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Abstract

Hydro-generator cooling arrays are sparsely instrumented, limiting estimation of heat-
exchanger (HX) parameters from plant data for thermal modeling. This study develops 
and validates a 48-state quasi-linear parameter-varying (qLPV) gray-box model for twelve 
fin-and-tube air-to-water HXs in a hydro generator cooling system. Four equivalent three-
HX groups use four serial cells each, and manufacturer-specified geometry and empirical 
correlations provide operating-dependent conductance values rather than fitted parameters. 
Of 19 coefficients, eleven are fixed, and eight effective group coefficients are estimated. Rated 
predictions reproduce manufacturer outlet temperatures within 0.6 °C, providing catalog-
consistency verification. Coefficient calibration uses a 4.03 h window from a 48,241-sample 
(13.4 h) plant record. With the estimated coefficients frozen, combined filtered root-mean-
square error (RMSE) values on the full record are 0.183 and 0.179 °C on the north and south 
sides of the cooler array. Multistart Nelder–Mead and direct four-dimensional simplicial 
homology global optimization (SHGO) yield numerically equivalent coefficient estimates. 
The resulting model is computationally economical and provides a physics-based plant-
specific baseline for record replay, recalibration and prospective monitoring.

Keywords: hydropower generator; air cooler; fin-and-tube heat exchanger; gray-box model; 
arithmetic mean temperature difference; quasi-linear parameter varying; cross-window
validation

1. Introduction
Hydro power remains a cornerstone of the U.S. energy system and renewable en-

ergy generation. With a fleet numbering 2252 power plants and a generating capacity of 
80.58 GW, hydro power contributed an average of 266 TWh annually between 2020 and 2022, 
representing 6.2% of total electricity generation and 28.7% of renewable electricity output in 
2022, while also supplying 70% of utility-scale power storage capacity via pumped storage, 
thereby playing a vital role in grid reliability, renewable energy integration, and low-carbon 
power provision [1]. Hydro power is also important to grid flexibility in the context of 
variable loads and fluctuating power generation from other renewable sources. Flexible 
hydro-electric power generation, which has the ability to quickly respond to changes and 
provide load following, accounts for over 24 GW of firm capacity (i.e., guaranteed level of 
power that can be reliably produced) [2].

A generic hydro power plant consists of a storage reservoir, penstock, hydro-turbine, 
generator and powerhouse. The turbine-generator system, i.e., the electric power generation 
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system, converts the kinetic energy of water flowing from the reservoir into electrical energy. 
The generator primarily consists of a stationary stator and a rotating rotor. The rotor is driven 
by a turbine runner through a common shaft assembly. These large-scale synchronous 
generators in hydroelectric power stations are among the most capital-intensive rotating 
machines in the energy sector, with individual unit costs ranging from tens to hundreds of 
millions of dollars and design lifetimes exceeding 40 years.

Hydro power generators, while achieving an overall system efficiency of more than 
90%, are subjected to various losses during operation, such as I2 R losses in stator and 
rotor windings, core losses (hysteresis and eddy current losses) in the stator and rotor, 
stray load losses, excitation system losses, and friction and windage losses that must be 
continuously addressed to prevent insulation degradation, winding deformation, and 
ultimately catastrophic failure [3–5]. The thermal life of insulation is approximately halved, 
i.e., the thermal aging rate is approximately doubled for every 10 °C increase in insulation 
temperature [6]. In addition, different materials heat up and cool down, and expand and 
contract at different rates, resulting in differential expansion. This introduces additional 
mechanical stresses and can crack insulation, delaminate insulation layers, and distort 
coils [7]. For example, in a 2009 survey examining failures that led to outages exceeding 
10 days in hydro generators rated above 10 MVA, it was found that of 70 failures reported 
by 16 utilities across five different countries, 35 were attributed to insulation-related causes, 
8 to thermal causes, 25 to mechanical causes, and 2 to bearing-related causes [8].

The reliability of hydro generators is of utmost significance to ensure power supply as 
required, with minimal or no disruptions. In addition to requiring repairs or maintenance 
and the ensuing downtime and financial losses, failure of generator components can also 
destabilize the electric grid. Effective cooling and thermal management of hydro generators 
can maintain operational efficiency, reliability and longevity of hydro generators and thus 
are of vital importance. A 1% loss in a 125 MW generator unit operating at rated power 
requires continuous removal of 1.25 MW of heat, and ambient cooling may not be sufficient. 
It should also be noted that thermal management refers not only to the limiting of peak 
temperatures, but also to maintaining a fairly uniform temperature profile in the generator. 
Large generators can have spots with insufficient ventilation, and localized heating may 
occur at those spots. Hence, dedicated cooling systems capable of effective cooling and 
thermal management are essential in hydro generators. The thermal management system 
typically comprises a closed-loop air ventilation circuit in which the rotor itself acts as a 
centrifugal fan, driving air over the active components and through banks of finned-tube 
heat exchangers (HXs) that transfer the waste heat to a river-water or chilled-water cooling 
circuit [9].

In their analysis of the cooling system of a 65 MW generator at the DEZ dam in Iran, 
Doost and Majlessi [10] noted that at rated power the losses amounted to 1.14 MW and when 
the inlet temperature of cooling water increased by 12 °C, the overall heat transfer efficiency 
of the cooling system dropped by 34%. The operators were then forced to drop load to 
prevent damage to the generators from overheating. Thus, heat exchangers in this system 
act as the primary thermal bottleneck. Any reduction in their heat transfer effectiveness, 
whether from air-side particulate fouling, biological growth on fin surfaces, water-side 
mineral scaling, or environmental shifts that induce wet-coil condensation, directly reduces 
the generator’s cooling capacity. Because the thermal losses increase with electrical load, and 
because the rotor speed (and hence the ventilation Airflow) is locked to the grid frequency, 
the generator operates with a relatively fixed thermal margin. A 10–15% reduction in heat 
exchanger effectiveness can be sufficient to push the winding hot-spot temperature beyond 
the Class F insulation limit of 155 °C, triggering protective relay action and forced derating 
or shutdown [4]. In the referenced measured data from the Rocky Reach unit, outlet-water 
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flow is actively regulated in response to outlet air temperature deviations from its setpoint. 
In operation, alarm logic is implemented to prevent generator insulation temperatures from 
approaching their thermal limits.

Despite the criticality of these heat exchangers, installed cooler arrays are usually 
instrumented with only a small number of inlet and outlet temperatures and aggregate 
water-flow measurements. Vendor documentation is also designed primarily for equipment 
rating and commonly provides a rated duty, pressure drop, dimensions, and selected 
construction data rather than complete off-design conductance maps. The development and 
deployment of real-time, dynamic models of the heat exchanger system that are reliable, 
explainable and fast aids in condition-monitoring of such cooler arrays.

Broadly, modeling approaches of such heat exchanger systems can be of three types: 
Computational Fluid Dynamics (CFD) based methods, lumped parameter methods, and 
data-driven methods. Dang et al. [11] performed a CFD analysis of the convective heat 
transfer in the entire turbine heat generator system and validated their results using a 
small-scale experimental system. Such an analysis requires numerically solving funda-
mental mass, momentum and energy conservation equations over a fine mesh and can 
yield spatial profiles of temperatures. In contrast to CFD methods, lumped parameter ap-
proaches approximate an entire volume as a single node and consider uniform temperature 
across the node. Thus, these are much faster while sacrificing spatial detail. Pandey [12] 
shows a successful application of the lumped parameter approach in hydro generators 
using Bayesian parameter estimation. Jonsson et al. [13] present the use of an extended 
Kalman Filter coupled with a lumped state space model for dynamic modeling of heat 
exchangers. With recent advances in artificial intelligence approaches, Xayyasith et al. [14] 
and Huang et al. [15] used supervised machine learning and LSTM methods for modeling 
and fault detection in hydro generator cooling systems. In a parallel effort to this work, 
Li et al. [16] explored the use of distributed recurrent neural networks (dRNNs) in model-
ing the entire hydro generator cooling system. While CFD methods are computationally 
expensive and are not useful for real-time monitoring, data-driven methods suffer from a 
lack of data from a variety of operating conditions. It should be noted that traditional heat 
exchanger design and analysis methods such as the LMTD method or 𝜀 − NTU method 
have been used in the context of hydro generator cooling systems [9]. However, these 
methods are for steady-state analysis and may not be of good use in dynamically tracking 
the system behavior. Georgescu et al. [17] built a numerical model of the water side of the 
cooling system using EPANET and calibrated it using in situ measurements. Air-side heat 
transfer was not explicitly modeled in their work.

Dynamic state-space formulations based on lumped-parameter energy balances pre-
serve the physical structure of the heat transfer process, enable fast/real-time monitoring 
while remaining suitable for standard observer and estimation techniques. Also, within 
the broader physics-informed modeling spectrum, recent work emphasizes that retaining 
governing structure can improve interpretability and data efficiency when observations are 
limited [18]. Accordingly, this study adopts a physically structured lumped state-space 
formulation. A key problem encountered in such an approach is the estimation of relevant 
heat transfer coefficients. Industries and vendors follow minimum reporting requirements, 
i.e., include only thermal and pressure rating values and operating conditions in the spec-
ification sheets as proposed in the AHRI 410 standard [19], while presenting a minimal 
amount of detail regarding the geometry of the heat exchangers. In this effort, we identify 
empirical correlations using the provided geometry information and incorporate the best 
applicable empirical correlations in the dynamic lumped parameter model.

The principal contributions of this paper are:
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1. A physics-based and computationally efficient quasi-linear parameter-varying (qLPV) 
model is developed for the complete twelve heat exchanger hydro generator cooling ar-
ray. The model combines the geometry of the HXs with established air- and water-side 
empirical correlations to retain the operating-point-dependent heat transfer behavior 
of the real system.

2. A reduced coefficient estimation formulation is introduced to complete the dynamic 
model using real plant measurements from limited instrumentation and unmeasured 
airflow. Four effective airflow and four outlet-blending coefficients are estimated, pre-
serving the geometry and correlation-based thermal structure while enabling tractable 
periodic recalibration.

3. The model is evaluated using 48,241 time series measurements from 13.4 h of real 
operation at an in-service 135 MW hydro-generator. The operating record was split into 
4 windows, and the coefficients calibrated over one operating window were transferred 
unchanged to other windows as well as the full record. The combined filtered RMSE 
is 0.183 °C on the North side and 0.179 °C on the South side, with a cumulative water 
side energy difference of 0.330% between measured and predicted values.

4. The study demonstrates that the reduced calibration is numerically reproducible, com-
putationally practical, and robust to the recorded and tested variations in prescribed 
quantities. Independent optimization strategies yield equivalent predictions, and full-
record simulation and filtering required less than 200 s on a regular computer, i.e. more 
than 200 times faster than real time.
The resulting model is tied directly to the measured outputs. For condition monitoring 

in future applications, using the estimated coefficients in this work can produce a refer-
ence/baseline response, while occasional offline re-estimation can be recorded separately 
as an effective-coefficient trend indicator.

This work focuses primarily on heat exchanger modeling in the cooling system, and 
water flow modeling and control are to be explored in future work. The remainder of this 
paper is organized as follows: Section 2 presents a brief description of the hydro generator 
cooling system considered in this paper, Section 3 presents the overall methodology and 
state-space formulation, and Section 4 presents parameter identification for the developed 
models. Section 5 presents the validation results against measured operational data and a 
discussion. Section 6 draws conclusions and identifies directions for future work.

2. System Description
This work primarily focuses on the circulating air-to-cooling-water heat exchanger 

system. The words cooler and heat exchanger are used interchangeably in this document. 
Figure 1 shows the components of a generic cooling system of a hydro generator and the 
fluid flow pathways. The solid black arrows represent the airflow cycle: hot air flows from 
the rotor and stator assembly into the cooler, where it loses heat energy to the cooling fluid, 
i.e., water, and cold air flows back into the assembly. The cooling unit at Rocky Reach Dam 
in Chelan County, WA, USA is the subject of this research effort.

Figures 2 and 3 show a top view of the assembly. The stator, the airflow ports, one 
heat exchanger and the water flow pipes are labeled. There are a total of 12 identical heat 
exchangers arranged uniformly around the generator assembly. These are divided into 
4 groups for modeling purposes, as explained later in the document. There are 6 HXs on 
the north side and 6 HXs on the south side. As shown in the simplified version in Figure 3, 
the HXs on each side receive filtered cold water from the reservoir through a single supply 
pipe and discharge hot water into a single return pipe, making the HX array a parallel one 
on each side. Water flow is adjusted independently on each side based on the outlet air 
temperatures on that side.
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Figure 1. Generic cooling system in a hydro generator.

Figure 2. The cooling system considered in this work.

 

Figure 3. Top view of the heat exchanger network and a simplified view of the heat exchanger assembly.
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Instrumentation and Measurements: The generator cooling system is instrumented 
with 8 air temperature sensors, 4 water temperature sensors and 2 water flow rate sensors 
placed at select locations, providing 14 measurement channels sampled at 1 s intervals. 
Measurements are recorded separately for the north and south sides of the system as 
shown in Table 1. The groups shown in Figure 3 are named after the air temperature 
measurement locations. 

Table 1. Measurements in the considered hydro generator cooling system.

Side Instrumented Air Groups Shared Water Measurements

North HX1 and HX4 inlet (hot)/outlet 
(cold) pairs.

North common inlet (cold) 
temperature, mixed outlet (hot) 
temperature, and total volume flow 
rate.

South HX7 and HX10 inlet (hot)/outlet 
(cold) pairs.

South common inlet (cold) 
temperature, mixed outlet (outlet) 
temperature, and total volume flow 
rate.

Heat Exchanger Design/Configuration: According to the manufacturer’s datasheet, 
the heat exchangers used in this unit are of the 1990s fin-and-tube design with wavy fins and 
have a thermal rating of 141 kW. The rated air and water volumetric flow rates are 3.8 m3/s

and 19.44 m3/hr. The construction materials are copper for tubes, aluminum for fins, brass 
for end plates and steel for other structural components. As shown in Table 2, following 
the reporting requirements from the AHRI 410 standard [19], the details presented in the 
spec sheet are very limited, i.e., only single-value thermal and pressure drop ratings are 
provided, and no information on flow-dependent heat transfer coefficients is included. 
These parameters are discussed in further detail in Sections 3 and 4. Each HX consists of a 
4-row 4-pass staggered tube bank with a wavy fin pattern. All geometry is evaluated once 
and remains fixed in every dynamic simulation presented later in this paper.

