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Abstract—An inverse heat conduction problem arises when temperature measurements are taken in the
interior of a body. and the temperature and heat flux on the surface are desired. A new approach to the
solution of this class of problems is introduced. It relies on the concept of state and disturbance observers
which is well-known from systems theory. The complete temperature profile in the heat conducting body
as well as the surface heat flux and temperature can be computed from one or several interior temperature
measurements by means of a non-linear distributed parameter observer. The technique is introduced and
analysed theoretically by means of a simple tutorial example. The approach is finally applied to a difficult
inverse problem of technical significance. The time history of local heat flux and temperature oscillations
at the inner surface of an evaporator tube are estimated during transition boiling conditions. Experimental
results with boiling refrigerant R114 flowing upward in an electrically heated tube are presented.

1. INTRODUCTION

THE ‘inverse problem’ of heat conduction constitutes
of the determination of surface temperature and heat
flux from temperature measurements inside a heat
conducting body. In contrast to direct problems,
where the solution depends continuously on the initial
and boundary conditions, inverse problems are
unstable in the sense, that small changes in the data
(for example, the measured interior temperatures) can
produce large or even unbounded deviations in the
solution [1-4]. Therefore, these so-called ill-posed
problems are difficult to solve, especially if measure-
ment noise is present.

Inverse problems have been addressed in exper-
imental investigations on heat transfer for a long time.
The monograph of Kudryavtsev [5] summarizes the
early work of Russian researchers. Various elegant
methods based on simplified analytical solutions of
the unsteady heat conduction equation are given.
They allow an approximate determination of the sur-
face heat flux from temperature measurements inside
the body under special, and thus in general restricting,
circumstances. Hence, the methods are inapplicable
to a wide range of problems, which are characterized,
for example, by fast transients or few and noisy
measurements. Continuous further development of
methods for the solution of inverse heat conduction
problems has been in progress in engineering and
applied mathematics. They have been discussed in

several recent monographs and a large number of
contributions in mathematical and engineering jour-
nals. Beck er al. [1] gave a review with special emphasis
on application in heat transfer. In refs. [2—] fun-
damental mathematical results on general inverse
problems are presented. A number of numerical tech-
niques for problems from various areas of application
are compiled in ref. [6]. The solution techniques for
inverse problems can be classified in exact methods
[1], parameter estimation {1, 6] and regularization
techniques [1-4] and difference methods [1. 7). Most
of the recently developed methods tried to minimize
the sensitivity of the solution on the specified data
(i.e. the measurements) by some mathematical artifice.
However, some authors chose a completely different
approach. They tried to reformulate the problem in
one way or another to avoid, at least to some extent,
the ill-posedness of the inverse problem. El Bagdouri
and Jarny [8] reformulated the inverse problem as an
optimal boundary control problem, which is solved
by a standard optimization technique. Despite the
promising reformulation, their approach leads to a
numerical scheme which is close to a classical zeroth-
order regularization technique {1]. Weber [9] replaced
the heat conduction equation by an approximate
hyperbolic equation. The direct solution of a well-
posed initial value problem for the resulting damped
wave equation gives good estimates of the unknown
quantities at the body’s surface.

In the present study, a new approach is chosen to
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a  dimensionless thermal diffusivity,
(4lpc,) (T /L)

a?  thermal diffusivity of layer i [m?s™']

¢, specific heat [k kg™' K]

e dimensionless estimation error
(temperature)

e estimation error (temperature) (K]

/. control laws [kW m~?]

g  dimensionless heat flux (see equation (2))

h dimensionless heat flux (see equation (3))

k, dimensionless correction factor

ky correction factor [s™!']

k, correction factor kW K~ 'm~?s7"]

!, boundary of different layers of the
composite material [m]

L length of the one-dimensional heat
conduction body [m]

rii mass flux kgm~2s7]

p  pressure [bar]

g, heat flux to the fluid [kW m~?)

gu heat flux to the evaporator tube [kW m~7]

r  spatial coordinate [m]

K} eigenvalue

T  temperature [K}

x  dimensionless temperature, (T— T,))/ Ter

X quality [—]

y  dimensionless temperature measurement,

(TM - rel‘)/Trcf

dimensional spatial coordinate, r/L.

L3}

Greek symbols
o, Fourier coefficient

NOMENCLATURE

¥ abbreviation (see equation (31))

é  dimensionless error of temperature
measurement

£ dimensionless estimation error (heat flux)

0  dimensionless thermocouple time
constant, 8/7.

3  thermocouple time constant [s}]

4 thermal conductivity kW m™'K~']

pu  design deficiency

£ dimensionless measurement location,
ru/L

p  abbreviation (see equation (39))

¢  density [kgm™?]

T time [s]

¢, dimensionless correction factor

¢  correction factor s™']

¢ eigenfunction.

Superscripts

(i) layeri

" estimated quantity

~  asymptotic state

~  rough estimate.

Subscripts

i inner

M  measurement

o  outer

ref reference

s setpoint
initial condition.

solve inverse heat conduction problems. It is based
on the well-known concept of state and disturbance
observers, which has been developed in systems theory
since the early 1970s for different classes of dynamic
systems [10~13]. These methods have been designed
to reconstruct the whole system state from a few easily
available measurements in real time. The estimated
states are used to compute a model-based control
law to improve closed-loop control performance of
complex systems. Besides the application in control
the techniques have also been employed to merely
get more quantitative information about a dynamic
system from a limited number of measurements. This
enhanced process knowledge is a basis for better and
more reliable process supervision strategies. Various
applications, even on industrial processes, are re-
ported in survey papers [14, 15].

The application of observers to inverse problems
results in the solution of an initial value problem for
a modified model equation, where the inputs and the
system parameters are known. The model outputs

which are the unknown quantities of the original
inverse problem can be computed in a cause and effect
sequence by a common numerical method. Hence, in
contrast to most of the other techniques a direct (or
forward) problem is solved to compute the interesting
quantities such as time histories of surface heat flux
and spatial temperature profiles in heat conduction.
This direct problem is usually of a better condition
than the inverse problem, i.e. it is well posed.

The first part of this paper introduces the observer
scheme by means of a simple tutorial inverse heat
conduction problem. A theoretical analysis is carried
out to give a deeper insight in the strengths and weak-
nesses of the method. These results are of direct use to
design observers for complex inverse heat conduction
problems of technical significance. As an example the
estimation of surface heat flux time histories in forced
convection transition boiling from temperature
measurements inside the evaporator wall is presented
in the second part. Some experimental results are
given to demonstrate the capability of the technique.
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FIG. 1. One-dimensional heat conduction system.

