problem to be considered is that of optimizing
the performance of an existing evaporator. Specifically, we
shall attempt to determine how to obtain the maximum
output from the evaporator, given the following informa-
tion:

(i) The evaporator is a single pass unit with evapora-
tion occurring on the tube side and condensation on
the shell side.

(ii) The shell side consists of several individual steam
chambers as shown in the sketch.
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STEAM
CHAMBERS

(iii) The steam is available at a maximum saturation tem-
perature of 400°F.

(iv) The feed is saturated at 250°F.

(v) Required outlet condition from the evaporator:
saturation temperature = 250°F; maximum mois-
ture content = 5 per cent.

Since the output of the evaporator is proportional to the
amount of heat transferred, the maximum output is syno-
nymous with the maximum heat transferred. Therefore, we
will consider how to maximize Q in the given evaporator.
Using the heat transfer coefficient concept we may write :

Q = UAAT .(25)

from which it would certainly seem that Q may be maxi-
mized by maximizing AT, ie. by using the steam at its
maximum available temperature of 400°F. However, it will
be recognized that this conclusion is based on the assump-
tion that the condensing temperature is everywhere the
same in the unit, whereas the individual steam chambers
provide the flexibility of maintaining different condensing
temperatures in different regions of the unit. What must
therefore be determined is the combination of jacket tem-
peratures which will provide the maximum heat transferred
in the unit. Again, using the % concept, we may write:

O1o0at = Uloeal Aocal AT ooat R (26)

from which it would seem that the heat transferred in any
chamber may be maximized by using the maximum avail-
able steam temperature. In this fashion, we again seem to
arrive at the conclusion that the heat transferred in the
unit may be maximized by using the maximum available
steam temperature everywhere in the unit.

Let us now approach this problem by utilizing the new
concept to determine how to maximize Qien1 everywhere in
the unit. Toward this end we write:

Qiocal = Alocal f(QTJmcal fees (27}

from which it will at first seem that the new concept is a
step backwards; i.e. the answer to the problem seemed
obvious from Equation 26, whereas the answer is not at all
obvious from Equation 27. In fact, with the new concept, it
is impossible to arrive at an answer until we know some-
thing about the function f(AT)wer. Equation 27 indicates
that the maximum Q may or may not occur at the maxi-
mum steam temperature and that the answer obtained using
the & concept may have been the wrong answer! This is not
to say that it is impossible to obtain the correct answer from
the i concept. Rather, it demonstrates that the seeming
simplicity of the & concept is a deception which can easily
lead to the wrong answer. For instance, from Equations
25 and 26, it would certainly seem that there can be only
one value of O for a particular value of AT, but, again,
this is the wrong answer. As will be shown, there may be
two or three values of Q for a particular AT'! Moreover, if



Fig. 6
f (AT)iocar based on the pool boiling curve.

one were to utilize the i concept to pursue the correct
answer in such a case, it would be found that the / concept
is not simple; rather, it adds a great deal of artificial com-
plexity to what would otherwise be a simple problem.

In order to pursue the problem further, let us now con-
struct a possible f(AT)wem which might be expected to
describe the behaviour of some chamber in the evaporator.
Recalling Nukiyama’s pool boiling curve (Fig. 5), we may
reasonably expect a similar function to describe the heat
transfer at the boiling interface somewhere in the evapora-
tor. In order to account for the thermal resistance of the
tube walls and the condensing film it is necessary to add
this additional resistance to that of the boiling interface. As-
suming that this additional resistance is linear and perform-
ing the addition graphically, f(AT)wea1 Would be as shown
in Fig. 6 where the exact shape would depend on the relative
magnitudes of the linear and non-linear thermal resistances.

Now that f(AT)ica has been “determined”, the answer
to the problem is quite straightforward. The optimum per-
formance will be obtained when the steam temperature in
each chamber is set at the value which results in the maxi-
mum Q and this temperature may or may not correspond
to the maximum available steam temperature, depending
on the nature of f(AT)ecar. Moreover, in determining
f(AT)ioca1, our attention has been focused on a problem
which does not even arise when using the & concept,
namely, the problem of the multi-valued Q. As may be
seen in Fig. 6, there are three possible values of Q for any
steam temperature between T, and T; and the actual value
of O will depend on the operating history of the equipment.
In other words, the performance of the equipment at some
design point may be strongly influenced by the manner in
which the equipment is brought to that point, suggesting
that it will sometimes be possible to improve the perform-
ance of existing equipment simply by revising the operating
instructions!

To summarize, we have used the new concept to show
how to maximize the output of a given evaporator. The
results of the analysis were:

(a) It may be possible to increase the evaporator output

by simply revising the operating procedures.

(b) It may be possible to increase the output by simply
decreasing the steam temperature in certain regions
of the evaporator.

(c) More generally, the analysis demonstrated that it will
often be desirable to design boiling equipment in
such a way that the temperature of the heat source
can be set at different levels in various parts of the
equipment.

While it is possible to obtain the above results by using

the h concept, the analysis is so difficult that it will not be
considered here.

