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Abstract 10 

When several blowers discharge into a shared manifold they operate against a common pressure 11 

rise and are coupled aerodynamically, yet the mechanism and position-dependence of this coupling 12 

have rarely been characterized experimentally. Unlike the inflow coupling of distributed propulsor 13 

arrays or the near-surge interaction of parallel compressors, the coupling in a blower manifold 14 

operating far from surge is transmitted pneumatically through the gas volume of the shared 15 

discharge manifold. This work characterizes it in an operating four-blower manifold from 16 

synchronized measurements of manifold pressure, blower flow and power, across different 17 

configurations. A multiple-input single-output regression identifies the steady-state coupling and 18 

reveals a non-monotonic dependence on position: adjacent blowers couple most weakly in the 19 

power domain, while a pressure-domain analysis recovers its true strength. A directional transient 20 

analysis confirms this mechanism: the target blower’s flow responds sign-coherently to a 21 

neighbor’s setpoint step, decreasing for an upward step and increasing for a downward one. 22 

Spectral and statistical analysis places the system in a quasi-static regime. The coupling is thus 23 

real, directional, and mechanistically identifiable, establishing pneumatic head-loading as the 24 

governing inter-unit interaction in shared-manifold blower systems. 25 

Keywords: Aerodynamic Coupling; Parallel Blowers; Fan Array; Flow-Induced Pressure 26 

Fluctuations; Experimental Characterization; Disturbance Transmission Ratio. 27 

 28 
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1. Introduction 30 

 31 

Parallel blowers discharging into a shared duct network are widespread in industrial 32 

aeration, mine ventilation, air-handling, and large process-air systems, where they are frequently 33 

operated not as isolated units but as parallel assemblies supplying a common discharge manifold 34 

(Czyżewicz et al. 2022). In such configurations, all simultaneously active machines discharge 35 

against a single shared system pressure rise that couples them aerodynamically, so that the 36 

collective behavior of the assembly, rather than that of any individual unit, governs its performance 37 

(Arya 2025). The mechanism and position-dependence of this inter-unit coupling, however, remain 38 

largely uncharacterized experimentally. 39 

Such systems are also significant energy consumers, fans alone account for roughly a fifth 40 

of industrial motor-driven electricity use (Rao et al. 2021), which has driven extensive research on 41 

their efficient operation: variable-speed control (Shim et al. 2014), (Chatterjee et al. 2015), 42 

(Siddiqui et al. 2025), model-based and learning control (Shi et al. 2024), (Fulpagare et al. 2022, 43 

2025), system-level reconfiguration (De Souza 2015), (Gunner et al. 2016), and fan-array 44 

optimization and data-driven performance modeling (Ostmann et al. 2022), (Conrad et al. 2023), 45 

(Ostmann et al. 2024), (Czyżewicz et al. 2022). Across these strands the machines are treated either 46 

in isolation or only in aggregate, and the inter-unit aerodynamic coupling is assumed known or 47 

neglected rather than resolved from measurement. Even the closest experimental study, a 48 

combined two-fan characteristic in a flexible duct (Dong and Jiang 2025), attributes no share of 49 

the interaction to individual machines or to position. 50 

While the literature reviewed above treats fans as isolated units, or resolves them only in 51 

aggregate, the interaction between neighboring machines has itself received attention in the 52 

propulsion and turbomachinery communities. In distributed electric propulsion (DEP), arrays of 53 

ducted fans mounted along a wing are strongly coupled: the throttle setting of one fan alters the 54 

local inflow and loading of its neighbors, producing non-linear, position-dependent changes in 55 

thrust, lift, and efficiency. This propulsor cross-coupling has been characterized experimentally for 56 

wing-integrated arrays under varied throttle and placement (Perry et al. 2018; Jia et al. 2025; 57 

Weinstein et al. 2026).  The related parallel-compressor literature, such as the work of Su et al. (Su 58 

et al. 2023), instead concerns high-speed instability and surge avoidance. Across these studies, the 59 

geometries and objectives differ from those of ventilation, and the characterizations are obtained 60 
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almost exclusively in wind tunnels, dedicated test rigs, or high-fidelity simulations. The 61 

mechanism also differs: propulsor arrays couple through an open external inflow field, one rotor's 62 

wake altering a neighbor's inlet condition; parallel compressors, through near-surge dynamics at 63 

high pressure ratio. The blowers considered here instead discharge into a shared duct, so the 64 

coupling is aerodynamic in origin but transmitted pneumatically rather than through blade-row 65 

inflow, a path whose mechanism and position-dependence remain uncharacterized.  66 

Parallel blower systems have thus seen little full-scale experimental characterization: 67 

whereas the analogous interaction has been quantified for propulsor arrays and parallel 68 

compressors, the aerodynamic coupling transmitted pneumatically between blowers discharging 69 

into a shared industrial manifold has not been characterized. The present work identifies coupling 70 

directly from synchronized measurements on a full-scale blower system, resolving its mechanism, 71 

quasi-static head-loading through the shared manifold, and its non-monotonic dependence on 72 

position. 73 

This work is organized around four questions. First, does a steady-state aerodynamic 74 

coupling exist between the blowers, and does its strength depend on position? Second, what is the 75 

mechanism of that coupling, and does its transient, directional response reveal it? Third, what 76 

manifold pressure fluctuations do parallel operations produce, and what dynamic regime do they 77 

represent? Fourth, and secondarily, what are the energetic implications?  Sections 3–6 address these 78 

questions in turn, and Section 7 concludes. 79 

 80 

2. Experimental System 81 

 82 

2.1 Test System, Instrumentation, and Data Acquisition 83 

 84 

The test system is an industrial aeration manifold comprising four high-speed turbo 85 

blowers discharging into a shared distribution header. The header feeds a biological aeration basin 86 

through diffusers submerged below the liquid surface, so the delivered air passes directly into the 87 

mixed liquor; the manifold differential pressure measured at the blower discharge therefore reflects 88 

the hydrostatic head of the diffuser submergence together with the distribution-piping losses. The 89 

blowers are arranged along the header in the order A–B–C–D, with Blower D at one extremity 90 

serving as the instrumented target, as shown in Figure 1.  91 
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 119 

Figure 1. Test system overview and sensor setup diagram: (1) Outlet Pressure Measurement, (2) Outlet Velocity 120 

Measurement, (3) Voltage and Current Measurement. 121 

 122 

Each blower is driven by an integrated variable-frequency drive, and its operating setpoint 123 

is commanded as a percentage of full speed; the experimental study used setpoints from 50% to 124 

70%. The blower and manifold parameters are summarized in Table 1. 125 

 126 

Parameter Value 

Blower model Aerzen AT100-0.6S G5plus 

Motor rating 80 kW 

Speed range 9,000 – 29,000 RPM (VFD) 

Discharge connection DN200 (ܣௗ= 0.03142 m²) 

Table 1. Blower and manifold specifications. 127 

 128 
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By operating protocol, exactly three of the four blowers are active simultaneously. Two 129 

manifold configurations are studied. In the ACD configuration, blowers A, C, and D are active, 130 

and Blower B is idle; in the BCD configuration, blowers B, C, and D are active, and Blower A is 131 

idle. Blower D is the target blower throughout, and the other active blowers are referred to as 132 

neighbor blowers. Holding the operational state of blowers C and D constant isolates the impact 133 

of neighbor-blower position on Blower D's coupling behavior. Each blower is commanded at one 134 

of three VFD setpoints (50%, 60% and 70%) corresponding to shaft speeds of 14,500, 17,400, and 135 

20,300 RPM and impeller tip speeds of 110.8, 133.0 and 155.2 m/s respectively. 136 

Three quantities are recorded: the manifold differential pressure ݌߂, the volumetric flow 137 

rate of Blower D (ܳ஽ ), and the three-phase electrical power of Blower D ( ஽ܲ ), measured at 138 

locations (1), (2) and (3) of Figure 1 respectively; their acquisition settings are summarized in 139 

Online Resource 1. The differential pressure and Blower D flow are acquired continuously and 140 

recorded at 1 Hz, downsampled from a 1 kHz acquisition. The electrical power is measured at high 141 

frequency using National Instruments modules (NI-9244 voltage and NI-9227 current) sampling 142 

at 25,000 samples per second, from which the instantaneous three-phase power is computed. 143 

Owing to storage constraints, the high-frequency power is recorded in bursts of 19.5 seconds 144 

within each one-minute interval and is subsequently block-averaged to a 1 Hz series, time-aligned 145 

with the pressure and flow channels. All channels were acquired and logged in LabVIEW; full 146 

instrument accuracy specifications are listed in Online Resource 2. 147 

The anemometer was placed at the duct centerline to measure air velocity. Since the blower 148 

inlet pressure is approximately equal to atmospheric pressure, the inlet pressure was set as 1 atm. 149 

Each measurement run lasted 20–30 minutes. The centerline placement of the FTM35 anemometer 150 

means the measured velocity exceeds the cross-sectional mean, so recovering the true volumetric 151 

flow would require a velocity-profile correction; that correction was not applied, and the resulting 152 

systematic bias is bounded here. For air (ߩ ≈ 1.2 kg/m³ , ߤ ≈ 1.8 × 10⁻⁵Pa⋅s ) discharging 153 

through the DN200 duct (݀ = 0.200 m , ܣௗ = 0.03142 m² ), the pipe Reynolds number Re = 154 