2. A TUTORIAL EXAMPLE

The heat conduction problem (see Fig. 1) to be
studied in this section is given by a one-dimensional
heat conduction equation in dimensionless form

éx éx
3’_(21’)=aa—zT(z”), ZE(O,I), t>0 (l)

with boundary and initial conditions

Ox
5(0, =g, t20 @

0x
5(1,1) =h), t20 (3

x(2,0) = xo(2). 4

The heat flux functions g(r), A(¢) and the initial tem-
perature profile x4(z) are assumed to be consistent at
t = 0. In the interior of the body at location z = £,
0 < ¢ < 1, a temperature measurement is taken. The
measurement device usually does not reveal the exact
temperature x(§, r). This is a consequence of the
unavoidable time lag of the thermocouple sensor and
of deterministic or stochastic measurement errors.
The measurement model

AU

d

——+Y (0 =x(E 10, y(0)=x,

t
¥ =y (n+5().

accounts for a sensor time lag of magnitude 9 and
some unknown additive measurement error 6(f). A
simplification which is adequate to demonstrate the
main effects is given as

¥ = x(&, 0)+(0). )

This simplified model can be understood to include
measurement errors as well as the distortion of the
measurement signal due to measurement time lags if
the function (¢) is chosen suitably.

The inverse problem to be studied is given by equa-
tions (1), (3), (5) with known measurement y(¢) and
heat flux A(f) and unknown initial condition x,(z) and
heat flux g(¢). The latter heat flux and the temperature
profile x(z, 1), especially the surface temperature
x(0, 1), are supposed to be determined by some math-
ematical algorithm. A so-called ‘observer’ will be used
for that purpose.
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2.1. The observer equations

Though the heat conduction problem stated above
is linear, the observer design method of Zeitz (12] for
non-linear distributed parameter systems is applied.
The observer scheme is constructed in complete anal-
ogy to linear lumped parameter systems [10, 11]. An
important advantage of this approach compared to
the observer design method of Kéhne [13] for linear
distributed parameter systems is its feasibility for
more general non-linear heat conduction problems
which arise if materials with temperature-dependent
physical properties, non-linear heat sources or non-
linear boundary conditions due to heat flux control
are considered.

For the moment, the heat fluxes at both surfaces
g(#), h(r) are assumed to be known quantities. Only
the spatial temperature profile (the state) is supposed
to be estimated from one temperature measurement.
The principal setup of an observer for state estimation
by means of the system inputs and measurements is
shown in the block diagram of Fig. 2. A mathematical
model of the process and of the measurement device
is implemented on a computer in parallel to the real
process. This model is fed with all known process
inputs (here the surface heat fluxes g(¢) and 4(¢)). The
process output y(r) (here a measured temperature
inside the heat conducting body) is compared to the
simulated output of the model. Due to unknown
initial conditions of the model x4(z), modelling and
measurement errors, the measured and computed
(temperature) signal will not coincide. The resulting
output error y(r) — y(1)—a quantitative measure for
the estimation quality—is weighted by a correction
factor and fed to the process model as an artificial
input quantity. The state variables of the model con-
verge to the states of the real process if so-called
observability [10-13] is given and if the correction is
designed properly. Observability is a structural prop-
erty of a system requiring all system states to be
reflected in the measurements differently. If the
dynamics of the observer—a synonym for the process
and sensor models corrected by the estimation qual-
ity—are chosen to be faster than those of the real
process, the observer is able to follow the transients
of the real process states in the sense of a servo control
system. Hence, after some time the quantity %(z, #)
can be taken as an estimate of the true process state
x(z, t) from the model.

" According to Zeitz [12], the observer equations are
formed by adding suitable corrections to the model
equations (1)-(3). These corrections consist of the
weighted estimation quality y(f) —j(r). The observer
reads as

ox 0%
50 = a3 @0 +k O -50),
ze(0,1), t>0 (6)

g
F0.0=g0+klO-50) 20 )
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Fi1G. 2. Block diagram of the state observer scheme.
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5;(1,’) =h()+k [ )~-F0)], 120 (8) “é(!—) =0: g(0) = go. (1)

£(2,0) = %4(2) %

where the estimated measurements are given by the
measurement model (5) with zero disturbance

J( =z, 0. (10)

The correction factors k, in the observer equations are
(non-linear) functions of the state variables and their
spatial derivatives as well as of the inputs in general
[12]. This basic state observer scheme can be extended
if not all inputs are known as it is the case with the
heat flux g(¢) at the left boundary of the heat con-
ducting body in Fig. 1. Assuming an adequate model
for the unknown inputs, which is often termed as a
disturbance model, the observer of Fig. 2 is modified.
The disturbance model is added and also corrected
by the weighted estimation quality (see Fig. 3). If
observability is retained the combined state and dis-
turbance observer yields estimates of the process state
X(z, t) (here the temperature profile) as well as of the
input (here the surface heat flux g(z)) at the same
time. This approach which is often used with lumped
parameter systems (see, for example, Chap. 3.6 of ref.
[16)) is adopted here to estimate one of the boundary
conditions of a distributed parameter system.

A simple disturbance model for the unknown heat
flux g(¢) is given as

&1

hit) ggr%uclinn xlz.t) thermocouplel
system sensor(s) .
e T T T . __ | Prucess
kvl state ond
13, correction ythyt) Zdti)slurbcnce
observer
:'sv;gggbonce {computer)
Solalf jdb
pracess sensor
madel model
gtz

F1G. 3. Block diagram of the state and disturbance observer
scheme.

A deterministic interpretation of this model reveals a
constant heat flux in some small time interval. Models
of this type have been successfully employed for
disturbance estimation in numerous applications in
control.

The equations of the extended observer consist of
equations (6)—(9), where the known function g(z) is
replaced by the estimated quantity g(r). This estimate
is determined by the additional observer equation

4g)

TR kyfy(n—5(0],

90) =go. (12
This equation reveals a fundamental property of
observers for the solution of inverse heat conduction
problems. The determination of the unknown surface
heat flux, which is an input to the model, from the
model outputs can be accomplished by an inversion
of the model equations. For dynamic problems inver-
sion is performed by one or more differentiations of
the outputs with respect to time, Most of the exact
analytical formulae for surface heat flux calculations
from temperature measurements inside the body
depend on differentials of the measurements. As
examples the classical methods of Kastelin (p. 36 of
ref. {5]) and Burggraf (p. 67 of ref. [1]) or the recent
method of Tsoi [17] are referred to, where the tem-
perature measurements must be differentiated infi-
nitely times to determine the surface heat flux. In
contrast, in the observer algorithm the surface heat
flux is computed by time integration of the measure-
ment. Since integration smoothes high frequency
stochastic errors whereas differentiation roughens
these signals, the sensitivity of the surface heat flux
estimate with respect to measurement noise is lower
for observers than for other methods which explicitly
or implicitly rely on differentiation(s) of the measure-
ments.

