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Abstract - In this paper we present a classification algorithm, based on artificial neural networks, which can be used to allocate data
heat exchangers undergoing possible condensation into the appropriate operating conditions. The neural network has a feedforward fully
connected architecture and uses the typical backpropagation algorithm to adjust its weights during training. The ANN classification
methodology is grounded on the idea that, common patterns in data sets used during training and testing give rise to small prediction
errors. This idea then provides the discrimination criteria that enable data allocation into pre-established groups. The results from the
application to published condensing heat exchanger data show that the ANN-based methodology is able to accurately identify the data
corresponding to each of the specified conditions in the system, as shown via independent assessment using a related cluster analysis
technique. This methodology has the potential to be an alternative to visual techniques as a pattern recognition tool for complex physical
phenomena occurring in thermal systems.
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1. Introduction

Heat exchangers are common in industrial applications, and for their design and control it is necessary to estimate their
performance. Such evaluation is complicated from a mathematical viewpoint due to complexities arising from both geometry
and the occurring phenomena. Thus, the common practice is to develop empirical models based on correlation equations
from specific prototypes, and use them later to perform the thermal design calculations. These nondimensional correlations,
which are derived from specific prototypes, effectively compress experimental information about the heat exchanger
operation into two heat transfer coefficients. From these quantities, the heat transfer rate can later be obtained. A major
drawback of the compression process, however, is that often the resulting models generate large errors in their predictions
[1]. Although some recent studies have found a number of factors leading to such prediction errors, which include the non-
uniqueness of the correlation constants [2], the assumptions in the analysis [3], and the functions used in the correlation
equations [4], another factor that plays a significant role is the data classification process.

Correlation equations are built from experimental data commonly classified by visual methods into the corresponding
physical conditions. However, despite technological progress in visualization techniques [5], they still generate large
uncertainties, particularly in cases when two phase flows are present, as it is the case in condensing heat exchangers. To
address this issue, we have recently proposed the use of cluster analysis to algorithmically classify condensing heat exchanger
data, and the results from it have been reported elsewhere [6, 7].

This work focuses on a methodology based on artificial neural networks (ANNS), to classify performance data heat
exchangers under possible condensing conditions. To this end, we first describe the heat exchanger data used in the analysis,
and then illustrate — in some detail — the ANN-based classification technique. Later, the methodology is applied to allocate
the experimental data are classified into three groups, roughly resembling the typical conditions of dry-surface, dropwise and
film condensation. Finally, the results are compared to those from the visual procedure used by McQuiston [8], and to those
obtained by our clustering methodology [6, 7], illustrating the accuracy of the ANN classification.
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2. Experimental Data

The experimental data used here were collected and published by McQuiston [8] from tests on a number of multiple-
row multiple-column fin-tube heat exchangers, with staggered tubes. Their geometry, of nominal size of 127 mm x 305
mm, with varying fin spacing, is schematically shown in Figure 1. These data, which are depicted in Figure 2 via cut
planes, and the correlations derived from them [9], are standards in HVAC applications. The experiments were carried
out with atmospheric air flowing through the fin passages and water flowing inside the tubes of the device, under a wide
range of operating conditions, including possible condensation on the fins. Whether the fins were dry, or covered with
water droplets or water film, was determined by direct observations and recorded. The total number of measurements
was 327, of which 91 were classified as dry surface, 117 as dropwise condensation, and 119 as film condensation.
Importantly, since the study focused on the external side of the heat exchanger, high Reynolds-number turbulent flow
on the water side was used to decouple the two thermal resistances. Thus, the air-side transfer coefficient was given in
terms of the Colburn j-factor.
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Fig. 1: Schematic of compact heat exchanger. Fig. 2: Cut-plane data representation.

The variables reported in [8] include: the flow rate of humid air as Reynolds numbers, Re,, the dry-bulb and wet-
bulb inlet air temperatures, T2, and g‘l,vb, the fin spacing, §, the inlet water temperature, T,;", and the heat transfer
rate, Q, which was computed via enthalpy balances in the external-side of the device, between its inlet and outlet ports.
The corresponding ranges in operating conditions are [8]: Rep € [220,4266], Ta‘ng € [73,87] °F, T‘f}}db €

[53,82] °F, with five values of fin spacing § € {0.25,0.125,0.10,0.083,0.0714} in, T\™* € [35,160] °F, and the heat
ratesin Q € [700,16700] BTU/h.

For the aim of this study, the structure of the data can be observed in Figure 2, through a series of plane cuts passing
through the six-dimensional hyper-surface Q = Q(Rep, TL", ;Zgb, ;Z“Nb, 6), where the information is presented in
as an array, with each of the five variables being plotted against all others. Although only partial information is obtained
this way, it gives an idea of the interplay among the variables and the possible groups in which they can be classified.
From the figure it can be seen that, in some planes, the data sorting can be easily performed (e.g., two groups exist for
T!", as dependent variable), but such grouping is difficult in others (e.g., either one, two or more groups exist for Q as
dependent variable).
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3. Classification Methodology
An alternative approach to the visual data classification is the methodology presented next, which is based on artificial
artificial neural networks.

3. 1. Feedforward Artificial Neural Networks

The artificial neural network (ANN), which is rooted in the biological network of the brain to replicate its functionality,
is undoubtedly the most popular technique in the field of artificial intelligence (AI). ANNs “learn” from external experience
in a supervised manner, and have been used in applications where some type of pattern recognition (or classification process)
was needed. Within the context of thermal engineering, ANNSs have been used for prediction and control of heat exchangers
[10, 11], among other applications. Though various kinds of ANNSs exist, the feedforward architecture is common in
engineering applications, and it is the type of network used here to develop the classification methodology. Following
Pacheco-Vega et al. [12], a feedforward ANN model of the heat exchanger at hand is schematically illustrated in Figure 3.
This configuration has one input layer build with five nodes, two hidden layers, with five and three nodes respectively, and
one output layer with a single node. Since the heat rate Q, is a function of inlet temperatures, flow rates and the geometry,
then the input variables are: Rep, T, g}ib, T;'T}Nb and 8, whereas Q, is the output variable. Details about mathematical
background and procedures for training and testing the ANN, as well as an account of its history, are in Haykin [13].