ρVd/μ, with V the measured centerline velocity, is of order 3–5×10⁵ across the 50–70% setpoints, 155 

so the discharge flow is fully turbulent. With 3 m of straight duct upstream of the probe (15 times 156 

the pipe diameter), the profile is taken as approximately fully developed. For fully developed 157 

turbulent pipe flow the mean-to-centerline velocity ratio follows the power-law profile ܸ ̅/ ௖ܸ =158 2݊²/[(݊ + 1)(2݊ + 1)], where V̄ is the cross-sectional mean velocity, ௖ܸ the centerline velocity 159 
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and n the power-law exponent; taking n = 7, typical at Re ≈ 10⁵, gives a profile factor of 0.817 160 

(Schlichting (Deceased) and Gersten 2017). Because the factor was not applied, flows are reported 161 

as ܳ = ௖ܸ ·  ௗ  directly from the centerline velocity and therefore overstate the true volumetric 162ܣ

flow by 17–22%, depending on the profile exponent (n ≈ 7–9) over the measured Reynolds-number 163 

range. 164 

This profile-factor bias is systematic and common to all flow channels: it scales every 165 

coupling coefficient ߙ௝ identically and therefore cancels exactly in the SPI (Section 3.1) and in 166 

every between-configuration comparison. It affects only the absolute magnitude of the coupling 167 

coefficients, not their ordering or their ratios, so the non-monotonic result of Section 3.2 and the 168 

SPI-based conclusions are invariant to it. 169 

Two dimensionless groups characterize the range of measured operating conditions and 170 

recur in the coupling model of Section 3.3. Using the impeller tip speed ܷ = ܴ߱௜௠௣ (angular speed 171 

ω, impeller radius ܴ௜௠௣ ≈  0.073  m), the flow coefficient is ߮ = ܳ/(ܷ ·  ௗ) and the head 172ܣ

coefficient is ߰ =  Because ܳ  derives from the uncorrected centerline velocity 173 . (²ܷߩ)/݌߂2

(Section 2.1), ߮ carries the same 17–22% high bias, while ߰ is not affected. 174 

 175 

2.2 Experimental Protocol and Data Pre-Processing 176 

 177 

The experimental sessions were conducted in two stages on an operating industrial facility, 178 

where experimental access was limited by production requirements. In the first, screening stage, 179 

each blower was perturbed individually across setpoints of 50, 55, 60 and 65% while the two 180 

remaining active blowers were held at their nominal 60% operating point, isolating each blower’s 181 

own power-flow characteristic. This stage revealed that Blower D exhibited the weakest agreement 182 

between its power and its own flow, suggesting that its power was influenced by other active 183 

blowers. 184 

The screening result motivated a second, focused stage, in which Blower D was 185 

instrumented as the target and held at 50, 60 or 70% while other active blowers were varied across 186 

50, 60 and 70% for the two configurations (A-C-D and B-C-D). The A-C-D configuration was 187 

characterized in a full session of 15 operating points, of which 6 were repeated in a separate session 188 

to assess reproducibility. For B-C-D, a comparable single session could not be completed: data 189 



7 

 

from the first session were partially lost, yielding 7 usable operating points, and a separate session 190 

provided a further 6, which are pooled to form the 13-point B-C-D dataset. This second-stage 191 

dataset forms the basis of the coupling identification developed in the remainder of the paper. The 192 

experimental sessions are summarized in Table 2. 193 

 194 

Session Day Configuration Setpoints (%) Test 
points 

Duration per 
point (min) 

Stage 1: screening 

1 A-C-D 50, 55, 60, 65 4 30 

2 B-C-D  50, 55, 60, 65 4 30 

A-B-C  50, 55, 60, 65 4 30 

3 A-B-D 50, 55, 60, 65 4 30 

Stage 2: focused 

4 A-C-D 50, 60, 70 15 20 

5 B-C-D 50, 60, 70 7 20 

6 A-C-D 50, 60, 70 6 20 

B-C-D 50, 60, 70 6 20 

Table 2. Experimental sessions summary. Bold letters denote the varied blower(s); other active blowers were held at 195 

60% (screening) or as noted in the text. 196 

 197 

Figure 2 shows representative raw power, flow and manifold pressure series for Blower D 198 

for A-C-D configuration. In the power series, two forms of contamination are visible: setpoint-199 

transition transients and isolated external-disturbance artefacts. Together with spurious zero values 200 

in the power series during inter-burst gaps and at acquisition discontinuities. The zeros are not 201 

physical, since Blower D is never de-energized during a run, and are flagged as missing and 202 

excluded from analysis, so that all subsequent averages, regressions, and spectral estimates use 203 

only valid samples. The per-second three-phase power is computed from the 25 kHz voltage and 204 

current samples within each burst. 205 
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 206 

Figure 2. Raw time-series measurements of a) power, b) volume flow and c) manifold pressure from Session Day 4 207 

configuration ACD, respectively. 208 

 209 

The continuous record is segmented into operating points, each corresponding to a fixed 210 

combination of the three active blowers' setpoints, held to steady state for approximately 15–20 211 

minutes each. Following each change in a neighbor blower setpoint, both the power and flow 212 

signals of Blower D exhibit a transient response lasting approximately 30 seconds to 2 minutes, 213 

during which the measurement does not represent a static operating point and must be excluded 214 

from the steady-state regression. 215 

The two contamination types are removed in two stages. The first gates the time domain, 216 

applying a fixed exclusion window of 2 minutes following each recorded setpoint change event. 217 

This bound is conservative with respect to the longest observed transients and is consistent with 218 

the steady-state verification requirements of ISO 5801:2017, which specifies that measurements 219 
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in fan performance testing shall be taken only after the system has demonstrated stable operation, 220 

defined as less than 1% variation in the measured quantity over a specified observation window 221 

(International Organization for Standardization (ISO) 2017).  222 

The second stage applies an interquartile-range fence (݇ = 1.5) independently within each 223 

operating point to remove residual isolated artefacts, excluding any point whose power value falls 224 

outside the fence. Across both configurations the two-stage filter retains more than 90% of the 225 

acquired samples, with exclusion dominated by the time-domain gate and the IQR stage 226 

contributing less than 1%. 227 

All signal processing and statistical analysis were carried out in Python 3.14.3 using 228 

NumPy (Harris et al. 2020), SciPy (Virtanen et al. 2020), and statsmodels (Seabold and Perktold 229 

2010). Power spectral densities and magnitude-squared coherence were computed with 230 

scipy.signal.welch and scipy.signal.coherence, using a Hann window, 512-s segments, 50% 231 

overlap, and linear detrending (applied to both the spectral density and the coherence). The 232 

coupling band spans periods of 30–512 s, the lower bound above the 2-s Nyquist period and the 233 

upper bound set by the segment length. Band integrals were calculated using 234 

scipy.integrate.trapezoid, and excess kurtosis with scipy.stats.kurtosis, considering the Fisher 235 

definition. Regression, Breusch–Pagan testing, and HC3 standard errors used statsmodels, as 236 

described in Section 3.1.  237 

 238 

2.3 Measurement Uncertainty 239 

 240 

The instrument accuracies are the manufacturer specifications; the full per-instrument 241 

budget is given in Online Resource 2. Propagating them shows that the dominant contribution to 242 

every power-based result is the current-transformer gain error, and that this systematic component 243 

largely cancels in the deviation ratios and configuration comparisons on which the conclusions 244 

rest. 245 

All instruments were factory-calibrated against standards traceable to national metrology 246 

institutes, and the manufacturer accuracies were carried unchanged through the analysis. Three 247 

terms set the uncertainty scale: the current transformers (±3%), which dominate the power chain; 248 

the pressure transducer (±0.5% FS, ≈1 kPa); and the hot-wire anemometer (±2% of reading). The 249 
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NI acquisition modules (±0.17–0.41% of reading) are an order of magnitude smaller, and the NI-250 

9244 samples the phase voltage directly, without an intervening potential transformer. 251 

The error sources divide into systematic and random components, which propagate 252 

differently. The systematic components, namely the CT gain error, the pressure-transducer full-253 

scale error, and the hot-wire calibration factor, are fixed biases of a given sensor over a session; 254 

because every power-based result is a ratio or difference of two values from the same chain (the 255 

SPI, the NDTR, and the ACD/BCD ratio), the CT gain error cancels to first order. The random 256 

components (quantization, electrical noise, turbulence-induced hot-wire scatter, and the block-257 

averaging residual) are suppressed by averaging over the 20–30 min windows and the N = 13–15 258 

operating-point means, so the raw ±3% figure overstates the uncertainty of the reported quantities. 259 

For the derived quantities, the three-phase power adds the voltage and current terms in 260 

quadrature, and the SPI inherits the HC3 standard errors of Section 3.1 without further estimate; 261 

the remaining quantities propagate as follows. For the Normalized Disturbance Transmission Ratio 262 

(NDTR), η = (ߜ ஽ܲ/ ௣ܲ௥௘)/(ݑ/ݑ߂௡௢௠), the setpoints are commanded digitally, so ݑ߂ and u_nom are 263 

treated as exact, and the expression is reduced to the two power terms. The Coupling Energy Index, 264 

CEIₘ (Eq. (5.2)), i.e., the coherence-weighted integral of the pressure spectral density over the 265 

1/512–1/30 Hz analysis band, scales as pressure squared, so the pressure-sensor term enters 266 

doubled and the Welch spectral estimator adds a variance set by the number of averaging segments 267 