Correlating Boiling Heat Transfer Data

The new concept strongly suggests that non-linear heat
transfer phenomena be correlated by determining the func-
tionality between g and AT rather than by determining heat

transfer coefficients. Let us now follow this suggestion and
turn our attention to forced convection boiling which is
generally correlated by the use of heat transfer coefficients.
We shall attempt to describe the boiling phenomenon by
relating g to AT graphically and for a single fluid. g and AT
will be treated as the primary variables and all other vari-
ables as correlating parameters. To further simplify the
problem, we shall at first consider that we are describing the
boiling phenomenon as it occurs in the evaporator already
described while operating at some steady-state condition.
The problem therefore reduces to establishing the relation-
ship between ¢, AT and x.
As a result of the above simplification, we can at once
place two lines on our graph of g vs. AT :
(i) The line of 100 per cent quality which we know will
be highly linear, i.e. one phase, forced convection.
(i) The line of 0 per cent quality which we have every
reason to expect will be similar to Nukiyama’s pool
boiling curve,
We therefore begin our graph with the two lines shown in
Fig. 7.
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It is of course not possible to fill in the lines of inter-
mediate quality with any great accuracy. However, the 0 per
cent line must somehow (and in a continuous manner) as-
sume the shape of the 100 per cent line as the quality in-
creases to that value. Since we cannot at this point demon-
strate that the change will be monotonic, let us simply as-
sume that it is, in which case Fig. § will result.

It should be recalled that Fig. 8 applies only to a single
fluid and was obtained for a particular flow rate and a
particular pressure, i.e. these correlating parameters have
been held constant for the sake of simplicity. However, it
should be noted that Fig. 8 is in precisely the form we
require in order to answer the question: how will the eva-
porator perform at a particular flow rate and pressure and
for the fluid of interest? Moreover, it may very well be
that the effect of these other correlating parameters is
small enough to be neglected, in which case Fig. 8 becomes
more generally applicable. For instance, the effect of pres-
sure on Fig. 8 may be negligible, and Fig. 8§ might then
apply to a wide range of pressures—and similarly with
the flow rate.* In any event, the correlations resulting from
the experimental evidence would be expected to relate g, AT
and x in the manner shown in Fig. 8 for a given pressure,
flow rate, etc. The important point is that Fig. 8 correlates
the experimental data in the manner required for the effec-
tive design of boiling equipment.

* It has been the author’s first-hand experience that boiling liquid metal data
are highly correlated in the manner shown in Fig. 8 and that, when corre-
lated in this way, the effects of pressure and flow rate are negligible over a
considerable range.



Determining an Optimum Temperature Profile for the
Evaporator

Now that we have determined f(AT) at the boiling inter--

face for various qualities, let us return to a problem in-
volving the evaporator. In particular, let us determine
the shell side temperature profile which will result in the
highest possible exit quality at some particular feed rate,

The first step in the analysis is to determine f(AT); from
the information given in Fig. 8. Assuming that the resistance
of the tube walls and the condensing film are linear and
performing the analysis graphically as before, Fig. 9 is
obtained.

Since the maximum exit guality will coincide with the
maximum heat transferred in the unit, our problem reduces
to determining the local temperatures which will result in
the maximum heat transferred at each location in the unit.

From Fig. 9 it can be seen that, for qualities below 20 per

cent and above 99 per cent, the maximum available steam
temperature results in the maximum heat transferred
locally. However, for qualities between 20 per cent and
99 per cent, the maximum heat transferred occurs at some
steam temperature below the maximum available. Plotting
the optimum local steam temperature as a function of local
quality, we obtain Fig. 10.

Although Fig. 10 is extremely qualitative, it does demon-
strate that the performance of boiling equipment can some-
times be improved by taking the surprising step of decreas-
ing the temperature of the heat source in certain parts of the
equipment.

While the analysis has been performed graphically it
should be noted that it could also have been performed
analytically with the same results. For the purpose of illus-
trating the application of the new concept, the graphical
analysis is preferable because it allows the performance
of the equipment to be better visualized.

Thermal Stability

As was mentioned previously, the h concept tends to
obscure the fact that multiple solutions of @ may result for
a given value of AT. This is particularly undesirable when
dealing with stability problems because problems of this
nature generally result from the fact that there is a multiple
solution for some parameter in the system. Moreover, one
of the most effective ways of dealing with stability problems
is to uncover the parameter which is multi-valued and then
to modify the system or component so that the parameter
is single-valued at the design point. Unless one employs a
concept which emphasizes that @ is not a unique function
of AT, there is a danger that it may be concluded that the
heat transfer process is necessarily stable in equipment in
which the temperature of the heat source is controlled. This
is not to say that unstable heat transfer systems can result

o
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profile (shell side) for the
example shown in Fig. 9.

only from a multi-valued Q, but rather that the heat trans-
fer process should always be considered as a possible cause
of the observed instability. That this possibility is not
generally considered is best evidenced by the fact that the
stability of the heat transfer process has only recently been
given the generic term “thermal stability” (4).

It was also mentioned previously that, under certain con-
ditions, an iterative solution employing heat transfer coeffi-
cients would diverge rather than converge. Such a result
is intimately related to the multi-valued Q. Stated simply,
the divergence would result if the first iteration were in a
region in which U and dq/dAT. were of opposite sign.
While a mathematical solution would exist in such a region
and could be found by employing more powerful iteration
techniques, the solution would generally diverge in a
physical sense, ie. the solution would correspond to an
operating condition at which the equipment would be
“thermally unstable™.

Conclusions
1. The new concept provides an improved foundation for
the correlation of non-linear heat transfer phenomena.
2. The new concept provides an improved foundation for
the design and analysis of non-linear heat transfer
equipment.
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