9 Table 1: ANN classification of heat exchanger data.
Condition/Group A B C
Dry surface 100% 0 0
Drop condensation 0 34.19% 65.81%
. Film condensation 0 21.85% 78.15%
O O Q
o/ Table 2: Clustering classification of heat exchanger
data [6, 7].
Condition/Group A B C
\ Dry surface 100% 0 0
inpul layer hidden layers output layer Drop condensation 0 35.89% 64.11%
Film condensation 0 25.21% 74.79%

Fig. 3: A 5-5-3-1 ANN for the heat exchanger.

The ANN classification methodology developed here is grounded on the idea that given two datasets — one for training
and the other for testing — if there exist common patterns in them, the ANN model build from the training set will provide a
small prediction error on the testing set; otherwise, the prediction error will be large. A similar idea was used by Pacheco-
Vega et al. [14], in the context of reliability of ANN predictions under limited amount of data. For the problem at hand, the
prediction error from a trained ANN can be quantified in terms of the percentage difference between the target values and
the ANN predictions of the heat rate, Q, as
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where Q} and Qf'ANN, for datum i, are the target values and the predictions, respectively. Distinguishing data that are part
of a specific group from those that are not part of the set under analysis is carried out by comparing the prediction error, E,, ;,
in Eq. (1), to the lower-bound error obtained during the training process of the ANN, namely, E, as follows:

e IfE,; < E, then testing and training data points have common structures and, therefore, they belong to the same

group/set.
If E,; > E, then testing and training data points do not have common patterns and, therefore, they do not belong
to the same group/set.

3. 2. Results and Analysis

In order to test the ANN classification methodology, we use the 327 data sets of McQuiston [8], as classified by the
visual process, and the corresponding allocation — into three groups (with group A having 91 data, whereas groups B and C
have, respectively, 72 and 164 data sets) — as obtained by our cluster analysis technique [6, 7], according to the following
procedure.

1. We first train three different ANNSs, all having the same 5-5-3-1 configuration [12], but each with a different data
set from reference [8]. For example. ANN; is trained only with dry surface data, whereas ANN is trained with data
of dropwise condensation and ANN3 with data corresponding to film condensation. The training errors: EZ, EZ, and
E2, are also recorded.

2. Then, using ANN; and the 91 data in Group A, the error E;'A is computed and compared to the corresponding training
error EZ, and the data are classified according to the aforementioned procedure into data that either belong or do not
belong to the training set and Group A. Similar procedures are performed with ANN; and the 72 data from Group
B, and ANN; with the 164 datasets of Group C.
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Fig. 4: ANN classification of wet-surface conditions;
Plane Q vs. Rep,. (o) Data in Group B, () Data not in group B
(thus in Group C).

Fig. 5: Clustering classification of wet-surface conditions
[6, 7]; Plane Q vs. Rep,. (o) Group B, (+) Group C.

The classification results from the ANN-based grouping technique are shown gquantitatively (as agreement in percentage
between the ANN and the visual procedure of McQuiston [8]), in Table 1. Meanwhile, the allocation provided by the
clustering method is shown in Table 2. From Table 1, it can be seen that the ANN completely agrees with the visual procedure
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for the dry-surface data, which were all classified into Group A. However, the agreement in the allocation of the data
corresponding to humid conditions into Groups B and C is not as sharp, since data for drop condensation were classified into
Groups B (34.19%) and C (65.81%), with a similar outcome for the data corresponding to film condensation. However, when
comparing to the classification provided by the clustering methodology in Table 2, it can be observed that the two algorithmic
groupings are in almost perfect agreement. From the two tables it is to possible to see that the complete set of data in Group
A corresponds to that of dry-surface, whereas there is a difference of only 4.9% (upper-bound value) between the
discrimination provided by the ANN methodology and that of the clustering technique for dropwise condensation on groups
B and C, and an upper-bound value of 15% between the two methodologies for film condensation on groups B and C.
Qualitatively Figures (4) and (5) show the corresponding results for wet-surface conditions using the Q — Rep, plane.
From both figures it can be seen a very close classification obtained by both the ANN-methodology described here and the
clustering technique [6, 7], with only few discrepancies between them, as was also noticed from Tables 1 and 2. These figures
show that both the number and the data corresponding to each group coincide in both classification methodologies, indicating
that the ANN-based technique is very accurate in classifying the different surface conditions. The disagreement with the
visual classification is indicative of the complexity of the phenomenon involved in the transfer of heat in the thermal system.

4. Conclusion

In the current work we have introduced an algorithm based on artificial neural networks (ANNSs), which is able to allocate
data from condensing heat exchangers into appropriate operating conditions. The classification methodology uses a typical
feedforward network architecture with backpropagation error algorithm to find patterns in the data which enable their
allocation into pre-established groups. The results from the application to condensing heat exchanger data, visually classified
as dry-surface, drop- and film-condensation, show that the ANN-based methodology is able to accurately identify the data
corresponding to each of the conditions in the system, as shown by independent assessment using a methodology grounded
on cluster analysis. Although a possible drawback of the ANN-based classification method is that the number of groups into
which the data can be classified has to be known in advance, this methodology has the potential to serve as alternative to
visual techniques, as a pattern recognition tool for complex physical phenomena occurring in thermal systems.
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