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Fouling of surfaces within the heat exchangers of heating, ventilating, and air-conditioning
(HVAC) systems of buildings is an equipment fault that wastes appreciable amounts of energy,
however, it escapes detection under current building automation technology. A novel concept is
introduced to automatically detect this fouling on water-side and air-side surfaces of
water-cooled HVAC air coils. The concept incorporates a model-driven component contributing
a table of human expert information and an embedded data-driven component assimilating
real-time data sampled from HVAC plant instrumentation. Supervisory programming (the
“agent”’) conducts real-time surveillance for coil fouling using the data-driven component, which
is a model replicating the current dynamic thermal behavior of the coil. The surveillance is a spe-
cific characterizing transient (a “query”) exercised periodically on the data-driven dynamic coil
model as a surrogate for exciting the real coil. When a query returns a suspect result, the agent
determines if coil fouling or some other change caused that result by using the tabulated expert
information. The concept makes use of all data sampled from the plant, reflecting transient and
steady behavior. Fouling can be discerned from other developments, such as instrument drift,
and the agent can distinguish air-side fouling from water-side fouling, estimate the severity of
fouling, and estimate an uncertainty for its classification. The values tabulated describe
three-dimensional surfaces characterizing the varied impact fouling generically has on coil ther-
mal effectiveness when considered over the state space of coil operation. Categorical use of that
information by the concept is justified by analysis in the effectiveness-NTU state plane.

A companion paper (Veronica 2011) gives results of exercising a crucial task within the
concept on simulated data by using one form of a dynamic data-driven model; a multilayer
perceptron.

INTRODUCTION

Fouling of heat transfer surfaces reduces the thermal conductance and thus the thermal effec-
tiveness of water-cooled air coils in HVAC systems. A coil fouled on its water side (e.g., by
slime, scale, or corrosion products) or air side (e.g., by particulate or fibrous buildup on fins)
requires more flow of chilled water than when clean to maintain a regulated leaving air tempera-
ture at a given airflow rate. A penalty imposed by both water-side and air-side fouling is the
added pump power demanded by this higher water flow requirement. Higher chilled-water flow
delivered to a given coil heat load diminishes the temperature of water leaving the coil and thus
diminishes the temperature difference the coil water side presents to the chiller plant (generally
written in HVAC literature as “delta-T”). Another penalty occurs then for chiller plants whose
control strategy has the side-effect of lost efficiency under reduced delta-T, as described by Tay-
lor (2002). In the case of air-side fouling in coils subject to closed-loop airflow regulation,
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added resistance to airflow imposes a third penalty: increased fan power to maintain the regu-
lated airflow rate. The actual magnitude of these energy penalties depends on factors particular
to each system installation and operation. Normal automatic regulation of air-handling unit
(AHU) leaving air temperature and airflow rate compensates, and thus unavoidably masks, the
ongoing loss of performance and efficiency. Fouling then escapes casual detection by building
occupants or maintenance staff until it worsens to the extent that conditions in occupied spaces
can no longer be kept comfortable. At that point, the penalties of fouling may have accrued
undetected for months. A concept to detect coil fouling automatically at an earlier stage is thus
warranted. The concept should be able to keep its surveillance using only information obtained
readily from a typical building automation system (BAS).

Concepts to automatically detect faults (unwanted conditions) in a generalized process are
distinguished most fundamentally by what a concept claims a priori as fact when new data, just
acquired from process instrumentation, are first analyzed. The claimed knowledge is primarily
either (1) a deductive model expressing human expert knowledge of physical principles moti-
vating the process or (2) data sampled earlier from the process, inviting some inferred,
data-driven model(s) of its behavior. Two distinct approaches to fault detection and diagnosis
(FDD) thus result, being respectively (1) model driven and (2) data driven. A more detailed
taxonomy of FDD is provided by Katipamula and Brambley (2005a, 2005b). The simpler dis-
tinction made in this paper clarifies the points important here yet is consistent with their more
exhaustive treatment.

Data-driven methods of fault detection can assimilate complexity in a process autonomously,
whether that complexity is due to nonlinearity of components or system effects on components
due to their installation. A model-driven approach can explicitly dispatch well-known physical
principles to detect faults in the process, avoiding the need to infer essentially the same physical
principles stochastically—and thus incompletely or incorrectly perhaps—from large amounts
of data.

For clarity, the term model in this paper refers only to a data-driven mapping of process inputs
to output obtained autonomously by a program, typically embedded in microcontroller hard-
ware, assimilating samples from instruments. Simulation and simulator refer to numerical algo-
rithms written deductively from first principles and run independently of sampled data on, for
example, a desktop computer. An unavoidable exception is the term model-driven, which
already has wide acceptance in the literature as including desktop simulations.

A CONCEPT TO DETECT COIL FOULING AUTOMATICALLY

Figure 1 depicts a new concept to detect cooling coil fouling automatically by combining the
strengths of data-driven and model-driven approaches. The decision that classifies the coil at
any particular time as being clean or fouled is made by an autonomous supervisory program
called the “agent,” which employs internally as needed (1) a real-time, data-driven component
and (2) a lookup table embedded as the product of many simulations previously run off-line in
an independent, model-driven component. Comprehensive texts on artificial intelligence, such
as that by Luger (2002), describe agents having capabilities far broader than the term is meant to
suggest here. The simpler agent considered in this paper is one meeting Luger’s more basic
description of agents as “...mechanisms supporting decision making in the context of limited
processing resources” (p. 16). The agent, data-driven component, and lookup table are presum-
ably programmed into a microcontroller embedded at the AHU with access to its data.

As seen in Figure 1, the data-driven component used by the agent is an input-output model of
the coil process dynamics. The agent maintains that data-driven dynamic model on-line to assim-
ilate periodic samples of input data (entering air and water temperature, entering air humidity, air-
flow, and water flow or control valve signal) and output data (leaving air temperature) arriving
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from AHU instrumentation. A classical technique to identify the unknown properties of a real
input-output system is to pass an input transient through the system and record the dynamic out-
put response (e.g., “reaction curves” in control tuning). The same idea is employed here as the
fouling detection “query.” In this case it is not the real coil but a data-driven dynamic model of
the real coil that is tested (“queried”) by the agent to determine if the real coil has become fouled.