Table 2. Specifications of the heat exchangers considered in this study.

Parameter Value [20,21]

Tube outer diameter, Do 12.7 mm (0.500″)
Tube inner diameter, Di 11.7 mm
Tube wall thickness, twall 0.5 mm
Tubes transverse pitch, Pt 31.75 mm (1.250″)
Tubes longitudinal pitch, Pl 27.50 mm (1.083″)
Fin pitch, Fp 1.8 mm (≈14 FPI)

Number of tube rows 4 (staggered)
Number of water flow passes 4
Total tubes 132 (33 per row)
Tube length, L 1.60 m
Header height, H 1.10 m
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Table 2. Cont.

Parameter Value [20,21]

Total internal (water) volume 38 L (0.038 m3 )
Total cooling surface area, Ao 202 m2 
Core air-side pressure drop, ΔP 93 Pa
Tube material Copper (k = 385 W/(m ⋅ K))
Fin material Aluminum (k = 237 W/(m ⋅ K))
Fin profile wave corrugated
Rated heat duty, Q 141 kW
Rated air inlet/outlet temperature °C 61.3/28.7
Rated water inlet/outlet temperature °C 25.0/31.3

Rated air volumetric flow rate 3.8 m3

s

Rated water volumetric flow rate 19.4 m3

h

Specification test inlet relative humidity (RH) 18.8%

The reconstructed geometry gives a minimum airflow area of 0.956266 m2  through 
the heat exchanger, i.e., between the fins and over the tubes, an air-side wetted area of 
201.998 m2 , a hydraulic diameter of 2.084 mm and an internal air volume of 0.371094 m3 . 
The calculated metal heat capacity, including copper tubes, aluminum fins, brass end plates, 
and assigned structural steel, is 115.974 kJ/K per HX. These values are not fitted to the plant 
measurements.

Rotor-Driven Airflow: The cooling airflow is driven by the rotor acting as a centrifugal 
fan, with inter-pole channels functioning as impellers. There are vanes on the top and 
bottom of the rotor to guide the cold airflow back into the generator after reflection by the 
generator enclosure wall (see Figure 1). Since the generator rotor operates at a constant 
speed locked to the grid frequency, following the fan affinity law in Equation (1) [22] the 
air volumetric flow rate is approximately constant.

.
𝑉𝑎 ∝ 𝜔𝐷𝑅

3 (1)

It should be noted that, in a real plant, rotor speed alone does not uniquely determine 
the air flow rate. The operating point is established in addition by the pressure loss curves 
of the recirculating airflow path, including rotor-stator passages, HX cores, i.e., gaps in HX 
fins and over the tubes, and any leakage passages around the HXs. Hartono [23] held a 
small-scale experimental rig at 2000 rpm and obtained inferred mass flows from 0.0939 to 
0.1291 kg/s across two stators and three fan-blade configurations, confirming that geometry 
and circuit resistance can alter the airflow rates at fixed speed.

At 100% generator load, the measured air velocities (only point values) at the exits of 
HXs 1, 4, 7 and 10 were 3.2 m/s, 3.2 m/s, 2.9 m/s and 3.2 m/s respectively. These measure-
ments establish a “similar” nominal outlet velocity at the four instrumented HXs. No time 
series airflow measurements are available and, as such, no temporal airflow variations are 
resolved. Given the fixed speed and unchanged system configuration over the considered 
short operation record (13.4 h, see Section 5.2), the present model therefore holds the 
nominal air velocities constant. Air density is evaluated using time series temperature 
measurements and thus mass flow rates vary with time. Any other variations, for example 
due to changes in rotor speed or changes in flow path such as blocked fin gaps in the heat 
exchangers or deformed fins or fouling of fin surfaces, etc., are out of the scope of this effort.
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3. Dynamic Model of the Hydro Generator Cooling System
In this section, we present a 1D (1 dimensional) reduced-order dynamic model of the 

cooling system. Initially, we list the intended modeling scope, five assumptions considered, 
an instrumentation-based grouping of heat exchangers and present the equations of the 
dynamic model.

3.1. Modeling Assumptions and Intended Scope
The following assumptions are made in developing the dynamic model of the hydro-

genator cooling system:
1. Pipe dynamics are neglected. Heat transfer and capacitance, i.e., thermal storage, in 

the supply and return pipes are neglected. The pipe lengths are unknown, and it is 
the opinion of the system engineers that heat transfer in the pipes is negligible.

2. Only sensible heat transfer is modeled on the air side. Dehumidification is neglected. 
Note that enclosure humidity, condensate generation, and HX surface temperatures 
were not measured. Our reasoning is as follows: At startup, the generator enclo-
sure air is approximately at the ambient humidity level in the powerhouse. As this 
air recirculates through the HXs, moisture may initially condense on the HX sur-
faces. The recirculated air subsequently reaches an equilibrium condition. Since the 
generator enclosure is not completely airtight, the moisture infiltration rate and the 
resulting steady-state condensation rate at equilibrium are assumed to be negligible. 
The dehumidification transients during startup of the generator and any steady-state 
condensation are outside the scope of this study and will be studied in future re-
search. Additionally, the humidity values in the enclosure are not measured. The 
manufacturer-specified 18.8% RH value at rated conditions is used as a constant for 
calculating air’s density, viscosity, conductivity and specific heat in the simulations. A 
sensitivity analysis showed that increasing RH to 80% produced less than 3% error 
in the results. The reported humidity sensitivity analysis assesses the influence of 
humidity on air properties, not the potential influence of condensation.

3. Since branch-level water flow measurements are unavailable, the measured water flow 
rate is split equally between the 6 HXs on each side. This assumption is tested in the 
sensitivity analysis presented in Section 5.

4. Airflow through each HX is assumed to be constant in line with the fan affinity law 
in Equation (1), since the generator rotor speed is locked to grid frequency. A ref-
erence volumetric airflow rate is estimated from fixed-point velocity measurements 
and computed flow cross-section areas, using temperature-dependent density. Non-
uniform flow distributions within and across the HXs are not modeled. The considered 
reduced-order model cannot handle such behavior, and a comprehensive CFD analysis 
is required to resolve those effects.

5. The twelve HXs array is divided into four groups with three HXs in each group. The 
HXs within each three-unit group have identical nominal geometry and operating 
conditions.
These assumptions preserve energy conservation, thermal storage, geometry, and oper-

ating dependence while keeping the model suitable for repeated time-domain simulations. 
The intended outcome is prediction of measured outlet temperatures. The model is not 
used to infer individual branch flows, internal temperatures, to assign a unique physical 
meaning to each fitted coefficient, or to provide unique fault isolation.
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3.2. Aggregation of Heat Exchangers and Model Boundary
The six heat exchangers on each side are divided into two symmetric groups of three 

units. The spatial groups are denoted using

g ∈ 𝒢  = {1,4,7,10} (2)

Each group contains three adjacent HXs and is represented by the inlet and outlet air 
temperatures at the correspondingly numbered HX. On the north side, Group 1 comprises 
HXs 1, 2, and 3 (quadrant 1 in Figure 3), whose collective thermal behavior is characterized 
by the air temperature measurements at HX1. Similarly, Group 4 comprises HXs 4, 5, and 6. 
The group labels correspond to the locations of available air temperature sensors; i.e., the 
name “Group 4” is used because it is characterized by measurements at HX 4. Groups 7 
and 10 are defined similarly for the south side. This grouping is selected for three reasons:
1. Consistency with available measurements: Air temperatures are measured only at 

HXs 1, 4, 7 and 10. Therefore, this grouping represents the finest spatial resolution 
that can be supported by this instrumentation. Any further decomposition would not 
be adequately supported by the available instrumentation.

2. Use of system symmetry: All 12 HXs are nominally identical. Therefore, the four 
groups can share the same parameter functions/values and can be modeled using a 
single dynamic model. No additional unknowns are introduced relative to a single 
group model.

3. Improved fault localization: Treating the two groups on each side as independent 
dynamical units enables the generation of group-specific residuals. These residuals 
could support future fault localization efforts by distinguishing fault effects localized to 
either group on each side. Grouping the entire array on a side into a single node/lump 
model would collapse these residual signals and thus reduce the diagnostic sensitivity 
for asymmetric faults. Although fault detection and diagnosis are out of the scope of 
this work, this grouping is chosen to support future diagnostic applications.
The two group models on one side have separate air paths but share the same measured 

side-level water inlet temperature and total water mass flow. Their water outlets are mixed 
to compute the predicted outlet temperature, which can be compared with the single 
water outlet temperature sensor measurement for that side. North and South sides are 
otherwise modeled independently. For a side s ∈ {N,S} with groups (g1 , g2 ), the measured 
temperature inputs and outputs are:

u𝑠(𝑡) = [𝑇𝑎,𝑖,𝑔1
(𝑡), 𝑇𝑎,𝑖,𝑔2

(𝑡), 𝑇𝑤,𝑖,𝑠(𝑡)]
T

ymeas
𝑠 (𝑡) = [𝑇meas

𝑎,𝑜,𝑔1
(𝑡), 𝑇meas

𝑎,𝑜,𝑔2
(𝑡), 𝑇meas

𝑤,𝑜,𝑠(𝑡)]
T (3)

where the subscripts (a,i), (a,o), (w,i) and (w,o) denote air inlet, air outlet, water inlet and 
water outlet, respectively.

3.3. Multi-Cell, Three-Node AMTD Model of the Cooling System
Each group of three HXs is modeled as one equivalent heat exchanger with lumped 

thermal nodes. Arithmetic Mean Temperature Difference (AMTD) is used as the main 
driver of heat transfer between the hot fluid and the heat exchanger wall, and between 
the heat exchanger wall and the cold fluid in the developed 1-D dynamic model [13]. 
Used by Vaitekunas [24], Mathisen and Morari [25] and Jonsson and Palsson [26], in 
the context of estimating heat transfer coefficients, the AMTD model was experimentally 
validated multiple times in the heat transfer research and engineering space. More recently, 
Gao et al. [27] utilized the AMTD-based lumped model for studying the transient responses 
of cross-flow heat exchangers in the context of varying inlet mass flow rates. The equivalent 
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lumped HX has three times the extensive properties, i.e., heat transfer areas on the hot and 
cold sides and thermal capacitances on the air, metal and water sides of a single HX.

It should be noted that AMTD is a crude approximation of the logarithmic mean 
temperature difference (LMTD), which is a more accurate driver of heat transfer. AMTD 
model with a single cell, i.e., one thermal node for each element (air, metal and water) of 
the equivalent heat exchanger, can introduce a systematic positive bias in the predicted heat 
transfer rate relative to the exact LMTD. For the HXs considered, this bias is approximately 
+12–34% depending on the operating condition.

Multi-cell discretization along the airflow direction is a standard solution to address 
this bias. By dividing the equivalent heat exchanger into Nc  identical cells, the AMTD 
approximation within each cell becomes increasingly accurate, while retaining the linear 
state-space structure. Yang et al. [28,29] reported that using two cells instead of one cell 
reduced errors from 28.6% to 1.6% in counter-current heat exchanger modeling. Using the 
rated inlet flow and temperature values from Table 1, with the model parameters estimated 
as shown in Section 4, the air outlet root mean squared error (RMSE) values for a single 
HX at rated conditions were: 4.5 °C for Nc  = 1, 0.4 °C for Nc  = 4 and 0.3 °C for N = 8.

Because the improvement beyond four cells is marginal, the equivalent lumped HX is 
divided into Nc  = 4 cells along the airflow direction, consistent with the four-row, four-pass 
design of individual HXs. Each cell contains three thermal nodes: air, metal and water. 
Thus “multi-cell” represents spatial discretization, and “three-node” denotes the three 
thermal states within each cell.

The HXs considered in this design are physically cross-flow units with airflow per-
pendicular to staggered tubes carrying water. The water circuit consists of 4 passes, each 
containing 33 parallel tubes. Water flow reverses direction in the headers between successive 
passes. Figure 4 depicts the physical layout of the individual and equivalent lumped HX 
and the cells considered in the developed model. It should be noted that the multi-cell 
discretization for the 1-D dynamic model is performed along the airflow direction. The 
cells are in series along the airflow direction, and thus the throughflow air mass flow rate 
remains the same across all cells and equal to the per-group airflow rate. Similarly, the four 
water passes are represented as a series flow path through the cells, and the same water 
mass-flow rate passes through each cell.

header

header

Cold water inlet Hot water outlet

Hot Air Cold Air

Cell (1) Cell ( )

Wavy fins

Figure 4. Physical layout of individual and equivalent lumped HXs and the multi-cell structure.
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The cells are arranged as shown in Figure 5, with hot air entering the first cell (j = 1) 
and cold air exiting the last cell (j = Nc , here Nc  = 4), whereas cold water enters at j = Nc  and 
hot water exits at j = 1. This opposing-flow connection is a counter-current surrogate used 
to represent the four-pass cross-flow exchanger within a low-order 1D model, and is not an 
exact representation of the physical 3D flow field. Equations (4) and (5) present the air 
and water inlet temperature value assignments for each cell. With outlet fluid temperatures 
of one cell acting as inlet temperatures for the next cell, a group contains 3Nc  = 12 states.

𝑇(𝑗)
𝑎,𝑖 =

{


𝑇𝑎,𝑖 𝑗 = 1(external input)
𝑇(𝑗−1)

𝑎,𝑜 𝑗 = 2, … , 𝑁𝑐
(4)

𝑇(𝑗)
𝑤,𝑖 =

{


𝑇𝑤,𝑖 𝑗 = 𝑁𝑐(external input)
𝑇(𝑗+1)

𝑤,𝑜 𝑗 = 1, … , 𝑁𝑐 − 1
(5)

Figure 5. Inter-cell connectivity and flow path.

