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Abstract

Water-hammer transients in pressurized pipelines are governed by the coupled compress-
ibility of the liquid and the elastic response of the pipe wall. This study quantifies the 
sensitivity of transient pressure responses to variations in pipe material, system geom-
etry, and liquid properties using a one-dimensional Method of Characteristics (MOC) 
model incorporating a convolution-based formulation of unsteady friction. The model is 
applied to an experimental copper-pipe system under laminar and turbulent flow condi-
tions. A one-factor-at-a-time (OFAT) sensitivity analysis is performed by independently 
varying selected parameters by ±5% and ±10%, including Young’s modulus, Poisson’s 
ratio, pipe-wall thickness, internal radius, liquid density, bulk modulus, and kinematic 
viscosity. The results show that liquid density, liquid bulk modulus, and pipe Young’s mod-
ulus significantly affect pressure-wave celerity and the temporal evolution of the transient 
response. Pipe internal radius has a pronounced influence on the pressure response, while 
the effects of viscosity and bulk modulus become more significant under turbulent-flow 
conditions. Combined variations in material, pipeline geometry, and liquid properties yield 
pressure-wave celerities ranging from approximately 1159 to 1479 m/s, demonstrating the 
substantial influence of input-property uncertainty on predicted transient behavior. The 
OFAT results are further analyzed using multiple-valued logic (MVL) decision trees and 
classification and regression tree (CART) models to identify dominant parameter–response 
relationships and threshold values. The findings highlight the importance of accurately 
characterizing pipe-material and liquid properties for reliable water-hammer prediction 
and the assessment of pressurized pipeline systems.

Keywords: pipe material properties; fluid–structure interaction; sensitivity analysis; 
pressurized pipelines; method of characteristics; water hammer modeling

1. Introduction
The mechanical properties of pipeline materials are fundamental to the propagation of 

pressure disturbances in liquid-filled conduits. During a water-hammer event, pressure 
wave propagation is governed not only by the compressibility of the transported liquid 
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but also by the elastic deformation of the pipe wall. Consequently, Young’s modulus, 
Poisson’s ratio, pipe-wall thickness, pipe diameter, and support conditions influence the 
pressure-wave celerity and, through it, the temporal structure of the transient response. The 
contribution of the liquid is determined primarily by its density and bulk modulus, whereas 
its viscosity influences the dissipative component of the transient response. These effects 
are coupled through the governing equations; therefore, uncertainties in either material 
or liquid properties can affect the predicted pressure amplitudes, wave arrival times, and 
attenuation rates.

Recent reviews have emphasized that water-hammer wave propagation results from the 
coupling between liquid compressibility and pipe-wall deformation, while wave attenuation 
depends on additional mechanisms associated with unsteady flow and the mechanical 
response of the pipe wall. Plouraboué [1] reviewed the theoretical foundations of water-
hammer waves, including fluid–structure interaction, dissipation mechanisms, and the 
influence of viscoelastic pipe-wall behavior. These findings underline the need to distinguish 
the effects of liquid properties on wave propagation from those associated with pipe material 
and structural response.

Metal pipes are still widely used in high-pressure hydraulic systems, district-heating 
installations, nuclear reactor cooling systems, and long-distance transmission pipelines. 
In such pipes, pressure wave celerities are approximately 3 to 4 times higher than those 
in plastic pipes. Consequently, the pressure rise during a water hammer event can be 
calculated using the Joukowsky equation [2]:

Δp = c𝜌Δv (1)

where c is the pressure wave celerity [m/s]; 𝜌 is the liquid density [kg/m3 ] and Δv is the 
change in velocity [m/s]. For comparable flow conditions, the pressure rise in a metal 
pipe is around three times that in an analogous plastic pipe. Moreover, because metal pipe 
walls deform elastically, whereas plastic pipe walls exhibit viscoelastic behavior [3], the 
maximum pressure may be up to twice the value calculated using Equation (1). Such an 
increase can result from the superposition of primary and secondary pressure waves during 
transient flows involving vapor-cavity formation [4,5].

Recent experimental and numerical investigations have provided further evidence of 
the influence of pipe material on water-hammer characteristics. Kandil et al. [6] investigated 
five pipe materials and showed that differences in material stiffness and viscoelastic behavior 
affect transient pressure signals and their frequency content. Their results also demonstrated 
discrepancies between experimentally measured and numerically predicted water-hammer 
frequencies, highlighting the importance of representing the actual mechanical behavior and 
boundary conditions of the pipeline. More recently, Kadi-Rouabah et al. [7] compared rigid 
and viscoelastic pipelines using the Method of Characteristics and sensitivity analysis. Their 
results identified pipe material as the most influential factor in the maximum pressure head 
among the factors considered, while both pipe material and valve-closure law contributed 
to the damping response.

Also, pipe vibrations play a significant role in modeling these systems [8–10]. However, 
pipe vibrations are not considered in the present study because of the additional modeling 
complexity. Hydraulic systems are protected against harmful pressure surges by using 
protective devices such as air chambers, surge tanks, air vents, safety valves, and check 
valves [11,12]. To reduce the cost of protective devices, slow-closing valves should be used 
whenever appropriate, as they can help limit the formation of high-pressure surges during 
water hammer events.

System performance can also be improved at the design stage by selecting appropriate 
values of the parameters describing the pipe and its support conditions (L, E0 , R, e, 𝛼, Ξ) as 
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well as properties of the working fluid (𝜌, K, 𝜈). Water hammer should not only be regarded 
solely as a phenomenon to be mitigated, but its benefits are sometimes harnessed to improve 
the operation of hydraulic rams [13] and devices that generate mechanical vibrations [14]. 
In the present study, a sensitivity analysis based on multiple-valued logic (MVL) trees was 
used to investigate the influence of individual parameters on transient flow behavior. Unlike 
binary approaches, MVL allows parameters to take multiple discrete or graded values, 
making the method suitable for representing engineering tolerances, parameter classes, and 
regime-dependent behavior. This enables the derivation of compact, interpretable decision 
rules that describe both the magnitude and direction of each parameter’s influence.

Recent studies have also extended water-hammer sensitivity analysis beyond conven-
tional parameter-by-parameter comparisons. Zha et al. [15] developed a reliability-based 
sensitivity framework for water-hammer-induced pipe failure, incorporating parameter 
uncertainty and fluid–structure interaction through a Kriging-based approach. Their find-
ings demonstrated that input variables can have different effects on the nonlinear structural 
response and reliability of the pipeline. In a different approach, Kadi-Rouabah et al. [7] 
used analysis of variance to quantify the contributions of pipe material and valve-operation 
parameters to pressure extremes and damping. These studies demonstrate the value of 
systematic sensitivity assessment, but they employ approaches different from the combined 
one-factor-at-a-time (OFAT), MVL decision-tree, and classification and regression tree 
(CART) regression framework adopted in the present study.

The originality of the present study lies in combining OFAT sensitivity analysis, MVL 
decision structures, and CART models to investigate water-hammer responses. The OFAT 
analysis quantifies and ranks the influence of individual parameters on the transient re-
sponse, while the MVL decision structures express the identified relationships as inter-
pretable rules. The CART models provide a complementary data-driven approach for 
identifying parameter–response relationships and threshold values.

The proposed framework is applied separately to laminar and turbulent flow conditions 
to compare the dominant parameters influencing pressure-wave propagation and transient 
pressure responses. By integrating quantitative sensitivity analysis with interpretable 
decision rules and regression-tree models, the study provides a consistent framework for 
assessing the effects of pipe material, system geometry, and liquid properties on water-
hammer behavior. The analysis is restricted to individual parameter variations and does 
not evaluate interactions between parameters varied simultaneously.

2. Basic Equations Describing Transient Flow
The equations of continuity and motion that represent the transient flow have the form:

{


𝜕𝑝
𝜕𝑡 + 𝜌𝑐2 𝜕𝑣

𝜕𝑥 = 0
𝜌 𝜕𝑣

𝜕𝑡 + 𝜕𝑝
𝜕𝑥 + 2𝜌

𝑅 ( 𝑣|𝑣|
8 𝑓 + 2𝜈

𝑅 ∫𝑡
0

𝜕𝑣
𝜕𝑡 (𝑢)·𝑤(𝑡 − 𝑢)du) = 0

(2)

where p—pressure [Pa]; t—time [s]; x—distance along the pipe [m]; v—velocity [m/s]; 
R—inner pipe radius [m]; f —friction coefficient [-]; 𝜈—kinematic viscosity [m2 /s]; and 
w(t − u)—weighting function [-].