The model-driven component contributes to the agent an embedded lookup table containing
predicted values of a quantity called the “query sum.” As seen in Figure 1, a query sum inte-
grates the disjoint area under two sequences responding to a query differently. A nonzero query
sum obtained between successive queries of the data-driven model indicates a change developed
in the model between the two queries, with coil fouling being only one of multiple causes possi-
ble. Query sums resulting from fouling, though, exhibit a distinctive shape when plotted over the
state space of variables input to the coil process. This fact is depicted in Figure 1 as a surface
established a priori by simulating many queries of clean and fouled coils off-line in the
model-driven component. The surface shape results consistently from generic thermal effects
that fouling alone exerts on cooling coils. The shape is expressed adequately by a modest num-
ber of query sum values stored in the lookup table. The agent exploits characteristic features of
the shape in its decision making, discerning fouling on the coil air side from that on the water
side and discerning fouling from other faults such as sensor drift.

Early in operation of the coil, when it is known to be clean, the data-driven model assimilates
data sampled throughout the various regimes and excursions of normal AHU regulation. From
that data, the model is converged numerically to (it “learns”) a mapping found satisfactory over
a range of normal coil operation. The query specifically is a triangular pulse in the position of
the coil water control valve. The four remaining input quantities (entering air and water temper-
atures, and entering air humidity and flow rate) hold constant values, locating the query at a spe-
cific point of input space. The coil model can be queried at points in the input space of the coil
regardless of where in that space the real coil happens to be operating. This capability is used to
build a library of baseline (“coil clean™) query responses soon after the model has learned nor-
mal coil operation adequately. Building the baseline means similar queries are exercised on the
model at different points of input space—points that later will be used to determine if the coil
has become fouled.

A crucial feature of the concept is illustrated by the example in the lower right corner of Fig-
ure 1. It is seen that detection of fouling does not rely on comparing data (e.g., leaving air tem-
peratures) sampled from the real coil directly to corresponding values generated by
first-principles simulations. Rather, surveillance queries of the data-driven model are made dur-
ing AHU operation periodically at a well-learned point of input space known (from the
model-driven lookup table) to yield a query sum significantly different from its baseline if foul-
ing is present. A significantly nonzero query sum resulting from a single surveillance query indi-
cates the model has changed since the baseline query but does not alone conclude fouling in the
real coil as the cause. Complementary queries of the data-driven model are then exercised at
other points of input space. If ratios between multiple query sums from the model are reasonably
similar to ratios between query sums predicted by first principles at the corresponding points in
the table, then the evidence supports fouling in the real coil as causing the change in the model.

The concept in Figure 1 resulted from answers to questions addressed by the research here.
How can a data-driven model of a real coil process be employed to tell when the coil has
become fouled? What distinctive evidence does fouling write into sampled data that is not found
given other faults such as instrument drift? Is that evidence generic to all cooling coils? Can
fouling on the coil air side be distinguished from fouling on the water side? Simulating the
behavior of clean and fouled cooling coils numerically, a model-driven exercise of human
expert knowledge answered those questions to motivate the concept.
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SIMULATIONS ESTABLISH THE BASIS OF THE CONCEPT

Many numerical simulations of a cooling coil having various configurations (four-row and
eight-row, and within each of those, full-circuited and half-circuited) were conducted, using two
water-side fluids (pure water and water-glycol), over a comprehensive itinerary of steady-state
and transient coil operations (Veronica 2008). Versions of the steady-state and dynamic cooling
coil simulators developed by Zhou and Braun (2007) were modified by Veronica to incorporate
water-side and air-side fouling as described in the appendix to this paper.

Three mechanisms are postulated through which surface fouling, whether water side or air
side, affects coil performance. First, fouling covers convective metal surfaces of the coil with a
largely stationary layer having, conservatively considered, conductivity equal to the adjacent
moving fluid. Second, fouling reduces the area of convective surfaces exposed to the moving
water and air. Third, given a water pump with closed-loop control sensing differential pressure
across the coil pipe branch, fouling reduces the flow rate of water passing convective surfaces.
The reduction of airflow rate through the coil due to air-side fouling, although significant to res-
idential systems as shown by Siegel and Carey (2001), is not simulated here since large
chilled-water (i.e., commercial) systems typically maintain airflows by closed-loop regulation of
the fan pressure.

A nominal severity of water-side and air-side fouling is defined. Nominal is used here in its
classic sense (“named”), fouling of a severity named only to enable different simulation scenar-
ios to be compared equitably. The nominal fouling was established by trial simulations as that
thickness of fouling diminishing peak heat transfer through the coil by 20%. Simulating fouling
as uniformly having this nominal thickness does not necessarily imply the fouling material itself
is deposited over convective surfaces uniformly. With conductivity of the fouling layer simu-
lated as equaling that of the adjacent fluid, the implication is only that deposits of fouling mate-
rial adhering to a convective surface impede motion of the layer of fluid next to the surface. This
allows that a less conductive foreign fouling material might itself be distributed over the convec-
tive surface unevenly, but its thermal effect is represented conservatively by a relatively even,
stilled layer in the more conductive fluid. In the full-circuited, four-row, water-cooled coil, the
20% performance loss occurs when 7% of the clean tube water flow radius is stilled or 35% of
the clean fin air channel width is stilled.

Water Flow Transients Afford an Opportunity to Detect Fouling

Classical system identification includes applying an impulsive input. The output responding
to an impulse reveals information on the “memory” of the system—its signal (i.e., energy) stor-
age capacity and diffusion resistance. Fouling adds thermal capacity and resistance to a coil,
changing its memory characteristics as evidenced by changed response to an impulse of water or
airflow. A data-driven coil model cannot be expected to assimilate an impulse response, since
impulses are not normally in data from real plants. A triangle-shaped pulse of flow approximates
an impulse as a practical behavior learnable from real coil operation.