The purpose of the cell discretization is simply to retain the temperature progression 
through the exchanger while preserving a low-order linear state structure. The governing 
equations can be written directly for a general cell j = 1,…,Nc  and Multi-cell AMTD formu-
lations of this type are well established for dynamic heat-exchanger modeling [28,29]. The 
three energy balance governing equations are:
Air node:

𝐶(𝑗)
𝑎

𝑑𝑇(𝑗)
𝑎,𝑜

dt = .𝑚eff
𝑎,𝑔 𝑐𝑝,𝑎 (𝑇(𝑗)

𝑎,𝑖 − 𝑇(𝑗)
𝑎,𝑜) − UA(𝑗)

am
[


𝑇(𝑗)
𝑎,𝑖 + 𝑇(𝑗)

𝑎,𝑜

2 − 𝑇(𝑗)
𝑚

]


(6)

Metal node:

𝐶(𝑗)
𝑚

𝑑𝑇(𝑗)
𝑚

dt = UA(𝑗)
am

[


𝑇(𝑗)
𝑎,𝑖 + 𝑇(𝑗)

𝑎,𝑜

2 − 𝑇(𝑗)
𝑚

]


− UA(𝑗)
mw

[


𝑇(𝑗)
𝑚 −

𝑇(𝑗)
𝑤,𝑖 + 𝑇(𝑗)

𝑤,𝑜

2
]


(7)

Water node:

𝐶(𝑗)
𝑤

𝑑𝑇(𝑗)
𝑤,𝑜

dt = UA(𝑗)
mw

[


𝑇(𝑗)
𝑚 −

𝑇(𝑗)
𝑤,𝑖 + 𝑇(𝑗)

𝑤,𝑜

2
]


− .𝑚𝑤,𝑔 𝑐𝑝,𝑤 (𝑇(𝑗)
𝑤,𝑜 − 𝑇(𝑗)

𝑤,𝑖) (8)

Note that group indices are omitted in Equations (6)–(8) for simplicity and as the 
model remains the same across all groups. Table 3 defines all variables and parameters 
used in the above dynamic model equations.
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Table 3. Hydro generator cooling system dynamic model variables and parameters.

Symbol Description Units

State variables

𝑇(𝑗)
𝑎,𝑜 Cold air outlet temperature of cell j °C

𝑇(𝑗)
𝑚 Lumped metal temperature of cell j °C

𝑇(𝑗)
𝑤,𝑜 Hot water outlet temperature of cell j °C

Inputs

𝑇(𝑗)
𝑎,𝑖 Hot air inlet temperature at cell j °C

𝑇(𝑗)
𝑤,𝑖 Cold water inlet temperature at cell j °C

.𝑚eff
𝑎,𝑔 Effective air mass flow rate in the corresponding group kg/s

.𝑚𝑤,𝑔 Water mass flow rate in the corresponding group kg/s

Model parameters—extensive quantities

𝐶(𝑗)
𝑎 Thermal capacitance—heat capacity of air mass in the cell J/K

UA(𝑗)
am Air-to-metal (HX) conductance. W/K

𝐶(𝑗)
𝑚

Thermal capacitance—heat capacity of metal (HX) mass in 
the cell

J/K

UA(𝑗)
mw Metal (HX) to water conductance. W/K

Material properties—intensive quantities

cp ,a Specific heat capacity of air (a function of air temperature) J/Kg ⋅ K

cp ,w Specific heat capacity of water (a function of water 
temperature)

J/Kg ⋅ K

𝜌a Density of air depends on air temperature kg/m3

𝜌w Density of water kg/m3

Geometric constants of a single HX

Ac ,HX  = Ac 
Minimum cross-section area for airflow between the fins and 

over the tubes in an individual HX m2 

Va ,HX Internal air volume in a single HX m3 
Vw ,HX Internal water volume in a single HX (0.038 m3 ) m3 

Let nh  = 3 denote the number of physical HXs represented by one group. The extensive 
properties, i.e., heat transfer coefficients (conductances) and capacitances used in the model 
(Equations (6)–(8)), are calculated using those of individual HXs as shown in Equation (9), 
where the subscripts g and HX denote properties of equivalent HX of a group and individual 
HX, respectively.

UA(𝑗)
am =

UAam,𝑔

𝑁𝑐
=

𝑛ℎUAam,HX

𝑁𝑐

UA(𝑗)
mw =

UAmw,𝑔

𝑁𝑐
=

𝑛ℎUAmw,HX

𝑁𝑐

𝐶(𝑗)
𝑎 =

𝐶𝑎,𝑔

𝑁𝑐
=

𝑛ℎ𝐶𝑎,HX

𝑁𝑐
=

𝑛ℎ
𝑁𝑐

𝑉𝑎,HX𝜌𝑎𝑐𝑝,𝑎

𝐶(𝑗)
𝑚 =

𝐶𝑚,𝑔

𝑁𝑐
=

𝑛ℎ𝐾𝑚𝐶𝑚,HX

𝑁𝑐
=

𝑛ℎ𝐾𝑚
𝑁𝑐

𝑛𝑚

∑
𝑖=1

𝑉𝑚,𝑖,HX𝜌𝑚,𝑖𝑐𝑝,𝑚,𝑖

𝐶(𝑗)
𝑤 =

𝐶𝑤,𝑔

𝑁𝑐
=

𝑛ℎ𝐶𝑤,HX

𝑁𝑐
=

𝑛ℎ
𝑁𝑐

𝑉𝑤,HX𝜌𝑤𝑐𝑝,𝑤

(9)
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The per-HX conductance maps UAam ,HX  and UAmw ,HX  are calculated from empirical 
correlations, using the current flows and thermophysical properties. These empirical 
correlations are presented in Section 4 and represent pristine/ideal HX as denoted by super 
script “nom”. Here, Rt  is the tube-wall resistance, Rf  is the prescribed water-side fouling 
resistance, and Ai  is the internal tube area. Group-specific air-side and water-side correction 
factors Ka ,g  and Kw ,g  enter the effective heat transfer coefficients as:

UAam,HX= [(𝐾𝑎,𝑔UAnom
am,HX)

−1
+

𝑅𝑡
2 ]

−1

,

𝑈𝐴mw,HX= [(𝐾𝑤,𝑔UAnom
mw,HX)

−1
+

𝑅𝑡
2 +

𝑅𝑓

𝐴𝑖
]

−1

.
(10)

These correction factors can also represent performance degradation due to fouling or 
damaged fins, etc.

Note that each HX is made of multiple materials and thus the heat capacity of the 
lumped metal node is calculated as the sum of heat capacities of nm  number of materials in 
the HX. A correction factor Km  is used since the exact weights/volumes of individual metals 
in the HX are not given in the specification document. This correction factor is constant for 
all 12 HXs, since those are identical to each other. The baseline metal heat capacity of one 
HX is 𝐶nom

𝑚,HX = 115.974 kJ/K.
The airflow rate for the group .𝑚eff

𝑎,𝑔(𝑡) is calculated using an effective participating-
airflow coefficient 𝛼g  and nominal air velocity 𝑣nom

𝑎,HX (discussed in Section 2) as shown in 
Equation (11), where 𝜌𝑎( 𝑇𝑎,𝑖(𝑡) +𝑇𝑎,𝑜(𝑡)

2 ) represents the air density calculated as a function of 
time-varying inlet and outlet air temperatures and Ac ,HX  represents the minimum cross-
section area for airflow between the fins and over the tubes in an individual HX. This 
is used in line with the empirical correlations discussed in Section 4. The participating 
airflow coefficient 𝛼g  accounts for the correction between Ac ,HX  and the cross-section at the 
measurement location in an ideal case. Additional discussion on this parameter is provided 
in Section 4.

.𝑚eff
𝑎,𝑔(𝑡) = 𝛼𝑔𝑛ℎ𝜌𝑎(

𝑇𝑎,𝑖(𝑡) + 𝑇𝑎,𝑜(𝑡)
2 )𝐴𝑐,HX 𝑣nom

𝑎,HX (11)

On each side, let 𝜙w ,s , s ∈ {N,S} denote the fraction of the measured total water flow 
assigned to the lower-numbered group. Therefore, the water mass flow rate .𝑚𝑤,𝑔𝑖

(𝑡) for 
group i:

.𝑚𝑤,𝑔1
(𝑡) = 𝜙𝑤,𝑁

.
𝑀𝑤,𝑁(𝑡), .𝑚𝑤,𝑔4

(𝑡) = (1 − 𝜙𝑤,𝑁)
.

𝑀𝑤,𝑁(𝑡)
.𝑚𝑤,𝑔7

(𝑡) = 𝜙𝑤,𝑆
.

𝑀𝑤,𝑆(𝑡), .𝑚𝑤,𝑔10
(𝑡) = (1 − 𝜙𝑤,𝑆)

.
𝑀𝑤,𝑆(𝑡)

(12)

where 
.

𝑀𝑤,𝑁(𝑡) and 
.

𝑀𝑤,𝑆(𝑡) are the cumulative water flow rates on the north and south 
sides, respectively. Within a group, water flow is divided equally among the three nominally 
identical HXs when the per-HX water-side correlations are evaluated. Using assumption 3 
in Section 3.1, 𝜙w ,s  is set to 0.5 in the model. A sensitivity analysis is performed, and the 
results are discussed in Section 5.

3.4. State Space Assembly
With three states per cell and Nc  cells per group, the state vector for a group g is 

x ∈ R3𝑁𝑐 and is stacked as:

x = [𝑇(1)
𝑎,𝑜,𝑔, 𝑇(1)

𝑚,𝑔, 𝑇(1)
𝑤,𝑜,𝑔, … , 𝑇(𝑁𝑐)

𝑎,𝑜,𝑔, 𝑇(𝑁𝑐)
𝑚,𝑔 , 𝑇(𝑁𝑐)

𝑤,𝑜,𝑔]⊤ (13)

The group input and output vectors are:

u = [𝑇𝑎,𝑖,𝑔, 𝑇𝑤,𝑖,𝑔]⊤; y = [


𝑇(𝑁𝑐)
𝑎,𝑜,𝑔

𝑇(1)
𝑤,𝑜,𝑔

]


(14)
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The continuous-time system .𝑥𝑔 = A𝑔(𝚯) x + B𝑔(𝚯) u is assembled by substituting the 
inter-cell connectivity in Equations (4) and (5) into the energy balances in Equations (6)–(8). 
The scheduling parameter vector 𝚯(t) contains the measured flows and temperatures, 
and the operating-dependent properties and conductance values evaluated at the current 
measurement interval, yielding a quasi—Linear Parameter-Varying (LPV) system. For 
compactness, group and time arguments are omitted in the coefficient definitions below 
from Equations (6)–(8):

𝑎(𝑗)
𝑠 = −

.𝑚eff
𝑎 𝑐𝑝,𝑎+𝑈𝐴(𝑗)

am/2

𝐶(𝑗)
𝑎

, 𝑎(𝑗)
𝑚 = 𝑈𝐴(𝑗)

am

𝐶(𝑗)
𝑎

,

𝑎(𝑗)
𝑖 =

.𝑚eff
𝑎 𝑐𝑝,𝑎−𝑈𝐴(𝑗)

am/2

𝐶(𝑗)
𝑎

, 𝑚(𝑗)
𝑎 = 𝑈𝐴(𝑗)

am

2𝐶(𝑗)
𝑚

,

𝑚(𝑗)
𝑠 = − 𝑈𝐴(𝑗)

am+𝑈𝐴(𝑗)
mw

𝐶(𝑗)
𝑚

, 𝑚(𝑗)
𝑤 = 𝑈𝐴(𝑗)

mw

2𝐶(𝑗)
𝑚

,

𝑚(𝑗)
ai = 𝑈𝐴(𝑗)

am

2𝐶(𝑗)
𝑚

, 𝑚(𝑗)
wi = 𝑈𝐴(𝑗)

mw

2𝐶(𝑗)
𝑚

,

𝑤(𝑗)
𝑚 = 𝑈𝐴(𝑗)

mw

𝐶(𝑗)
𝑤

, 𝑤(𝑗)
𝑠 = −

.𝑚𝑤𝑐𝑝,𝑤+𝑈𝐴(𝑗)
mw/2

𝐶(𝑗)
𝑤

,

𝑤(𝑗)
𝑖 =

.𝑚𝑤𝑐𝑝,𝑤−𝑈𝐴(𝑗)
mw/2

𝐶(𝑗)
𝑤

, 𝑗 = 1, … , 𝑁𝑐.

(15)

These coefficients are the building blocks of the matrices Ag  and Bg  of the qLPV model. 
The 3Nc × 3Nc  system matrix Ag  is block-tridiagonal and takes the form:

A𝑔 =

[



D1 U1 0 ⋯ 0
L2 D2 U2 ⋱ ⋮
0 ⋱ ⋱ ⋱ 0
⋮ ⋱ L𝑁𝑐−1 D𝑁𝑐−1 U𝑁𝑐−1
0 ⋯ 0 L𝑁𝑐

D𝑁𝑐

]



(16)

Each diagonal block Dj  is a 3 × 3 matrix containing the local cell dynamics (self-
coupling) terms of cell j:

D𝑗 =
[




𝑎(𝑗)
𝑠 𝑎(𝑗)

𝑚 0
𝑚(𝑗)

𝑎 𝑚(𝑗)
𝑠 𝑚(𝑗)

𝑤

0 𝑤(𝑗)
𝑚 𝑤(𝑗)

𝑠

]




(17)

The sub-diagonal blocks Lj  carry the air advection coupling where cell j − 1’s air outlet 
feeds cell j’s air inlet:

L𝑗 =
[




𝑎(𝑗)
𝑖 0 0

𝑚(𝑗)
ai 0 0
0 0 0

]




, 𝑗 = 2, … , 𝑁𝑐, (18)

The super-diagonal blocks U j  carry the counter-current water coupling with cell j + 1’s 
water outlet feeding cell j’s water inlet:

U𝑗 =
[




0 0 0
0 0 𝑚(𝑗)

wi
0 0 𝑤(𝑗)

𝑖

]




, 𝑗 = 1, … , 𝑁𝑐 − 1 (19)

The input matrix B𝑔 ∈ R3𝑁𝑐×2 is sparse, with nonzero entries only in cell 1 (air inlet, 
column 1) and cell Nc  (water inlet, column 2):

B𝑔 =

[











𝑎(1)
𝑖 0

𝑚(1)
ai 0
0 0

03(𝑁𝑐−2)×1 03(𝑁𝑐−2)×1
0 0
0 𝑚(𝑁𝑐)

wi
0 𝑤(𝑁𝑐)

𝑖

]











(20)
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With Nc  = 4, each group has 12 states. Stacking the four groups gives the 48-state qLPV 
model. The four air inlets remain separate while the two groups on each side share the 
corresponding water inlet. The matrices are reevaluated at each 1 s measurement interval, 
and the interval update uses exact zero-order-hold discretization during simulations.

3.5. Measurement Equations
Air Temperature Measurement Equation: A fraction of the total air mass flow bypasses 

the HX without any thermal interaction with the wetted surfaces. This bypassed air mixes 
with the thermally processed air, i.e., air that was in contact with the cooling surfaces and 
lost heat energy, which is at a reduced temperature before reaching the sensor. In addition 
to this unresolved outlet mixing, flow nonuniformity, other possible bypass paths, and 
sensor location affect air outlet temperature measurement.