The pressure wave speed c = f (𝜌, K, 𝜈P , R, E0 , e):

𝑐 =
√
√√
⎷

1

𝜌[ 1
𝐾 + Ξ

𝐸0
]

, (3)

where Ξ = 𝐷
𝑒 𝛼 [-]—enhanced parameter 𝛼, D = 2R—inner pipe diameter [m], K—liquid 

bulk modulus [Pa], E0 —pipe elastic modulus [Pa], e—thickness of pipe wall [m], 
𝛼—parameter reporting support condition of pipe [-].
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As can be seen from Equation (3), in single-phase flow, the pressure wave propagation 
velocity is a function of six parameters. Some of these parameters appear during hydraulic 
shock modeling only in the formula for the pressure wave propagation velocity; these are K 
and E0 . The parameter 𝛼 is calculated for thick-walled pipes (D/e < 25) anchored along 
their length [11]:

𝛼 = (1 − 𝜈2
𝑃)

𝐷
𝐷 + 𝑒 + (1 + 𝜈𝑃)

2𝑒
𝐷 (4)

In laminar flow, the friction factor is a function of the kinematic viscosity, flow velocity, 
and pipe inner radius (through the Reynolds number):

𝑓 (𝜈, 𝑣, 𝑅) =
64
Re =

64𝜈
vD =

32𝜈
vR (5)

In turbulent flow, the friction factor is determined from the implicit Colebrook–White 
equation and is additionally a function of the average pipe wall roughness, 𝜀:

1

√𝑓
= −2log(



𝜀
7.4𝑅 +

1.255𝜈

vR√𝑓

)


(6)

In this work, the most accurate Goudar–Sonad [16] approximation of the above implicit 
equation is used.

As there are no full analytical solutions to the presented water hammer equations 
(Equation (2)), and since ready-to-use computer applications [17] enabling transient flow 
simulations with acceptable accuracy are still lacking, this work applies the numerical 
method of characteristics. Using this method, the solution for an inner grid node is obtained:

{


𝑝𝑖,𝑡+Δ𝑡 = 1
2 [(𝑝𝑖−1,𝑡 + 𝑝𝑖+1,𝑡) + c𝜌(𝑣𝑖−1,𝑡 − 𝑣𝑖+1,𝑡) + 2𝑐Δ𝑡

𝑅 (𝜏𝑖+1,𝑡 − 𝜏𝑖−1,𝑡)]
𝑣𝑖,𝑡+Δ𝑡 = 1

2 [(𝑣𝑖−1,𝑡 + 𝑣𝑖+1,𝑡) + 1
c𝜌 (𝑝𝑖−1,𝑡 − 𝑝𝑖+1,𝑡) − 2Δ𝑡

ρR (𝜏𝑖+1,𝑡 + 𝜏𝑖−1,𝑡)]
(7)

The wall shear stress 𝜏 is calculated from the corrected efficient convolution integral 
solution [18]:

𝜏ii,𝑡 =
𝜌𝑓ii,𝑡𝑣ii,𝑡|𝑣ii,𝑡|

8 +
2ρ𝜈
𝑅

3
∑
𝑗=1

[𝐴𝑗𝑦𝑗,ii,𝑡 + 𝜂𝐵𝑗[𝑣ii,𝑡 − 𝑣ii,𝑡−Δ𝑡] + [1 − 𝜂]𝐶𝑗[𝑣ii,𝑡−Δ𝑡 − 𝑣ii,𝑡−2Δ𝑡]]
⏟

𝑦𝑗,ii,𝑡+Δ𝑡

(8)
where index ii is i + 1 or i − 1 depending on which 𝜏 is calculated, and:

𝐴𝑗 = 𝑒−𝑛𝑗Δ ˆ𝑡; 𝐵𝑗 =
𝑚𝑗

Δ ˆ𝑡𝑛𝑗
(1 − 𝐴𝑗); 𝐶𝑗 = 𝐴𝑗𝐵𝑗 (9)

The coefficients mj  and nj  are calculated using the analytical solution presented 
in work [19].

3. Role of the Parameters
In this section, the influence of individual parameters appearing in the equations 

discussed in Section 2, which affect the simulated transient runs, is investigated. The 
initial values of the analyzed parameters (Table 1—second column) were adopted from 
experimental studies reported in the literature, carried out in Gdańsk at IMP PAN by 
Adamkowski and Lewandowski [20]. The experimental setup consisted of two reservoirs 
connected by a copper pipe of length L = 98.11 m. From the analysis of the recorded 
experimental dynamic pressure traces, the actual pressure wave propagation velocity in 
the tested system was determined as c = 1311.35 m/s. For this velocity c, with the other 
parameters kept constant (second column of Table 1) and with a numerical discretization of 
the pipe into N = 32 computational sections, qualitative agreement was obtained between 
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the simulated and experimental pressure histories for both laminar flow (v0  = 0.066 m/s) 
and turbulent flow (v0  = 0.94 m/s), as shown in Figure 1. The quantitative assessment of 
simulated and experimental pressure histories can be performed using the pressure and 
timing error coefficients Ep  and Et , respectively, following the methodology of Urbanowicz 
et al. [18]. In that study, Ep  quantifies the mean relative error in selected pressure peaks, 
whereas Et  quantifies the mean relative error in their occurrence times. The mesh-refinement 
analysis reported by Urbanowicz et al. [18] showed that the preferred discretization depends 
on the accuracy criterion: N = 52 yielded the lowest pressure error Ep , whereas N = 202 
yielded the lowest timing error Et . In the present study, N = 32 was retained to provide a 
consistent and computationally economical discretization across the extensive parametric 
simulations. Thus, this choice is intended to support comparative sensitivity analysis rather 
than to minimize the numerical error for every response quantity.

Table 1. Initial, minimal and maximal values of water hammer parameters.

Parameter Laminar and 
Turbulent Case Assumed Deviation Minimal Value Maximal Value

𝜌 [kg/m3 ] 997.65 ±10% 𝜌1  = 897.9 𝜌2  = 1097.4
R [m] 0.008 ±10% R1  = 0.0072 R2  = 0.0088
e [m] 0.001 [m] ±10% e1  = 0.0009 e2  = 0.0011
𝜈P  [-] 0.35 ±10% 𝜈P 1  = 0.315 𝜈P 2  = 0.385

𝜈 [m2 /s] 0.95 × 10−6 ±10% 𝜈1  = 0.855 × 10−6 𝜈2  = 1.045 × 10−6 
K [Pa] 2.2 × 109 ±10% K1  = 1.98 × 109 K2  = 2.42 × 109 
E0  [Pa] 124 × 109 ±10% E1  = 111.6 × 109 E2  = 136.4 × 109 

Figure 1. Fit of simulation results for initial values of tested parameters.

In simulation calculations, hydraulic system data are often adopted inaccurately. This 
results from the lack of mathematical formulas enabling the determination of the necessary 
parameters representing the flowing liquid (𝜌, K, 𝜈) and the pipe material (E0 , 𝜈P ) as 
functions of temperature and pressure. In addition, one must remember that pipes are 
manufactured within certain dimensional tolerances; therefore, the actual wall thickness e 
and internal radius R may differ from the nominal values given in manufacturer catalogues. 
To clearly illustrate the influence of the individual input parameters on the modeled flow, 
large deviations from the initial values were assumed. Accordingly, for all parameters 
summarized in Table 1, possible deviations of ±10% were considered. The corresponding 
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minimum and maximum values of the analyzed parameters were then calculated and 
summarized in the fourth and fifth columns of Table 1.

The results of the numerical simulations illustrating the influence of individual param-
eters are presented in Figures 2–4. Among all the analyzed parameters, only the kinematic 
viscosity coefficient 𝜈 does not affect the value of the pressure wave propagation velocity. 
The detailed influence of the assumed parameters on the wave propagation velocity c, as 
well as the influence of selected parameters (R, e, and 𝜈P ) on the parameter describing the 
support condition of the pipe 𝛼 [-], and on the enhanced 𝛼, expressed as a dimensionless 
coefficient denoted in this work by the symbol Ξ, are summarized in Table 2.