K. The coherence weighting adds a further term: with few segments the estimated coherence γₘ² 268 

is biased upward (by approximately 1/K for incoherent signals), which sets a floor below which 269 

an estimated coherence cannot be distinguished from zero. The transient energy, ܧ௧௥௔௡௦,௞ ߜ 270=  ஽ܲ௞ ·  ௦௘௧௧௟௘/60 , takes the settling-time uncertainty directly, together with the decay-profile 271ݐ

uncertainty: the rectangular bound of the equation exceeds a triangular or exponential decay by 272 

approximately a factor of two, which is carried as the lower bound. 273 

Combining the NI-9244 (±0.17%), NI-9227 (±0.37%), and current-transformer (±3%) terms 274 

in quadrature gives a relative standard uncertainty u(P)/P = √(0.17² + 0.37² + 3.0²)% ≈ 3.0%, 275 

dominated by the transformer; this component is systematic and cancels in the SPI and NDTR 276 

ratios, as the pressure-transducer gain error does in the ACD/BCD CEI ratio. The dominant 277 

uncertainty in the transient energy is instead the settling-time assumption, characterized in Section 278 

6.2, which likewise cancels in the configuration ratio. 279 
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The cross-session reproducibility of the regression provides an in-situ check on the combined 280 

random error of the full acquisition-and-processing chain: ߙ஽ and ߙ஼ reproduced to within 0.02% 281 

and 0.6% across two independent sessions recorded on different days (Section 3.2), bounding the 282 

random error of the reported coefficients well below the ±3% raw instrument figure. 283 

3. Steady-State Coupling Identification 284 

 285 

3.1 MISO Regression Model and Sensitivity Placement Index 286 

 287 

Because the three active blowers discharge into a common discharge manifold, each 288 

operates against the same instantaneous manifold pressure. Blower D's power is therefore a 289 

function not only of its own flow but of the flow contributed by every active blower. This 290 

dependence is represented linearly as a multiple-input single-output (MISO) model: 291 

஽ܲ = 0ߚ + ∑ ௜ߙ ∙ ܳ௜௜∈ࣛ +  292 (3.1)          ߝ

where ஽ܲ is the operating-point-mean Blower D electrical power (kW), ࣛ is the set of blowers 293 

active in the configuration under test (three blowers, always including Blower D), ܳ௜ . is the 294 

operating-point-mean volumetric flow of active blower ݅ (m³/s), ߙ௜. is the coupling coefficient of 295 

blower ݅: the marginal Blower D power per unit flow of that blower (kW·s/m³), with, ߙ஽ the self-296 

coupling term 0ߚ is the intercept (kW), and ߝ is the zero-mean residual. Since only Blower D was 297 

instrumented for flow in the second-stage sessions; the neighbor-blower flows, ܳ௜ for ݅ ≠ ܦ were 298 

therefore not measured concurrently but obtained from each blower's individually characterized 299 

power–flow relationship from the screening stage, interpolated linearly over the commanded 300 

setpoint. 301 

The self-coupling coefficient ߙ஽ captures Blower D's own power–flow relationship; the 302 

cross-coupling coefficients ߙ௜ for ݅ ≠  quantify how much each of the other active blowers' flow 303 ܦ

contributes to Blower D's power through the shared manifold. A coefficient near zero would 304 

indicate aerodynamic independence; a positive coefficient indicates that increasing that blower's 305 

flow raises Blower D's power, the signature of head-loading coupling. Coefficients were estimated 306 

by ordinary least squares. Residual diagnostics indicated non-constant error variance across the 307 

range of measured operating conditions, confirmed by a Breusch-Pagan test. Inference therefore 308 
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used heteroscedasticity-consistent (HC3) standard errors, which give reliable finite-sample 309 

coverage for the small sample sizes (N = 13–15 operating points) encountered here. Confidence 310 

intervals on each coefficient follow from the HC3 standard errors and the t-distribution, and are 311 

reported per coefficient in Table 3. Estimation, diagnostics, and HC3 covariances used statsmodels 312 

(Seabold and Perktold 2010) and the setpoint interpolation SciPy (Virtanen et al. 2020). 313 

To compare coupling strength across blowers on a common dimensionless scale, each 314 

cross-coupling coefficient is normalized to the self-coupling coefficient, defining the Sensitivity 315 

Placement Index (SPI): 316 

௝ܫܲܵ  = (  ஽ߙ௝ߙ)   ×  100%   (3.2) 317 

The SPI expresses the influence of any active Blower j ∈ ࣛ on Blower D's power as a 318 

percentage of Blower D's influence on its own power. By construction ܵܲܫ஽ . = 100. A larger SPI 319 

indicates stronger coupling.  320 

3.2 Identified Coefficients and Results 321 

The identified flow-based power models for the two configurations are summarized in 322 

Table 3, which reports each coefficient together with its HC3 standard error, 95% confidence 323 

interval, and p-value. Every cross-coupling term is retained at the 5% level, and the intercepts and 324 

self-coupling terms are estimated with tight intervals in both configurations. 325 

 326 

Config. Term α (kW·s/m³) SE 95% CI p-value 

A-C-D β₀ -24.253 0.994 [-26.21, -22.29] <0.001 

α_D 0.5690 0.0081 [0.553, 0.585] <0.001 

α_C 0.0166 0.0052 [0.006, 0.027] 0.0016 

α_A 0.0439 0.0075 [0.029, 0.059] <0.001 

B-C-D β₀ -24.878 1.054 [-26.95, -22.80] <0.001 

α_D 0.5689 0.0080 [0.553, 0.585] <0.001 

α_C 0.0167 0.0052 [0.007, 0.027] 0.0015 

α_B 0.0518 0.0087 [0.035, 0.069] <0.001 

Table 3. Identified MISO regression parameters for both configurations. Standard errors and 95% confidence 327 

intervals are heteroscedasticity-consistent (HC3). 328 

 329 

Normalizing the identified cross-coupling coefficients from both configurations against 330 

Blower D’s self-coupling term gives the power-domain SPI, listed with its pressure-domain 331 
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counterpart in Section 5.2. Ordering the blowers by SPI shows that coupling strength is not 332 

monotonic in physical distance: the near blower A is the strongest contributor (9.10%), the far 333 

blower E ranks second (7.71%), and the adjacent blower C is the weakest (2.92%). 334 

Both configurations use blowers D and C, providing an internal validation of the regression. 335 

Their coefficients reproduce across the two independent sessions, recorded on different days, to 336 

within tight tolerances: the relative differences are 0.02% for ߙ஽and 0.6% for ߙ஼. These confirm 337 

that the regression captures a stable physical relationship rather than session-specific artefacts.  338 

The central result of the regression is that the coupling does not decrease monotonically 339 

with distance from the target. The adjacent Blower C produces the weakest power coupling 340 

(2.92%), while the more distant blowers A (7.71%) and B (9.10%) produce stronger coupling, with 341 

αC < αA < αB. The coupling of Blower C being the weakest is more robust than the ordering between 342 

the respective couplings of blowers A and B, since the HC3 confidence interval on the difference, 343 ߙ)ܫܥ஻ (஺ߙ −   =  [−0.017,+0.033], overlaps zero.  344 

One interpretation is that a small steady-state coefficient does not necessarily indicate a 345 

weak response to the shared manifold. Because all three blowers discharge into a common header, 346 

a step at Blower C reaches Blower D through the resulting rise in manifold pressure, but that rise 347 

acts on Blower D's power through two terms of opposite sign: at Blower D's existing flow the 348 

higher head increases the work it must do, while the same rise pushes Blower D back along its 349 

own characteristic and reduces its flow, which decreases that work. Where the two contributions 350 

are comparable in magnitude, the net steady-state coupling would be small even though neither 351 

term is individually negligible, so the small coefficient would reflect a cancellation between two 352 

active mechanisms rather than the absence of interaction. Because the two terms are not established 353 

on the same timescale, a steady-state coefficient would also understate the transient response to a 354 

step. Section 3.3 examines this interpretation through a linearized model of the system. 355 

 356 

3.3 Linearized Manifold Model and the Cancellation Condition 357 

 358 

Section 3.2 identified the two opposing terms qualitatively and advanced their near-359 

cancellation as an interpretation of the non-monotonic ordering but did not derive the condition 360 

under which they balance. A linearized model of the shared manifold makes both terms explicit, 361 

fixes the cancellation condition in terms of the measurable characteristic slope, and recasts that 362 
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condition in the dimensionless slope of the blower characteristic to state when it should be 363 

expected to arise. 364 

The model begins with three active blowers discharging into a single header at a common 365 

differential pressure ݌߂ . Linearizing each blower’s pressure–flow characteristic about the 366 

operating point gives, for any blower i: 367 (݌߂)ߜ  =  ܽ௜ · ௜ܳߜ  +  ܾ௜ ·  ௜    (3.3) 368ݑߜ

with ܽ௜  = ௜߲ܳ/݌߂߲   <  0 the local slope of the falling ݌߂–Q curve and ܾ௜  = ௜ݑ߲/݌߂߲   >  0 the 369 

setpoint gain with respect to the commanded VFD setpoint ݑ௜(% of full speed), where ܾ௜ · ௜ݑߜ  =370  0 for every blower except the one being stepped. The header is closed by the system resistance 371 

curve and continuity, respectively: 372 (݌߂)ߜ  = ݎ  · < ݎ   , ௧௢௧ܳߜ  0    (3.4) 373 

where ܳߜ௧௢௧  = ஼ݑߜ) ௜ . Consider now a step applied to Blower C aloneܳߜ ௜ߑ   > ஽ݑߜ , 0  ஺ݑߜ  374=   =  0). Each unstepped blower responds only through the shared pressure, ܳߜ௜  =  ௜. 375ܽ/(݌߂)ߜ 