Figure 2 presents three plot panels. The top two collectively show that an upward triangular
pulse in water flow produces a downward excursion in air temperature leaving a cooling coil.
The top panel shows water flow ranging from 20% of full flow to full flow and back to 20%
over a period of 96 seconds, a realistic rate of change. Values of the four input quantities
remaining—entering air temperature (7, ,,,), entering air humidity (W, .,,), air velocity (v,),
and entering water temperature (7, ,,,)—are listed. These remain constant to fix the query at a
specific point of input state space.

The middle panel of Figure 2 shows the downward excursion in the temperature of air leaving
the coil (7, ,,) as it results coincidentally from the upward triangle pulse in water flow. Two
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Figure 2. Response of clean and air-side fouled cooling coil to pulse in water flow.

pairs of temperature lines are plotted, each pair having a solid (coil clean) and dashed (coil
fouled) line for two cases of responsiveness in the air temperature instrument (sensor).

In one case (“fast”), the sensor writes temperature into the data with no time lag, representing
an unshielded device. Leaving air temperature calculated by the simulation is taken directly as
the value measured. In a second case (“slow”), the sensor is shielded for mechanical protection.
The shield mass and the larger film of relatively stagnant air surrounding it incur a significant
delay between the time bulk airflow leaving the coil and passing the sensor factually has a par-
ticular temperature value and the time the state being sampled within the sensor (e.g., electrical
resistance) reflects that fact. The temperature value sampled from the sensor at any instant is
thus not necessarily the current ambient air temperature (7,,,;) but a potentially different value
(Tj4g) driven by earlier conditions, the two quantities being equal only when conditions are
unchanging. An ordinary differential equation represents the situation and has the following
solution for the temperature sampled:

Tlag(t) = Tamb+(Tlag(t = 0)_Tamb)e_t/r (1)

Given heat conduction within the sensor is far better than heat conduction to the surrounding
air, it is appropriate to model the distributed physical properties actually involved more simply
by a lumped-parameter time constant, 7:
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L )
hﬁ]mA

where m, ¢, and 4 represent respectively the mass, specific heat, and surface area of the shielded
sensor. An averaged coefficient of heat convection, i’film , across the thermal boundary layer sur-
rounding the shield is the only variable involved, being dependent upon air properties and veloc-
ity as well as the shape of the shield. The coefficient is calculated using well-established
relations for cylinders in cross flows (e.g., see Holman [1976]):

- Nu,, k
Rim = % (3)
RTD
where
Nuy, = P(Reb)(Pr!/?) 4)

Values for P and b are obtained from empirically determined tables found in most heat transfer
texts. The Reynolds number (Re) and Prandtl number (Pr) are derived from the flow regime. Air
thermal conductivity is k,;,, and shield diameter is dg7p. The parameter values used are those
representing a commercially available averaging resistance temperature detector (RTD). A
numerical simulation requires a solution defined not in continuous time from zero but as an
ongoing sequence of discrete values employing finite differences. The finite-difference approxi-

mation to Equation 1 is

Ty lnl = T,ag[n—u+(T,ag[n—l]—ramb[n—u)(@) : 5)

A slow-responding, shielded air temperature sensor is thus simulated by sending raw output
from the coil simulation through the low-pass digital filter defined by Equation 5.

The middle panel of Figure 2 shows that air-side fouling causes the excursion of leaving air
temperature resulting from the water flow pulse to be shallower. The bottom panel of Figure 2
shows the temperature difference (A7, ;,,) defined by subtracting the air temperature leaving the
clean coil from the air temperature leaving the coil when fouled. Summing values of each differ-
ence quantity at a one-second interval integrates approximately the area under each AT, ;,, plot.
Units of each summation are °C-s (°F-s). The shaded rectangle under both the slow and fast
sensed temperature differences (AT, ,,) indicates an area removed from each summation, the
area contributed by steady coil operation regardless of any transient. By subtracting that area out
of the summation, the resulting integral reflects only effects on the coil dynamics. Any steady
offset, whether due to fouling or other difference between the two cases (e.g., sensor drift), is
purposely excluded. Given the sum is taken over a time span long enough to not significantly
truncate integrating slow sensors, practically the same sum is obtained from fast or slow sensors.
At the point of input space defined in the top panel, the bottom panel shows that nominal air-side
fouling yields a summation of about 117°C-s (210.6°F-s) whether the sensor is fast or slow. This
agreement is expected, as the water pulse ultimately transfers the same amount of thermal
energy from the air regardless of the sensor response. A benefit to using a pulse as the excitation
is that the integrating summation then becomes self-closing, not requiring imposed limits. Tem-
perature differences responding to the triangular pulse typically follow a roughly trapezoidal
path, as seen in the bottom panel of Figure 2, so their integrated area (the summation) is roughly
linear with the height (peak AT, ).
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Figure 3 considers fouling only on the coil water side. As with air-side fouling, water-side
fouling makes a shallower transient in leaving air temperature result from the water flow pulse.
The bottom panel of Figure 3 shows a summation of about 113°C-s (203.4°Fs), nearly the same
value as yielded by air-side fouling. No correlation is involved. The top panel of Figure 3 shows
this 113°C-s (203.4°F-s) value occurs at a different point of input space, where airflow is
one-fourth that considered in Figure 2.

The shallower excursion in leaving air temperature given fouling clearly shows that fouling
reduces the heat exchange effectiveness of the coil. But only in particular regions of input space,
specific to each fouling mode (air side or water side), is the effect as significant as seen in Fig-
ures 2 and 3. In other regions of input space (i.e., other conditions of the coil air and water), foul-
ing of the same severity exerts very little impact upon the excursion of leaving air temperature.
In those regions, the thermal effectiveness of any cooling coil is practically unaffected by foul-
ing. There are yet other regions where fouling diminishes the excursion of leaving air tempera-
ture even more significantly than seen in Figures 2 and 3.