Figure 2. Liquid density 𝜌, inner pipe radius R and wall thickness e effects (left column: laminar flow 
results, right column: turbulent flow results).

https://doi.org/10.3390/ma19214574
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Figure 3. Liquid bulk modulus K, elastic modulus E0  and Poisson coefficient 𝜈P  effects (left column: 
laminar flow, right column: turbulent flow).

The effect of single-parameter changes is summarized briefly in Table 3, and other 
conclusions resulting from all performed research for single-parameter effects are:
(a) for the first amplitude p1  absolute pressure ↑: 𝜌↑, R↓, e↑, 𝜈P ↑, K↑, E0 ↑, 𝜈—no effect!;
(b) for fifteen amplitude p15  absolute pressure ↑: R↑, 𝜈↓;
(c) for fifteen amplitude arrival time T15 ↑: 𝜌↑, R↑, e↓, 𝜈P ↓, K↓, E0 ↓.

https://doi.org/10.3390/ma19214574
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Figure 4. Liquid kinematic viscosity 𝝂 effect.

Table 2. Changes in pressure wave speed.

Parameter c [m/s] Parameter c [m/s] 𝚵 [-] 𝜶 [-]

𝜌1 1382.3 R1 1324.2 14.516 1.008
𝜌2 1250.3 R2 1298.8 17.314 0.984
K1 1258.0 e1 1297.5 17.469 0.983
K2 1360.5 e2 1323.0 14.643 1.007
E1 1295.6 𝜈P 1 1308.8 16.195 1.012
E2 1324.7 𝜈P 2 1314.2 15.597 0.975

Table 3. Single parameter effect from the qualitative analysis.

When: ↑ of Then p1 and p15 and T15 

𝜌 ↑ → (very small change) ↑
R ↘ ↑ ↗
e ↗ → (very small change) ↓

𝜈P ↗ → (very small change) ↘
𝜈 → (no change) ↓ → (very small change)
K ↑ → (very small change) ↓
E0 ↑ → (very small change) ↓

↑ denotes an increase, ↓ a decrease, ↗ a slight increase, and ↘ a slight decrease while → very small or 
unnoticed change of parameter.

Multiparameter effect takes place when three parameter changes are assumed. When 
one assumes: 𝜈P 2  = 0.385, R1  = 0.0072 and e2  = 0.0011 then the dimensionless parameters 
takes values: 𝛼 = 1.003, Ξ = 13.129 and pressure wave speed is c = 1337.4 m/s. Otherwise for: 
𝜈P 1  = 0.315, R2  = 0.0088 and e1  = 0.0009, the resulting values are 𝛼 = 0.991; Ξ = 19.388 and 
c = 1280.9 m/s. The differences in the final pressure runs are presented in Figure 5a,b. An 
extreme case takes place when assuming 𝜌2  = 1097, R2  = 0.0088, e1  = 0.0009, K1  = 1.98 × 109 , 
𝜈P 1  = 0.315, E1  = 111.6 × 109  in this case the calculated minimal pressure wave speed was: 
cmin  = 1159 m/s. When assuming 𝜌1  = 898, R1  = 0.0072, e2  = 0.0011, K2  = 2.42 × 109 , 𝜈P 2  = 0.385, 
E2  = 136.4 × 109 , the calculated maximal pressure wave speed was: cmax  = 1479 m/s. The 
difference in the pressure wave speed between the two extreme cases was 320 m/s. For 

https://doi.org/10.3390/ma19214574

https://doi.org/10.3390/ma19214574


Materials 2026, 19, 4574 9 of 31

cmin , the number of pressure amplitudes that were simulated and analyzed 5 s after quick 
step closing of the valve was fifteen, and for cmax  the number of simulated amplitudes was 
nineteen (Figure 5c,d). 

Figure 5. Multiparameter effects.

The obtained results showed that the temporal consistency of the modeled amplitudes 
depends strictly on the calculated pressure wave speed value. This velocity is influenced 
by six parameters assumed before the calculations. Two of them are related to fluid prop-
erties: K (bulk modulus) and 𝜌 (fluid density). The remaining four are related to pipe 
properties in which the transient flow is analyzed: E0 —Young’s modulus and 𝜈P —Poisson’s 
ratio (material constants); R—pipe inner radius and e—pipe wall thickness (geometric 
properties). Analysis of the pressure values at the simulated fifteen amplitudes indicates 
that variations in the propagation velocity of the pressure wave are less significant than 
changes in the kinematic viscosity coefficient 𝜈 of the flowing fluid. This results from the 
fact that viscosity appears only in the final mathematical terms of the governing equations, 
which are responsible for modeling the hydraulic resistance of the flow.

4. Methodological Framework for Hydraulic System Analysis Under 
Water Hammer Conditions

Multiple-Valued Logic (MVL) goes beyond the rigid on/off world of binary by allowing 
signals to take more than two admissible values (three, four, or even a continuum) so infor-
mation can be encoded more compactly, circuits can do more work per wire, and models 
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can express graded states rather than hard thresholds. A mature theoretical and represen-
tational base underpins this idea: surveys by Miller & Thornton [21] map out MVL’s core 
concepts and the decision-diagram formalisms that make multi-valued functions tractable 
in software and hardware, including their quantum-aware extensions. At the same time, 
practical implementation has evolved along several lines. On the algorithmic side, Danesh 
& Rahman [22] show that machine-learning heuristics (iterative linear regressions plus 
pattern matching) can decompose multi-valued functions into hardware-friendly blocks, 
exemplified by a quaternary multiplier. On the reliability/logic side, Garribba et al. intro-
duced MVL trees [23] that reason directly with multi-level states, grouping behaviors into 
Classes of Equivalent Behaviors and extracting prime implicants with tabular and Nelson-
style procedures, an early demonstration that MVL can capture system reliability patterns 
more naturally than binary cut-set logic. Broad overviews (e.g., Gaudet’s guest editorial) 
highlight a recurring trade-off: higher radices promise better interconnect efficiency and 
area utilization but tighten noise margins and increase sensitivity to process variation, mak-
ing device-level robustness a first-class concern [24]. This tension has been recognized since 
the classic “prospects” and tutorial papers by Smith, which framed MVL’s benefits (coding 
density, arithmetic compactness) alongside layout, power, and tooling realities [25,26].

Toolchains and devices have likewise diversified. Ordered multi-valued decision dia-
grams (OMDDs) enable formal verification of MVL networks, while multi-valued decision 
diagram MDD-based synthesis scales up logic construction without exploding into binary 
multiplexers [27–29]. At the architecture level, look-up table (LUT) concepts extend natu-
rally to multi-valued field-programmable gate array FPGAs, reducing transistor count and 
enabling denser mappings [30–33], and even analog reconfigurable arrays have been used 
to realize continuous, fuzzy, and MVL behavior in silicon [34].

Although MVL and related decision-tree representations provide a powerful framework 
for modeling complex engineering systems, their practical application often requires an appro-
priate reduction in the parameter space and identification of dominant system variables [35].

The OFAT approach [35,36] is first employed to identify the dominant hydraulic 
parameters governing the transient response of the analyzed system. Subsequently, the 
obtained sensitivity information is utilized for the construction of interpretable decision 
structures and CART-based regression trees [37].

This combination enables both physical interpretation of the governing hydraulic 
mechanisms and data-driven representation of the relationships between system parameters 
and transient responses.

The present study adopts an integrated methodological framework combining OFAT 
sensitivity analysis, rule-based decision structures, and CART regression models. The OFAT 
method is first used to quantify the individual influence of selected hydraulic parameters on 
the transient response and to identify the dominant variables under laminar and turbulent 
flow conditions.

The obtained sensitivity results are subsequently used to develop interpretable rule-
based decision structures, which organize the dominant parameter–response relationships 
into qualitative classes. CART regression models are then employed to represent the 
observed relationships through data-driven hierarchical splits and to assess how well the 
resulting models reproduce the investigated OFAT responses.

4.1. OFAT Sensitivity Analysis
OFAT method is used to evaluate the influence of individual parameters on the system 

response. The method is based on independent perturbation of each parameter while 
keeping the remaining parameters fixed.
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The analyzed system is described by a general functional relationship:

Y = f (x1 , x2 , …, xn ) (10)

where xi  are the input parameters and Y is the system response.