The stepped blower itself carries the source term, ܳߜ஼ = ݌߂ߜ] − ܾ஼ ·  ஼]/ܽ஼. Substituting both 376ݑߜ

relations into the resistance relation (Eq. (3.4)) with continuity and solving for the manifold 377 

pressure response gives: 378 (݌߂)ߜ  = (஼ܽ/ݎ)− ]  · ܾ஼ · ஼ݑߜ  ] / [ 1 − ݎ  · (1/ܽ஼  +  1/ܽ஽  +  1/ܽ஺) ]     (3.5) 379 

which is positive because every ܽ௜  <  0: an upward step at Blower C raises the shared manifold 380 

pressure by an amount fixed entirely by the measurable characteristic slopes. 381 

Blower D feels that pressure rise through two competing terms in its power balance. With 382 

Blower D’s power written as ஽ܲ  = ݌߂  · ܳ஽/ߟ௙ , where ߟ௙ is Blower D's overall efficiency, 383 

assumed constant over the small perturbation, the first-order power perturbation is: 384 

ߜ 385  ஽ܲ  = ஽ܳ ](௙ߟ/1)  · (݌߂)ߜ  + ݌߂  · [ ஽ܳߜ  = ஽ܳ ](௙ߟ/(݌߂)ߜ)   +  ஽ ]    (3.6) 386ܽ/݌߂ 

 387 

The bracket exposes both terms directly. The first term, ܳ஽  >  0 , is head-loading: the 388 

manifold pressure rise loads Blower D at its current flow. The second term, ݌߂/ܽ஽  <  0 (since 389 ܽ஽  <  0 ), is flow recession: the same pressure rise pushes Blower D back down its own 390 

characteristic, reducing its flow. The net steady-state power coupling is small when ܳ஽  ≈391 
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 ஽|, i.e. when the operating point sits where the two terms are comparable, precisely the 392ܽ/݌߂| 

near-cancellation proposed in Section 3.2 to explain the small power SPI of the adjacent Blower 393 

C, here obtained as a result of the model rather than assumed. The more distant blowers A and B 394 

reach Blower D almost entirely through the pressure term, with negligible direct-flow cancellation, 395 

and therefore impose the larger net coupling. 396 

The two terms do not act at the same instant. The pressure perturbation propagates 397 

acoustically and is therefore effectively instantaneous relative to the flow redistribution, which is 398 

rate-limited by duct inertance. Immediately after the step ܳߜ஽  ≈  0 and only the head-loading 399 

term acts; at steady state both terms are present: 400 

 401 

Transient:     ߜ ஽ܲ  ≈  ܳ஽ ·  ௙    (3.7) 402ߟ/(݌߂)ߜ

Steady state:   ߜ ஽ܲ  =  (ܳ஽  + (஽ܽ/݌߂  ·  ௙  (3.8) 403ߟ/(݌߂)ߜ

 404 

As written, the cancellation condition is dimensional and specific to this installation. 405 

Expressing the characteristic slope in the flow and head coefficients ߮ = ܳ/(ܷ · ߰ ௗ)  andܣ ܷ Section 2.1, tip speed)  (²ܷߩ)/݌߂2 406= = ܴ߱௜௠௣ ), the slope becomes ܽ஽ = (ௗܣ2/ܷߩ) · (݀߰/407 ݀߮).The cancellation condition ܳ஽ ≈  ஽| then reduces to a condition on the local slope of 408ܽ/݌߂|

the dimensionless characteristic: 409 ߮ · (݀߰/݀߮) ≈ −߰    (3.9) 410 

Because Eq. (3.9) is written entirely in dimensionless quantities, the near-cancellation of 411 

the adjacent-blower power coupling is not tied to the dimensions of this installation and is expected 412 

to extend to geometrically similar machines operating where the characteristic slope satisfies it, 413 

subject to verification on other installations. Verifying Eq. (3.9) against the present data, by 414 

extracting ܽ஽ from Blower D's own ݌߂–ܳ curve and comparing ܳ஽with |݌߂/ܽ஽|, is a direct test 415 

of the interpretation advanced in Section 3.2 and is left to future work.     416 

One limitation follows from the lumping. Because all blowers share a single pressure node 417 

in this model, it does not by itself reproduce the position dependence of the coupling (Blower C 418 

versus B versus A). The position-dependent coupling strengths enter through the inter-blower 419 

branch impedances of the physical header, which the lumped model absorbs into the effective 420 

slopes ܽ௜ and resistance r; resolving them spatially is not attempted here, and the model is used 421 



16 

 

only to establish the form of the cancellation condition rather than to predict the position 422 

dependence. 423 

 424 

4. Directional Sensitivity Analysis 425 

 426 

The raw power and flow signals recorded immediately after each scheduled setpoint step 427 

carry information that steady-state averaging discards: the direction of coupling, that is, whether 428 

upward and downward steps couple differently; the relative timing of the power and flow responses; 429 

and the dependence of the coupling on a third blower's operating state.  430 

 431 

4.1 Method: Sessions, NDTR Definition, and Peak Extraction 432 

Four experimental sessions contributed data to this section as listed in Online Resource 3. 433 

Only events in which a single blower steps while all others remain constant are used in the primary 434 

directional means, so that the response can be attributed unambiguously to one blower. Events in 435 

which Blower D steps concurrently with another blower are excluded. The post-step transients 436 

excluded from the steady-state regression are used here, since the peak search requires their time 437 

structure. 438 

The Normalized Disturbance Transmission Ratio (NDTR) quantifies the fractional signal 439 

deviation at Blower D per unit fractional setpoint change at any other blower. A single ratio is 440 

defined for either magnitude, with θ denoting the assessed quantity, Blower D's power P or its flow 441 

Q, 442 

௞ఏߟ   = ௡௢௠ݑ| ௝,௞ݑ݀|௣௥௘,௞ߠ஽,௞ߠ݀              (4.1) 443 

where ߠ is the assessed quantity at Blower D, either its power (kW) or its flow (m³/s); ݀ߠ஽,௞ is the 444 

peak deviation of that quantity within the corresponding search window, taken as the maximum 445 

positive excursion for power and the minimum signed excursion for flow; ߠ௣௥௘,௞ is the pre-step 446 

plateau value of the same quantity (mean of final 3 min before step); |݀ݑ௝,௞|is the absolute setpoint 447 

step magnitude of blower ݆ (%); and ݑ௡௢௠ = 60% is the normalization reference setpoint. 448 
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These formulations are structurally equivalent to the normalized open-loop step-response 449 

gain of Ljung (Ljung 1999) and to the Bristol Relative Gain Array interaction measure (Bristol 450 

1966), adapted here to a single instrumented output (Blower D) with multiple disturbance inputs 451 

(the other blowers). The power NDTR uses the absolute peak because coupling events always raise 452 

Blower D's power; the flow NDTR retains its sign because the direction of the flow excursion is 453 

itself diagnostic. 454 

When a blower changes its setpoint, the perturbation reaches Blower D first as a pressure 455 

wave and only later as a flow redistribution. The pressure wave travels at the speed of sound 456 

(around 343 m/s) and crosses the approximately 8 m manifold in about 0.02 s, instantaneous on 457 

the 1 Hz sampling grid, so Blower D's power responds within the first sampling interval, whereas 458 

the bulk flow response is governed by the duct inertance ܣ/ܮ  and evolves according to the 459 

unsteady momentum balance, ௗொௗ௧ = ( 1௅/஺ )  ·  (݀ ௙ܲ௔௡  −  ݀ ௠ܲ௔௡௜௙௢௟ௗ). Because ܣ/ܮ is larger for 460 

blowers further from the manifold outlet (ܮ and ܣ being the length and cross-sectional area of the 461 

duct path from the blower to the manifold, and ܣ/ܮߩ the acoustic inertance, with ρ the air density), 462 

this equation predicts that the power signal peaks earlier than the flow signal, with a lag that grows 463 

with the inertance of the affected path. For each single-blower upward step the times of maximum 464 

power deviation and minimum flow deviation were located independently within a wide 5-minute 465 

window; the power-before-flow lag was significant (one-sample t-test, ݌ < 0.05), and the 95th-466 

percentile peak times plus a 0.5-minute safety margin set the adopted window widths of ݐ௪௜௡,௉ =467 2.0 min for the fast power peak and ݐ௪௜௡,ொ = 3.0 min for the slow flow trough. 468 

Unlike the power NDTR, which uses the absolute peak (always positive for coupling 469 

events), the flow NDTR retains the sign of ݀ܳ஽,௞. This sign carries direct physical meaning: ߟொ  < 470 

0 for upward steps (ݑ߂ > 0) blower D's flow decreases when any blower steps up. The higher 471 

manifold pressure pushes Blower D toward lower volumetric output along its ݌߂–ܳ characteristic. 472 ߟொ  > 0 for downward steps (ݑ߂ < 0) blower D's flow increases when any blower steps down. The 473 

lower manifold pressure allows Blower D to deliver more flow.  474 

This sign pattern, negative flow NDTR for upward steps, positive for downward, is the 475 

aerodynamic signature of manifold pressure coupling. It is opposite to what a direct flow-addition 476 

(non-coupled) mechanism would produce, where an increase in a neighbor blower’s flow would, 477 
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if anything, raise the total and not suppress Blower D's individual delivery. The observed sign 478 

therefore distinguishes genuine shared-pressure coupling from mere flow superposition. 479 

For each step-change event ݇ , two peak deviations are extracted from Blower D's raw 480 

signals relative to the pre-step plateau. The power deviation ߜ ஽ܲ,௞  is the maximum positive 481 

excursion within the power search window: 482 ߜ ஽ܲ,௞  = (ݐ)஽ܲ }ݔܽ݉   −  ௣ܲ௥௘,௞  |  ݐ] ݊݅ ݐ௦௧௘௣, ௦௧௘௣ݐ  +  ௪௜௡,௉ ] }   (4.2)    483ݐ 