After the observer structure is fixed, the remaining
problem is the choice of the functional dependence of
the corrections to meet the general requirements on
an observer such as asymptotic stability and fast con-
vergence to the states of the real process. This observer
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design problem is solved by a study of the approptiate
differential equations for the errors between the true
and the estimated process states [12]. Introducing the
errors

e(z,t) = X(z,)—x(z, 1)
e(0) =g —g(n

the following error equations result after subtraction
of the adjacent model and observer equations stated
above:

A 2
;(2, )= GZ—;(L N+k [y - %, 0],

ze(0,1), t>0 (13)

LO.0 = +hl0O-5E0L (30 (19
© 00 =kbO-2Enl >0 as)
o2, 0) = eo(2) a6
T e kDO-3E0L O =e (D)

The estimated quantities computed by the observer
differ from the true ones by the errors e(z, ) and &(7).
The design of the observer would be optimal, if

e(z,nN=0, e(N=0, Vz,¢ (18)

could be accomplished. This is not possible in general
because of non-zero initial conditions e4(z) and &,. If
the corrections could be chosen according to

() -2CE 0l = —@e(z,) (19
() +k[y(N - %, 0] =0 (20)
ksly()—%(, 0} =0 @n
k(D=2 0] = —026() (22)

the errors would be determined by a set of homo-
geneous equations with sink terms of strengths ¢, @,.
For arbitrary initial conditions their solutions tend
to zero for increasing ¢. Hence, criteria (18) can be
approximated arbitrarily close

le(z, )| <eps, le(t)l <eps, Vz,t2t*. (23)

The rate of convergence, represented by the values of
eps and t*, can be determined by a proper choice of
the (positive) design parameters ¢,, ¢,. The
implementation of the correction terms as stated in
equations (19)-(22) requires an exact knowledge of
the errors e(z, 7) and &(¢) which is obviously not avail-
able. To resolve this difficulty the design methodology
is approximated by the following choice of the weights
in the error equations (13)—(17):

k2=k3=0, k4=—k, k>0
kily() =2, 0] = —ol¥(z, ) -2z, 0], 0> 0.

The quantity %(z, ¢) is a rough estimate of the true
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spatial profile x(z, r), which is adequate to determine
the correction term. This rough estimate could be
computed for example by the simple linear trial func-
tion 3(z, £) = ¢, ()2 +c.(1), where the coefficients are
determined from the known functions A(z) and y(s).
Using

wz, ) =x(z,0)—%(z,1) (24)

as an abbreviation, the final error equations read as
follows:

%é(:’ = “g;i (0~ oleC:, ) ~uG, 1),
se©,1), >0 (25
g%i(o, n=e(t), 120 26)
%g(l,t)=0, t=0 @7
€(2,0) = eo(s) 28)
QZ(TI) = —k[3(n—en), &0) =&. (29)

The estimation quality of the observer with respect
to criteria (23) is discussed in the next section by a
theoretical analysis of the error equations.

2.2. Analysis of the error equations

Since the error equations (25)—(29) are linear, a
closed solution could be deduced. This solution, how-
ever, is too complex to assess qualitative features of
the solutions e(z, 7) and &(¢).

Instead of an analytical solution we first look at the
eigenvalues of the set of equations (25)-(29), which
display the qualitative dynamic behaviour such as
stability and rate of convergence to an asymptote for
large times. Due to the time varying forcing functions
u(z, 1) and (¢) this asymptote is not a steady state in
general. As shown in Appendix A, the eigenvalues
s are determined by the transcendent characteristic
equation

0 = yssinh y+k cosh y(1 —¢)

I

This equation has an infinite number of complex solu-
tions s,. For two limiting cases of the g-correction &,
the eigenvalues can be determined explicitly to be

(30

(1)

5., =0 and s = —a(in)’—o,
i=0,1,2,... for k-0 (32)
an® [2i+1Y¥
=-Ze (7)o
i=0,1,2,... for k—=o0. (33)

Since all eigenvalues are real and not positive, the
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observer scheme is always stable in the limiting cases.
For k=0, no satisfactory estimate can be ac-
complished because of the zero eigenvalue in the
spectrum (32); an error in the boundary condition
&(t) would stay at its initial value g, at time ¢ = 0 (see
equation (29)). Numerical solutions of equation (30)
have shown that for intermediate values of & insta-
bilities may arise. They are indicated by some eigen-
values with positive real part. A necessary condition
for the choice of the tuning parameters is a stable
observer or in other words eigenvalues with negative
real parts. This condition can be checked directly by
a numerical solution of the characteristic equation
(30) or by dynamic simulation of the observer equa-
tions (6)—(9) and (12).

The rate of convergence of the errors to zero is
determined by the magnitude of the real part of the
eigenvalues. The estimation errors decay faster the
smaller all the (negative) real parts of the eigenvalues
are. The characteristic equation and the eigenvalues
in the limiting cases reveal that the rate of convergence
is influenced by the type of material (a). the location
of the sensor (£) and both tuning parameters (k, ¢).
The quantities a and ¢ are usually fixed by the exper-
imental setup under consideration. The rate of con-
vergence can be manipulated by proper choice of &
and ¢. For large values of k it is determined mainly
by the magnitude of ¢ (see equation (33)).

Another question of practical importance is the
magnitude of the asymptotic estimation errors for
large times. They are not equal to zero, since there are
non-zero driving functions u(z, #) and 4(¢) in the error
equations (25)-(28). To facilitate the analysis we
assume that the dynamics of the homogeneous error
equations are much faster than typical variations of
the forcing functions with time. This assumption is
always valid for fast observers, i.e. for large tuning
parameters k and ¢. Then, the errors follow the forcing
functions in a quasi-steady manner and are given by

dle -
0= an (z,)—olé(z,)—u(z,0)], -€(0,1)

(34)

“on=d0 (35)
ce

5(1, =20 (36)

&E 1) = (1) 37

where &(z, 1) and &(¢) are defined as
'li_m e(z,) =é(z,1), tlin; e(t) = &(1).