For each group, the predicted air temperature at the outlet sensor is

𝑇̂𝑎,𝑜,𝑔(𝑡) = (1 − 𝛽𝑔(𝑡)) 𝑇𝑎,𝑜,𝑔(𝑡) + 𝛽𝑔(𝑡)𝑇𝑎,𝑖,𝑔(𝑡)
𝑇𝑎,𝑜,𝑔(𝑡) = 𝑇(𝑁𝑐)

𝑎,𝑜,𝑔
(21)

where 𝑇(𝑁𝑐)
𝑎,𝑜,𝑔 is the air outlet temperature from the last cell. The coefficient 𝛽g  is an effective 

outlet-blending coefficient, and it is not interpreted as a direct measurement of a physical 
bypass fraction.

Water Temperature Measurement Equation: As mentioned in Section 2, only one 
outlet water temperature sensor is present on each side. Following modeling assumptions, 
for side s with groups (g1 ,g2 ), the single measured water-outlet temperature is modeled by 
the flow-weighted relation below. With the baseline equal split, 𝜙w ,s  = 0.5, it reduces to the 
arithmetic mean of the two predicted group outlets:

𝑇̂𝑤,𝑜,𝑠(𝑡) = 𝜙𝑤,𝑠𝑇(1)
𝑤,𝑜,𝑔1(𝑡) + (1 − 𝜙𝑤,𝑠)𝑇(1)

𝑤,𝑜,𝑔2(𝑡). (22)

4. Parameter Estimation
4.1. Complete Model Coefficient Set and Classification

The 48-state qLPV model developed in Section 3 contains 19 potentially uncertain 
coefficients. These 19 coefficients are distinct from the propagated temperature states, the 
calculated air, metal, and water capacitances and the operating-dependent UAam ,HX  and 
UAmw ,HX  conductance values. The 19 coefficients comprise four air-side conductance multi-
pliers Ka ,g , four water-side conductance multipliers Kw ,g , one common metal-capacitance 
multiplier Km , four participating-airflow coefficients 𝛼g , four outlet-blending coefficients 𝛽g , 
and two side-level water-flow allocation fractions 𝜙w ,s . In this section, we present:
1. The complete inventory of model parameters and coefficients;
2. The calculation of operating-dependent air-side and water-side conductance values 

using the geometry of the HX and empirical coefficients;
3. The setup of the optimization problem for computing a deliberately reduced set of 

coefficients.
Table 4 lists the number and role of each model quantity and its treatment in this work. 

The complete 19-coefficient inventory is:

ϑ = col({Ka ,g }g ∈𝒢 ,{Kw ,g }g ∈𝒢 ,Km ,{𝛼g }g ∈𝒢 ,{𝛽g }g ∈𝒢 ,𝜙w ,N ,𝜙w ,S ) ∈ R19 ,
𝒢  = {1, 4, 7, 10}

(23)

https://doi.org/10.3390/dynamics6040043

https://doi.org/10.3390/dynamics6040043


Dynamics 2026, 6, 43 16 of 44

Table 4. Complete model parameter and coefficient set inventory and treatment.

Model Quantity Number Role in the Model Treatment in This Study

Calculated Operating Dependent Quantities

Conductance coefficients

UAam ,HX 1 for a single HX.

Operating-dependent 
air-to-metal conductance value 
for one HX, driven by air 
properties and the computed 
effective airflow.

Calculated for one physical HX using 
geometry, temperature-dependent air 
properties and an empirical correlation, 
then scaled for the equivalent-group 
and multi-cell structure. It is an 
operating-dependent value, not a fitted 
parameter.

UAmw ,HX 1 for a single HX.

Operating-dependent 
metal-to-water conductance 
for one HX, driven by water 
properties and the 
side-allocation-adjusted water 
flow rate.

Calculated for one physical HX using 
measured water flow, 
temperature-dependent water 
properties, and an empirical 
correlation, then scaled for the 
equivalent-group and multi-cell 
structure. It is an operating-dependent 
map, not a fitted parameter.

Capacitances

Ca ,HX , Cm ,HX , Cw ,HX 3 for a single HX. Air, metal and water node 
capacitances in a single HX.

The air and water capacitances are 
evaluated from geometry and 
temperature-dependent fluid 
properties and are updated with 
operating conditions. The metal 
capacitance is calculated from 
reconstructed material inventory and is 
treated as constant. None of these 
capacitances are fitted parameters.

19 model coefficients

Fluid flow correction factors

𝛼g ,
g ∈ {1,4,7,10} 4

Effective participating-airflow 
coefficient influenced by 
installed geometry and airflow 
paths. This coefficient scales 
airflow rate, air enthalpy 
transport and the per-HX flow 
supplied to the empirical 
correlations.

Estimated from plant data. The 
coefficient modifies the effective group 
air mass flow used in both the air 
enthalpy-transport term and the 
Reynolds-number-dependent air-side 
conductance calculation.

𝜙w ,s 
s ∈ {N,S} 2

Water flow allocation between 
paired groups, governed by 
branch hydraulics. 
Approximately constant while 
piping and branch resistance 
remain stable.

Fixed at 0.5 in the model based on 
symmetric piping assumption. 
Deterministic, one-factor-at-a-time 
(OFAT) sensitivity analysis considers 
±10% perturbation, i.e., unequal split 
between groups.

Temperature measurement correction factors

𝛽g ,
g ∈ {1,4,7,10} 4

Effective outlet-air blending 
coefficient influenced by 
mixing, bypass paths, and 
sensor placement.

Enters only the measurement equation. 
Estimated from plant data.
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Table 4. Cont.

Model Quantity Number Role in the Model Treatment in This Study

Conductance correction factors

Ka ,g ,
g ∈ {1,4,7,10} 4

Effective multiplier 
representing deviation in the 
air-to-metal conductance 
compared to that of a pristine 
HX calculated using an 
empirical correlation. In 
long-term use, it could vary 
slowly with fouling, surface 
condition, or airflow 
redistribution.

Fixed at a nominal value of 1 in the 
model. Deterministic OFAT sensitivity 
analysis considers ±10% perturbation.

Kw ,g ,
g ∈ {1,4,7,10} 4

Represents unmodelled 
water-side conductance 
deviation from that of a 
pristine HX calculated using 
an empirical correlation. It 
could vary slowly with 
fouling, deposits, or hydraulic 
redistribution.

Fixed at 1 in the model. Deterministic 
OFAT sensitivity analysis considers 
±10% perturbation.

Capacitance correction factor

Km 1

Shared multiplier for 
geometry-derived metal 
capacitance. Represents 
uncertainty in estimated metal 
inventory and lumped heat 
capacity of HX metal. 
Approximately constant for 
unchanged hardware.

Fixed at 1 in the model.

Total model 
coefficients 19 11 are fixed, and 8 are estimated.

Although all model coefficients could be treated as unknowns in a more extensively 
instrumented identification experiment, in this work we refrain from performing a formal 19-
parameter identifiability analysis and estimation. Instead, we pursue a gray-box modeling 
approach with estimation of a reduced set of parameters from plant operating records 
using a physically prescribed dynamic structure. After the measured inlet temperatures 
and side-level water flows are treated as exogenous inputs, calibration uses only six outlet-
temperature channels: four group air-outlet temperatures and two mixed side-level water-
outlet temperatures. These outputs are correlated and do not include the branch airflow, 
branch water flow, local surface condition, or local outlet-mixing measurements required to 
separate all coefficient effects.

The four Ka ,g  coefficients, four Kw ,g  coefficients, Km , and the two 𝜙w ,s  coefficients are 
fixed, while the four 𝛼g  and four 𝛽g  coefficients are estimated. Km  is tied mainly to installed 
metal mass and material heat capacity and is expected to remain approximately constant 
for unchanged hardware, although it remains an effective multiplier. The water-allocation 
fraction 𝜙w ,s  is governed by branch hydraulics and may be approximately constant while 
piping configuration and branch resistance remain stable. The eleven fixed coefficients 
are assigned nominal values based on geometry, material properties, symmetric piping 
assumptions, and empirical correlations applicable to the installed HX geometry and oper-
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ating range. Their values should therefore be interpreted as physically informed modeling 
assumptions rather than independently identified plant-specific quantities. This treatment 
does not imply that all 19 coefficients could never be estimated from a different, deliberately 
instrumented experiment.

Our reasoning for this reduced coefficient estimation is as follows: We are not simply 
comparing the number of outputs and coefficients. The plant instrumentation is a decisive 
obstacle in identifying all 19 unknown parameters, since only six “processed” output 
channels with strongly correlated measurements are available in total. Multiple coefficients 
act on the same measurements through common pathways, while the branch quantities 
needed to separate their effects are not measured. For example, parameter 𝛼g  affects the 
airflow rate, and consequently the air-side conductance UAam ,g  through Reynolds number, 
and the parameter Ka ,g  also scales the heat transfer rate on the air side, making their 
influences collinear under available operating excitation. Branch airflow is not measured, so 
𝛼g  is used as the single correction mechanism for unresolved participating airflow in each 
group. Outlet-air mixing and sensor placement are not resolved spatially, so 𝛽g  is confined 
to the measurement equation. Estimating Ka ,g  together with 𝛼g  and 𝛽g  would allow these 
corrections to compensate through the same air-side heat-transfer and energy balance.

Similarly, confounding occurs between Kw ,g  and water allocation parameter 𝜙w ,s . Addi-
tionally, the air-side and water-side parameters interact in the energy balance. Note that Km 
primarily affects metal node capacitance and thus storage and transient response. Because 
the data were collected during routine plant operation rather than a designed excitation 
experiment, it does not independently isolate or excite every conductance or capacitance, 
i.e., thermal storage, flow allocation, and air-side blending effect. Joint estimation of such 
collinear parameters from such a dataset can yield an ill-posed inverse problem in which 
some parameters can compensate for others.

The approach used is consistent with gray-box practice, in which prior physical knowl-
edge specifies the model structure and a set of independently supported quantities, while 
data are used to estimate the remaining uncertain terms [30]. Example thermal studies use 
low-order physically structured models and add complexity only when supported by the 
available measurements [31,32]. Brastein et al. [33] showed that calibrating parameters of 
simplified lumped parameter thermal models from real measurement data can improve 
their accuracy and generalization capabilities and that reducing the degrees of freedom in 
thermal gray-box estimation can materially reduce dispersion among estimates obtained 
from different initial conditions. Reynders et al. [34] showed that the reliability of identi-
fied thermal parameters depends on the available input and observation signals. Broader 
hydropower precedents show how real plant operating records can support both hybrid 
dynamic modeling and offline parametric tuning, particularly [35,36] combined offline 
turbine calibration with online generator state and parameter updating, while identifying 
plant-specific recalibration and seasonality as issues requiring further evaluation. Comple-
mentarily, Kletschkowski [37] demonstrated that adaptive system identification can track 
condition-sensitive changes in model response. These references establish methodological 
precedent for operating-data calibration and model updating.

The reduced formulation remains useful because the prescribed structure retains 
energy conservation, thermal storage, serial temperature progression through the four cells, 
and operating dependence from the empirical correlations. The eight fitted coefficients 
provide plant-specific adjustment for unresolved airflow through the HXs and outlet-
air blending while enabling prediction of the six instrumented outlet temperatures over 
observed load changes.

Within each calibration run, i.e., the analyzed interval for coefficient estimation, we 
treat the estimated values as time-invariant. These values can be re-estimated over new 
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calibration windows. In a prospective long-term implementation, a normal-operation 
reference vector could be retained for temperature-baseline monitoring, while periodic re-
estimation could be examined separately for apparent changes in the effective coefficients as 
operating or seasonal conditions change. Note that automatic replacement of the reference 
after every window could absorb a slowly developing anomaly, and a change in an effective 
coefficient is not a unique fault signature.

The UAam ,HX  and UAmw ,HX  values already vary sample by sample with the relevant 
operating variables and temperature-dependent properties. This dependence on operating 
conditions and fast variability should be distinguished from possible slow coefficient drift. 
In future research, Ka ,g  and Kw ,g  will be treated as slowly varying effective correction factors 
in the context of fouling, deposits, or surface-condition changes. Selected fixed quantities 
and assumptions are perturbed later using deterministic OFAT sensitivity calculations, and 
the results are presented in Section 5.7.

4.2. Calculation of Conductances and Capacitances Using Empirical Correlations and Geometry
The state-space model of Section 3 contains two thermal conductance values UAam 

and UAmw , three thermal capacitances Ca ,HX , Cm ,HX , and Cw ,HX . The UAmw ,HX  and UAam ,HX 
values are dependent on the water mass flow rate (measured) and the effective air mass 
flow rate, respectively and are computed using empirical correlations. Jönsson and Pálsson 
incorporated empirical heat-transfer relations into dynamic heat-exchanger models [26].

The water-side parameters (UAmw ,HX , Cw ,HX ) depend only on known quantities from 
the specification sheet and known measurements: tube diameter, water flow rate, and water 
properties. In addition to the listed geometry parameters in Table 1, UAam ,HX , Ca ,HX , and 
Cm ,HX , depend on two other unknown geometric quantities: the fin thickness 𝛿f  and the 
wavy fin corrugation angle 𝜃. The subscript HX is omitted in this section for simplifying 
the notation and compactness.

While 𝛿f  and 𝜃 are not directly provided, three candidate fin thickness values were iden-
tified from the manufacturer’s website [20]: 0.0045 in (0.1143 mm), 0.0055 in (0.1397 mm), 
and 0.0075 in (0.1905 mm). Two specification-sheet quantities constrain these geometry 
unknowns: the total air-side cooling surface area Ao  = 202 m2  and the air-side pressure 
drop ΔP = 93 Pa. Equation (24) calculates Ao  which comprises the fin surface area without 
the tube hole punchouts and the exposed tube surface between adjacent fins [38,39]:

𝐴𝑜(𝛿𝑓 , 𝜃) = 𝑁𝑓 ⋅ 2(
𝐻𝑦 ⋅ 𝑛𝑟 ⋅ 𝑃𝑙

cos 𝜃 − 𝑁𝑡 ⋅
𝜋𝐷2

𝑐
4 ) + 𝑁𝑡 ⋅ 𝜋𝐷𝑐(𝐿𝑥 − 𝑁𝑓 ⋅ 𝛿𝑓 ) (24)

where Nf  = ⌊Lx /Pf ⌋ is the number of fins, Dc  = Do  + 2𝛿f  is the collar diameter, Hy  is the face 
height, nr  is the number of tube rows, Pl  is the longitudinal pitch, Nt  is the total number of 
tubes, Lx  is the tube length, and Pf  is the fin pitch. For a given 𝛿f , the calculated wavy fin 
angles are shown in Table 5.