The pre-step plateau, ௣ܲ௥௘,௞  is the mean power of the final 3 minutes of the clean plateau 484 

preceding step ݇, and ݐ௦௧௘௣ is the time at which the setpoint step is commanded. The signed flow 485 

deviation ܳߜ஽,௞ is the corresponding minimum (most negative) excursion within the flow search 486 

window, where ܳ௣௥௘,௞ is the pre-step flow plateau defined in the same way as ௣ܲ௥௘,௞: 487 ܳߜ஽,௞  =  ݉݅݊{ ܳ஽(ݐ) − ܳ௣௥௘,௞  |  ݐ] ݊݅ ݐ௦௧௘௣, ௦௧௘௣ݐ  +  ௪௜௡,ொ] }   (4.3) 488ݐ 

Each candidate power response was validated against the concurrent flow signal. A power 489 

excursion was accepted as a genuine coupling response only when a corresponding flow deviation 490 

occurred at the same time; isolated power excursions with no concurrent flow response were 491 

identified as electrical artifacts and excluded from the analysis. This criterion was applied 492 

uniformly to all events. 493 

The directional mean NDTR values are defined for each magnitude θ, with the subscript ± 494 

denoting the sign of the setpoint step: 495 ܵ±ఏ = (ݑ݀)݊݃ݏ | ௞ఏߟ )݊ܽ݁݉  = ±).    (4.4) 496 

The principal hypothesis tested is the directional sign reversal of Blower D's flow response: 497 

the flow NDTR is negative for upward steps (Δu > 0) and positive for downward steps (Δu < 0). 498 

A secondary hypothesis holds that the power channel shows the same directional asymmetry: 499 1ܪ:  ܵ+௉  >   |ܵ−௉|.  The dispersion of each directional mean across the tested setpoint levels 500 

reported as the standard deviation of η, or as the range where only a small number of events is 501 

available. The coefficient of variation is not used because the NDTR values are small and, in 502 

several cases, change sign across the tested setpoint levels, the coefficient of variation is undefined 503 

or uninformative as the mean approaches zero. The standard deviation is instead reported as a 504 

descriptive dispersion measure only, and the consistency of the flow response is characterized by 505 

the reliability of its sign across events, assessed by a sign test and by a Fisher exact test of step 506 

direction against response sign, rather than by its relative variance. 507 
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4.2 Flow and Power NDTR Results 508 

 509 

The signed flow NDTR is the central result of this section. Across every valid upward step, 510 

the flow NDTR is negative: a neighbor blower's upward step reduces Blower D's flow. Across 511 

downward steps it is predominantly positive: a neighbor blower's downward step increases Blower 512 

D's flow. Eleven of eleven valid upward events show a negative flow NDTR (sign test, p = 0.001), 513 

with one further upward event excluded because of a pre-step baseline drift. The downward 514 

direction is positive in six of eight events, which is not individually statistically significant. This 515 

directional sign reversal is the signature of manifold head-loading coupling, and it is the finding 516 

on which this section rests. 517 

The sign reversal is mechanistically diagnostic rather than incidental. A direct flow-518 

addition mechanism would not suppress Blower D's delivery when a neighbor blower steps up; 519 

only a shared-pressure pathway produces suppression on upward steps and relief on downward 520 

ones. The consistency of the effect across all eleven valid upward events, extending to both 521 

configurations and the full range of the tested setpoint levels, establishes the coupling 522 

independently of the power channel.  523 

The flow response reveals a clear directional structure that the power channel does not. Fig. 524 

3a shows the flow NDTR for every step event, separated by direction. Upward steps of a neighbor 525 

blower consistently reduce Blower D's flow (negative flow NDTR), and downward steps increase 526 

it (positive flow NDTR). This sign reversal is the defining signature of head-loading coupling 527 

through the shared manifold pressure: when a neighbor blower raises its output, the manifold 528 

pressure rises and pushes Blower D back along its own characteristic, reducing its flow; the reverse 529 

occurs when a neighbor blower reduces its output. A direct flow-addition mechanism would 530 

produce the opposite sign pattern. The signature is highly reliable, all eleven valid upward events 531 

are negative, whereas the corresponding power response shows no consistent relationship between 532 

step direction and sign (Fig. 3, Table 4), confirming that the directional coupling is carried by flow 533 

redistribution rather than by a directional change in Blower D's power. 534 

 535 

 536 

 537 
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 543 

 544 

 545 

 546 

 547 

 548 

Figure 3. a) Flow and b) power NDTR by step direction.  549 

Table 4 collects the directional mean power and flow NDTR, with event counts and 550 

dispersion, for every reliable event group. In the power channel the adjacent Blower C in ACD is 551 

the best-covered case: three upward events (ݑ߂஼ = +20) spanning low, mid, and high operating 552 

levels yield ܵ+஼௉= +0.069 ±  0.032, so a 1% rise in Blower C's setpoint changes Blower D's 553 

power by less than a tenth of a percent. The downward direction gives ܵ−஼௉= +0.031 ±  0.161, 554 

a mean smaller than its own dispersion and therefore directionally unresolved. Both directional 555 

power means are small relative to their dispersion, so the power channel does not resolve the 556 

asymmetry ܵ+௉≫ |ܵ−௉| of hypothesis H1. The head-loading mechanism is established instead 557 

by the flow channel, where the same Blower C events give a mean flow NDTR of −0.090 ± 0.062 558 

on upward steps and +0.071 ± 0.076 on downward steps. 559 

Both blowers give comparably small power responses: Blower A at header position 3 gives 560 ܵ+஺௉= +0.008 ±  0.054 (pooled over the two ACD sessions after a session-consistency check) 561 

and Blower B at position 2 gives ܵ+஻௉= +0.032 ± 0.012. Blower A's power mean is smaller than 562 

its own dispersion and, like the other power NDTR, should be read as directionally uninformative 563 

rather than precisely resolved; its longer flow path also carries the larger inertance. 564 

 565 

 566 

 567 

 568 
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Blower Config n ࡼࣁ (mean ± SD) ࡽࣁ (mean ± SD) 
S+  (upward step) 

C ACD 3 +0.069 ± 0.032 −0.090 ± 0.062 

C BCD 2 +0.018 ± 0.037 −0.045 ± 0.023 

B BCD 3 +0.032 ± 0.012 −0.088 ± 0.047 

A ACD 4 +0.008 ± 0.054 −0.091 ± 0.070 

S−  (downward step) 
C ACD 3 +0.031 ± 0.161 +0.071 ± 0.076 

C BCD 2 −0.012 ± 0.092 +0.079 ± 0.072 

B BCD 1 +0.032 −0.005 

A ACD 2 −0.008 ± 0.082 +0.008 ± 0.035 

Table 4. Directional NDTR by step direction, blower, and configuration. 569 

Flow and power NDTR both have small magnitude; therefore the coupling is not 570 

characterized by the size of either response but by whether the step direction determines the sign 571 

of the response. Step direction is a statistically significant predictor of the sign of the flow response 572 

(Fisher exact test, ݌ = 0.001 ), but not of the sign of the power response (݌ = 0.35 ). The 573 

directional coupling is therefore expressed as a sign-coherent flow response, consistent with 574 

manifold head-loading: the step alters the manifold pressure, and that pressure change redistributes 575 

flow among the blowers discharging into the common header, while the power response carries no 576 

comparable directional signature. The small transient power coupling is consistent with the small 577 

steady-state power SPI reported in Section 3.2, where the adjacent Blower C contributes only 2.92% 578 

of Blower D's self-coupling term, so the transient and steady-state analyses agree. The power 579 

NDTR is uniformly small across all blowers and configurations, with no blower producing a 580 

dominant power response; the power channel therefore supports no cross-configuration ordering, 581 

and the steady-state regression of Section 3.2 remains the reference for relative power coupling 582 

strength. 583 

 584 

4.3 Agreement Between Transient and Steady-State Coupling 585 

The NDTR and the MISO regression measure related but distinct quantities: the regression 586 

coefficient αj is a steady-state gain (Blower D power per unit change in blower j flow, once settled), 587 

whereas ܵ+௝௉is a transient gain (peak fractional power excursion per unit fractional setpoint step). 588 

The two therefore differ in timescale (settled plateaus versus a transient peak within about 2 min), 589 

in mechanism (steady-state flow redistribution versus head perturbation during the transient), in 590 
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input variable (blower flow ܳ௝ versus setpoint step ݑ߂௝), and in directionality (a single symmetric 591 

coefficient versus separate S+ and S− means). 592 

For Blower C the two analyses agree rather than conflict. Blower C has the weakest steady-593 

state power SPI (2.92%) because its flow-recession and head-loading terms partially cancel once 594 

settled, and its transient power excursion is likewise small (ܵ+௉ =  +0.069 ±  0.032 ), so the 595 

cancellation that suppresses the steady-state term is not offset by a large transient one. The small 596 

transient power coupling is consistent with the small steady-state power SPI of Section 3.2, so the 597 

transient and steady-state analyses agree. The physical result is carried by the flow channel instead. 598 