{


𝑋0 = (𝑥1,0, 𝑥2,0, … , 𝑥𝑛,0)
𝑌0 = 𝑓 (𝑋0)

(11)

In the OFAT approach, a single parameter xi  is perturbed:

xi (𝛿) = xi ,0 (1 + 𝛿) (12)

xj  = xj ,0 ,   j ≠ i (13)

The corresponding system response is given by:

Yi (𝛿) = f (x1,0 ,…,xi (𝛿),…,xn ,0 ) (14)

The influence of the parameter is quantified using the absolute deviation from the 
baseline case:

ΔYi (𝛿) = Yi (𝛿) − Y0 (15)

and the relative sensitivity:

𝑆𝑖(𝛿) =
𝑌𝑖(𝛿) − 𝑌0

𝑌0
(16)

In percentage form:

𝑆(%)
𝑖 (𝛿) =

𝑌𝑖(𝛿) − 𝑌0
𝑌0

⋅ 100% (17)

To evaluate the overall influence of parameter xi  the response range is defined as:

𝑅𝑖 = max
𝛿

𝑌𝑖(𝛿) − min
𝛿

𝑌𝑖(𝛿) (18)

A normalized impact coefficient is introduced as:

Ii  = (Ri /Y0 )⋅100% (19)

Ii —normalized impact coefficient for the i-th parameter,
Ri —response range defined by Equation (18),
Y0 —baseline value of the analyzed response.
A local sensitivity coefficient can be approximated using a finite-difference scheme.

𝜕𝑌
𝜕𝑥𝑖

≈
𝑌(𝑥𝑖 + Δ𝑥𝑖) − 𝑌(𝑥𝑖 − Δ𝑥𝑖)

2Δ𝑥𝑖
(20)

The normalized form of this coefficient is given by:

𝑆∗
𝑖 =

𝑌(𝑥𝑖+Δ𝑥𝑖)−𝑌(𝑥𝑖−Δ𝑥𝑖)
𝑌0

(𝑥𝑖+Δ𝑥𝑖)−(𝑥𝑖−Δ𝑥𝑖)
𝑥𝑖,0

(21)

For qualitative interpretation, the parameter influence is classified as:

𝐷𝑖(𝛿) =
{


↑, Δ𝑌𝑖(𝛿) > 0
↓, Δ𝑌𝑖(𝛿) < 0
≈, Δ𝑌𝑖(𝛿) ≈ 0

(22)

The OFAT approach evaluates the influence of each hydraulic parameter separately, 
while all remaining parameters are maintained at their baseline values. Therefore, the 
adopted experimental design does not provide information on interaction effects between 
simultaneously varied parameters. The resulting sensitivity coefficients describe individual 
parameter effects within the investigated perturbation ranges.

https://doi.org/10.3390/ma19214574

https://doi.org/10.3390/ma19214574


Materials 2026, 19, 4574 12 of 31

4.2. Analysis of Parameter Influence
The transient hydraulic response is described by the mapping:

Y = f (X) (23)

where the input vector is defined as:

X = [𝜌, R, e, 𝜈P , 𝜈, K, E] (24)

and the output vector is given by:

Y = [T15 , p15 ] (25)

The baseline (reference) state is defined as:

{


X0 = [𝜌0, 𝑅0, 𝑒0, 𝜈𝑃,0, 𝜈0, 𝐾0, 𝐸0]
Y0 = 𝑓 (X0)

(26)

For each parameter, four perturbation levels were considered independently −10%, 
−5%, +5%, +10%. In each case, only one parameter was varied, while the remaining 
parameters were kept at their baseline values, denoted by the subscript b:

𝜌𝑏 = 997.65 kg
m3 , 𝑅𝑏 = 0.008 m, 𝑒𝑏 = 0.001 m,

𝜈𝑃,𝑏 = 0.35, 𝜈𝑏 = 0.95 × 10−6 m2/s,
𝐾𝑏 = 2.2 × 109 Pa, 𝐸𝑏 = 124 × 109 Pa.

(27)

For each perturbation, the resulting system response was evaluated in terms of:

T15  [s]   and   p15  [Pa] (28)

The analysis was performed separately for laminar and turbulent flow regimes, with 
the following baseline values:
• Laminar flow—T15  = 4.370 s and p15  = 1.287 × 106  Pa;
• Turbulent flow—T15  = 4.374 s and p15  = 1.495 × 106  Pa.

The parameter perturbation ranges (±5% and ±10%) were selected as prescribed 
sensitivity-analysis scenarios to evaluate the response of the model to small and moderate 
changes in the baseline parameters. Applying the same relative perturbations to all param-
eters provides a consistent basis for comparing their influence on the calculated transient 
response. However, these ranges should not be interpreted as universal estimates of manu-
facturing tolerances or uncertainties in material and liquid properties. Actual dimensional 
tolerances depend on the pipe material, manufacturing process, nominal dimensions, and 
applicable product standards. Similarly, the uncertainty and variability of liquid properties, 
including density, bulk modulus, and kinematic viscosity, depend on liquid composition, 
temperature, pressure, and the methods used to determine these properties. The selected 
perturbations therefore represent a controlled comparative sensitivity study rather than 
a probabilistic uncertainty analysis or a direct representation of tolerances for a partic-
ular piping system. Establishing application-specific uncertainty ranges would require 
parameter-specific information from material certificates, manufacturing specifications, 
property measurements, or relevant technical data.

The results of the OFAT sensitivity analysis for individual parameters are summarized 
in Table A1 (found in Appendix A). The table presents the response of the system in terms 
of T15  and p15  for different levels of parameter perturbation, while all remaining parameters 
were kept at their baseline values. Table A1 shows that the influence of individual parameters 
varies in magnitude and depends on the flow regime. Some parameters have a noticeable 
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impact on T15 , while others affect the response only marginally. The sensitivity of p15  is 
generally lower in laminar flow and more pronounced in turbulent conditions. These 
results indicate that only selected parameters play a dominant role in shaping the transient 
response.

The response range defined in Table 4 represents the total variation in the output 
caused by perturbations of a given parameter.

𝐼𝑘,𝑖 =
𝑅𝑘,𝑖

𝑌𝑘,0
⋅ 100% (29)

For example, for 𝜌:
𝑅𝑇15,𝜌 = 𝑇max

15 − 𝑇min
15 (30)

𝑅𝑇15,𝜌 = 4.585 − 4.143 = 0.442 (31)

The calculated values of the response range and the corresponding normalized impact 
coefficients for all analyzed parameters are presented in Table 4 for laminar and turbulent 
flow regimes, respectively.

Table 4. Response range and normalized impact coefficients for laminar and turbulent flows.

Laminar Flow Turbulent Flow

Parameter RT15
 [s] IT15

 [%] Rp15
 [Pa] Ip15

 [%] RT15
 [s] IT15

 [%] Rp15
 [Pa] Ip15

 [%]

𝜌 0.442 10.114 0 0.000 0.442 10.105 4000 0.268
R 0.063 1.442 7000 0.544 0.064 1.463 57,000 3.813
e 0.085 1.945 1000 0.078 0.085 1.943 8000 0.535

𝜈P 0.018 0.412 0 0.000 0.018 0.412 2000 0.134
𝜈 0.012 0.275 4000 0.311 0.009 0.206 27,000 1.806
K 0.348 7.963 3000 0.233 0.348 7.956 33,000 2.207
E 0.097 2.220 1000 0.078 0.098 2.241 10,000 0.669

The response ranges and the corresponding normalized impact coefficients presented 
in Table 4 provide the basis for evaluating the influence of individual hydraulic parameters 
on the transient hydraulic response. Since the OFAT sensitivity analysis was performed 
independently for laminar and turbulent flow conditions, the obtained parameter rankings 
are discussed separately for each flow regime. This approach enables identification of 
both common and flow-specific mechanisms governing the temporal response T15  and the 
pressure response p15 .