The solution é(z, ) of the boundary value problem
(34)—(36) with time ¢ as a parameter is accomplished
by Green’s function method [18]. The unknown
asymptotic error in the heat flux at the left boundary
&(r) can be calculated from equation (37) to be
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&) = sz #(5. 1) cosh pg dg

1 \ . .
+m]—_5 {P COShPsJ; u(s, tycosh p(1 =) dg

~psinhp 5(:)} (38)

=)

It should be noted here that the asymptotic error is
completely independent of the tuning parameter 4.
Hence, k is only responsible for the rate of conver-
gence. One should not conclude to choose ¢ as small
and k as large as possible. For small ¢ the assumption
which leads to equation (38) is not valid any more.
The estimation of the surface heat flux would not be
of sufficient quality in this case. The magnitude of
the design parameter k& (and ¢) is hmited above if
significant measurement noise is present. For linear
lumped parameter systems a detailed analysis of the
relationship between the magnitude of the observer
correction and the amplification of measurement
noise in the estimates reveals that the dvnamic behav-
iour of infinitely fast observers—being characterized
by infinitely large corrections—imposes high-order
differentiations on the measurements [19, 20]. Hence.
for increasing corrections the smoothing property
referred to above gradually ceases to be valid.

The discussion of relation (38) with respect to some
limiting cases in Appendix B and our knowledge of
the eigenvalues of the observer for large & allow us to
state some guide lines to avoid significant asymptotic
errors in the heat flux estimates and to enhance the
rate of convergence.

where

(39)

e Large values of p improve convergence.
However, the influence of measurement errors (1)
and design deficiencies u(z, ¢) tends to be smaller the
lower the magnitude of p is. The rate of convergence
should therefore be improved by enlarging the value
of k alone and not that of @. However. & (and ¢) must
be limited above to avoid significant amplification of
measurement errors in the estimates.

@ The estimation is facilitated with small values of
&, i.e. with a measurement close to the surface under
consideration. For large values of p and good
measurements (small §(r)) the influence of the design
deficiency (. 1) almost vanishes ; very good estimates
are accomplished in this case.

@ Significant measurement errors lead to large esti-
mation errors if the measurement is located deep in
the heat conducting body.

o The design deficiency u(z. 1) should vanish in the
spatial mean for each time. This can be accomplished
approximately by proper choice of ¥(z. 1).
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The developed guide lines are of direct use for the
design of observers to solve inverse heat conduction
problems. They are also valid at least approximately
for more complex problems as experience has shown.

2.3. Implementation, tuning and evaluation of the
observer

The algorithmic implementation of the observer is
a standard problem. In general, only a numerical solu-
tion of the coupled partial and ordinary differential
equations is tractable. A method of lines approach is
best suited for that purpose. The spatial differential
operator in the observer equations is discretized by
some approximation scheme like finite differences,
finite elements or a Galerkin method, finally leading
to a system of ordinary differential equations in time
[21]. These equations are combined with the measure-
ment model and solved simultaneously with some
standard integration algorithm for systems of stiff
ordinary differential equations [22]. The accuracy of
the solution is determined by the quality of the spatial
approximation and by the error of the time
integration. The number of grid nodes, which is
required to achieve a certain degree of approximation,
can be determined a priori by numerical solution of
the direct problem such that the difference to a solu-
tion with more nodes is negligibly small. Discretiz-
ation errors of the time integration are controiled by
adjusting the integration time step automatically
to meet user specified error tolerances. Sufficient
accuracy of the numerical results can be guaranteed
independently from the observer design parameters.
This is not true with difference methods for inverse
heat transfer problems, where the discretization
parameters usually coincide with the tuning param-
eters of the algorithm [1].

The first step of observer tuning and evaluation is
carried out by simulation. For that purpose, the pro-
cess and the observer are implemented in the simulator
according to the block diagram of Fig. 3. The
unknown heat flux function g(r) is assumed in the
simulation to test the estimation scheme. The simu-
lation of the heat conduction system yields the time
history y(f) which is supplied by the thermocouple in
real experiments. The simulated measurement is fed
to the observer. To generate ‘real’ experimental
measurements random noise can be added according
to equation (5). The estimated temperature profile
X(z, 1) and surface heat flux §(s) can be compared to
the ‘true’ values of the simulated process. Thus, the
estimation quality can be judged easily. By proper
selection of test signals g(7) the observer can be opti-
mized by the choice of the tuning parameters accord-
ing to the requirements of the peculiar estimation
problem under consideration. An example for the
design procedure will be given with the technical prob-
lem of the next section.

After the observer scheme is optimized in simu-
lations. the simulated measurements are replaced by
temperature readings from the real experiment and
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are fed to the observer after A/D conversion. Since
the observer uses only past but no future information
the processing of the measurement can be carried out
on-line if sufficient computing power is available to
solve the observer equations in real-time.

3. AN INVERSE PROBLEM FROM
TRANSITION BOILING

The inverse heat conduction problem to be solved
by the observer technique introduced in the last sec-
tion arises from the experimental study of the largely
unknown wetting characteristics and heat transfer
laws in forced convection transition boiling {23]. The
heat transfer experiments are carried out with refriger-
ant R114 as a test fluid by means of a closed exper-
imental test loop with a vertical tube as test section.
The main evaporator consists of a cylindrical copper
block of 32.7 mm o.d. soldered onto a nickel tube
with 1 mm wall thickness and 14 mm i.d. The copper
block is heated by a sheathed resistance wire, rolied
and brazed into a coiled channel on the copper
surface. The evaporator is equipped with a couple of
radially mounted thermocouples to detect the wall
temperature. Steady-state experiments are carried out
in the transition boiling region. Hence, feedback con-
trol of the wall temperature is required. One of the
thermocouples serves as a sensor to give the setpoint
deviation of the wall temperature for the control sys-
tem used. A detailed description of the experimental
setup and of the control system is presented in refs.
[23, 24].

The local temperature and heat flux variations at
the inner surface of the main evaporator can be
employed for monitoring the wetting characteristics
of the boiling fluid. This information is essential for a
profound understanding of the boiling mechanism.
Since the surface temperature cannot be measured
directly without disturbing the boiling phenomena, an
inverse problem must be solved to compute the time
varying local surface temperature and the local heat
flux from the heater wall to the evaporating fluid from
temperature measurements below the heating surface.
Due to the high frequency of the fluctuations in the
unknown quantities, this inverse heat conduction
problem is rather difficult to solve by any technique
(1.

An angular cross-section of the evaporator tube is
shown in Fig. 4. It consists of three layers: the inner
nickel tube, the solder and the outer copper block.
The thermocouple, which will be used for wetting
analysis and control of unstable boiling experiments,
is soldered below the surface of the nickel tube at
radial position ry. The electric heater supplies the
heat flux §y(t) to the evaporator. The heat flux 4,(z)
denotes the heat flux from the evaporator wall to the
evaporating fluid. Due to the wetting fluctuations on
the inner tube wall, all the heat fluxes and tem-
peratures must be considered as functions of time even
in the case of steady-state experiments. Though the



1552

W. MaARQUARDT and H. AURACHER

copper

IM‘( T)

electri
heater

controller

thermo-
couple
T{n.t)
|___{thermo-
couple

f

Tm

1hs

I

'[——-’

FiG. 4. Schematic of the experimental setup ; cross section of the evaporator tube with associated measure-
ment and control system.

time averages of both heat flows are equal, the fluc-
tuations around these mean values will differ as a
consequence of the heat capacity of the wall. The flux
¢u(t) is known at any time, since it can be calculated
from the measured temperature Ty,(t) by means of a
mathematical model of the heater and the controller.
This is not true for ¢,(r) which is determined by the
stochastic wetting at the inner tube wall.