Upward steps suppress Blower D's flow (−0.090 ±  0.062 for Blower C in ACD) and downward 599 

steps relieve it (+0.071 ±  0.076 ), a sign reversal that only a shared-pressure pathway can 600 

produce, which identifies the mechanism as manifold head-loading. Recomputed over a grid of 601 

power, flow, and settling windows, ܵ+஼௉ kept the sign of the flow NDTR unchanged in every valid 602 

event, so the directional result is not an artefact of window choice. 603 

Three limitations qualify the directional results. First, as noted in Section 4.2, the 604 

downward-step flow response is not individually statistically significant; only the upward-step 605 

sign signature (݌ =  0.001) and the overall association between step direction and the sign of the 606 

flow response (Fisher exact test, ݌ =  0.001) are significant. Second, the step magnitudes were 607 

asymmetric (+20% against −10%) to reflect the system's operating range; the NDTR normalization 608 

of Eq. (4.1) accounts for magnitude, but non-linearity between ±10% and ±20% cannot be 609 

excluded. Third, the 25 kHz power signal was burst-sampled in 19.5 s windows once per minute, 610 

so events whose peak fell in an inter-burst gap give a lower-bound ߜ ஽ܲ,௞; extraction was therefore 611 

restricted to events with burst coverage containing the peak. 612 

5. Manifold Pressure Fluctuation Quantification 613 

 614 

5.1 Signal Decomposition and Dynamic Regime 615 

 616 

The manifold differential pressure is analyzed per operating point, each operating point 617 

being a fixed combination of the three active blowers' setpoints. Within operating point ݉ the 618 

pressure signal is decomposed into a steady baseline and a zero-mean fluctuation: 619 
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(ݐ)݌߂ = ௠̅̅݌߂ ̅̅ ̅̅ +  in operating point ݉   (5.1) 620 ݐ    (ݐ)′௠݌߂

where ݌߂௠̅̅ ̅̅ ̅̅  is the operating-point-mean baseline pressure (kPa), from the settled second half of 621 

the operating point and ݌߂௠′(ݐ)  is the zero-mean within-operating-point fluctuation (kPa), by 622 

construction ⟨݌߂௠′⟩ = 0. 623 

  An operating point is admitted to the spectral analysis only if it is genuinely settled, 624 

quantified by the acceptance criterion that the absolute mean of the de-trended fluctuation, relative 625 

to its standard deviation, is small, lesser than 0.10. 626 

Two operating points from ACD session 4 and BCD session 5 fail this criterion because 627 

they contain the tail of a large preceding transient; they are excluded from the spectral analysis but 628 

retained for the steady-state regression, where the settled-half mean is still valid. The residual 629 

measurement noise floor, estimated from the quietest settled operating points, is ߪ௡௢௜௦௘ = 0.052 630 

kPa and is used as the reference scale throughout this section. 631 

Before the pressure fluctuations can be interpreted as coupling signatures, surge or rotating 632 

stall must be excluded. Figure 4a shows the fluctuation at an operating point common to both 633 

configurations (Blower A-B/C/D = 60/60/50); as Figure 4b shows, the fluctuation is platykurtic at 634 

every admitted operating point, so the point displayed is representative. 635 

Liśkiewicz et al. (Liśkiewicz et al. 2014) established that excess kurtosis ߢ is a sensitive 636 

surge precursor in centrifugal blowers: heavy tails and intermittent spikes drive ߢ strongly positive 637 

as a machine approaches instability, whereas quasi-static operation yields a flat-topped, sub-638 

Gaussian distribution with ߢ < 0 . Here the excess kurtosis of the within-operating-point 639 

fluctuation is negative at every admitted operating point across all sessions, so the fluctuations are 640 

platykurtic, bounded, and free of the heavy tails and large excursions that accompany surge or 641 

rotating stall; none of the 32 admitted operating points shows incipient instability. 642 

Consistent with this, the classification is corroborated by the Greitzer B-parameter 643 

(Greitzer 1976), the dimensionless group that governs whether a compression system responds to 644 

a perturbation quasi-statically or dynamically. A second check concerns acoustic rather than surge 645 

behavior: the Helmholtz resonance frequency, the natural frequency at which a plenum gas 646 

oscillates against the inertance of the discharge duct. Both parameters depend on the same plenum 647 

volume, which is therefore identified once here and used for both checks. 648 
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The relevant volume is the enclosed gas volume between the blower discharge and the 649 

submerged diffusers. The far larger aeration basin does not contribute to the pneumatic compliance: 650 

the air passes directly into the mixed liquor, so the basin acts as an open sink rather than a Greitzer 651 

plenum. As no discrete plenum vessel exists, the volume is estimated from the manifold and 652 

discharge-duct geometry and is therefore uncertain. 653 

Because the Greitzer parameter scales with the square root of the plenum volume, the 654 

quasi-static classification is insensitive to this estimate: with the measured values of ܤ ≈ 0.23 −655 0.32, the plenum volume would have to be underestimated by at least a factor of about 2.5 for B 656 

to reach the surge-onset threshold (ܤ ≈ 0.5), and by at least roughly a factor of five to reach the 657 

upper bound of the surge band. Evaluated from the Greitzer parameter ܤ = (ܷ/2ܽ) ·658 √( ௣ܸ/(ܣௗ · ܽ ௗ))  (Greitzer 1976), whereܮ ≈ 343  m/s is the speed of sound, ௣ܸ  the plenum 659 

volume and ܮௗ  the effective discharge-duct length, using the duct geometry and the estimated 660 

plenum volume (ܣௗ  = 0.03142 m² for the DN200 discharge, ௣ܸ ≈ 0.5  m³, ܮௗ ≈ 8  m) and the 661 

impeller tip speed at each setpoint, ܤ = 0.228,0.273 and 0.319 at the 50%, 60% and 70% setpoints 662 

respectively, far below the critical threshold of approximately 0.5–0.7, confirming quasi-static 663 

operation, as shown in Figure 4c. 664 



25 

 

 665 

Figure 4. Dynamic regime of the manifold. (a) Manifold pressure fluctuation within a steady operating point 666 

(Blower A-B/C/D = 60/60/50). (b) Excess kurtosis of the pressure fluctuation at all admitted operating points. (c) 667 

Greitzer stability parameter B at each Blower D setpoint, computed from the system geometry and operating 668 

conditions.  669 

The acoustic check confirms that the observed coupling-band oscillations are not a 670 

resonance of the plenum-duct system. Evaluated from the same geometry, the Helmholtz 671 

resonance frequency of the manifold, ு݂ = (ߨ2/ܽ) · )/ௗܣ)√ ௣ܸ · ௗ)) , is ு݂ܮ ≈ 4.8  Hz (period, 672 

ுܶ ≈ 0.2 s), which lies about three orders of magnitude away from the coupling band of interest, 673 

[30, 512] s. This separation is likewise insensitive to the plenum estimate: since the Helmholtz 674 

frequency scales with the inverse square root of the plenum volume, the estimated volume would 675 

have to be larger by roughly four orders of magnitude before the resonance descended into the 676 

coupling band. The slow coupling-band oscillations observed in the pressure signal are therefore 677 
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not Helmholtz resonance; they reflect the quasi-static redistribution of flow and pressure among 678 

the blowers in response to setpoint changes and control action. 679 

The distribution shape thus establishes quasi-static operation independently of geometry, 680 

and both geometry-based checks agree with it, confirming the physical premise of the head-loading 681 

interpretation of Section 4. 682 

 683 

5.2 Pressure-Domain Regression and Configuration Comparison  684 

The manifold pressure is a shared variable to which every active blower contributes directly, 685 

the coupling is visible in the measured magnitudes before any model is fitted, as shown in Figure 686 

5). Raising either active neighbor blower’s setpoint from 50% to 70% increases Blower D's 687 

manifold pressure by approximately 1 kPa at every Blower D setpoint, far exceeding the within-688 

operating-point fluctuation (approx. 0.06 kPa), so the coupling is resolved without any spectral or 689 

statistical processing. Both blowers A and C in the ACD produce this shift. Blower B in the BCD 690 

configuration, produces the same coupling, a shift of 0.97–1.04 kPa for a 50–70% step; its per-691 

level dependence is not shown separately, as the partial, multi-session BCD dataset does not 692 

support a clean single-session curve. The figure establishes the coupling and its approximate 693 

magnitude; the regression that follows converts these shifts into per-blower coefficients on a 694 

common scale, comparable directly with the power-domain SPI of Section 3. 695 

 696 

 697 

 698 

 699 

 700 

 701 
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 702 

a)                                                    b) 703 

Figure 5. Inter-unit coupling in the pressure magnitude. Operating-point-mean manifold pressure at Blower D 704 

versus each active neighbor blower’s setpoint, at three Blower D setpoints, in the ACD configuration: (a) varying 705 

Blower C (Blower A held at 60%); (b) varying Blower A (Blower C held at 60%). 706 

The same MISO regression methodology applied to power in Section 3.1 is used to quantify 707 

these shifts. Equation (3.1) is now applied to the operating-point-mean manifold pressure, 708 

regressing ݌߂. on the active blowers' flows, with the pressure regression coefficients denoted ߁ in 709 

place of the power-domain ߙ terms. The pressure-domain Sensitivity Placement Index is defined 710 

exactly as in Eq. (3.2), with each cross-coupling coefficient ߁௝  normalized to the self-coupling 711 

coefficient ߁஽  in place of the power-domain ߙ  terms. The resulting coefficients and pressure-712 

domain SPI values are reported in Table 5, alongside the power-domain SPI of Section 3 for 713 

comparison, consistent with the ~1 kPa shift of Figure 5.  714 

Blower 

(header 

position) 

௝߁  Pressure SPI Power SPI Interpretation 

D (0, target) 0.0631 100% 100% Reference 

C (1, adjacent) 0.0314 49.76% 2.92% Pressure reveals Blower C's true 

coupling (17× the power SPI) 