Multiple Query Sums Conforming to a Known Surface Indicate Fouling

Figure 4 shows the summation value predicted from the query at each of 49 points over the
flow rate—humidity plane. The values are those predicted by the simulations based on air-side
fouling of nominal severity. It is not arbitrary that there are 49 points (i.e., 7 x 7). More points do
not reveal further useful surface features, and fewer points mask useful features. The shape of

—
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Figure 3. Response of clean and water-side fouled cooling coil to pulse in water flow.
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the summation (or, “query sum”) surface over the airflow-humidity plane is very contorted,
despite the fouling having a constant severity.

As seen in Figure 5, query sum values from water-side fouling differ markedly from those due
to air-side fouling. This affords an opportunity to distinguish the two fouling modes automati-
cally, based upon relative changes in the query sums obtained at different points of input space.
A query is made of the model at point A in the coil input space, labeled in Figures 4 and 5. A
nonzero query sum indicates the model has assimilated some change to the coil process since the
baseline query at point A. There can be no conclusion yet as to what the change may be. A query
sum near the 125°C-s (225°F-s) value corresponding to point A in Figure 4 suggests the coil is
fouled on its air side at the nominal severity. Further queries at other points could build further
evidence toward that classification and away from other possible reasons for the change in the
model.

For example, if the coil is fouled only on its air side, a complementary query at point B must
yield a sum 52% lower than that obtained at point A (e.g., 60°C-s [108°F-s] versus 125°C-s
[225°F-s]). The thermal principles behind air-side fouling dictate that the sums obtained con-
form to the distinctive surface seen in Figure 4. Thus, the 52% lower sum at point B builds evi-
dence that air-side fouling, not some other problem, is causing nonzero sums, since sums at
points A and B relate by a ratio known to be consistent with air-side fouling. Conversely, a
query at point B returning a sum about 285% larger than that at point A (e.g., 231°C-s
[415.8°F-s] at point B versus 60°C-s [108°F-s] at point A) builds evidence for water-side foul-
ing, since the ratio of the query sums conforms to the surface map of Figure 5.

The query sum surfaces of Figures 4 and 5 are generated for entering air and water tempera-
tures of 32°C and 7°C (89.6°F and 44.6°F), respectively. These particular values are chosen
because they offer a large thermal driving potential that exhibits fouling well. Also, the influ-
ence entering air and water temperatures exert on the summation value obtained is practically
linear.
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Figure 4. A summation surface for air-side fouling.
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Figure 5. A summation surface for water-side fouling.

As a result, query sums for each mode of fouling are characterized adequately across the
entire input domain by an ensemble having as few as four distinct surfaces—one surface for
each permutation of high and low values for entering air and water temperatures (32°C and 23°C
[89.6°F and 73.4°F] for air and 13°C and 7°C [55.4°F and 44.6°F] for water). The ensemble of
surfaces essentially amounts to a lookup table having as few as 196 numbers (i.e., four surfaces
comprised of 49 query sum values each). At any point of the input space, the value of the sum
expected due to nominal air-side or water-side fouling is thus obtained by linear interpolation
within the table.

CONCLUSION

Merits of the Concept

The concept illustrated in Figure 1 departs radically from prior approaches to FDD that also
reference real-time data-driven models to simulation results. The departure is radical in the type
of information referenced and in the nature of the reference. Dexter and Benouarets (1996) sim-
ulated a model-driven scheme to detect fouling in cooling coils by suggesting a qualitative inter-
pretation of fouling. They modeled the coil in real time as mapping input measurements (e.g.,
airflow rate, valve position) to output measurements (approach) through a qualitative transform
space of fuzzy partitions. Deciding that the coil is either clean or fouled falls to the graduated
“degrees of similarity” by which the observed mapping agrees with each member in a reference
library of compatible fuzzy mappings generated from simulations of known clean and fouled
coils. While the researchers address the potential for ambiguity in that approach, a fuzzy trans-
form of quantitative measurements into qualitative partitions is regarded necessary because “It is
difficult to obtain adequate representations of the complex, ill-defined, and often highly nonlin-
ear behavior of a faulty plant for use in [FDD]” (p. 550).
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The concept in this paper suggests that the complex quantitative behavior of the coil is exactly
what should be exploited for FDD, given the information referenced and the manner of refer-
ence are sufficiently robust. The query sum is potentially a more robust extraction of a fault fea-
ture (the disjoint area) than obtained by individual, isolated comparisons of sampled and
predicted values. Eliminating all steady-state offset from the query sum furthers its robustness to
drift of instruments and bias in the data-driven model.

Current approaches to coil fouling detection employing a quantitative first-principles simula-
tion as the reference include Haves et al. (1996) and Xu et al. (2005). The former use on-line
estimation of current coil state by a simple intermediary data-driven model, used in turn to esti-
mate physically meaningful, fouling-sensitive parameters (e.g., conductance UA) in a parallel-
ing first-principles simulation. The appendix to this paper shows that in some regimes of coil
operation the much-reduced UA conductance in a fouled cooling coil is not reflected well by
any change (AT, ,0) in its leaving air temperature. Unless an FDD scheme specifically exploits
that fact as a priori knowledge, which the concept in this study does, it emerges on its own to
complicate coil classification. FDD relying solely on real-time parameter estimation could be
blind to a diminished UA conductance that is not reflected well in the arriving data.

The approach of Xu et al. (2005) is to establish well-calibrated, mutual agreement between
real plant instrumentation and paralleled first-principles simulations. Some iteration of mutual
corrections and retesting is likely. Fault surveillance commences once that is done, and future
residuals between sampled data and simulation predictions are taken as suspect. It is the absolute
nature of the comparisons made that demands such rigorous calibration. The concept in this
paper fundamentally makes relative comparisons of data to first principles, by way of ratios
between query sums, so calibration may be less rigorous. Steady disagreement in bias, for exam-
ple, is cancelled both by calculating the sums and by comparing ratios.