4.3. Sensitivity of Transient Temporal and Pressure Responses
The normalized impact coefficients obtained from the OFAT analysis (Table 4) reveal 

distinct sensitivity patterns for the temporal response T15  and pressure response p15  under 
laminar and turbulent flow conditions (Figure 6). The corresponding parameter hierarchies, 
obtained by ranking the normalized impact coefficients in descending order, are

{


𝑇lam
15 ∶ 𝜌 > 𝐾 > 𝐸 > 𝑒 > 𝑅 > 𝜈𝑝 > 𝜈,

𝑇turb
15 ∶ 𝜌 > 𝐾 > 𝐸 > 𝑒 > 𝑅 > 𝜈𝑝 > 𝜈,

𝑝lam
15 ∶ 𝑅 > 𝜈 > 𝐾 > 𝐸 ≈ 𝑒 > 𝜌 ≈ 𝜈𝑝,

𝑝turb
15 ∶ 𝑅 > 𝐾 > 𝜈 > 𝐸 > 𝑒 > 𝜌 > 𝜈𝑝.

(32)
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Figure 6. Normalized impact coefficients quantifying the relative influence of the investigated hy-
draulic parameters on (a) the temporal response T15  and (b) the pressure response p15  under laminar 
and turbulent flow conditions. Red and blue bars denote laminar and turbulent flow, respectively.

For T15 , the ranking is essentially unchanged between the two flow regimes, with fluid 
density 𝜌 exhibiting the greatest influence, followed by the bulk modulus K and Young’s 
modulus E. The wall thickness e and pipe radius R have substantially lower effects, whereas 
the Poisson’s ratio 𝜈p  and kinematic viscosity 𝜈 contribute only marginally. The close agree-
ment between the two rankings indicates that the dominant factors governing T15  are largely 
insensitive to the flow regime within the investigated parameter ranges (Figure 6a).

In contrast, the sensitivity of p15  is strongly dependent on the flow regime. Under 
laminar conditions, the pipe radius R is the dominant parameter, followed by the kinematic 
viscosity 𝜈 and bulk modulus K, while the remaining parameters have comparatively 
limited effects. Under turbulent conditions, R remains the most influential parameter, 
but the effects of K and 𝜈 increase markedly (Figure 6b). Specifically, the normalized 
impact coefficient of K increases from 0.233 under laminar flow to 2.207 under turbulent 
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flow, while that of 𝜈 increases from 0.311 to 1.806. This pronounced increase indicates a 
stronger sensitivity of the pressure response to fluid compressibility and viscous effects 
under turbulent transient conditions.

The negligible normalized impact coefficients obtained for fluid density (𝜌) and Pois-
son’s ratio (𝜈p ) in the laminar pressure response require additional physical interpretation. 
Here, the values are obtained by rounding the pressure values to three decimal places 
in MPa, which may mask small pressure variations and yield zero normalized impact 
coefficients. According to the governing equations, fluid density affects the relationship 
between pressure and flow velocity as well as pressure-wave propagation, whereas Pois-
son’s ratio contributes to pipe-wall compliance and consequently influences wave celerity. 
Therefore, the reported zero coefficients should not be interpreted as indicating the absence 
of a physical influence of these parameters on water-hammer phenomena.

It is important to note that the present analysis considers the pressure associated with 
the fifteenth pressure maximum (p15 ), rather than the initial pressure rise or the maximum 
pressure reached during the entire transient. The influence of individual parameters on this 
specific pressure indicator may therefore differ from their influence on other characteristics 
of the hydraulic response. This distinction is particularly evident for fluid density: while the 
reported p15  values remain unchanged under the investigated laminar-flow perturbations, 
the corresponding temporal response T15  varies from 4.143 to 4.585 s. Thus, density substan-
tially affects the timing of pressure-wave propagation, even though no variation is observed 
in the reported p15  values. Similarly, Poisson’s ratio influences the elastic response of the 
pipe wall, but its effect on the selected pressure indicator is not resolved in the reported 
laminar-flow results. These findings demonstrate that the normalized impact coefficients de-
scribe the sensitivity of specific response measures within the investigated OFAT parameter 
ranges and should not be generalized to the overall water-hammer phenomenon.

The observed sensitivity patterns can be explained by the physical mechanisms govern-
ing pressure-wave propagation and unsteady friction. The temporal response, represented 
by T15 , is primarily associated with pressure-wave travel time and therefore depends on 
wave celerity, which is governed by the compressibility of the liquid and the elastic com-
pliance of the pipe wall. The liquid density 𝜌 contributes to fluid inertia, whereas the 
bulk modulus K characterizes the resistance of the liquid to compression. For a given pipe 
configuration, an increase in K generally increases the pressure-wave celerity, while an 
increase in 𝜌, with the other parameters held constant, generally decreases it. Young’s 
modulus E determines the stiffness of the pipe wall: a higher value reduces elastic wall 
deformation and generally increases wave celerity. The aforementioned shifts in wave 
celerity are also supported by Equation (3). These changes modify the wave-travel time 
and therefore the timing of successive pressure maxima. This interpretation is consistent 
with the similar parameter rankings obtained for T15  under laminar and turbulent flow 
conditions, indicating that the temporal response is governed predominantly by liquid 
compressibility and pipe-wall elasticity within the investigated parameter ranges.

The pressure response p15  exhibits a different sensitivity pattern because it reflects 
not only wave propagation but also the evolution of the transient pressure field and the 
cumulative effects of friction. Pipe radius R was the dominant parameter for p15  under both 
flow regimes. This influence is associated with the role of pipe geometry in determining 
wall compliance, cross-sectional area, and the relationship between pressure and fluid 
velocity. Changes in radius can therefore affect both wave celerity and the pressure response 
predicted by the governing equations. The liquid bulk modulus also influences pressure-
wave propagation through liquid compressibility and, for a prescribed velocity change, 
affects the pressure rise through the Joukowsky relation, Δp = c𝜌Δv, under the usual 
assumptions of this relation. However, the pressure response analyzed here is p15 , the 
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fifteenth pressure maximum, rather than the initial pressure rise; consequently, its sensitivity 
also reflects the evolution of the transient over successive wave cycles.

Kinematic viscosity 𝜈 influences the transient response through frictional resistance 
and the development of the velocity profile. In the adopted convolution-based formulation, 
unsteady friction represents the history-dependent contribution of viscous effects to the 
pressure and velocity fields. These effects influence the dissipation of transient energy 
and the evolution of successive pressure maxima. The greater sensitivity of p15  to viscosity 
under turbulent conditions is consistent with the different frictional behavior of the two 
flow regimes. The increased sensitivity to K under turbulent conditions also indicates 
that the pressure response at the selected wave cycle depends on the coupled effects of 
compressibility and friction. These findings should be interpreted within the parameter 
ranges and the specific response measure investigated, rather than as universal rankings for 
all water-hammer events.

Overall, the OFAT analysis demonstrates that the sensitivity of the transient hydraulic 
response depends on the selected response measure. The temporal response T15  is most 
sensitive to liquid density and bulk modulus, whereas the pressure response p15  is domi-
nated by pipe radius and exhibits greater sensitivity to viscosity and bulk modulus under 
turbulent conditions. These findings provide a quantitative basis for selecting influen-
tial variables for the subsequent development of interpretable decision-tree models and 
IF–THEN engineering rules.

5. Development of Decision Structures for Hydraulic System Analysis
5.1. Theoretical Background of Decision Structures

Decision structures constitute a mathematical and logical framework used to describe 
relationships between input parameters and the corresponding system response. In hy-
draulic systems subjected to water hammer, decision structures enable identification of 
dominant parameters, formulation of interpretable rules, and classification of system be-
havior under different operating conditions.

In general form, the analyzed hydraulic system may be represented as Y = f (X), where 
X = [x1 ,x2 ,…,xn ] is the vector of input parameters, while Y = [y1 ,y2 ,…,ym ] represents the 
vector of response variables. In the present study, the input vector is defined as X = [𝜌, R, e, 
𝜈P , 𝜈, K, E] and the response vector is given by Y = [T15 , p15 ].

The purpose of the decision structure is to transform the continuous relationship Y 
= f (X) into a set of interpretable logical rules describing the system behavior. A general 
decision rule may be expressed in the form:

IF C(X) THEN Y ∈ Ω (33)

The decision structures were constructed using the results obtained from the OFAT 
sensitivity analysis. Each record corresponds to a single perturbation experiment in which 
one parameter was modified while the remaining parameters were maintained at their 
baseline values. The obtained dataset constitutes the basis for extraction of decision rules 
and construction of interpretable decision trees.