3.1. Observer design

The dynamic behaviour of the evaporator wall is
assumed to be modelled adequately by a one-dimen-
sional heat conduction equation in the radial direction
for a composite material. The temperature gradients
at the inner and outer tube wall

(1
or

(3)

/1(“

(r.1) = 4.(1) (40)

1(3)
A
or

(ros ) = gu(7) (41)
are determined by the surface heat fluxes 4§, and ¢y.
The upper indices refer to the different materials (see
Fig. 4) nickel (1) (solder (2)) and copper (3). The heat
flux 4, is related to the measured temperature Ty (7)
and to some controller setpoint 7, by the non-linear
control law

gu(®) = L\[Tu (] +/2(T)). (42)

The control of the evaporator which is open-loop
unstable during transition boiling conditions is dis-

cussed in detail in ref. [24). The thermocouple model
94O | 1@ = TOw D, Tu® = Ta,
(43)

a first-order lag with time constant 3 relates the indi-

cated temperature at the thermocouple to the true
temperature in the heat conducting body.

The unknown heat flux ¢,(t) is represented by a
simple model of type (11)

dg,(r)
de

0, 4.(0) =4,, 44
This model must be used, since the true heat transfer
process is too complex to be modelled with some
detail. Nevertheless, it will be shown that the observer
calculation yields reliable estimates for the true 4,.

The observer equations for the evaporator tube are
formed in complete analogy to the tutorial example
of the previous section

(1) A0 294D
‘(?:T(I‘, T) = a(D (; 0; (r’ t)-}- -6677:(1', T))
—-¢&(r,7), i=1(1)3 (45)
o1 .
AN == () = 4:(1) (46)
A £(2)
0 =i @
F(2) (3)
=10 @)
3(3) af(-”
A== (o, ) = AilTu @I +2(T)) - (49)
T0¢r,0) = TO@), i=113. (50
dT, 1 . .
;ﬁ)=5U“Kmhﬂ—7hhn+kMHh@)
~Tu@], Tu©) =Ty, ©1)
d‘.‘z 2. 2 2
YO _ e Tu@~Tu@) &0 =y 62
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A rough estimate of the time-dependent spatial pro-
files of the temperature error ¢ (r, 7) in each layer i
of the tube is accomplished by means of a spatial
function of exponential type which coincides at pos-
ition r = ry, with the known output error. The remain-
ing parameters of the observer are ¢, ky and k,. They
must be tuned in simulation experiments using the
guide lines as developed above. The unknown initial
conditions for the observer equations are determined
from the assumption of zero fluctuations of ¢, in a
steady-state experiment. More details on the deter-
mination of the model parameters (especially the
thermocouple time constant 3) and on the design of
the observer structure by analysis of the adjacent error
equations may be found in ref. [25].

The observer (and the process model during
observer tuning) is implemented by means of a general
purpose software package for the transient simulation
of chemical engineering processes [26], which also
supports the design and the evaluation of observers
[27). The package is block-oriented in the sense that
complex simulation probiems can be defined on the
basis of standardized model blocks for different equip-
ment stored in a model library.

A rectangular wave with non-zero mean is chosen
as a test function ¢,(r) for observer tuning. Three
representative test frequencies of 5, 16 and 25 Hz have
been determined by a Fourier analysis of measured
temperature fluctuations and the following con-
siderations. Low frequency fluctuations which form
the main contribution to the temperature signal under
transition boiling conditions [23] must be matched
very closely. Temperature signal components occur-
ring in a medium frequency range (10~20 Hz) must
be matched satisfactorily, whereas fluctuations of sig-
nificant amplitude well above 20 Hz are rather a result
of the signal processing than of the wetting of the
heat transfer surface due to the thermal inertia of the
system and the damping of the thermocouple. To
prevent misinterpretation of the experimental results,
signal components in the higher frequency range
should be damped in amplitude by the observer algo-
rithm itseif in addition to a possible low pass filtering
of the measured temperatures (see Section 3.2). Figure
5 shows the simulation results for the final set of
tuning parameters with the three test signals. A trade-
off between estimation quality and sensitivity to
measurement noise has been established. Higher cor-
rections (k, ¢) would result in a significant ampli-
fication of measurement noise.

3.2. Experimental results

Since real-time estimation is not required in this
application, the analogue temperature measurements
taken from the experiments under different boiling
conditions are digitized and recorded by means of a
transient recorder. The digital measurement signal is
transferred to the computer for processing by the
observer algorithm. The estimated temperature pro-
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file 7(r, 7) and the surface heat flux §,(z) are a result
of the computations.

Preliminary simulation experiments have shown
that high frequency noise may result in significant
errors in the heat flux estimates. A Fourier analysis
of experimental temperature data reveals some
measurement noise at frequencies well above 20 Hz.
A low pass filter is therefore used in the experiments
to eliminate high frequencies which from physical
reasons must result from noise. An important ques-
tion is the choice of an optimal corner frequency of
the signal filter above which the noise and possibly
part of the wanted signal is damped significantly. Due
to the heat capacity of the evaporator tube between
the measurement location and the inner surface high
frequency oscillations in ¢, are damped to amplitudes
of the size of the experimental uncertainties. Heat flux
fluctuations of a frequency of 20 Hz and of a typical
mean amplitude lead to temperature oscillation ampli-
tudes at the thermocouple position of about 0.05 K.
This is comparable to the uncertainty resulting from
the thermocouple position and time constant {23, 25].
Such fluctuations are further damped by the thermo-
couple itself, which reveals a corner frequency of
about 2.7 Hz. A low pass filter with a significantly
higher corner frequency of 16 Hz is chosen to smooth
measured temperatures before A/D conversion and
processing by the observer algorithm. Hence, high
frequency measurement noise is eliminated. The filter,
however, also modifies the wanted signal—especially
in the range of the corner frequency—to some extent.
Its use should therefore be renounced. In our appli-
cation the filter is indispensable, since the high fre-
quency noise superimposing our measurements would
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FiG. 6. Boiling curve of refrigerant R114.

lead to gross estimation errors in the estimated heat
flux amplitude as simulations with noisy measure-
ments have shown.