B (2, near) 0.0545 88.04% 9.10% Pressure SPI 10× power SPI 

A (3, far) 0.0474 75.11% 7.71% Non-monotonic ordering 

confirmed independently 

Table 5. Pressure-domain and power-domain SPI by blower and header position.  715 
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Whether the two configurations differ in steady-state pressure coupling is tested directly 716 

by pairing operating points with identical setpoints across ACD and BCD and comparing the 717 

operating-point-mean pressures. Across the 13 matched pairs, the mean pressure difference 718 

between configurations is −0.063 kPa, with a 95% confidence interval from −0.193 to +0.068 kPa. 719 

A paired ݐ-test on 12 degrees of freedom returns 1.05− = ݐ at p = 0.32, and Cohen's ݀ of −0.29 720 

indicates a small effect size. The interval includes zero and bounds any difference below 721 

approximately 0.5% of the mean manifold pressure, so at identical operating conditions the two 722 

configurations produce the same steady-state manifold pressure. This matched-condition null 723 

isolates any configuration difference to the fluctuation domain, which Section 5.3 quantifies. 724 

The pressure regression resolves the non-monotonic puzzle of Section 3. In the power 725 

domain, Blower C's coupling appeared weak, because its flow-recession and head-loading terms 726 

partially cancel at Blower D's power. In the pressure domain, where no such cancellation occurs, 727 

Blower C's coupling is correctly revealed as strong, about seventeen times its power-domain value. 728 

The pressure SPI therefore measures the true coupling strength and confirms that all three neighbor 729 

blowers couple substantially to the manifold (50–88%), with the ordering C < A < B by header 730 

proximity to the manifold reference. 731 

 732 

5.3 Coupling Energy Index  733 

 734 

The Coupling Energy Index (CEI) quantifies how much of the manifold-pressure 735 

fluctuation energy is genuinely driven by the neighbor blower. The analysis band spans periods 736 

from 30 s to 512 s. The lower bound lies well above the 2 s Nyquist period of the 1 Hz acquisition, 737 

so the band is resolved without aliasing; the upper bound (512 s) is set by the Welch segment length 738 

and is contained within every operating-point record. 739 

The CEI of operating point ݉ is the coherence-weighted integral of the pressure power 740 

spectral density over the analysis band, i.e., the band-integrated coherent output power spectrum 741 

(Bendat and Piersol 2010), 742 ܫܧܥ௠ = ∫ ௠21/301/512ߛ (݂) ௱ܵ௣೘′(݂)݂݀   [kPa²]  (5.2) 743 

where ߛ௠2 (݂)  is the magnitude-squared coherence between the neighbor blower's setpoint (the 744 

excitation) and the manifold pressure, ௱ܵ௣೘′(݂)  is the one-sided power spectral density of 745 ݌߂௠′(ݐ) (kPa²/Hz), and [1/512, 1/30] Hz is the analysis band, i.e. periods from 30 s to 512 s. 746 
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The CEI is not a new spectral quantity; it adapts the coherent output power (COP) spectrum, 747 

a coherence-based source-contribution technique formalized in the single-input/single-output 748 

spectral scheme of Bendat and Piersol [34]. For a linear system with a measured input and output, 749 

the ordinary coherence γ²(f) gives the fraction of the output auto spectrum that is linearly 750 

attributable to that input. The product γ²(f)·S(f) is therefore the part of the output power explained 751 

by the input, while the remainder [1 − γ²(f)] ·S(f) arises from unmeasured inputs, nonlinearity, and 752 

noise [34], [35]. COP remains a standard tool for separating the contribution of a reference source 753 

from that of other incoherent sources measured at the same receiver. Recent work uses it to 754 

estimate the contribution of in-duct core-noise sources in aircraft engines from duct pressure 755 

sensors [36] and extends it to multiple partially coherent references with a significance threshold 756 

that suppresses spurious coherence arising from finite record lengths [35]. Here the same 757 

decomposition is carried over to the aerodynamic domain: the neighbor blower's setpoint acts as 758 

the reference source, the manifold pressure is the output, and integrating the COP over the analysis 759 

band yields a single energy attributable to inter-unit coupling. This complements earlier uses of 760 

pressure spectra to characterize blower flow phenomena [31], which describe the total fluctuation 761 

energy but do not attribute it to a specific source. 762 

Inter-unit coupling and operational drift overlap in frequency and therefore cannot be 763 

separated by a frequency cut. The coherence weighting performs that separation instead: at each 764 

frequency it retains the fraction of the pressure fluctuation driven by the neighbor blower and 765 

suppresses the incoherent contributions of drift and measurement noise. The pressure spectral 766 

density is estimated by Welch's method (Welch 1967; Bendat and Piersol 2010), which splits the 767 

series into overlapping windowed segments and averages their periodograms to reduce the 768 

variance of the spectral estimate (Hann window, linear detrending). Applied to the 1 Hz pressure 769 

fluctuation series, this yields 7–9 independent frequency bins per operating point. Because 770 

Parseval's theorem states that a signal's total energy is the same in the time and frequency domains 771 

(Bendat and Piersol 2010), integrating the spectral density over frequency recovers the total 772 

fluctuation variance.  773 

Figure 6a shows the resulting raw spectral density for a representative session (ACD, 774 

session 4); its energy is spread across the whole analysis band, with no isolated peak that would 775 

separate coupling from drift. The coherent fraction of the band energy is reported as, ݊݋݅ݐܿܽݎܨ௠ =776 
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100 × ′௠݌߂ ௕௔௡ௗ,௠ is the unweighted band energy ofܧ ௕௔௡ௗ,௠  [%], whereܧ/௠ܫܧܥ  so the 777  ,(ݐ)

fraction gives the proportion of band fluctuation energy attributable to the neighbor blower.  778 

The coherence between the neighbor blower's setpoint and the manifold pressure is shown 779 

in Figure 6b. It is substantial and broadband in every session, with session means of 0.51–0.90, so 780 

the coupling is coherent across the full analysis band rather than concentrated at any single 781 

frequency. Across the four stepping sessions the coherent fraction averages approximately 70% of 782 

the band fluctuation energy, with a range of 48–84% and a mean coherence of ²ߛ = 0.71 . 783 

Therefore, most of the manifold-pressure fluctuation is genuine inter-unit coupling rather than drift 784 

or noise. 785 

 786 

Figure 6. (a) Raw pressure spectral density for a representative session (ACD, session 4). (b) Magnitude-squared 787 

coherence γ² (period) between the neighbor blower's setpoint and the manifold pressure for all four stepping 788 

sessions.  789 

 790 

The coherent CEI varies between repeated sessions of the same configuration by up to a 791 

factor of about 1.7 (ACD: 1.28 and 0.74 × 10⁻² kPa²; BCD: 0.70 and 1.17 × 10⁻² kPa²). This is an 792 

improvement over the raw fluctuation energy, whose session-to-session variability is larger, but 793 

the coupling energy retains appreciable session dependence, consistent with the day-to-day 794 

variation in the operating environment noted for the reproducibility of the within-session 795 

comparisons. On average, however, the two configurations are essentially equivalent in coupling 796 

energy (ACD/BCD ratio 1.08). 797 
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 798 

5.4 Cross-Validation Tests 799 

 800 

Three tests cross-check the head-loading interpretation against the operating-point means 801 

(14 ACD operating points from session 4; 12 pooled BCD points): Test 1, the Pearson correlation 802 

between manifold pressure and Blower D power; Test 2, their partial correlation after residualizing 803 

both on Blower D's flow by ordinary least squares; and Test 3, a two-sided Mann–Whitney U 804 

comparison between configurations of the dimensionless ratio ߎ௢௣ = ݌߂ · ܳ஽/ ஽ܲ . Operating-805 

point means use the recorded burst samples only; full results are given in Online Resource 4. 806 

Pressure and Blower D power are positively correlated in both configurations, significantly 807 

for ACD (r = 0.67, p = 0.009) and marginally for BCD (r = 0.53, p = 0.078); apart from noise, the 808 

unexplained 55–72% of the pressure variance reflects the independent contribution of the neighbor 809 

blowers, which is the coupling signal. Controlling for Blower D's own flow largely removes the 810 

relationship: the partial correlation falls to r = −0.04 (p = 0.89) for BCD and to a non-significant r 811 

= 0.44 (p = 0.11, 11 residual degrees of freedom) for ACD, where part of the residual may stem 812 

from operating-point variation in the centerline-flow bias. The ratio ߎ௢௣ is consistent across 813 

operating points (CV = 5.9% for ACD and 10.1% for BCD, the latter includes pooled session-to-814 

session variation) and does not differ between configurations (U = 87, p = 0.90), both operating 815 

Blower D at ߎ௢௣≈ 2.2. 816 ߎ௢௣  exceeds unity because Δp is the shared manifold pressure maintained by all three 817 

active blowers rather than Blower D's own head, and because the uncorrected centerline flow is 818 

high by 17–22%. What matters physically is its low within-configuration scatter and the absence 819 

of a between-configuration difference: Blower D operates at the same aerodynamic point whether 820 

the third active blower is A or B. 821 

The three tests converge on a single picture: pressure and Blower D power are genuinely 822 

related, but the relationship is largely mediated by Blower D's flow, which is the head-loading 823 

signature in the operating-point-mean domain, and both configurations operate Blower D at the 824 

same aerodynamic ratio. Together with the matched-condition pressure null of Section 5.2, the 825 

directional flow signature of Section 4, the platykurtic distributions, and the sub-critical Greitzer 826 

B, these tests form a mutually consistent body of evidence for quasi-static head-loading coupling. 827 

 828 
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6. Energy Implications of Aerodynamic Coupling 829 