Simulations show query sum values rise nonlinearly over a very broad range of fouling sever-
ity. The rise is practically linear, however, over the initial low range of less severe fouling more
likely of concern to field surveillance (e.g., up to the 20% performance loss made nominal here).
Estimation of fouling severity from query sum values is possible. The query sum surfaces
obtained for all combinations of coil configuration simulated (by row quantity, circuitry, and
coolant) shared a characteristic appearance having features similar to what is seen in Figures 4
and 5. The scale of those features differs sufficiently to warrant different tables for each config-
uration. Size and details such as tube and fin spacing might exert minor impacts, but they are not
considered pivotal to concept proof and thus are not pursued here.

Lastly, prior work such as Dexter and Benouarets (1996), Haves et al. (1996), and Xu et al.
(2005) were all considered with data sampled from the coil only at thermally steady (i.e., static
equilibrium) states. The extensive study of HVAC commercial practice by Roth et al. (2002)
ascribes a poor state of tune to many closed-loop controllers in the field. So, it is possible many
HVAC systems do not sustain steady states for long enough periods to make it realistically prac-
tical to automatically detect coil fouling by relying solely upon steady-state models and equilib-
rium data. The concept in this paper assimilates data from transient and steady states and in fact
benefits from more transients since the data-driven model sought must be dynamical.

Challenges for the Concept

Using the contours of query sum surfaces to ideal advantage requires that the data-driven
model respond to queries at multiple points of input space with nearly equal validity so that sig-
nificantly different query sums predicted by the model-driven component are available to help
isolate fouling as a cause. If the model “knows” the current process dynamics of the real coil
well in only a limited region of input space—the space visited by only the most recent AHU
operations, for example—queries made on the model also must be confined to that region. In
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that case some, but not all, functionality of the concept is lost. A nonzero query sum after the
baseline would still indicate a change has developed in the model. But, without valid comple-
mentary queries, fouling cannot be automatically isolated as the cause. A principal merit of the
concept thus relies on capabilities within the data-driven component. The model must learn coil
dynamics quickly enough that even relatively short exposures to data from the regions of input
space vital to FDD functionality are assimilated well and then retained well even after operation
departs to another region. It is a challenging application of machine learning, and very specific
development is required. Multiple paralleled models, each adept in a particular region of input
space, may be needed. The agent, referring to the lookup table, could score relative experience,
proficiencies, and uncertainties for each model and manage their use appropriately. That this
division of labor might be necessary is why the functions of model and agent are differentiated.

Implementation Issues

The data-driven coil model requires an input related to water flow. At most HVAC sites,
water flow will need to be mapped from the control valve command, an acceptable condition
that at worst requires adding a water pressure input. The need to sense coil leaving air tempera-
ture (LAT) presents a harder issue. Air handlers typically sense that temperature only down-
stream of the fan. Modeling further assumptions or inputs to back out deduced LAT values
might fold excessive uncertainty into the data. Given recent advances in networked semiconduc-
tor sensors, an inexpensive retrofit of a senor array to obtain a real LAT input seems plausible.
Because the capability of the data-driven model is crucial to viability of the concept, a compan-
ion paper (Veronica 2011) addresses that issue separately.
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NOMENCLATURE
A area n =  index, discrete sample

b = exponent from reference data P = coefficient from reference data
c = specific heat 0 = flow rate, volumetric

C = heat capacity R = resistance, thermal

d = diameter t = time

h = coefficient of convection T = temperature
H = enthalpy U = heat conductance (per unit fluxed area)
k = conductivity, thermal v = velocity (at coil face)

m = mass W = humidity

Subscripts

a = air or at air-side interface lag = lagging (the true value)

amb = ambient lvg = leaving (the coil)

ent = entering (the coil) min = minimum
fa = of the material fouling air side p = at constant pressure

= of the material fouling water side sat =  atmoisture saturation
in = fin (extended heat transfer surface) tot = total

H = enthalpy-based (vs. sensibly-based) w = water or at water-side interface
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Superscripts

* = for fully wetted air-side control volume

Greek Symbols

A = difference (finite) n = efficiency
€ = effectiveness, thermal T = time constant
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APPENDIX

A principal merit of the concept presented in this paper is that it distinguishes fouling generi-
cally from any other cause of nonzero query sums by reference to the characteristic surfaces’
query sums from fouling present over the input space, exemplified by Figures 4 and 5. This
appendix shows that reference is based factually upon a thermal relationship generic to fouling
in cooling coils, and thus the surfaces inform the FDD agent consistently and reliably. The rela-
tionship exists not in the observable state space of the coil instrument data but in multiple, unob-
servable state planes of overall coil effectiveness and overall coil number of transfer units
(NTU). The effectiveness-NTU state plane is a tool of steady-state analysis, however, not
directly applied to transients. To explain how input state affects query sums despite a fixed foul-
ing severity, two steady “end” states are defined from the query transient as seen in Figures 2
and 3. One steady end state is at the initial low water flow of the triangular pulse, and the other
is defined by its momentary high water flow. These two end states are employed in a series of
steady-state simulations bracketing an assumed operating region of coil input space, as seen in
Table Al.
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Table Al. Using Steady-State Simulations
to Derive a Data Signature for Fouling in a Cooling Coil

Change in A(T, ;,,),
ATy 1yg), Between High and
Steady-State Valuation of Coil Input Space (Fouled — Clean),
°C (°F) Low Water Flow,
°C (°F)
Input| T, cnp Waens Vo Ty ents 0,, |WaterSide Air Side |WaterSide AirSide