Temperature fluctuations are analysed for a com-
plete boiling curve shown in Fig. 6. In Fig. 7 five
typical results for different boiling regions are
presented. The respective data are marked in Fig. 6.
Each plot in Fig. 7 shows the thermocouple reading
Tw(t), the estimated surface temperature 7(r,, t) and
heat flux ¢,. The plots clearly indicate, that the differ-
ence between the measured and the surface tempera-
ture, Twu(t)—1T(r,,7), is proportional to the surface
heat flux ¢, plotted in the upper part of the diagrams.
The slope of the boiling curve (Fig. 6) beyond the
critical heat flux starts to decrease remarkably at state
No. 2. This is the region where the temperature ampli-
tudes begin to increase continuously until state No. 4
is reached. Then, they decrease again to the level
shown in plot No. 5, which represents the film boiling
region. It is in state No. 2 where the heat transfer
coefficient reaches its maximum [23]. It seems that this
region marks the end of pure nucleate boiling. We
assume that at higher wall temperatures already small
vapour spots are generated on the wall. They lead to
higher amplitudes and a signal characteristic with an
increasing contribution of low frequencies in the tem-
perature estimates. The computed surface tem-
perature fluctuations in nucleate boiling (state No.
1) can hardly be the result of pure nucleation. The
presumable bubble frequency is significantly higher
than the frequency of the fundamental wave (15-20
Hz) of the temperature fluctuations. High frequency
signal components which result from nucleation of
single bubbles reveal very small amplitudes. They
could hardly be detected by the thermocouple sensor
if the thermal inertia of the system and the low pass
filtering are taken into account. Further, it can be
shown experimentally by a study of displayed tem-
perature readings in convective heat transfer that the
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band width of the superimposing noise is significantly
smatller (about 30%) than the one in state No. | of
Fig. 7. Therefore, the fluctuations of state No. 1 are
most likely a result of vapour generation at the heated
surface. The phenomenon could be explained by an
interference of a few bubbles generated in the vicinity
of the thermocouple dip with slightly differing fre-
quencies. Another interesting fact is the negative heat
fluxes occurring in the film boiling region (signal No.
5) during very short periods of time. It could probably
result from hot vapour spots contacting the surface
immediately after a local temperature decrease. Such
questions will be the subject of further investigations.
In the literature, it is often assumed that transition
boiling is characterized by a combination of film boil-
ing and nucleate boiling each of which alternately
occurs on the heating surface. The dependence of the
average heat transfer rate on the temperature differ-
ence is considered to be primarily a result of the vari-
ations in the time fraction, for which nucleate or film
boiling conditions exist at a given location. Our results
indicate that the real situation is more complex. In
Fig. 8 the amplitude variations of surface heat flux and
temperature determined by the obsen er are presented
for different data points along the boiling curve. Even
if we take into account the possible error of such
amplitudes (see Section 3.3), it is quite clear that the
concept of an oscillation of the heat flux between more
or less constant limiting values is far from the physical
reality. Future studies are required to develop a more
realistic model of the transition boiling mechanism.

3.3. Reliability of the estimation results

The proper interpretation of the experimental
results requires a detailed analysis of the reliability of
the estimation. Some aspects concerning the esti-
mation quality, such as representation of amplitude,
phase and shape of the test signal, are discussed first
by means of the simulations in Section 3.1. Figure §
shows that in case of 5 Hz oscillations, amplitude
and even wave form is matched satisfactorily. The
observer is able to follow heat flux fluctuations up to
16 Hz, where the amplitude is estimated adequately
but the wave form cannot be reproduced properly.
The amplitudes of the 25 Hz test signal are damped
significantly in the estimation. As referred to above,
the damping of high frequency signal components
is considered as a welcome effect, since it prevents
misinterpretation of noise as a boiling phenomenon.
In all cases a phase lag is apparent and the signal
shape is not matched exactly. Due to the servo control
property of the observer these deficiencies are
unavoidable in principle. They could be diminished
only if larger corrections are employed at the expense
of a higher sensitivity to noise. The phase lag is with-
out significance in our application since only infor-
mation on the heat flux oscillation amplitudes is of
interest for an interpretation of the boiling phenom-
ena. The same is true for the signal shape as long as
the fluctuation amplitudes are estimated properly. If
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an exact process model and temperature measure-
ments with negligible noise are assumed as it has been
the case in the examples of Fig. 5, the estimated fluc-
tuation amplitudes above 16 Hz are too small. The
magnitude of the amplitude error increases with
increasing frequencies of the heat flux fluctuations.
As for any solution technique of inverse heat con-
duction problems the most serious errors are a conse-
quence of imperfect modelling. Possible sources of
significant errors are the system parameters and the

300 p=5 bar
= 500 kg/(m2s)
kW %+ 005
‘m?
— 8 /T(0)-Tigt ) 0t ;.

300 observer colculation
-
Fod
2 i ~q (Al):megsurement
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F1G. 8. Heat flux/temperature variations at the surface along

the boiling curve ; each point in the plotted amplitude bands

represents a computed data set (§,, T(r)— T..,) at a given

time 1,; the circles represent the time and space averaged
values (¢,AT).

structure of the disturbance (heat flux) and the process
(evaporator) model.

The most uncertain parameters are time constant
and radial position of the thermocouple. A detailed
analysis [23, 25] shows that the relative errors in the
temperature signals are well below 0.1 K. A variation
of the thermocouple time constant and radial
position, of the controller gain and of the thermal
conductivities has been carried out. Some results are
shown in Figs. 9-11. The frequency and amplitude
characteristics of the fluctuations are retained in all
cases. The errors in the heat flux amplitudes are neg-
ligible for an erroneous control gain. Figures 9 and 10
compare the estimation results computed with the
nominal value of the position ry, and time constant 9
to those based on erroneous values of these model
parameters for operation point a of the boiling curve
of Fig. 6. The differences in the surface heat flux
and temperature estimates are plotted over time. The
amplitude errors of the estimated heat flux are con-
siderably smaller due to errors for uncertainties in the
thermocouple position (Fig. 9) than for those due to
its time constant (Fig. 10), if the assumed relative
parameter errors are taken into account. In both cases
no mean offset in the heat flux estimate occurs. since
both parameters only affect the dynamics of the
process. They are meaningless for the steady-state
(or mean) values. A higher (lower) value of the time
constant or radial position reflects a higher (lower)
value of the time lag between measured temperature
and surface temperature. This difference in the mod-
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elled time lag leads to an underestimation (over-
estimation) of the surface heat flux peaks. If these
errors occurred in the real experiment, they cannot be
neglected because of the significant amplitude errors
(Figs. 9 and 10). However, we feel that the exper-
imentally determined [23, 25] nominal parameter
values used in the computations are the best to
describe our setup. Figure 11 shows the sensitivity of
the estimation results with respect to thermal con-
ductivity errors. The estimated surface temperature
and heat flux are higher (lower) in the mean for a
higher (lower) conductivity. However, the effects are
negligibly small even for errors of a few percent in the
thermal conductivity,

To check the sensitivity of the estimation results
with respect to differing disturbance models an alter-
native description has been compared to the simple
model of this study in ref. [25]. It assumes a pro-
portionality between heat flux and temperature
difference between fluid and evaporator wall. The heat
transfer coefficient has been estimated in this case.
The mean surface heat flux is slightly lower with the
latter model whereas the signal characteristics and
amplitudes are retained.