 830 

6.1 Within-Operating-Point Fluctuation Penalty 831 

 832 

The first mechanism is the additional power consumed at Blower D because of the 833 

continuous manifold pressure oscillations within an operating point. Because Blower D operates 834 

on a non-linear pressure-flow characteristic, fluctuating pressure produces a first-order power 835 

fluctuation proportional to the covariance of the pressure and flow fluctuations: 836 ߜ ௙ܲ௟௨௖௧  = ′஽݌߂⟩ (ݐ) ·  ܳ஽′ ௙ߟ⟨(ݐ)     [kW]   (6.1) 837 

where ݌߂஽′(ݐ)and ܳ஽′(ݐ) are the zero-mean within-operating-point fluctuations of the manifold 838 

pressure and Blower D's flow, and the angle brackets denote a time average. An upper bound 839 

independent of the phase relationship follows from the Cauchy–Schwarz inequality: ߜ ௙ܲ௟௨௖௧ ௉ொݎ   840≥    · ′௱௣ߪ   · ఙೂ′ఎ೑   . Where ݎ௉ொ ≤ 1  is the correlation coefficient between the pressure and flow 841 

fluctuations. Because the Cauchy–Schwarz inequality guarantees that its magnitude cannot exceed 842 

unity, the bound is independent of the pressure–flow correlation and is evaluated at its limiting 843 

value of one, so that it reduces to the product of the two fluctuation standard deviations divided by 844 

the blower efficiency. Here ߪ௱௣′  is the within-operating-point pressure fluctuation standard 845 

deviation (ߪ௡௢௜௦௘ = 0.052 kPa, Section 5.1), ߪொ′  is the within-operating-point flow fluctuation 846 

standard deviation (≈ 0.0115  m ³ /s ≈ 0.8%  of mean flow), and ߟ௙  is Blower D's overall 847 

efficiency, as in Section 3.3 (≈ 0.70 for a turbo blower). Substituting these values gives an upper 848 

bound of ≈ 0.00085 kW (0.85 W), which relative to Blower D's mean operating power of 849 

approximately 25 kW is ≈ 0.0034%. Because the noise floor from Section 5.1 is estimated from 850 

the quietest settled operating points, it is a reference scale rather than the largest within-operating-851 

point pressure fluctuation; however, the bound scales linearly with the pressure standard deviation, 852 

so even a fluctuation ten times larger (≈0.5 kPa) would raise the penalty only to ≈8.5 W (≈853 

0.034% of Blower D's operating power), which remains negligible. 854 

The fluctuation penalty is about four and a half orders of magnitude below Blower D's 855 

operating power and well below the resolution of the power analyzer. It is therefore negligible, 856 

physically unmeasurable, and excluded from the energy balance. 857 
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 858 

6.2 Transient Coupling Energy 859 

 860 

The second mechanism is the transient excess power expended at Blower D during a 861 

neighbor-blower step change. It is the largest of the three but remains small in absolute terms. 862 

Consistent with the head-loading mechanism established in Section 3.3, an upward neighbor-863 

blower step causes a Blower D power excursion that decays over the settling time. The energy of 864 

one such transient is the time integral of excess power. 865 

If the transient is bounded by its peak deviation held over the settling time (a rectangular, 866 

conservative upper-bound approximation), the per-event energy is, 867 ܧ௧௥௔௡௦,௞ = ߜ  ஽ܲ,௞ ௦௘௧௧௟௘60ݐ ×  [kWh]   (6.2) 868 

where ߜ ஽ܲ,௞ represents the peak power deviation at Blower D following step ݇ (kW), from the 869 

NDTR extraction,  ݐ௦௘௧௧௟௘ is the settling time, the interval for the power to return within 5% of 870 

baseline. The base case considered is 1.0 min. Also, the expression is divided by 60 to convert 871 

from kW·min to kWh. 872 

The peak deviation relates to the NDTR coupling gain of Section 4 by, ߜ ஽ܲ,௞  = ௞ߟ  ·873  ௣ܲ௥௘.௞  ·  |௱௨ೕ,ೖ|௨೙೚೘  , so that a known NDTR, ߟ௞  pre-step power, ௣ܲ௥௘,௞  and step magnitude fully 874 

determine the transient energy. Equation (6.2) adopts a rectangular (conservative upper-bound) 875 

profile; a triangular or exponential decay would reduce the energy by approximately a factor of 876 

two, and this is carried as the lower bound in the uncertainty analysis of Section 2.3. 877 

Each per-step energy was computed from the extracted peak deviations via Eq. (6.2) and 878 

summed by configuration. Blower C upward steps dominate both configurations, contributing 84.9% 879 

of the ACD and 88.6% of the BCD transient energy, giving per-session totals of ≈0.028 kWh (ACD) 880 

and ≈0.012 kWh (BCD).  881 

Both configurations therefore expend only a small transient coupling energy per equivalent 882 

session, ≈0.028 kWh (ACD) and ≈0.012 kWh (BCD), and this remains small across the plausible 883 

settling-time range. Because ݐ௦௘௧௧௟௘  enters Eq. (6.2) as a linear multiplier, both totals scale 884 

proportionally and the configuration ratio (≈2.3×) is invariant, but it compares two small 885 

quantities. To annualize, the representative per-step energy of a single Blower C upward step (≈886 
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0.0106 kWh) is scaled by the Blower C step rate; at the experimental rate of approximately 1.2 887 

steps per hour this gives ≈111 kWh/yr. Set against the total system energy of approximately 888 

657,000 kWh/yr (three blowers at ≈ 25 kW running continuously), this is ≈0.017% of system 889 

energy. Equating the annualized coupling energy to a 1% share of system consumption gives a 890 

break-even rate of approximately 70 setpoint changes per hour, one change roughly every 50 891 

seconds, which is operationally unreachable.  892 

 893 

6.3 Steady-State Energy Difference 894 

The third mechanism asks whether the two configurations differ in sustained steady-state 895 

power at identical operating conditions. The matched-condition power difference ̄࣪߂஽,௟  for 896 

matched pair l (l = 1, …, N), where each pair consists of one ACD and one BCD operating point 897 

at the same operating condition and the overbar denotes the operating-point-mean power of Blower 898 

D, is: 899 ̄࣪߂஽,௟  =  ܲ̄஽,ACD,௟  − ܲ̄஽,BCD,௟    [kW]   (6.3) 900 

 901 

A Wilcoxon signed-rank test on the ܰ = 11 matched pairs returns no significant difference 902 

in median matched-condition power ̄࣪߂஽,௟ , consistent with the head-loading mechanism 903 

established in Section 3.3. The test is underpowered: at the observed effect size (Cohen's ݀ ≈ 0.09) 904 

its power is only around 5.8%, and approximately 988 matched pairs would be required for 80% 905 

power, so a small true difference cannot be excluded. 906 

Because the matched-condition power difference is statistically null (Eq. (6.3); Wilcoxon 907 

signed-rank test, not significant), the steady-state energy difference between configurations is 908 

likewise null. As a separate, corroborating result, the matched-condition pressure comparison of 909 

Section 5.2 also shows no significant difference between configurations, and the cross-validation 910 

tests of Section 5.4 confirm that the two configurations operate the instrumented blower at the 911 

same aerodynamic ratio. The steady state contribution to coupling energy is therefore negligible, 912 

consistent with the small transient and fluctuation contributions. 913 

The coupling identified in Sections 4 and 5 is therefore real and directionally identifiable, 914 

but energetically small relative to system consumption under any realistic setpoint-change rate. 915 

The contribution of this work is the identification and physical mechanism of coupling rather than 916 

energy saving. 917 
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 918 

7. Conclusions 919 

 920 

This work characterized the aerodynamic coupling between blowers discharging into a 921 

shared manifold, identifying its mechanism from the steady-state operating point through the 922 

transient response to the manifold pressure field. Five findings follow. 923 

The coupling is real and reproducible. The identified coupling coefficients reproduced 924 

across two independent sessions recorded on different days, with the self-coupling coefficient 925 

agreeing to within 0.02%, confirming a stable physical relationship rather than a session-specific 926 

artifact. 927 

The power-domain coupling is non-monotonic in distance. The adjacent Blower C couples 928 

most weakly (power SPI 2.9%), while the more distant Blowers A and B couple more strongly 929 

(7.7% and 9.1%). This counter-intuitive ordering is resolved in the pressure domain, where Blower 930 

C's coupling (SPI 49.8%) is about seventeen times its power-domain value; proximity therefore 931 

does not predict coupling strength in the power domain. 932 

The coupling is a flow-domain phenomenon with a directional signature. The power 933 

response is uniformly small and does not distinguish the blowers. The coupling is instead carried 934 

by the flow channel, whose sign reverses with step direction (negative on upward steps, positive 935 

on downward; sign test ݌ = 0.001). This sign reversal is the signature of genuine manifold head-936 

loading, distinguishing it from simple flow superposition, and it is resolved only because power 937 

and flow were measured simultaneously. 938 

The manifold operates in a quasi-static regime, and the configurations are equivalent at 939 

steady state. All operating points are platykurtic and the Greitzer parameter (B = 0.23–0.32) lies 940 

far below surge; multiple independent tests confirm the two configurations are equivalent in 941 

steady-state coupling (ACD/BCD ratio 1.08), with only residual session-to-session variability. 942 

The coupling's significance is dynamical rather than energetic: all three energy mechanisms 943 

(fluctuation, transient, and steady state) remain below 0.02% of annual system consumption, and 944 

neither configuration holds an energy advantage. 945 

Future work should test whether the non-monotonic, position-dependent coupling 946 

generalizes to larger and more heterogeneous manifolds; develop a supervisory strategy that 947 

minimizes high-coupling step events in place of equal-speed or fixed-staging heuristics; and 948 
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embed the identified steady-state and transient models into a predictive, plant-deployable 949 

controller. 950 
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