Code| °C(°F) % RH m/s (fpm) °C (°F) L/s (gpm)| Fouled Fouled Fouled Fouled
0 [23(734) 20 043(85) 7(44.6) 0.5(7.9) [0.65(1.17) 0.48(0.86)
1 |23(734) 20 043(85) 7(44.6) 2.4(38) [0.48(0.86) 0.34(0.61)
23(73.4) 20  0.43(85) 13(55.4) 0.5(7.9) | 0.41(0.74) 0.30 (0.54)
23(73.4) 20  0.43(85) 13(55.4) 2.4(38) |0.30(0.54) 0.21(0.38)
23(73.4) 20 1.70(335) 7(44.6) 0.5(7.9) | 0.46(0.83) 0.43 (0.77)
23(73.4) 20 1.70(335) 7(44.6) 2.4(38) |2.46(4.43) 2.35(4.23)
23(73.4) 20 1.70(335) 13(55.4) 0.5(7.9) |0.29(0.52) 0.27 (0.49)
23(73.4) 20 1.70(335) 13(55.4) 2.4 (38) | 1.54(2.77) 1.47(2.65)
23(73.4) 80  0.43(85) 7(44.6) 0.5(7.9) |0.46(0.83) 0.05(0.09)
23(73.4) 80 0.43(85) 7(44.6) 2.4(38) |2.12(3.82) 0.68(1.22)
10 [23(73.4) 80  0.43(85) 13(554) 0.5(7.9) |0.23 (0.41) 0.07 (0.13)
11 |23(73.4) 80 0.43(85) 13(554) 24(38) [1.26(2.27) 0.38(0.68)
12 23(73.4) 80 1.70(335) 7(44.6) 0.5(7.9) [0.13(0.23) 0.48 (0.86)
13 |23(73.4) 80 1.70(335) 7(44.6) 2.4(38) |2.24(4.03) 1.15(2.07)
14 |23(73.4) 80 1.70(335) 13 (55.4) 0.5(7.9) | 0.12(0.22) 0.45 (0.81)
15 |23(73.4) 80 1.70(335) 13 (55.4) 2.4(38) | 1.14(2.05) 0.82(1.48)
16 [32(89.6) 20 0.43(85) 7(44.6) 0.5(7.9) |1.01(1.82) 0.73 (1.31) _031 025
17 |32(89.6) 20 0.43(85) 7(44.6) 2.4(38) |0.70 (1.26) 0.48(0.86) | (-0.56)  (-0.45)
18 [32(89.6) 20 0.43(85) 13(55.4) 0.5(7.9) |0.77 (1.39) 0.55 (0.99)
19 [32(89.6) 20 0.43(85) 13(55.4) 2.4(38) |0.53(0.95) 0.37(0.67)
20 |32(89.6) 20 1.70 (335) 7(44.6) 0.5(7.9) [0.74 (1.33) 0.69 (1.24) 3.06 2.94
21 |32(89.6) 20 1.70(335) 7(44.6) 2.4(38) [3.80(6.84) 3.63(6.53) (5.51) (5:29)
22 (32(89.6) 20 1.70(335) 13(55.4) 0.5(7.9) [ 0.56 (1.01) 0.52(0.94)
23 (32(89.6) 20 1.70(335) 13(55.4) 2.4(38) [2.89(5.20) 2.76 (4.97)
24 (32(89.6) 80 0.43(85) 7(44.6) 0.5(7.9) |0.61(1.10) —0.03 (-0.05)| 3387 1.22
25 [32(89.6) 80 0.43(85) 7(44.6) 2.4(38) |4.48(8.06) 1.19(2.14) (6.97) (2.20)
26 |32(89.6) 80  0.43(85) 13(55.4) 0.5(7.9) | 0.41(0.74) —0.01 (=0.02)
27 (32(89.6) 80 0.43(85) 13(55.4) 2.4(38) [3.42(6.16) 0.82(1.48)
28 (32(89.6) 80 1.70(335) 7(44.6) 0.5(7.9) |0.14(0.25) 0.50 (0.90) 3.00 0.45
29 |32(89.6) 80 1.70(335) 7(44.6) 2.4(38) [3.14(5.65) 0.95(1.71) (5.40) (0.81)
30 |32(89.6) 80 1.70(335) 13 (55.4) 0.5(7.9) | 0.12(0.22) 0.54 (0.97)
31 |32(89.6) 80 1.70(335) 13 (55.4) 2.4(38) |2.11(3.80) 0.83(1.49)

O| 0| Q|| n| ] V| D
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Characterizing the Steady-State Impacts of Coil Fouling with Signature Surfaces

Table A1 shows the 32 permutations (“input codes”) resulting when the five variables input to
the coil simulations are each given high and low values defining extremes of steady operation.
The simulations yield an intuitive outcome, that fouling of a cooling coil is exhibited best in data
sampled when the driving potential for heat is greatest—that is, when the source fluid (air) is
hottest and the sink fluid (water) is coldest. This alone explains the relatively low values of
AT, 1, in 24 of the 32 possible input valuations (the unshaded rows in Table Al). Each of those
24 yields smaller AT, ;,, values when compared to an input valuation that is similar except for
entering air temperature being higher, entering water temperature being lower, or both. A conve-
nience of the way the inputs in Table A1 are ordered is that the remaining eight (shaded) valua-
tions of the input space lie as four complementary pairs, differing only in water flow rate. Not so
intuitive is how the other three inputs (entering air humidity, airflow rate, and water flow rate)
influence the effect fouling has upon leaving air temperature.

When water flow rate (Q,,) is high and airflow rate (Q,) low, water-side fouling is most evi-
dent in data sampled when air humidity is high. That is, the largest AT, ., value between
a water-side fouled coil and a clean coil is yielded at the point of input space labeled “Input
Code 25” in Table Al. But, if both water flow and airflow rates are high, then water-side fouling
is more evident in data sampled at low humidity. That is, water-side fouling yields a larger
AT, jyg at Input 21 than at Input 29. The consistent thermal principle behind such seemingly
inconsistent observations is revealed by reducing the input dimensions remaining free (i.e., hav-
ing a yet unexplained influence).