The last modelling error to be discussed here is
related to the structure of the evaporator model which
is only one-dimensional in the radial direction. To
simplify the analysis heat fluxes in the other two direc-
tions have been neglected. A simple theoretical analy-

o 33:7-M

sis of the resulting error which is based on an energy
balance of a volume element containing the thermo-
couple dip is carried out in ref. [23]. The real ampli-
tudes are always larger than those calculated by the
one-dimensional model. The deviations are, however,
shown to be less than 20%.

If measurement or quantization noise (as a conse-
quence of A/D conversion) is present high corrections
(k, @) tend to amplify the noise leading to enlarged
heat flux amplitudes. The magnitude of such errors
can be checked by simulation experiments, if sufficient
information on the noise signal is available. The type
of quantization errors can be determined rather pre-
cisely from the experimental setup. Simulations show
that heat flux errors due to unavoidable quantization
noise are negligibly small. A determination of the level
of noise in the temperature measurements after low
pass filtering is very difficult for real experimental
conditions. Temperature measurements for pure con-
vective heat transfer reveal fluctuations of a band
width of 0.03 K in the low frequency range. This
number could be taken as an upper limit for the level
of noise. Hence, it cannot be excluded that some
measurement noise superimposes the wanted signal in
the frequency range below 20 Hz. Simulation exper-
iments with a stochastic measurement error of band
width 0.03 K and frequency of 15 Hz indicate an
amplification of the estimated heat flux amplitudes of
some 13 kWm~2,
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Accounting for the different sources of estimation
errors it can be summarized that the signal charac-
teristics are very close to the true ones. All signals
display a phase lag of about 0.01 s. It is anticipated
that the amplification of the amplitudes due to noise
and their damping due to the one-dimensional cal-
culation compensate each other to some extent. The
calculated amplitudes are probably smaller than the
true ones. A cautious estimate leads to a range of
amplitude errors of about 10% for low frequency
signals ( < 10 Hz) increasing to 30% for high frequency
signal components of about 20 Hz.

Since this inverse problem from transition boiling
is rather difficult to solve, an alternative solution
method has been applied to approve the results
obtained with our method. The space marching finite
difference technique of Raynaud [28] has been chosen.
The sensor dynamics, which are neglected in the orig-
inal algorithm, are included here by a function speci-
fication method. The tuning parameters (time and
space increments) are optimized in simulations with
respect to the special requirements of our problem.
The estimated surface temperature and heat flux fluc-
tuations agree very well for both methods. The signal
characteristics are very similar. The signal amplitudes
are slightly larger for the difference method and there
is a small phase difference between the estimates of
both methods as expected. This result leads us to the
conclusion that either our estimation results obtained
by the observer are rather reliable or that it is not
possible to get any better results with other methods.

4. CONCLUSIONS

A new approach to the solution of non-linear
inverse heat conduction problems by means of state
and disturbance observers has been suggested. Most
of Beck et al.’s criteria for evaluation of methods to
solve inverse heat conduction problems (see p. 38 of
ref. [1]) are met by this technique. The most important
strengths of our approach are the insensitivity to
measurement noise due to the solution of a well-posed
problem (if moderate corrections are employed), the
ease of implementation by modifying existing com-
puter programs for the solution of the direct problem
and the systematic treatment of the usually unknown
initial temperature profile at the starting time of the
algorithm. There are no restrictions with respect to
the number of sensors or observations, the size of time
steps or spatial intervals, the type of coordinate system
or to the type of heat conducting solid. Temperature-
variable properties and composite materials are per-
mitted. The application of the method to a non-stan-
dard problem of technical significance demonstrates
its flexibility. It is shown, that the dynamics of the
sensor as well as additional model equations such as
the control system can be incorporated straight-
forwardly in the estimation scheme.

One shortcoming of the method is the unavoidable
phase lag and its deficiency to match the signal shape
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exactly in case of fast dynamics. This disadvantage
can be diminished by choosing correction terms with
a larger magnitude. Due to the increasing sensitivity
to noise with an increasing magnitude of the correc-
tions, a trade-off between the accuracy of the estimates
and the amplification of measurement noise must be
accomplished.

An alternative estimation scheme which is com-
parable to the observer of our investigations is a Kal-
man filter [29. 30). Its structure is identical to that of
the state and disturbance observer of Fig. 3. The only
difference between both approaches is the way to
determine the corrections k. While observers are
designed on a pure deterministic basis by a study of
stability and rate of convergence of the adjacent error
equations, the Kalman filter corrections are computed
to minimize the variance of the stochastic estimation
errors. A further improvement of the estimation qual-
ity in case of off-line estimation can be accomplished,
if an optimal smoothing filter [29] is applied. The
estimate given by the smoothing filter consists of a
weighted average of the estimates of two Kalman
filters—a forward and a backward filter. The forward
filter starts at the beginning of the measurement time
series and processes only past measurements whereas
the backward filter starts at its end and hence pro-
cesses only future measurements. This scheme incor-
porates both past and future measurements to com-
pute an actual estimate. which has been noted before
[1, 7] to be advantageous with parameter estimation
or difference methods. Such a smoothing filter would
improve the estimation quality significantly at the
expense of a more complex algorithm.
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APPENDIX A. DEVELOPMENT OF THE
CHARACTERISTIC EQUATION (30)

The development of the characteristic equation (30)
requires the statement of the eigenvalue problem of the error
equations (25)-(29). The errors may be expressed by the
infinite Fourier series

e(z,1) = i v e, e() = i o, e

which converge uniformly in = and ¢. These trial functions are
introduced in the homogeneous error equations (23)—(29).
Each of the resulting four equations consists of an infinite
series which is equated to zero. The equations are fulfilled if
each of the terms in the series is equated to zero. The fol-
lowing eigenvalue problem of Sturm-Liouville type results
after elimination of the Fourier coefficients #, if the index i
is omitted

PE
_l/; (2) =+ o))

a4

dy

k
Yo-Sue =0 ¢
4 N

E“) =0.