Table 5. Calculated fin corrugated angles using area constraint.

𝜹f 𝜽* 

0.0045in 16.96
0.0055in 17.24
0.0075in 17.78

With 𝜃*  value fixed for each 𝛿f , Fanning friction factor f  and Colburn j factor on the 
air side can be estimated using empirical correlations. These non-dimensional coefficients 
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can then be used to estimate the air-side pressure drop ΔP and air-side conductance UAam 
using Equations (25) and (26) [40,41]:

Δ𝑃corr =
𝐺𝑐

2

2𝜌𝑖
[

𝐴𝑜
𝐴𝑐

.
𝜌𝑖
𝜌𝑚

𝑓 − (1 − 𝜎2)(
𝜌𝑖
𝜌𝑜

− 1)] (25)

where Ac  is the minimum free-flow area, 𝐺𝑐 = .𝑚𝑎/𝐴𝑐 is the mass flux through the minimum 
free-flow area, 𝜌𝑖, 𝜌𝑚 and 𝜌o  are the HX inlet, mean and outlet air densities, and

UAam,corr = 𝜂𝑜𝐴𝑜
𝑘𝑎
𝐷𝑐

𝑗ReDcPr1/3
𝑎 (26)

where 𝜂o  is the overall external-surface efficiency obtained from the Schmidt fin effi-
ciency [42], ka  is the air conductivity, Dc  is the collar diameter, ReDc  is the air Reynolds num-
ber for flow over the collar diameter Dc  and Pra  is the air Prandtl number. Reshaeel et al. [43] 
provide a comprehensive list of such correlations. The friction factor correlations 
from [41,44,45] are considered, as they are developed for geometries that closely match the 
heat exchanger under study. Pressure drop and air-side conductance values are evaluated 
at each (𝛿f , 𝜃* ) pair, producing a matrix of predicted pressure drop values presented in 
Table 6.

Table 6. Pressure drop and air-side conductance values calculated using correlations from the 
literature.

[44] [45] [41]

𝜹f  [in] 𝜽*  [deg] 𝚫Pcorr  (Pa) UAam,corr 
(kW/K) 𝚫Pcorr  (Pa) UAam,corr 

(kW/K) 𝚫Pcorr  (Pa) UAam,corr 
(kW/K)

0.0045 16.97 89.8 11.08 100.6 12.97 78.9 11.29
0.0055 17.24 94.1 12.19 105.0 13.8 82.8 12.2
0.0075 17.78 103.4 14.5 114.5 15.13 91.0 13.87

The correlations that best approximate the specified pressure drop (93 Pa) and effective 
air-side conductance UAam ,eff   are chosen. UAam ,eff   is computed as follows: the overall thermal 
resistance of the heat exchanger decomposes into a series network:

1
𝑈𝐴am,eff

=
1

𝑈𝐴ov
− 𝑅𝑡 −

1
𝑈𝐴mw

(27)

Rt  = ln(Do /Di )/(2𝜋 kCu  Nt  Lx ) (28)

𝑈𝐴mw =
𝑘𝑤
𝐷𝑖

⋅
(𝑓𝑤/8) Pr𝑤 (Re𝑤 − 1000)

1 + 12.7 (𝑓𝑤/8)1/2 (Pr2/3
𝑤 − 1)

𝑁𝑡 𝜋 𝐷𝑖 𝐿𝑥 (29)

where UAov  is the overall thermal conductance of the HX and Rt  is the metal tube wall 
resistance,  kCu  and  kw  are the copper and water thermal conductivities. The water-side 
conductance is computed using the Gnielinski correlation as shown in Equation (29), where 
fw  = [0.79ln(Rew ) − 1.64]−2  is the Petukhov friction factor [42]. The contact resistance that 
arises from the air gap between the expanded copper tube and the aluminum fin collar 
is not independently measurable in a field-deployed heat exchanger and is absorbed into 
UAam ,eff . This approach is consistent with the catalog-data anchoring philosophy advocated 
by Rabehl et al. [46] for HVAC coil modeling.

The overall Conductance UAov  is computed from specification data using the rated 
inlet and outlet temperatures (Ta ,i , Ta ,o , Tw ,i , Tw ,o ), the rated heat duty Q, and the water 
volumetric flow rate using the P-NTU method with the analytical LMTD correction factor F 
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for a cross-flow heat exchanger with nr  = 4 tube rows and multiple passes [47] as shown in 
Equations (30)–(35).

The temperature effectiveness P and heat capacity ratio R are defined as:

𝑃 =
𝑇𝑤,𝑜 − 𝑇𝑤,𝑖

𝑇𝑎,𝑖 − 𝑇𝑤,𝑖
, 𝑅 =

𝑇𝑎,𝑖 − 𝑇𝑎,𝑜

𝑇𝑤,𝑜 − 𝑇𝑤,𝑖
. (30)

The overall NTU on the water side, NTUw , is obtained by solving the Taborek P-
NTU relation [47] for the specific flow arrangement (four-row, four-pass, cross-flow). 
The analytical framework provides the required closed-form expression. The analytical 
expression for P is:

𝑃 =
1
𝑅(1 −

1
𝐴) (31)

A = 1/2𝜅(1 − 𝜅/2 + 𝜅2 /4) + 𝜅(1 − 𝜅/2)(1 − 2R𝜅(1 − 𝜅/2))e2R𝜅  + (1 − 𝜅/2)3 e4R𝜅 (32)

𝜅 = 1 − exp(−NTUw /nr ) (33)

Calculating P and R from the specification data, Equations (31)–(33) are solved for 
NTUw , and the correction factor follows from:

𝐹 =
1

NTU𝑤 ⋅ 𝑆 , 𝑆 =
𝑅 − 1

ln( 1−𝑃
1−PR )

(34)

The overall conductance is then computed:

𝑈𝐴ov =
𝑄

𝐹 ⋅ Δ𝑇LMTD
; Δ𝑇LMTD =

(𝑇ℎ,𝑖 − 𝑇𝑐,𝑜) − (𝑇ℎ,𝑜 − 𝑇𝑐,𝑖)

log( 𝑇ℎ,𝑖 − 𝑇𝑐,𝑜
𝑇ℎ,𝑜 − 𝑇𝑐,𝑖

)
(35)

where ΔTLMTD  is the log-mean temperature difference for pure counter-flow, Th ,i  and Th ,o 
are the hot fluid inlet and outlet temperatures, and Tc ,i  and Tc ,o  are the cold fluid inlet and 
outlet temperatures. The computed values were F = 0.987, which indicates that the rated 
crossflow/multi-pass arrangement has an LMTD close to that of an equivalent counter-flow 
exchanger. For the rated HX heat duty of 141 kW, the UAov  value is 11.3 kW/K and the 
UAam ,eff  value is 14.15 kW/K.

The Wang et al. (2002) [41] correlation is selected as the primary model basis as it 
simultaneously achieves the closest pressure drop match and air-side conductance match 
to within 3% of the specification-anchored value for the (𝛿f ,𝜃* ) pair 0.0075in and 17.78°. 
Wang et al. [41] also offer the widest experimental envelope with 61 samples spanning 
Dc  = 7.66–16.85 mm, Pt  = 21–38 mm, Pl  = 12.7–33 mm, and Fp  = 1.21–6.43 mm and an 
air-side Reynolds number range of 300–10,000, which fully contains the current geometry 
in Table 1 and provides the most reliable basis for off-design extrapolation. The Colburn 
j-factor is:

𝑗 = 0.0646Re𝑗1
𝐷𝑐

( 𝐷𝑐
𝐷ℎ

)
𝑗2

( 𝐹𝑠
𝑃𝑡

)
−1.03

( 𝑃𝑙
𝐷𝑐

)
0.432

(tan𝜃)−0.692𝑛−0.737
𝑟

𝑗1 = −0.0545 − 0.0538tan𝜃 − 0.302𝑛−0.24
𝑟 ( 𝐹𝑠

𝑃𝑙
)

−1.3
( 𝑃𝑙

𝑃𝑡
)

0.379
( 𝑃𝑙

𝐷ℎ
)

−1.35
(tan𝜃)−0.256

𝑗2 = −1.29( 𝑃𝑙
𝑃𝑡

)
1.77−9.43tan𝜃

( 𝐷𝑐
𝐷ℎ

)
0.229−1.43tan𝜃

𝑛−0.166−1.08tan𝜃
𝑟 ( 𝐹𝑠

𝑃𝑡
)

−0.174ln(0.5𝑛𝑟)

(36)

It can be observed that, for fixed geometry and approximately constant fluid properties, 
j has a power-law dependence of the form 𝑐1( .𝑚𝑎)𝑐2 on air mass flow rate where c1  and c2 
are purely geometric constants and are known completely. As seen in Equation (26), for a 
given j, in the dynamic model, UAam  varies with temperature-dependent density, viscosity, 
conductivity, and Prandtl number.
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The thermal capacitances Ca , Cm , and Cw  are computed from the solved (𝛿f ,𝜃* ) using 
simple geometry and known material properties. The metal capacitance Cm  includes con-
tributions from the copper tube walls, the aluminum fins, the brass end plates, and the 
steel frame. The final single-HX value is Cm ,HX  = 115.974 kJ/K. The fluid capacitances are 
Ca  = Ma cp ,a  and Cw  = Mw cp ,w , where Ma  and Mw  are the lumped fluid masses within the 
heat exchanger.

Table 7 summarizes which of these vary with operating conditions and which remain 
fixed. The metal thermal capacitance Cm  is constant with temperature, as the metal vol-
ume is fixed and the specific heats of copper and aluminum change negligibly over the 
10–80 °C operating range. In contrast, the fluid capacitances Ca  and Cw  vary with the in-
stantaneous fluid density and specific heat, which are temperature-dependent. The thermal 
conductances UAam  and UAmw  are nonlinear functions of the fluid properties 𝜌, cp , 𝜇, and k, 
evaluated at the current air and water temperatures, respectively.

Table 7. Operating condition dependence of the conductances and capacitances.

Quantity Treatment in the Dynamic Model

Heat Capacities

Ca Time varying (∝𝜌a (Ta (t))cp ,a (Ta (t)))

Cm Constant, Cm ,HX  = 115.974 kJ/K for one physical HX.
Cw Time varying ∝𝜌w (Tw (t))cp ,w (Tw (t))

Heat transfer coefficients

UAam Time-varying, nonlinear function of 𝜌a (Ta (t)), cp ,a (Ta (t)), 𝜇a (Ta (t)), 
ka (Ta (t)) and 𝛼g -corrected per-HX airflow—Equations (26) and (36).

UAmw Time-varying, nonlinear function of 𝜌w (Tw (t)), cp ,w (Tw (t)),𝜇w (Tw (t)), 
kw (Tw (t))—Equation (29).

4.3. Reduced Optimization Problem
The 𝛼g  and 𝛽g  parameters for the north and south sides are estimated separately. For 

side s, let (g1 ,g2 ) = (1,4) for s = N and (g1 ,g2 ) = (7,10) for s = S. The two four-dimensional 
parameter vectors are

𝛉𝑁 = [𝛼1 𝛽1 𝛼4 𝛽4]
T
, 𝛉𝑆 = [𝛼7 𝛽7 𝛼10 𝛽10]

T
. (37)

For each side, the three compared outputs are the two group air-outlet temperatures 
and the mixed side water-outlet temperature. With consistently preprocessed measured 
and predicted signals as described in Section 5.2, the residual for output r ∈ {a1 ,a2 ,w} is:

𝑒𝑠,𝑟[𝑘; 𝛉𝑠] = ˆ𝑦𝑠,𝑟[𝑘; 𝛉𝑠] − 𝑦meas
𝑠,𝑟 [𝑘]. (38)

The equal-weight objective and the combined RMSE are:

𝐽𝑠(𝛉𝑠) = ∑
𝑟∈{𝑎1,𝑎2,𝑤}

1
𝑁𝑠

∑
𝑘∈𝒮𝑠

𝑒2
𝑠,𝑟[𝑘; 𝛉𝑠], 𝑅𝑠(𝛉𝑠) = √𝐽𝑠(𝛉𝑠)

3 , (39)

where 𝒮 s  is the sample set and Ns  = |𝒮 s |. The bounded estimation problem is

𝛉̂𝑠 = argmin
𝛉𝑠∈𝛺

𝐽𝑠(𝛉𝑠), 𝛺 = {𝛉𝑠 ∶ 0.70 ≤ 𝛼𝑔1
, 𝛼𝑔2

≤ 1.35, 0 ≤ 𝛽𝑔1
, 𝛽𝑔2

≤ 0.35}. (40)

The bounds in Equation (40) encode engineering admissibility. The 𝛼g  interval brackets 
plausible reconstruction error of the single air velocity measurement and keeps the collar-
diameter Reynolds number inside the validated envelope of the conductance correlation, 
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while 𝛽g  bracket excludes the physically implausible regime in which the outlet sensor 
would read predominantly unprocessed inlet air. The two bounded problems use the same 
fixed model structure and coefficient treatment but are solved independently. The operating-
record partition, numerical algorithms used, transfer tests, and results are discussed in 
Section 5.

5. Numerical Simulation and Results
This section evaluates the 48-state qLPV hydro generator cooling system model with 

manufacturer specification data and real plant operating records. The plant record and its 
division into multiple operating windows are described, followed by preliminary window-
specific estimation of 𝛼g  and 𝛽g  coefficients and an across-window transfer analysis. The 
best-performing window is retained as the estimation window. Multistart Nelder–Mead 
and direct four-dimensional simplicial homological global optimization (SHGO) are sub-
sequently used to corroborate the initial estimation results and to select the coefficients 
used in all remaining calculations. Full-record trajectories, error distributions, water-side 
thermal duty consistency and model performance metrics are then reported, followed by 
deterministic one-factor-at-a-time (OFAT) sensitivity results and a discussion of the model’s 
intended use and limitations.

5.1. Steady-State Validation at the Manufacturer-Rated Condition
The nominal single HX model with 4 cells was evaluated at the manufacturer-rated 

condition using the final geometry (888 fins and Dh  = 2.08358 mm), the selected air-side 
and water-side correlations, the geometry-derived metal capacitance Cm  = 115.974 kJ K−1 
per physical HX, zero water-side fouling resistance, the nominal reduced-coefficient settings 
α = 1 and β = 0 and temperatures and flow rates listed in Table 8 (also Table 2).