The free inputs are reduced to two by defining, in terms of either water flow or airflow, a
quantity serving as the signature fouling writes upon data sampled from a coil. The quantity is a
fouling “signature” because it is significant in data from fouled coils but insignificant in data
from clean coils. The signature quantity most sensitive to both water-side and air-side fouling is
defined in terms of differing steady water flows. Consider two arbitrary rates of water flow, low
and high. The quantity A(AT,, ) then expresses the difference between the resulting two values
obtained for the change (AT, ;) fouling exerts on air temperature leaving the coil (7, ;) at
cach water flow rate. Though it seems abstract, subsuming water flow into the A(A7, ;,,) signa-
ture quantity allows the impact fouling exerts on coil performance to be visualized easily over
the input space remaining free as a three-dimensional surface. This surface lies over a plane hav-
ing airflow rate and humidity as axes.

The two rightmost columns of Table Al each show four values of the fouling signature,
A(AT, ), which become “corner” values of two such surfaces, one due to water-side fouling
and one due to air-side fouling. Figure Al shows the surface produced by water-side fouling
given the high entering air temperature and low entering water temperature used in Table Al,
32°C and 7°C (89.6°F and 44.6°F), respectively. Importantly, trial simulations confirm entering
air and water temperatures each exert a largely linear influence upon leaving air temperature and
thus the fouling signature value. This is expected, as entering air and water temperatures are
used linearly in the finite-difference equations of the simulations. As a result, the signature is
reasonably well characterized over the entire coil input space by only three more instances of
this surface, one at each remaining permutation of high and low values for entering air and water
temperature. More usefully, the relatively linear influence of entering air and water temperatures
means the query sum expected from a data-driven model of a fouled coil is also similarly char-
acterized by four three-dimensional surfaces, one at each permutation of the high and low values
of entering air and water temperatures.
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Figure Al. A signature surface for water-side fouling.

Simulating Coil Fouling Numerically

The Figure A1 surface is shaped by the differing rates of heat the coil is able to transfer in dif-
ferent regions of the airflow-humidity state plane, despite the source and sink temperatures
remaining constant. This behavior is consistent only when expressed in terms of the thermal
effectiveness of the coil and is explained best by first reviewing the thermal modeling employed
in the simulations created by Zhou and Braun (2007).

The coil is divided into control volumes, each representing one water tube row (i.e., trans-
verse plane of air cooling) in the finned core. When the humidity of entering air is sufficiently
low (e.g., 20% RH), only sensible energy is removed from the air and all air-side surfaces (and
thus, all control volumes) are dry. A simplifying feature of this thermal model regards the heat
transfer between coil metal and each fluid (i.e., water side and air side) as a separate relation of
thermal effectiveness (¢) and NTU for each control volume. A constant metal temperature is
presumed across each control volume (tube row). Though in reality it is a counter-flowing array
of cross-flowing tube rows, the coil is thus modeled as a lineal chain of control volumes, each
representing one water tube row, each containing purely counter-flowing fluids. This simplifica-
tion allows on each side of the coil metal the special case of thermal effectiveness being
regarded as a rising exponential asymptotic to unity:

g = 1—¢NTU (A1)

Separate NTU values are defined for each convective interface to the metal. A contribution of
this paper is to incorporate surface fouling at this juncture, adding the reciprocals of “fouling fac-
tors” (Ry, for air side and Ry, for water side) in series with the coefficients (/) of clean surface
convection. Units of fouling factors are thermal resistance over a unit fluxed area ([m2 -°C}/W
[ft2-h-°F/Btu]), the reciprocal of units in convection coefficients. The fouling factors are calcu-
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lated from the thickness and conductivity of stilled fluid layers yielding a nominal performance
loss as described earlier. In each control volume, the NTU for the water side is then

NTU (h,, * 1/Rp)A,, 1o . (A2)

w CW

The NTU for the air side is then

. (h +1/R,)A

NTUa - n/zn( a : ja) a, tot (dI’y) (A3)
Cq

~(hP+1/R, A

wry; = e TV R asor (e (A4)

Ca

While the NTU denominator is conventionally the minimum of the two fluid heat capacity
rates involved, here each fluid interface is addressed separately using its own capacity rate. Zhou
and Braun (2007) detailed origins of the convection coefficients (4,,, ,, and 4 ) and fin effi-
ciencies. It suffices here to see the NTU values map through Equation A1 to result in effective-
ness values used to calculate thermal resistances. These thermal resistances are exercised
linearly in the finite-difference equations of the numerical simulations. They cover all energy
transfers possible within the control volume: (1) the coil metal to water (R,,) and (2) the air to
dry coil metal (R,,) or condensing air to wet coil metal (R ):

R, = - (AS5)
€, Cy
_ 1
R, = — (A6)
£,Cy
« _ 1
Ry = L (A7)
g,M,

It would have been incorrect to incorporate fouling simply as additions to the resistances here
rather than as additions inside the NTU formulations above. A constitutive characteristic of indi-
rect heat exchange between moving fluids is that the impact from a given change in NTU dimin-
ishes as NTU grows large and grows large as NTU is diminished. That character is constituted in
the simulations by the exponential mapping of Equation Al, so any developments in thermal
conductance also must pass through that mapping.