For each parameter, four perturbation levels were considered 𝛿 = [−10%, −5%, +5%, 
+10%]. The dataset includes results obtained for both laminar and turbulent flow regimes. 
The structure of the dataset used for construction of decision structures is presented
in Table 5.
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Table 5. Structure of the dataset used for decision structure construction.

Flow Regime Parameter Perturbation Parameter Value T15  [s] p15  [Pa]

Laminar 𝜌 −10% 897.9 4.143 1.287 × 106 
Laminar 𝜌 −5% 947.77 4.257 1.287 × 106 
Laminar 𝜌 5% 1047.5 4.480 1.287 × 106 
Laminar 𝜌 10% 1097.4 4.585 1.287 × 106 

… … … … … …

For the pressure response variable p15 , the following classification was introduced:

𝑝15 ∈
{


Low, 𝑝15 < 𝑝𝐿
Medium, 𝑝𝐿 ≤ 𝑝15 < 𝑝𝐻

High, 𝑝15 ≥ 𝑝𝐻

(34)

Similarly, for the temporal response variable:

𝑇15 ∈
{


Short, 𝑇15 < 𝑇𝐿
Medium, 𝑇𝐿 ≤ 𝑇15 < 𝑇𝐻

Long, 𝑇15 ≥ 𝑇𝐻

(35)

The threshold values TL , TH , pL , and pH  were determined separately for the laminar and 
turbulent datasets based on the distribution of the corresponding OFAT response values. 
For each response case, the lower and upper thresholds were calculated from the observed 
response range, dividing it into three qualitative intervals corresponding to Low/Short, 
Medium, and High/Long response classes. Consequently, the classification thresholds were 
determined independently for 𝑇lam

15 , 𝑇turb
15 , 𝑝lam

15  and 𝑝turb
15 , thereby preserving the differences 

between the two flow regimes. The numerical threshold values used for each case are 
reported together with the corresponding decision-structure analysis.

The transformation of continuous response variables into qualitative classes simplifies 
the construction of decision structures and improves interpretability of the resulting rules. 
Based on the separate OFAT ranking analyses performed for laminar and turbulent flow 
conditions, the dominant hydraulic parameters were selected for further decision struc-
ture development. For the temporal response T15 , both flow regimes identified the same 
dominant parameters, namely the fluid density 𝜌, bulk modulus K, and Young’s modulus 
E. For the pressure response p15 , slight differences were observed between laminar and 
turbulent flow conditions. Nevertheless, considering both analyses, the pipe radius R, bulk 
modulus K, and kinematic viscosity 𝜈 were selected as the most representative parameters 
for constructing the decision structures. The reduction in the parameter space decreases 
the complexity of the decision model while preserving the dominant physical mechanisms 
governing the transient hydraulic response.

Accordingly, the following parameters were selected for the subsequent construction 
of decision structures:
• for the temporal response—T15 : 𝜌,K,E;
• for the pressure response—p15 : R,K,𝜈.

The reduction in the parameter space decreases the complexity of the decision structure 
and enables construction of more transparent and interpretable hydraulic decision models.

5.2. Construction of Rule-Based Decision Structures
Since the dataset was generated using one-factor-at-a-time perturbations, the con-

structed decision structures represent individual parameter–response relationships rather 
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than multiparameter interactions. Although MVL-based representations can theoretically 
accommodate more complex relationships, their interpretation in the present study is re-
stricted by the underlying experimental design. Consequently, the resulting rules and 
thresholds should be understood as interpretable descriptions of the observed OFAT re-
sponses and should not be interpreted as evidence of multiparameter interaction effects.

To preserve the distinction between the two analyzed flow regimes, the decision struc-
tures were developed separately for laminar and turbulent flow conditions. Consequently, 
four independent response cases were considered:

𝑇lam
15 , 𝑇turb

15 , 𝑝lam
15 , 𝑝turb

15 .

For the temporal response, the qualitative classes Short, Medium, and Long were 
defined separately for the laminar and turbulent datasets with respect to the corresponding 
baseline values. Similarly, the pressure-response classes Low, Medium, and High were 
determined independently for each flow regime. This separation ensures that differences 
between laminar and turbulent transient behavior are preserved during the construction 
and interpretation of the decision structures. The simplified decision trees were therefore 
developed independently for each of the four response cases. Based on the dominant 
parameter relationships identified in the OFAT analysis, four separate rule-based decision 
trees were constructed. The resulting structures represent the temporal and pressure 
responses independently for laminar and turbulent flow conditions, as shown in Appendix A 
Figure A1a–d.

5.2.1. Temporal Response T15  Under Laminar and Turbulent Flow Conditions
For both laminar and turbulent flow conditions, the rule-based decision structures for 

the temporal response T15  were constructed using the three dominant parameters identified 
by the OFAT analysis: fluid density 𝜌, bulk modulus K, and Young’s modulus E. The 
response values were divided into three qualitative classes, Short, Medium, and Long, 
using distribution-based thresholds determined independently for each flow regime. For 
laminar flow, the lower and upper thresholds were TL , lam  = 4.3133 s and TH ,lam  = 4.4357 s, 
respectively. For turbulent flow, the corresponding thresholds were TL ,turb  = 4.3167 s and 
TH ,turb  = 4.4397 s. Thus, values below the lower threshold were classified as Short, values 
between the lower and upper thresholds as Medium, and values equal to or above the upper 
threshold as Long.

Table 6 presents the resulting T15  values and response classifications for the investi-
gated perturbations under both flow conditions. The numerical values are highly similar 
between the laminar and turbulent cases, with only minor increases in T15  under turbu-
lent flow. Importantly, the response classification remains unchanged for all investigated 
parameter variations.

The classification reveals consistent directional effects of fluid density 𝜌 and bulk 
modulus K under both flow conditions. A decrease in fluid density relative to the baseline 
value results in a Short response, whereas an increase in 𝜌 produces a Long response. The 
opposite tendency is observed for the bulk modulus K: lower values correspond to the 
Long class, while higher values result in a Short response. In contrast, variations in Young’s 
modulus E remain within the Medium class throughout the investigated perturbation range. 
Consequently, 𝜌 and K provide a clear separation between the Short and Long temporal-
response classes, whereas the influence of E is insufficient to shift the response beyond the 
Medium class.

The consistency of these trends across laminar and turbulent conditions indicates 
that the qualitative dependence of T15  on the dominant parameters is largely insensitive 
to the flow regime within the investigated range. The corresponding rule-based decision 
structures are presented in Figure A1a for laminar flow and Figure A1b for turbulent flow.
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Table 6. Classification of the temporal response of T15  for laminar and turbulent flow conditions.

Laminar Flow Turbulent Flow

Parameter Parameter Value T15  [s] Response Class T15  [s] Response Class

𝜌 897.90 kg/m3 4.143 Short 4.148 Short
𝜌 947.77 kg/m3 4.257 Short 4.261 Short
𝜌 1047.50 kg/m3 4.480 Long 4.482 Long
𝜌 1097.40 kg/m3 4.585 Long 4.590 Long
K 1.98 × 109  Pa 4.558 Long 4.562 Long
K 2.09 × 109  Pa 4.461 Long 4.463 Long
K 2.31 × 109  Pa 4.288 Short 4.290 Short
K 2.42 × 109  Pa 4.210 Short 4.214 Short
E 111.6 × 109  Pa 4.423 Medium 4.428 Medium
E 117.8 × 109  Pa 4.395 Medium 4.400 Medium
E 130.2 × 109  Pa 4.347 Medium 4.351 Medium
E 136.4 × 109  Pa 4.326 Medium 4.330 Medium

5.2.2. Pressure Response p15  Under Laminar and Turbulent Flow Conditions
For both laminar and turbulent flow conditions, the rule-based decision structures 

for the pressure response p15  were constructed using the three dominant parameters iden-
tified by the sensitivity ranking: pipe radius R, kinematic viscosity 𝜈, and bulk modulus 
K. The response values were divided into three qualitative classes, Low, Medium, and 
High, using distribution-based thresholds determined independently for each flow regime. 
For laminar flow, the lower and upper thresholds were pL ,lam  = 1.28567 × 106  Pa and 
pH ,lam  = 1.28800 × 106  Pa, respectively. For turbulent flow, the corresponding thresholds 
were pL ,turb  = 1.48567 × 106  Pa and pH ,turb  = 1.50533 × 106  Pa. Accordingly, values below the 
lower threshold were classified as Low, values between the lower and upper thresholds 
as Medium, and values equal to or above the upper threshold as High. The resulting 
classifications and p15  values for both flow regimes are presented in Table 7.