Table 8. Manufacturer-rated condition and nominal verification settings for one physical HX.

Quantity Value

Rated heat duty 141 kW
Air volume flow 3.8 m3  s−1 
Water volume flow 19.44 m3  h−1 
Air inlet/specified outlet 61.3/28.7 °C
Water inlet/specified outlet 25.0/31.3 °C
Inlet relative humidity 18.8%
Water-side fouling resistance 0 m2  K W−1 
Conductance multipliers Both equal to 1
Reduced coefficients α = 1, β = 0
Initial temperature/horizon 35 °C/1000 s

With model states initialized at temperatures of 30 °C the zero-order-hold discrete state-
space model was propagated for 1000 s. The simulated air and water-outlet temperatures 
converge to 28.156 °C and 31.118 °C respectively, as shown in Figure 6. The corresponding 
steady-state errors are −0.5442 °C, and −0.1825 °C. Thus, the geometry- and correlation-
based model reproduces the two catalog outlet temperatures to within 0.55 °C (1.9%). The 
remaining errors can be attributed to not considering heat transfer in the headers, u-bends 
and other mixing effects in the model, and the errors are comparable to those in the literature 
1.6% [29].
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Figure 6. Response of the 4-cell AMTD model of a pristine single HX at manufacturer-rated conditions.

5.2. Plant Data and Analysis Windows
The operating record used in this analysis contains 48,241 consecutive one-second 

samples, corresponding to 13.4 h of plant operation. The complete-record measurements 
are summarized in Table 9.

Generator power varies from 89.14 to 133.12 MW. The four air-inlet channels span 
49.31–56.80 °C at HX1, 48.27–55.55 °C at HX4, 49.73–57.84 °C at HX7, and 46.61–54.10 °C at 
HX10. The corresponding air-outlet ranges are much narrower: 24.37–25.20, 24.58–25.41, 
23.95–24.78, and 24.58–25.41 °C, respectively. On the North side, water inlet and outlet 
temperatures span 9.40–10.03 and 21.67–22.71 °C, with total water flow from 39.13 to 54.41 
m3 h−1 . The corresponding South-side temperatures are 10.24–10.65 and 23.95–24.58 °C, 
with total water flow ranging from 30.53 to 40.28 m3 h−1 .

The plant historian applies dead-band data compression, which produces plateaus of 
repeated values and discrete steps in the archived temperature readings. Values discarded 
before storage cannot be uniquely reconstructed from the available compressed record, and 
such a recovery of raw pre-compression measurements is outside the scope of this study. 
The discrete stair-step appearance of the measured values seen in Figure 7 should therefore 
be interpreted partly as a storage-resolution effect and not as thermal behavior that the 
model is expected to reproduce (it can be observed in the full record simulation results in 
Section 5.6 as well. See Figures 11 and 12).

Four contiguous operating windows are defined using the recorded generator power. A 
61 s moving median is applied, and the largest centered 300 s absolute change score is taken 
within ±0.5 h of the pre-declared anchors at 1.0 h, 3.5 h, and 7.5 h. A minimum duration 
requirement of 0.5 h is enforced. The resulting sample edges are at 0 s, 2381 s (0.67 h), 
13141 s (3.65 h), 27643 s (7.68 h), and 48241 s. As observed in Figure 7, Window 1 (W1) 
is a short high-load segment, W2 contains a sustained load reduction, W3 contains both 
increasing and decreasing load, and W4 contains the long final load drawdown. Table 9 lists 
the temperature, water flow and generator power ranges in each of the windows. Note that 
the listed values are the minimum and maximum unfiltered archived measurements within 
each window.
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Table 9. Operating windows and measurement ranges.

Measured Quantity W1 W2 W3 W4 Full Record

Elapsed-time interval [h] 0.000–0.661 0.661–3.650 3.650–7.679 7.679–13.400 0.000–13.400
Number of samples 2381 10,760 14,502 20,598 48,241
Air temperatures [°C]

Air inlet temperature at HX1 55.76–56.80 50.77–56.80 50.77–54.93 49.31–54.72 49.31–56.80
Air outlet temperature at HX1 24.78–25.20 24.58–24.99 24.58–25.20 24.37–25.20 24.37–25.20
Air inlet temperature at HX4 54.51–55.55 49.73–55.55 49.73–53.68 48.27–53.26 48.27–55.55
Air outlet temperature at HX4 24.99–25.20 24.58–25.20 24.78–25.41 24.78–25.20 24.58–25.41
Air inlet temperature at HX7 56.80–57.84 51.39–57.84 51.39–55.55 49.73–55.55 49.73–57.84
Air outlet temperature at HX7 24.16–24.58 23.95–24.58 24.16–24.78 24.16–24.78 23.95–24.78
Air inlet temperature at HX10 53.06–54.10 48.07–54.10 48.07–52.02 46.61–51.81 46.61–54.10
Air outlet temperature at HX10 24.99–25.20 24.58–25.20 24.78–25.20 24.78–25.41 24.58–25.41
Water temperatures [°C]

North water inlet temperature 9.40–9.82 9.61–10.03 9.61–10.03 9.61–10.03 9.40–10.03
North water outlet temperature 21.88–22.29 21.67–22.50 21.88–22.71 21.88–22.50 21.67–22.71
South water inlet temperature 10.24–10.44 10.24–10.44 10.24–10.65 10.24–10.65 10.24–10.65
South water outlet temperature 24.16–24.37 23.95–24.37 23.95–24.58 23.95–24.58 23.95–24.58
Water flow rates [m3  h−1 ]

North total water flow rate 51.86–54.30 42.10–54.41 41.85–50.11 39.13–49.58 39.13–54.41
South total water flow rate 38.73–40.07 32.55–40.28 32.55–37.82 30.53–37.33 30.53–40.28
Generator operation

Generator power [MW] 120.06–133.12 99.09–121.95 106.43–127.07 89.14–128.13 89.14–133.12

 

Figure 7. Recorded air-inlet temperatures and generator power with the identified operating windows.
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5.3. Numerical Implementation
The state space model developed in Section 3 is implemented independently for the two 

equivalent sides with two groups. For each generator side, the open-loop model receives the 
two measured group air-inlet temperatures, the common water-inlet temperature, and the 
measured total side water flow rate. The outputs are the two-group air-outlet temperatures 
and the common mixed water-outlet temperature. Generator power is used only to define 
the operating-window boundaries, and it is not an input to the thermal model. At Δt = 1 s 
sampling interval, the discrete state update is:

x[k + 1] = Ad [k]x[k] + Bd [k]u[k] (41)

where x[k] and u[k] are the state and thermal input vectors at time step k. At each one-
second step, the thermodynamic properties of water and air, such as density, thermal 
conductivity, dynamic viscosity, specific heat and Prandtl number, are updated as functions 
of the respective mean temperatures in each cell and these properties are used to update 
conductance values and capacitances. The continuous-time state-space matrices A[k] and 
B[k] from Section 3 are then assembled, and their zero-order-hold discrete state-space 
equivalents Ad  and Bd  are obtained from the augmented matrix exponential [48]:

exp(


Δ𝑡[


𝐴[𝑘] 𝐵[𝑘]
0 0

]


)


= [


𝐴𝑑[𝑘] 𝐵𝑑[𝑘]
0 𝐼

]


(42)

These matrices are used to propagate the open-loop state as shown in Equation (41). 
The Measured outlet temperatures are not used to correct the propagated state. Model 
inputs, i.e., inlet temperature measurements and flow rate measurements, are not filtered. 
For coefficient fitting and the reported filtered metrics, measured and simulated outputs 
are processed identically using a fixed second-order zero-phase Butterworth filter [49] with 
a cut-off frequency of 0.05 Hz, as used in prior work from our group for the same plant [50]. 
Up to 300 surrounding samples are used to reduce the filter-edge effects, and the first and 
last 200 samples of each scored interval are excluded.

Air properties are evaluated using a relative humidity (RH) value of 0.188 (18.8%) and 
at site pressure of 98.738 kPa to account for 218 m elevation. Humid-air density and humidity 
ratio follow the ASHRAE psychrometric formulation [51], mixing rules from Tsilingiris [52] 
and dry air properties from Lemmon et al. [53]. Temperature-dependent liquid-water 
properties are evaluated with the closed-form correlations of Popiel and Wojtkowiak [54]. 
The library CoolProp [55] was used offline only to validate implemented functions across 
the operating range. A TEMA-filtered river water fouling factor [56] was used as well (see 
Equation (10).

5.4. Effective 𝛼–𝛽 Coefficient Estimation and Multi-Window Temporal Transfer
The bounded optimization problem for reduced coefficient estimation in Section 4.3 was 

first solved separately for both the North and South sides on each of the 4 windows W1–W4 
using the Nelder-Mead (NM) optimization algorithm [35,57]. Table 10 reports these initial 
estimates. Note that RMSE values are calculated using the 3 output measurements per side 
as shown in Equations (38) and (39) and not per group.

The NM algorithm is gradient-free and evolves a simplex rather than an individual 
parameter vector. For the four-dimensional parameter vector used here, each iteration 
therefore uses five vertices, i.e., the objective is calculated at all five vertices, followed by 
ranking, reflection, expansion or contraction and shrink operations until stopping crite-
ria are reached. One nominal initial vector sampled from within the coefficient bounds 
was supplied to the SciPy function [58], and the remaining four vertices were generated 
automatically.
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Table 10. Initial window-specific estimates and own-window combined filtered RMSE.

Side Window Group ^𝜶g
^
𝜷g

Combined RMSE for the Side

North

W1
1 0.985030 0.196158

0.080202
4 0.924621 0.224409

W2
1 0.894260 0.221734

0.178296
4 0.943439 0.223136

W3 1 0.891367 0.224731
0.135481

4 0.949416 0.225463

W4
1 0.861292 0.234937

0.152211
4 0.948462 0.227832

South

W1
7 0.841042 0.184754

0.072825
10 0.876751 0.197723

W2
7 0.778284 0.208833

0.191237
10 0.914817 0.191093

W3 7 0.764897 0.215444
0.138145

10 0.935136 0.187308

W4
7 0.762032 0.219355

0.149088
10 0.922990 0.193471

Each search was limited to 200 optimizer iterations and used the absolute convergence 
tolerance of 10−3  for the maximum coordinate spread of the simplex and 10−4  °C2  for the 
maximum spread of the objective values. Successful termination required both conditions to 
be satisfied; otherwise, the search ended at the iteration limit. All eight W1–W4 side-window 
searches satisfied the stopping conditions before the limit and required 110–135 objective 
evaluations. Table 10 reports their terminal estimates.

Each window-specific ˆ𝛼𝑔 and ˆ𝛽𝑔 estimates were frozen and used across all other win-
dows, including the full 13.4 h record, without re-estimation, and RMSE values were 
computed in each target window. Figure 8 is the resulting source-by-target temperature-
error matrix. Diagonal entries are within-window RMSE estimates, and off-diagonal entries 
measure transfer to nonoverlapping windows. Accordingly, the term “multi-window val-
idation” is used here only in this within-record sense and does not represent validation 
with an independent experiment, date, season, unit, or sensor configuration. Note that the 
full-record column contains the source window and is therefore supporting descriptive 
evidence, not out-of-sample evidence.

W1 gives the smallest own-window error but transfers poorly across other windows, 
consistent with its short duration and narrow load range. W2 transfers more consistently, 
but it contains a load reduction principally. W3 contains a bidirectional load excursion and 
gives the lowest error among the windows for which a later target exists (W4), i.e., the 
RMSE values were 0.184818 °C on the North side and 0.171510 °C on the South side when 
transferred temporally forward to W4. Coefficients estimated from W3 also explain the 
full record data better, and W3 is therefore retained as the estimation window considering 
operating content and forward temporal transfer within the record. Table 11 lists the cross-
window transfer results. Note that “Forward” pools all later windows, and W4 has no
later target.
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Figure 8. Cross-window filtered RMSE. Rows denote the coefficient estimation source window, and 
columns denote the evaluation target window.

Table 11. Window-transfer summary for the initial single-start estimates. Highlighted cells represent 
minimum values over the full record.

RMSE Values
Side Source Own Window Pooled Other Forward Full Record

North W1 0.080202 0.330634 0.330634 0.324400
North W2 0.178296 0.205393 0.203363 0.201211
North W3 0.135481 0.198100 0.184818 0.183361
North W4 0.152211 0.232500 — 0.203934
South W1 0.072825 0.322896 0.322896 0.316973
South W2 0.191237 0.195930 0.193025 0.196826
South W3 0.138145 0.195954 0.171510 0.182966
South W4 0.149088 0.228740 — 0.200951

5.5. Corroboration of Estimated Coefficients and Final Coefficient Selection
After W3 was retained as the source window for estimation, the bounded four-

dimensional optimization problem for each generator side was repeated from 16 nominal 
starting points using the NM algorithm to examine the sensitivity to initialization. The 
starts comprised the initial W3 estimate, the center of the admissible parameter box from 
the bounds, and 14 Latin-hypercube sampled points. Every calculation used the same 
W3 data, model, coefficient bounds, preprocessing, and stopping settings. Figure 9 and 
Table 12 present the multi-start Nelder-Mead optimization results on W3. Fourteen North-
side and 15 South-side runs returned completed optimization within the defined 200 itera-
tions. This indicates meeting the configured termination criterion, and in Table 12, “same 
numerical solution” requires both an objective within 1% of the best value and a maximum 
absolute coefficient difference no greater than 0.01 from the best vector. Figure 9 documents 
the progression of the configured searches by plotting the trajectories of the best estimate of 
the objective in each iteration.
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Figure 9. Best objective histories in each iteration for the 16 multi-start Nelder–Mead searches using 
W3 data on both sides.

Table 12. Multi-start Nelder–Mead summary on W3.

Side Starts Success Within 1% Same Numerical Solution Best J [°C2 ] Worst J [°C2 ]

North 16 14 7 6 0.0548603 0.420390
South 16 15 8 4 0.0553136 2.139350

The lowest-objective runs resulted in coefficient vectors (α1 , β1 , α4 , β4 ) = (0.861958, 
0.232246, 0.981402, 0.217166) and (α7 , β7 , α10 , β10 ) = (0.846637, 0.191922, 0.839205, 0.218375), 
respectively. The associated W3 objectives are 0.0548603 and 0.0553136 °C2 , corresponding 
to combined RMSE values of 0.135229 and 0.135786 °C.