The trial function
Y(z) = Asinh yz+ Bcosh yz

equates the differential equation to zero for arbitrary con-
stants of integration 4 and B. If the trial function is inserted
in the homogeneous boundary conditions of the eigenvalue
problem the characteristic equation (30) results after some
algebraic manipulations.

It should be noted, that this approach requires an expan-
sion theorem which guarantees the expandability of an arbi-
trary function by an infinite series of eigenfunctions (=) in
(0, 1). A proof of such a theorem is standard for the eigen-
value problem above if k = 0 (see for example p. 185 of ref.
[31] or Chap. V of ref. [32]). A proof for k # 0 1s not yet
known.

APPENDIX B. SOME LIMITING CASES FOR
THE ASYMPTOTIC ESTIMATION ERROR &(1)
OF EQUATION (38)

The limiting cases discussed in this appendix are the basis
of the guide lines in Section 2.2. Note that

=€)

is a large number even for moderate values of ¢. For metals,
a heat conducting body of length L = | m and a reference
time of I s dimensionless a is of magnitude 10~ *. The number
x used in the approximations below is from (0, 1).

For small coordinates ¢

1

Et)in0=

2 P oy )
cosh pJ; 1S, 1) cosh p(1 —{) A5~ p 1anh p &(2).

For small coordinates ¢ and large tuning parameters p

&Ns0p-n = 2p2e“"ﬁ u(, yeosh p(1=0)dI—p (1)

~ 2p’e "’ cosh xp-[ wE. ndo—pén)
0

1

= Pz(e"“'”+e"’“*“)J; w0 dl—pd()

— —pd(1).



1562 W. MARQUARDT and H. AURACHER

For large coordinates ¢ For large coordinates £ and large tuning parameters p

1 2

1
&(t)e~ 1 % p* cosh xp '[. (¢, 1) 40— p sinh p 6(7). By ® ”7 e""J‘ a(C 1 dg— ge" 5(0).
(+]

UNE SOLUTION DES PROBLEMES INVERSES DE CONDUCTION THERMIQUE BASEE
SUR OBSERVATEUR

Résumé—Le probléme inverse de conduction thermique apparait lorsque les températures sont mesurées
a I'intérieur d’un corps pour connaitre la température et le flux a la surface. On introduit une nouvelle
approche pour résoudre ce probléme. Elle repose sur le concept des observateurs d'état et de perturbation
bien connu dans la théorie des systémes. Le profil complet de température dans le corps aussi bien que la
température et le flux 4 la surface peuvent étre calculés 4 partir d’une ou plusieurs mesures de température
a l'intérieur, a l'aide d’un observateur paramétrique distribué non linéaire. La technique est introduite et
analysée théoriquement sur un exemple simple. L’approche est finalement appliquée 4 un probléme
difficile et significatif en pratique. On évalue I'évolution des oscillations locales du flux thermique et de la
température sur la face interne d’un tube évaporateur pendant des conditions transitoires d’ébullition. On
présente des résultats expérimentaux d’ébullition pour un réfrigérant R114 s’écoulant en ascension dans
un tube chauffé électriquement.

DIE LOSUNG INVERSER WARMELEITPROBLEME MIT HILFE VON BEOBACHTERN

Zusammenfassung—Ein inverses Warmeleitproblem liegt dann vor, wenn die Temperatur im Inneren eines
Korpers gemessen wird und daraus die Temperatur und der Wirmestrom an der Oberfliche ermittelt
werden soll. Es wird eine neuartige Methode zur Lsung derartiger Probleme vorgestellt. Sie beruht auf
dem Konzept der Zustands- und StorgroBenbeobachter, das in der Systemtheorie wohlbekannt ist. Aus
einer oder mehreren Temperaturmessungen im Inneren kénnen mittels eines nichtlinearen Beobachters fiir
Systeme mit verteilten Parametern das Temperaturprofil im wirmeleitenden Kdrper einschlieBlich der
Temperatur und des Warmestroms an der Oberfliche bestimmt werden. Die Rechentechnik wird zunichst
anhand eines einfachen Beispiels eingefiihrt und analysiert. Sodann wird das Verfahren auf ein schwieriges
technisch relevantes Problem angewandt: Es wird die zeitliche Anderung lokaler Werte der Wirme-
stromdichte und der Temperatur an der inneren Oberfliche eines Verdampferrohres im Bereich des
Ubergangssiedens ermittelt. Als Grundlage dienen Messungen mit Kiltemittel 114 bei Aufwirtsstrémung
im senkrechten elektrisch beheizten Rohr.

PEIMIEHUE OBPATHBIX 3AJAY TEIUIOINMPOBOOHOCTH, OCHOBAHHOE HA
NMPUHLUHWIE HABJIIOOAEMOCTH

Amsoramma—O6paTHas 3aa4a TEIIONPOBOAHOCTH COCTOHT B ONMPEAC/ICHUH TEMNEPATYPHl B TEIIOBOro
MOTOKa Ha MOBEPXHOCTH TeNia W3 H3MCPCHHH TemmnepaTypnl B Tene. OnucuiBacTes HOBBI moaxon k
PEILECHHIO AAHHOTO KJIACCa 3a/1a4, OCHOBAHHBIN HAa MOHATHY HabNIONAEMOCTH COCTORHHA H BO3MYILCHHA,
H3BECTHOM H3 TeopHH cHcTeM. [Tonuuiit TemMnepaTypHuit npoduis B Telle, a TaKXe TEILIOBOR NOTOK M
TEMIEPaTypa Ha MOBEPXHOCTH MOTYT OBITH PAacCYMTaHBl MO OAHOMY HJIH HCCKONBKHM H3MEPEHHAM
BHYTpEHHEH TeMMEpaTypsl NpH NOMOLIHK NPHHUANA HAGMIONaCMOCTH HEMMHEAHOro PacnpeneNeHHOro
napaMerpa. JIaHHBIH METON TEOPCTHYECKH AHANMH3IMPYETCA Ha MPOCTOM NpHMepe. 3aTeM OH NMPHMEH-
feTc X cnoxHolt o6parxoit 3anave, BaxHON B TEXHHYeCKOM OTHOweEHHH. OUCHHBACTCA PAa3BHTHE BO
BpeMeHH koJeGaHHil JIOKAJBHBIX TEIUIOBHIX NMOTOKOB M TEMMEPaTyp Ha BHYTPeHHeH MNOBEPXHOCTH
TpY6KXu MCMAPHTENS B YCJIOBHAX NEPEXOAHOTrO pexuma kuncHHs. [TpencTaBicHB! IKCICPHMEHTANILHBIC
JaHHBIE 218 BOCXOOALICTO TCUCHHA KHIAWICro xnanareHta R114 B TpyGe, HarpeBacMoil anexTpHYECKHM
TOKOM.