Table 7. Classification of the pressure response p15  under laminar and turbulent flow conditions.

Laminar Flow Turbulent Flow

Parameter Parameter Value p15  [Pa] Response Class p15  [Pa] Response Class

R 0.0072 m 1,283,000 Low 1,468,000 Low
R 0.0076 m 1,285,000 Low 1,481,000 Low
R 0.0084 m 1,289,000 High 1,510,000 High
R 0.0088 m 1,290,000 High 1,525,000 High
𝜈 0.855 × 106  m2 /s 1,289,000 High 1,510,000 High
𝜈 0.903 × 106  m2 /s 1,288,000 High 1,502,000 Medium
𝜈 0.998 × 106  m2 /s 1,286,000 Medium 1,489,000 Medium
𝜈 1.045 × 106  m2 /s 1,285,000 Low 1,483,000 Low
K 1.98 × 109  Pa 1,285,000 Low 1,478,000 Low
K 2.09 × 109  Pa 1,286,000 Medium 1,487,000 Medium
K 2.31 × 109  Pa 1,287,000 Medium 1,503,000 Medium
K 2.42 × 109  Pa 1,288,000 High 1,511,000 High

The classification reveals consistent directional relationships between the dominant 
parameters and the pressure response in both flow regimes. Pipe radius R provides the 
clearest separation between the response classes: a decrease in R relative to its baseline value 
results in a Low pressure response, whereas an increase in R produces a High response. 
Kinematic viscosity 𝜈 exhibits the opposite tendency, with lower values associated with 
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higher p15 , while increasing 𝜈 shifts the response toward the Medium and Low classes. The 
bulk modulus K shows a more gradual positive influence, with increasing K shifting the 
response from Low through Medium toward High.

Although the qualitative parameter–response relationships are consistent between 
laminar and turbulent conditions, the magnitude of the pressure response differs sub-
stantially between the two regimes. Under laminar flow, the investigated p15  values are 
concentrated within a relatively narrow range of approximately 1.283 × 106  to 1.290 × 106  Pa. 
In contrast, the turbulent-flow results span a considerably wider range, from approximately 
1.468 × 106  to 1.525 × 106  Pa. This substantially wider response range is consistent with the 
greater pressure sensitivity under turbulent flow conditions identified previously by the 
OFAT analysis.

Thus, the rule-based structures based on R, 𝜈, and K preserve the same main directional 
dependencies in both flow regimes, while the independently determined thresholds capture 
the regime-specific response ranges. The corresponding rule-based decision structures are 
presented in Figure A1c for laminar flow and Figure A1d for turbulent flow.

Overall, the four rule-based decision structures developed for T15  and p15  demonstrate 
that separating the laminar and turbulent flow regimes preserves the regime-specific char-
acteristics of both temporal and pressure responses. For T15 , the dominant relationships 
associated with 𝜌, K, and E remain similar between the two regimes, although the response-
class thresholds differ slightly. For p15 , the structures based on R, 𝜈, and K likewise exhibit 
consistent directional relationships, but with substantially different response ranges and 
greater pressure sensitivity under turbulent flow. These rule-based structures therefore 
provide an interpretable representation of the principal parameter–response relationships 
identified by the OFAT analysis. However, because they primarily describe qualitative 
response classes and directional dependencies, a quantitative regression-based approach 
using CART models was additionally applied in the next stage.

5.3. CART-Based Decision Tree Modeling
To complement the qualitative rule-based structures presented in Section 5.2, CART 

modeling was applied to obtain quantitative and interpretable representations of the 
hydraulic system response. Since both T15  and p15  are continuous response variables, 
regression-type CARTs were considered. Consistently with the preceding OFAT and rule-
based analyses, the laminar and turbulent datasets were treated independently. Conse-
quently, four separate CART regression models were developed 𝑇lam

15 , 𝑇turb
15 , 𝑝lam

15 , 𝑝turb
15 . This 

separation prevents the differences between the two flow regimes from being averaged 
within a single regression structure and enables the predictive relationships governing each 
response case to be evaluated independently.

In order to obtain a more formal and data-driven representation of the hydraulic system 
behavior, the CART method was applied to the dataset generated from the OFAT sensitivity 
analysis. The CART algorithm recursively partitions the parameter space into homogeneous 
regions according to the selected splitting criterion. Since both T15  and p15  are continuous 
variables, regression-type CARTs were considered.

For a node t, the mean squared error is defined as:

MSE(𝑡) =
1

𝑁𝑡
∑
𝑖∈𝑡

(𝑦𝑖 − 𝑦𝑡)
2 (36)

where Nt  is the number of samples in node t, yi  denotes the observed response value, 𝑦𝑡
is the mean response within node t. For each candidate split, the reduction in variance is 
evaluated as:

ΔMSE = MSE(𝑡) − (
𝑁𝐿
𝑁𝑡

MSE(𝑡𝐿) +
𝑁𝑅
𝑁𝑡

MSE(𝑡𝑅)) (37)
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where tL  and tR  denote the left and right child nodes; NL  and NR  represent the number of 
samples in each subset. The optimal split is selected according to:

𝑥∗ = arg max𝑥𝑖
ΔMSE(𝑥𝑖) (38)

meaning that the parameter producing the largest variance reduction is selected as the 
splitting variable. The diagram in Figure 7 shows a flowchart for generating CART deci-
sion trees.

Figure 7. Flowchart for generating CART decision trees.

The CART regression analysis was based on the numerical observations obtained 
from the OFAT sensitivity analysis. Four independent regression trees were developed to 
represent the temporal and pressure responses under laminar and turbulent flow conditions. 
At each node, the splitting procedure selected the parameter and threshold providing the 
greatest reduction in the mean squared error, as described by Equations (36)–(38). The 
resulting trees provide piecewise-constant approximations of the relationships between 
the investigated hydraulic parameters and the corresponding response variables. Since the 
numerical dataset was generated using one-factor-at-a-time perturbations, the resulting 
tree structures should be interpreted primarily as exploratory representations of individual 
parameter effects within the investigated ranges, rather than as models demonstrating 
general predictive capability across arbitrary combinations of hydraulic parameters.

The CART analysis confirms that the transient hydraulic response may be effectively 
represented using a limited number of dominant parameters. The upper levels of the 
obtained trees are occupied by parameters exhibiting the highest OFAT sensitivity coeffi-
cients, demonstrating strong consistency between the sensitivity analysis and the machine 
learning model.

Following the qualitative rule-based analysis, quantitative CART regression models 
were constructed independently for each of the four response cases. Separate models 
were therefore developed for the temporal response under laminar flow 𝑇lam

15 , the temporal 
response under turbulent flow 𝑇turb

15 , the pressure response under laminar flow 𝑝lam
15 , and the 

pressure response under turbulent flow 𝑝turb
15 . This separation ensures that the regression 

trees preserve the response characteristics specific to each flow regime and prevents the 
averaging of laminar and turbulent behavior within a single model. The maximum tree 
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depth was set to 3, and the minimum number of samples per leaf node was set to 2. These 
settings were intended to limit model complexity and preserve the interpretability of the 
resulting decision structures. No separate training and test subsets were created. Model 
performance was assessed using in-sample mean absolute error (MAE) and coefficient of 
determination R2  values, supplemented by leave-one-out cross-validation (LOOCV), with 
28 observations used for training and one for validation in each of the 29 iterations.

5.3.1. CART Model for the Temporal Response T15 
The CART regression models for T15  were developed independently using the OFAT 

observations corresponding to laminar and turbulent flow conditions. The original continu-
ous values of T15  were used as the response variable, while the hydraulic parameters were 
introduced as predictors. The resulting regression trees are presented in Figure A2a for 
laminar flow and Figure A2b for turbulent flow.