Seven North-side and eight South-side starts terminate within 1% of the best objec-
tive. Within that deterministic near-best set, the coefficient ranges are 0.861462–0.891367, 
0.224731–0.232358, 0.949416–0.981963, and 0.217031–0.225463 on the North side, and 
0.804016–0.866339, 0.186093–0.204470, 0.818965–0.886379, and 0.203184–0.224894 on the 
South side. These spans summarize the near-optimal terminal-solution dispersion obtained 
under the stated 1% objective threshold and sixteen separate initializations relative to the 
selected values.

A direct four-dimensional simplicial homology global optimization (SHGO) calcula-
tion [59,60] was then performed over the same bounds and W3 objective using 128 simplicial 
sampling points, two global iterations, and bounded Sequential Least Squares Programming 
(SLSQP) refinement. Figure 10 and Table 13 present the results comparing the different opti-
mization methods. The maximum absolute difference between the selected multi-start NM 
and SHGO coefficients is 1.07 × 10−4  for the North side and 5.39 × 10−5  for the South side, 
and the corresponding differences between the objectives are 5.32 × 10−8  and 1.15 × 10−7  °C2 . 
When propagated over the full record, the maximum difference between the two filtered 
trajectories is 2.75 × 10−4  °C for the North side and 3.13 × 10−4  °C for the South side. Thus, 
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the two algorithms produce numerically equivalent predictions under the specified W3 
window.

 

Figure 10. Comparison of optimization results when using different methods on W3.

Table 13. Comparison of optimization results when using different methods on W3 and final coefficient 
selection (highlighted).

Side Method Group 𝛂 𝛃 J [°C2 ] RMSE [°C]

North

Initial single-start NM 1 0.891367 0.224731
0.0550653 0.135481

4 0.949416 0.225463

Selected multi-start NM
1 0.861958 0.232246

0.0548603 0.135229
4 0.981402 0.217166

Direct 4D SHGO
1 0.861851 0.232270

0.0548602 0.135228
4 0.981502 0.217136

South

Initial single-start NM 7 0.764897 0.215444
0.0572521 0.138145

10 0.935136 0.187308

Selected multi-start NM
7 0.846637 0.191922

0.0553136 0.135786
10 0.839205 0.218375

Direct 4D SHGO
7 0.846624 0.191933

0.0553135 0.135786
10 0.839259 0.218359
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The selected coefficients correspond to the lowest objectives among the 16 configured 
multi-start NM runs, and SHGO is retained only as an algorithmically distinct corroboration 
step. SHGO’s marginally smaller reported objectives are below meaningful reporting 
precision and yield indistinguishable trajectories. Note that neither W4, the temporally 
forward window, nor the full record is used in the estimation. The close numerical agreement 
provides strong evidence that the reported bounded estimation on W3 is robust to the 
tested initializations and optimization methods. Multi-start NM and direct SHGO return 
essentially the same strictly interior best solution on both the north and south sides. At 
the resolution of these searches, the results are consistent with one numerically resolved 
optimum within a shallow near-optimal region. This evidence supports a reproducible, 
predictive plant-specific calibration conditional on the adopted model and operating record.

Appreciable differences in the South-side coefficients from the initial single-start esti-
mate can be observed, despite an RMSE reduction of only about 0.00236 °C on W3 data. 
This observation indicates that appreciable coefficient changes can occur within a nearly 
equivalent prediction region and cautions against assigning the coefficients unique phys-
ical meanings. The α and β values are therefore interpreted as effective reduced-model 
coefficients conditional on the adopted structure, eleven fixed coefficients, W3 data, prepro-
cessing, and bounds and not as unique measurements of separable airflow, bypass, fouling, 
or sensor mechanisms.

No probabilistic parameter uncertainty is reported. Dispersion among solutions from 
different optimization methods is algorithmic in nature and is not a confidence or credi-
ble interval. Producing uncertainty bounds would require verified sensor characteristics, 
an explicit stochastic measurement-error and residual-correlation model, and preferably 
independent or repeated operating records, which are not available for this study. The 
presented coefficient estimation is consistent with the purpose and scope of the current 
effort, i.e., to establish and validate a reduced operational baseline for short-term prediction 
of outlet temperatures.

5.6. Full-Record Results with the Selected W3 Coefficients
The selected multi-start NM W3 coefficient vectors were frozen and propagated over all 

48,241 one-second samples without re-estimation or state correction. On the subsequent W4 
interval, the combined filtered RMSE is 0.184383 °C for the North side and 0.166957 °C for 
the South side. Over the full record, the corresponding values are 0.183305 and 0.178582 °C. 
Figures 11 and 12 depict the full record simulation results using the selected coefficients.

To avoid relying on RMSE alone, Table 14 reports the mean absolute error (MAE), 
mean signed error, error standard deviation, and 95th-percentile absolute error. For the 
signed metrics and histograms in this subsection, error is defined as measured minus 
simulated temperature. The same 200 s guards are removed at the two outer record bound-
aries, leaving 47,841 samples per output. Figure 13 shows the corresponding empirical
error distributions.

Across the six channels, RMSE ranges from 0.137 to 0.219 °C, MAE from 0.111 to 
0.181 °C, and the 95th-percentile absolute error from 0.271 to 0.418 °C. The largest abso-
lute value of mean error is 0.061 °C. The trajectories reproduce several broad operating 
excursions and retain channel-dependent offsets and local deviations. The open-loop ther-
mal model remains input-driven, causal, and directly reusable when operating conditions 
change. The thermal-duty comparison below provides an additional evaluation over a wider
operating range.
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Figure 11. North-side full-record predictions using the selected multi-start NM coefficients estimated 
from W3 data. Vertical lines mark the W1–W4 boundaries.

 

Figure 12. South-side full-record predictions using the selected multi-start NM coefficients estimated 
from W3 data.
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Table 14. Filtered full-record performance with the selected multi-start W3 coefficients (N = 47,841 
per output; error = measurement − simulation). Temperature-error metrics are in °C.

Side Output RMSE MAE Mean Error Error SD P95 |Error|

North

Group 1 air outlet 0.163185 0.133825 +0.011258 0.162796 0.314146
Group 4 air outlet 0.161514 0.134778 −0.008892 0.161269 0.309457
Mixed water outlet 0.219285 0.180514 −0.061083 0.210606 0.417553

South

Group 7 air outlet 0.191740 0.158330 +0.002847 0.191719 0.377625
Group 10 air outlet 0.200080 0.168287 +0.008533 0.199898 0.379855
Mixed water outlet 0.137397 0.111253 −0.044428 0.130016 0.270667

 

Figure 13. Filtered full-record error histograms using the selected multi-start NM coefficients from 
W3 data.

At each time step, the archive-derived water-side thermal duty was calculated as the 
product of measured mass flow, water specific heat, and the measured outlet-minus-inlet 
temperature difference and was used for a water-side thermal-duty consistency check. The 
model-derived duty was calculated in the same manner but with simulated water-outlet 
temperatures. The same prescribed zero-phase filter was applied to both derived duty series 
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for pointwise comparison, whereas cumulative energy was integrated from the unfiltered 
duties. Figure 14 depicts the north, south and combined water side measured and simulated 
thermal duties over the full record. It can be seen that the model-predicted values closely 
follow the values computed from flow and temperature measurements.

 

Figure 14. Filtered archive-derived and model-predicted water-side thermal duty over the full 
operating record. Vertical lines mark the W1–W4 boundaries.

Using the selected multistart W3 coefficients, the full-record water-side duty RMSE is 
11.6019 kW for the North side, 5.5121 kW for the South side, and 16.1625 kW for the total 
system. Because error is archive-derived minus model-derived duty, the negative mean 
errors denote average model overprediction of 2.5146, 1.5756, and 4.0903 kW, respectively. 
For the total system, the unfiltered cumulative energies over the guarded record are 16.4857 
and 16.5401 MWh (thermal), a model-minus-archive difference of +0.33%.

5.7. Deterministic OFAT Sensitivity Analysis
The selected multi-start NM coefficients from W3 were held fixed while selected 

prescribed factors were varied one at a time over the complete record. The scenarios 
change the air-side conductance multiplier Ka , the water-side conductance multiplier Kw , 
the assumed allocation of total side water flow between the two groups 𝜙w ,s , and the constant 
relative humidity. The OFAT sensitivity analysis results are presented in Table 15.
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Table 15. Full-record OFAT results while perturbing the 11 fixed coefficients. Combined filtered 
RMSE, °C and ΔRMSE relative to the baseline on the same side are listed.

Factor Scenario North RMSE North 𝚫RMSE South RMSE South 𝚫RMSE

Baseline Selected W3 
coefficients 0.183305 0.000000 0.178582 0.000000

Air conductance Ka , −10% 0.502569 +0.319264 0.479872 +0.301290
Air conductance Ka , +10% 0.445608 +0.262303 0.423989 +0.245407
Water conductance Kw , −10% 0.312750 +0.129445 0.342043 +0.163461
Water conductance Kw , +10% 0.304947 +0.121643 0.326436 +0.147854
Flow allocation 𝜙w ,s , +10% 0.473519 +0.290215 0.527205 +0.348623
Flow allocation 𝜙w ,s , −10% 0.452221 +0.268916 0.535939 +0.357358
Relative humidity 10% 0.182912 −0.000393 0.178298 −0.000284
Relative humidity 50% 0.188339 +0.005034 0.183568 +0.004986
Relative humidity 80% 0.198219 +0.014914 0.193855 +0.015273

Over the tested perturbations, the largest increases in combined RMSE arise from the air-
side multiplier and the assumed water-flow allocation. A ±10% air-side multiplier change 
produces mean absolute shifts of approximately 0.41–0.56 °C in the air-outlet predictions. 
The water-side multiplier perturbations produce smaller but material air-output shifts of 
approximately 0.25–0.36 °C. Redistributing 10% of the side flow produces air-outlet shifts 
of approximately 0.44–0.69 °C, whereas the mixed water-outlet shift remains below about 
0.055 °C because opposing group-level effects partially cancel in the common outlet mixture. 
The result shows that the unmeasured branch allocation is influential, but it does not supply 
enough independent information to add that allocation to the reduced estimation vector.

Relative humidity has a much smaller effect over the tested sensible heat transfer record. 
Changing the prescribed value from the 18.8% baseline to 50% increases combined RMSE 
by approximately 0.005 °C on either side, and the 80% case increases it by approximately 
0.015 °C. The small negative ΔRMSE at 10% RH denotes only a marginal deterministic 
residual reduction.

5.8. Discussion
The model is intended to provide a plant-specific, open-loop thermal baseline at 

the spatial resolution supported by the installed instrumentation. From the measured 
inlet temperatures and side-level water flow, it predicts two group air-outlet temperatures 
and one common mixed water-outlet temperature per generator side. Appropriate uses 
include operating-record replay, examination of normal thermal response over observed 
load changes, periodic reduced-coefficient recalibration, and prospective residual-based 
monitoring using group-level residuals, while retaining computational speed for repeated 
and real-time simulations.

Table 16 positions the current work’s contribution against representative studies se-
lected for similarity in application, HX construction, or modeling objective. The considered 
studies span hydro-generator cooler assessment, fin-and-tube correlation development, 
data-center crossflow air-to-water heat exchanger modeling, and dynamic reduced-order 
methods. Each entry in the “results accuracy” column retains the metric and validation 
basis used by its source. A direct one-on-one comparison with the current study is not 
possible (except with [16]) due to the differences in system design, scale and components. 
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The listed values compare scope and evidence and are not evidence of numerical ranking 
across different machines, datasets, and prediction targets.

Table 16. Representative hydro-generator, fin-and-tube, and reduced-order heat-exchanger studies. 
Reported errors retain each source’s definition and validation basis and are not directly rankable 
across rows. Highlighted rows indicate the current study and another one [16] performed on this 
generator cooling system at Rocky Reach (unit C08).

Reference System and 
Application

HX Design 
Considered and 
Working Fluids

Modeling Approach Results Accuracy

Doost and 
Majlessi [10]

65 MW Dez 
hydropower 
generator. Studies 
the effects of seasonal 
water-temperature 
changes.

Six crossflow 
air-to-water HXs 
with both fluids 
unmixed.

Steady ε-NTU and 
exergy analysis with 
prescribed airflow.

No experimental or 
benchmark validation or 
error metric is provided. 
They reported a 34.3% 
heat duty reduction for a 
12 °C increase in inlet 
water temperature.

El-Zohri et al. 
[9]

175–200 MW hydro 
generators at Aswan 
dam. Field 
performance and 
fouling assessment of 
replacement HXs.

Crossflow 
fin-and-tube coolers 
with legacy wire-fin 
HXs and 
replacement flat-fin 
design HXs.

Steady 1008 h field 
analysis using energy 
balance, corrected 
LMTD, and ε-NTU.

Derived ε-NTU from 
field-measured 
temperatures mostly 
coincided with the 
standard crossflow 
correlations. Agreement 
was assessed graphically, 
with no numerical error 
metric.

Jonsson and 
Palsson [26]

Laboratory 
district-heating HX 
and control-oriented 
dynamic 
identification.

Counterflow plate 
HX with water on 
both sides.

Lumped models with 
one to three sections 
and flow-dependent 
heat transfer 
coefficients, along 
with a four-state 
model, were 
preferred.

Custom 
multistep-prediction score 
V = 991 (estimation)/89 
(validation) with 
statistically estimated 
flow-dependent 
parameters, while 
empirically computed 
parameters gave 
V = 1877/196, and 
constant parameters 
raised estimation V to 
1294. No RMSE or MAE 
reported.

Øyvang et al. 
[61]

103 MVA air-cooled 
hydro generator and 
online thermal 
prediction and 
control.

Closed air circuit 
cooled by air-water 
HXs; detailed 
geometry 
unreported.

Three-state generator 
thermal network 
with an algebraic 
steady 
HX-effectiveness 
relation.

Good agreement reported 
for a 6 h heat-run test and 
operating data. 
Measured–model 
transients are compared 
graphically (in 
Figures 15–17 in [61]) 
and no aggregate error 
metric is reported. The 
model was 27 times faster 
than real time.
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Table 16. Cont.

Reference System and 
Application

HX Design 
Considered and 
Working Fluids

Modeling Approach Results Accuracy

Gao et al. [27]

Transient crossflow 
HX modeling for 
liquid and hybrid 
data-center cooling.