Factors that Shape the Impact Fouling has on Leaving Air Temperature

Figure A2 compares clean and water-side fouled cases of overall thermal resistance for an
entire coil at various steady-state water flow rates, given two different entering air humidity lev-
els. Here, “overall” thermal resistance sums in parallel the individual total thermal resistances of
all control volumes in the coil. Each “total” thermal resistance sums in series all elemental film
and metal resistances lying between bulk air and water in a control volume. Fouling on either
air-side or water-side convection surfaces adds another resistance element into the series
between air and water in each control volume. Lines plotted in Figure A2 end at states corre-
sponding to input conditions listed in Table Al, so the figure essentially maps all the steady
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Figure A2. Impact of water-side fouling on coil overall thermal resistance.

states of water flow lying between Inputs 16 and 17 (low humidity) and between Inputs 24
and 25 (high humidity). Overall thermal resistance is seen falling asymptotically with higher
water flow due to better heat convection across the turbulent boundary film. The fixed amount
of resistance added by a nominal layer of water-side fouling shifts total resistance upward nearly
symmetrically across the water flow range at both low and high humidity. This nearly equal shift
of resistance is proportionally a greater share of total resistance at high water flow than at low
water flow. Further, the resistance proportion due to fouling grows more steeply, and ends up
higher, when humidity is low. Based on thermal resistance effects alone, it then seems fouling
should exhibit a larger signature (the A(AT,,) in Table Al) at low humidity (between Inputs
16 and 17) than at high humidity (between Inputs 24 and 25). But, Table A1 shows the opposite
is true. In fact, the —0.31°C (-0.56°F) value at low humidity is not only insignificant compared
to the 3.87°C (6.97°F) change at high humidity, it is slightly negative. The impact of fouling on
thermal resistance alone does not correctly explain why some regions of coil input space are
more conducive to fouling detection than others.

In Figure A3, overall NTU of the coil is plotted for each case in Figure A2. For the 20%
humidity case plotted in Figure A3, all the control volumes in the coil have dry air sides, so only
sensible energy is transferred from the air. Overall coil NTU is thus obtained using the conven-
tional formula dividing overall conductance (the reciprocal of the resistance in Figure A2) by the
minimum fluid heat capacity. When all control volumes have wet air sides, as in the 80%
humidity case of Figure A2, both latent and sensible energy are transferred. An enthalpy-based
extension to the conventional effectiveness-NTU model is then required. The extension is due to
Threlkeld (cited in Kuehn et al. [1998]). Water and air enthalpies in a wet control volume are
considered potentials driving energy across an “enthalpy conductance,” an analogy to the sensi-
ble heat conductance (UA product) of dry control volumes. In the wet control volume, enthalpy
conductance is
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Figure A3. Impact of water-side fouling on coil NTU.
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Units of enthalpy conductance are those of a mass flow rate (kg/s [lb,,/s]), less intuitive than
units of sensible conductance, such as kW/°C (Btu/h-°F). From enthalpy conductance, a dimen-
sionless, enthalpy-based NTU is defined as follows:

UA
NTU,; = ( : i

(A9)

a

In Figure A3, NTUy from the enthalpy-based model is plotted for the 80% humidity case and
NTU from the conventional model is plotted for the 20% humidity case. In both cases of humid-
ity, the NTU lost to fouling widens markedly at higher water flow. This contrasts with
Figure A2, where the thermal resistance gained from fouling changes little with water flow. The
widening NTU loss is one of two key features in Figure A3, so its origin must be emphasized.
While fouling adds a physically serial, fixed increment to the drop in resistance across the fluid
interface given a higher flow, its corresponding decrement to the greater interface conductance
involves parallel addition, a nonlinear operation. So the NTU lost to fouling must widen at
higher NTU. The widening is not contingent on anything else. The two key features in
Figure A3 are (1) that the NTU lost to fouling widens with higher water flow by similar amounts
at both high and low humidity and (2) that NTU is uniformly larger at low humidity than at high
humidity.
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NTU maps to overall thermal effectiveness of the coil (g,,;;) in Figure A4. This is not effec-
tiveness at individual convection interfaces, as used in Equations A5, A6, and A7, but a quantity
calculated by psychrometric analyses of the coil inlet and outlet states:

H -H
e _ a, ent a,lvg (AIO)

coil ~ H H

a,ent” tmin
Here, H,,;, is the minimum value of enthalpy the air-cooling process can attain theoretically
under the second law of thermodynamics. This is not the apparatus dew point but rather a less
energetic state intersecting the coil entering water temperature with the leaving air humidity. In
a coil having dry air sides, the air temperature observed to leave the coil is linear with effective-
ness since air specific heat is constant over the temperatures applying. If the air side is wetted,
leaving air temperature is nearly linear with effectiveness, curved only slightly by the specific
heat of air changing slightly as it dries. So, the transform from the impact fouling has on overall
thermal effectiveness of the coil in Figure A4 to the impact it has on air temperature leaving the
coil is practically linear for all cases.

The two features of Figure A3 now play distinct roles that ultimately determine the change in
overall thermal effectiveness of the coil, which results from nominal water-side fouling. Given
higher values of steady water flow, overall coil effectiveness maps as states rising in an arc
asymptotic to unity. The particular path of the arc depends on the remaining coil inputs, such as
humidity and airflow. The arc reflects the saturating character inherent to energy exchange
between moving fluids, modeled in the control volumes by Equation Al. At the high 2.4 L/s
(38.0 gal/min) water flow, nearly equal NTU is lost to fouling at low humidity as at high humid-
ity (i.e., the similar shifts from solid lines to dashed lines along the plot abscissa in Figure A4).
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Figure A4. Impact of water-side fouling on coil thermal effectiveness.
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Since the low humidity case lies globally at higher NTU, where the effectiveness curve is much
flatter, the equal NTU lost there projects to the ordinate axis as a much smaller loss of coil effec-
tiveness. Fouling shifts the arc of high-humidity states leftward on the Figure A4 abscissa, to
lower NTU. Since NTU is globally lower at high humidity, the shift occurs on a much steeper
segment of the effectiveness curve. A shift of NTU equal to that in the low-humidity case now
results in a more significant change in coil effectiveness and, hence, in leaving air temperature.

NTU and effectiveness of the coil were examined comprehensively over the coil input space,
as expressed by surfaces such as those in Figures 4, 5, and A1l. Regions conducive to easy detec-
tion of fouling—that is, having higher query sums from fouling—are generally characterized by
(1) arelatively large shift of NTU due to fouling, combined with (2) a relatively low NTU value
(e.g., below 2.0, roughly). That combination puts a large NTU shift on the steeper part of the
effectiveness curve, where it translates into a larger effectiveness change and thus a greater
change in leaving air temperature.
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