Idealized fin and 
tube HX with two 
unmixed fluids and 
wall capacitance.

Two-dimensional 100 
× 100 distributed 
model with 
flow-dependent 
coefficients.

Agreement shown 
graphically for limiting 
cases and one experiment. 
Steady-state effectiveness 
within 1.46% of the 
ε-NTU correlation.

Yang and Tran 
[28]

Generic industrial 
HXs and networks 
and rapid transient 
analysis.

Co- or 
counter-current 
two-fluid HX with 
wall capacitance.

Explicit two-cell 
AMTD/Laplace 
model with six 
temperature states.

Against a numerical 
reference: time 
error < 0.1–4.3%; 
temperature error 
0.1–13.8%.

Yao et al. [62]
HVAC water-to-air 
coil under dry and 
wet operation.

Multipass 
cross-counterflow 
finned-tube coil with 
moist air and water.

Linearized lumped 
state-space model 
with flow-dependent 
heat- and 
mass-transfer 
relations.

Three experiments gave 
average outlet errors of 
4.8–13.7%, and all 
reported errors were 
<15%.

Wang et al. [41]
Air-side correlations 
for compact wavy 
fin-and-tube HXs.

Herringbone fins and 
staggered tubes; 
61 samples with one 
to six tube rows.

Steady experimental 
database and 
regression 
correlations for j and 
f (friction factor).

Mean deviation 6.98% for 
j and 8.82% for f, and 
91%/85% of data within 
±15%.

Li et al. [16]

Same Rocky Reach 
C-08 unit and the 
same 13.4 h plant 
record.

Same twelve coolers; 
HX geometry and 
UA were not 
modeled explicitly.

Physically structured 
shared-weight 
dRNN with the final 
30% held out.

Held-out RMSE: 0.1016 °C 
air, 0.0981 °C north water, 
and 0.1235 °C south water.

Present work

Twelve-cooler model 
for a 135 MW 
hydro-generator, 
validated on real 
operation.

Four-row, four-pass 
wavy-fin tube HXs 
arranged as four 
three-HX groups.

48-state qLPV model 
with geometry and 
empirical 
correlations based on 
conductances and 
eight fitted effective 
coefficients.

Full-record RMSE: 
0.183 °C north and 0.179 
°C south; cumulative 
energy difference: 0.330%.

The selected literature provides complementary levels of description. Hydro-generator 
field studies [9,10] establish the operational importance of cooler condition and water 
temperature but are primarily steady analyses. Generator machine-level thermal networks 
prioritize online speed [61] and laboratory or generic HX studies develop transient re-
ductions and flow-dependent correlations. The present work combines these strands at 
the operating cooler-array level. The principal methodological advantage in this study is 
the combination of a physically prescribed dynamic structure with empirical correlations 
that generate geometry- and operating-dependent air- and water-side conductance values 
and limited data-based adjustment of only 8 measurement-facing effective coefficients, 
which are calibrated from plant data. These effective quantities can absorb installation- and 
aggregation-dependent effects that the available measurements do not resolve separately. 
Restricting the decision vector in this way makes bounded batch recalibration practical 
and limits compensating changes among coefficients. Related plant-data hydropower and 
structured thermal-model studies provide broader context [35,63].
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The results provide consistent evidence at temperature, thermal-power, and cumulative-
energy scales. The rated calculation reproduces both manufacturer outlet temperatures 
within 0.6 °C. With the W3 coefficients frozen, subsequent W4 combined RMSE is 0.184 °C 
on the North side and 0.167 °C on the South side; the corresponding descriptive full-record 
values are 0.183 and 0.179 °C. Across the six temperature channels, full-record RMSE ranges 
from 0.137 to 0.219 °C, MAE from 0.111 to 0.181 °C, and P95 absolute error from 0.271 to 
0.418 °C. Total-system water-side duty RMSE is 16.16 kW, and model-derived cumulative 
thermal energy differs from the archive-derived value by 0.330%. Forward propagation is 
computationally economical in the demonstrated implementation. Sequential simulation 
and output filtering of 48 states, in total over 48,241 samples representing 13.4 h, required 
less than 200 s in the recorded run on a regular laptop. The reduced calibration is also 
reproducible and computationally economical. W3 spans 4.03 h and contains a bidirectional 
load excursion, and its stronger forward transfer identifies it as more informative than the 
short and concentrated W1 or W2 with only load reduction. Multi-start Nelder–Mead and 
direct four-dimensional SHGO recover numerically equivalent interior W3 solutions and 
indistinguishable predicted trajectories, supporting reproducibility across starts and search 
methods.

A practical monitoring pathway follows directly. An informative healthy interval 
can establish a reference 𝛼g –𝛽g  vector, which is then frozen while subsequent records are 
evaluated against operating-dependent predictions. Group-level residuals provide the 
primary monitoring signals, while separately logged offline re-estimates can be trended as 
effective drift indicators without automatically overwriting the healthy reference or treating 
either coefficient as a unique diagnosis.

Limitations and follow-up work are described next. The evidence is bounded by the 
available 13.4 h normal-operation record and installed instrumentation. Long duration 
and mode-transition performance remain unverified. The record excludes startup, 
shutdown and the related dehumidification transients, seasonal variation, labeled 
degradation, sensor drift and fault conditions. Use of routine data from an operating 
plant is a practical strength, but it prevents controlled variation in fin thickness, fin 
angle, fin pitch, tube arrangement, pass geometry, and other installed characteristics. 
No generality across HX geometries is claimed. Individual branch water flows, and 
intra-group airflow distributions are not measured. Equal branch-flow allocation 
remains an explicit assumption. The unmeasured cooling airflow is handled as a 
bounded engineering assumption. The constant air velocity assumption should be 
revisited for rotor speed fluctuations, blockage or fouling of fins, altered leakage paths 
around the HXs, or other changes in system resistance. For reference, Dang et al. [11] 
provides complementary conjugate-heat-transfer CFD evidence for the much higher 
spatial fidelity and computational scale needed to resolve local generator convection 
directly. Verified sensor and historian characteristics, branch-flow or periodic airflow 
measurements where practical, and independent longer-duration records are the direct 
next steps for testing these assumptions and extending the baseline.

6. Conclusions
This study developed and validated a 48-state quasi-linear parameter-varying gray-

box model of the twelve fin-and-tube air-to-water coolers of an operating 135 MW hydro-
generator. The central conclusion is that a deliberately reduced calibration inside a physically 
prescribed, correlation-driven structure is sufficient to reproduce the manufacturer-rated 
operating point and to track a 13.4 h operating record with side-level temperature RMSE be-
low 0.2 °C and archive-consistent cumulative thermal energy, while remaining numerically 
reproducible across optimizers, transferable forward in time, and more than 200 orders of 
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magnitude faster than real time. A physics-based thermal baseline of an operating cooler 
array can therefore be established, and periodically re-tuned, from routine plant records 
alone, without additional instrumentation or intrusive testing.

Future work will proceed in two directions: extending the sensible-heat formulation 
to dehumidifying (wet-coil) transients, including those accompanying startup, and cross-
seasonal validation of the frozen baseline on independent long-duration records to develop 
a comprehensive routine condition monitoring model of hydro-generator cooling systems.
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Symbols and Nomenclature
 Indices, sets, and dimensions
g Equivalent HX-group index; g ∈ 𝒢  = {1, 4, 7, 10}.
𝒢 Set of equivalent HX-group indices.
s Generator-side index; s ∈ {N, S}.
r Measured-output index.
j Serial cell index; j = 1, …, Nc .
k Discrete-time sample index.
Nc Number of serial cells per equivalent HX group; Nc  = 4.
nh Number of physical HXs represented by one equivalent group; nh  = 3.
nm Number of material contributions included in the lumped metal capacitance.
np Number of tube passes.
nr Number of tube rows.
Nf Number of fins.
Nt Number of tubes.
Temperatures, states, inputs, and outputs
Ta,i,g Air-inlet temperature for group g [°C].
Ta,o,g j Air-outlet state of cell j in group g [°C].
Tm,g j Lumped metal-temperature state of cell j in group g [°C].
Tw,i,s Common water-inlet temperature on side s [°C].
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Tw,o,g j Water-outlet state of cell j in group g [°C].
𝑇̂𝑎,𝑜,𝑔 Predicted air temperature at the outlet sensor of group g [°C].
𝑇̂𝑤,𝑜,𝑠 Predicted mixed water-outlet temperature on side s [°C].
xg State vector of equivalent group g, with 3Nc  elements.
ug Group input vector containing air- and water-inlet temperatures.
yg Group output vector containing terminal air- and water-outlet states.
ys,r meas Measured output r on side s [°C].
Flow rates and fluid properties
ṁa,g eff Effective participating air mass-flow rate for group g [kg s−1 ].
ṁw,g Water mass-flow rate assigned to group g [kg s−1 ].
Ṁw,s Measured total water mass-flow rate on side s [kg s−1 ].
.

𝑉𝑎,
.

𝑉𝑤 Air and water volumetric flow rates [m3  s−1  or m3  h−1 ].
va,HX nom Nominal air velocity associated with one physical HX [m s−1 ].
cp,a , cp,w Specific heat capacities of air and water [J kg−1  K−1 ].
k Thermal conductivity [W m−1  K−1 ].
𝜇 Dynamic viscosity [Pa s].
𝜌a , 𝜌w Air and water density [kg m−3 ].
RH Relative humidity [%].
Geometry
Ac,HX Minimum free-flow area of one physical HX [m2 ].
Af Total fin surface area [m2 ].
Ai Internal tube surface area [m2 ].
Ao Total external air-side wetted area [m2 ].
Dc Tube collar diameter [m].
Dh Air-side hydraulic diameter [m].
Di , Do Tube inner and outer diameters [m].
DR Rotor outer diameter [m].
Fp Fin pitch [m].
L Tube length [m].
Pl , Pt Longitudinal and transverse tube pitches [m].
Va,HX , Vw,HX Internal air and water volumes of one physical HX [m3 ].
Vm,i,HX Volume of metal material i in one physical HX [m3 ].
𝛿f Fin thickness [m].
𝜃 Fin corrugation angle [deg].
Thermal quantities and correlation variables
Ca j , Cm j , Cw j Air, metal, and water thermal capacitances of cell j [J K−1 ].
Cm,HX nom Nominal metal capacitance of one physical HX [J K−1 ].
UAam,HX Air-to-metal conductance map for one physical HX [W K−1 ].
UAmw,HX Metal-to-water conductance map for one physical HX [W K−1 ].
UAam j , UAmw j Air-to-metal and metal-to-water conductances of cell j [W K−1 ].
UA Overall thermal conductance of one physical HX [W K−1 ].
Rcond Tube-wall conduction resistance [K W−1 ].
hi , ho Water- and air-side convective heat-transfer coefficients [W m−2  K−1 ].
𝜂f , 𝜂o Fin efficiency and overall external-surface efficiency [-].
f Fanning or Petukhov friction factor, as identified in context [-].
j Colburn j-factor [-].
Gc Mass flux through the minimum free-flow area [kg m−2  s−1 ].
Re, Pr, Nu Reynolds, Prandtl, and Nusselt numbers [-].
.

𝑄 Heat-transfer rate or rated heat duty [W].
𝛥P Pressure drop [Pa].
𝛥Tlm Log-mean temperature difference [K].
F LMTD correction factor [-].
P P-NTU temperature effectiveness [-].
R Heat-capacity-rate ratio used in the P-NTU formulation [-].
NTU Number of transfer units [-].
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Model coefficients and state-space quantities
𝛼g Effective participating-airflow coefficient for group g [-].
𝛽g Effective outlet-air measurement/blending coefficient for group g [-].
Ka,g , Kw,g Air- and water-side conductance multipliers for group g [-].
Km Common metal-capacitance multiplier [-].
𝜑w,s Fraction of measured side water flow allocated to the lower-numbered group [-].
𝜗 Complete 19-coefficient model inventory.
𝜃s Four-dimensional reduced coefficient vector estimated separately for side s.
𝛺 Admissible bounded set for the reduced coefficient vector.
Ag , Bg Continuous-time state and input matrices for group g.
Dj , Lj , Uj Diagonal, sub-diagonal, and super-diagonal cell blocks of Ag .
as j , am j , ai j Air-node state-space coefficients for cell j [s−1 ].
ma j , ms j , mw j , mai j , mwi j Metal-node state-space coefficients for cell j [s−1 ].
wm j , ws j , wi j Water-node state-space coefficients for cell j [s−1 ].
t Continuous time [s].
𝛥t Sampling and zero-order-hold interval [s].
Estimation and performance quantities
es,r Estimation residual for output r on side s, as defined in Equation (38) [°C].
Js Equal-output-weight squared-error objective for side s [°C2 ].
Rs Combined RMSE derived from Js  for side s [°C].
𝒮 s Scored sample set for side s.
Ns Number of samples in 𝒮 s .
RMSE Root-mean-square error [°C].
MAE Mean absolute error [°C].
𝜇e , 𝜎 e Sample mean and sample standard deviation of signed error [°C].
P95 95th percentile of absolute error [°C].
R2 Coefficient of determination [-].
𝛥RMSE Change in combined RMSE relative to the stated OFAT baseline [°C].
Common subscripts and superscripts
a, m, w Air, metal, and water.
i, o Inlet/internal and outlet/external, according to context.
am, mw Air-to-metal and metal-to-water.
HX One physical heat exchanger.
eff , nom, meas Effective, nominal, and measured.
N, S North and South generator sides.

Abbreviations
The following abbreviations are used in this manuscript:

AHRI Air-Conditioning, Heating, and Refrigeration Institute
AMTD Arithmetic mean temperature difference
CFD Computational fluid dynamics
DOE United States Department of Energy
dRNN Distributed recurrent neural network
EKF Extended Kalman filter
FDD Fault detection and diagnosis
HX Heat exchanger
HVAC Heating, ventilation, and air conditioning
LHS Latin hypercube sampling
LMTD Log-mean temperature difference
LPV Linear parameter-varying
LSTM Long short-term memory
MAE Mean absolute error
NM Nelder–Mead
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NTU Number of transfer units
OFAT One factor at a time
ORNL Oak Ridge National Laboratory
P-NTU Temperature-effectiveness/number-of-transfer-units method
P95 95th percentile of absolute error
PUD Public utility district
qLPV Quasi-linear parameter-varying
RH Relative humidity
RMSE Root-mean-square error
SD Standard deviation
SHGO Simplicial homology global optimization
SLSQP Sequential least-squares programming
ZOH Zero-order hold
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