For both flow regimes, fluid density 𝜌 was identified as the primary splitting variable, 
while the bulk modulus K provided an additional refinement of the temporal-response 
prediction. This structure is consistent with the OFAT sensitivity analysis and the rule-
based decision structures presented in Section 5.2, which identified 𝜌 and K as the dominant 
parameters governing T15 . The similarity of the two trees indicates that the principal 
parameter relationships governing the temporal response remain relatively stable between 
laminar and turbulent flow conditions.

Although the two models exhibit similar tree structures, they were constructed inde-
pendently using their respective flow-regime datasets. This preserves the small differences 
in the response range and splitting thresholds associated with the two flow conditions 
without imposing a common regression structure.

5.3.2. CART Model for the Pressure Response p15 
The CART regression models for p15  were likewise developed independently for lami-

nar and turbulent flow conditions using the corresponding OFAT observations. The original 
continuous pressure-response values were used as the response variable, and the hydraulic 
parameters were introduced as predictors. The resulting regression trees are presented in 
Figure A2c for laminar flow and Figure A2d for turbulent flow.

For both flow regimes, the pipe radius R was identified as the primary splitting vari-
able, confirming its dominant influence on the pressure response established by the OFAT 
sensitivity analysis. The bulk modulus K provided additional refinement of the predic-
tions, particularly within intermediate regions of the parameter space. This reveals a minor 
discrepancy with the OFAT results for the laminar pressure response, where viscosity 𝜈
was identified as the second most influential parameter. This difference reflects the distinct 
underlying mathematics of the two models. Therefore, combining both methods provides a 
more comprehensive and reliable characterization of parameter importance than relying on 
either method alone. However, the resulting tree structures support the qualitative relation-
ships identified in the rule-based analysis, in which R provided the clearest separation of 
the pressure-response classes and K exhibited a more gradual influence.

The qualitative structure of the pressure-response models is therefore consistent across 
the two flow regimes, while the response ranges differ substantially. In particular, the 
turbulent-flow model represents a considerably wider range of p15  values than the laminar-
flow model, consistent with the greater pressure sensitivity under turbulent conditions 
identified in the OFAT analysis.
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5.3.3. Performance of the CART Regression Models
The performance of the four independently developed CART regression models was 

evaluated using the mean absolute error (MAE) and coefficient of determination (R2 ). The 
MAE is defined as

MAE =
1
𝑁

𝑁
∑
𝑖=1

∣𝑦𝑖 − ˆ𝑦𝑖 ∣ (39)

while the coefficient of determination is given by

𝑅2 = 1 −
∑𝑁

𝑖=1(𝑦𝑖 − ˆ𝑦𝑖)
2

∑𝑁
𝑖=1(𝑦𝑖 − 𝑦)2 (40)

where N is the number of observations, yi  is the observed response, ˆ𝑦𝑖 is the CART-predicted 
response, and 𝑦 is the mean observed response. The resulting performance indicators are 
summarized in Table 8.

Table 8. In-sample performance indicators of the four independently developed CART regression 
models.

CART Model MAE R2 

𝑇lam
15 0.0350 s 0.717

𝑇turb
15 0.0356 s 0.711

𝑝lam
15 584 Pa 0.657

𝑝turb
15 4831 Pa 0.670

The performance indicators presented in Table 8 describe the reported degree of 
agreement between the CART regression models and the numerical responses obtained from 
the OFAT analysis. The coefficients of determination range from 0.657 to 0.717, indicating 
that the regression trees reproduce a substantial proportion of the response variability, 
although a noticeable proportion remains unexplained by the fitted models.

The temporal-response models exhibit similar MAE and R2  values under laminar 
and turbulent conditions. For the pressure-response models, the higher absolute MAE 
under turbulent conditions should be considered in relation to the wider range of pressure 
responses observed in this flow regime.

The CART models were developed primarily to identify dominant splitting variables, 
response thresholds, and interpretable parameter–response relationships. Consequently, 
the reported performance indicators should be interpreted as measures of model fit within 
the investigated OFAT dataset and should not, in the absence of documented indepen-
dent validation, be regarded as evidence of predictive accuracy for previously unseen 
hydraulic configurations.

As an additional robustness check, LOOCV was performed for the four reconstructed 
CART models. The resulting cross-validated R2  values were 0.051 and 0.050 for the laminar 
and turbulent temporal-response models, respectively, and 0.028 and 0.115 for the corre-
sponding pressure-response models. These results indicate limited predictive generalization 
within the available OFAT observations. Therefore, the CART models are primarily used to 
provide interpretable descriptions of dominant parameter–response relationships, rather 
than as independently validated predictive tools for arbitrary hydraulic configurations.

As illustrated in Figure 8, the temporal-response models exhibit the highest R2  values, 
with only a small difference between laminar and turbulent flow. The pressure-response 
models show moderately lower R2  values, while the turbulent-pressure model performs 
marginally better than the laminar-pressure model according to this metric. Overall, the 
relatively small differences between the corresponding laminar and turbulent models 
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indicate that independent treatment of the flow regimes preserves their specific response 
characteristics without substantially affecting the quality of the CART representation.

Figure 8. Comparison of the coefficient of determination R2  obtained for the four independently 
developed CART regression models.

It should be emphasized that the obtained coefficients of determination, ranging from 
0.657 to 0.717, indicate a moderate rather than high level of model fit. Although the CART 
models capture a substantial proportion of the response variability, approximately 28–34% 
remains unexplained within the evaluated data. Furthermore, the OFAT dataset comprises 
only 29 numerical configurations per flow regime, generated through individual variations 
in seven hydraulic parameters at four perturbation levels and the reference configuration. 
These characteristics limit the representation of the multidimensional parameter space and 
the assessment of more complex parameter relationships.

Consequently, the developed CART models should be regarded primarily as ex-
ploratory and interpretative tools rather than independently validated predictive models 
for engineering design or safety-critical water hammer applications. More comprehensive 
datasets and independent validation are required before their predictive reliability and 
generalization capability can be established.

5.3.4. Overall Analytical Workflow
The overall analytical workflow of the proposed methodology is presented in Figure 9. 

The procedure integrates hydraulic-model validation, OFAT sensitivity analysis, response 
quantification, parameter ranking, rule-based decision structures, and CART regression 
modeling. Both the rule-based structures and CART models were developed independently 
for laminar and turbulent flow conditions, resulting in four response cases: 𝑇lam

15 , 𝑇turb
15 , 𝑝lam

15 , 
and 𝑝turb

15 . The final stage comprises quantitative evaluation of the CART models using MAE 
and R2 , followed by interpretation of the identified parameter thresholds and dominant 
parameter–response relationships.
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Figure 9. Overall workflow of the proposed OFAT decision-tree methodology for hydraulic system 
analysis under water hammer conditions.

6. Conclusions
This study quantified the influence of pipe material properties, pipe geometry, and 

liquid properties on water-hammer wave propagation and transient pressure response. 
A validated Method of Characteristics model with a convolution-based unsteady-friction 
formulation was combined with OFAT sensitivity analysis and interpretable CART models 
to distinguish the effects of pipe material, system geometry and liquid physical properties 
under laminar and turbulent conditions.

The present findings are consistent with recent studies highlighting the importance 
of pipe material and mechanical properties in water-hammer analysis. Kandil et al. [6] 
demonstrated experimentally and numerically that pipe rigidity and material properties 
influence transient pressure and frequency response, while Kadi-Rouabah et al. [7] investi-
gated the sensitivity of overpressure and damping to pipeline characteristics. The present 
study complements these investigations by systematically comparing the effects of both 
liquid properties and pipe parameters on the time of the fifteenth pressure maximum T15 , 
and its magnitude p15 , under laminar and turbulent flow conditions. The results further 
demonstrate that parameter importance depends on the response quantity considered, 
highlighting the value of evaluating pressure amplitude and transient timing separately.The 
temporal structure of the water-hammer response is governed primarily by liquid density, 
liquid bulk modulus and pipe Young’s modulus. The ranking obtained for the investigated 
temporal response was

𝜌 > K > E0  > e > R > 𝜈P  > 𝜈,

which remained essentially unchanged between laminar and turbulent flow. This indicates 
that the timing of successive pressure-wave amplitudes is controlled predominantly by the 
coupled compressibility of the liquid and pipe wall rather than by viscous effects.

The pressure response exhibited a different sensitivity pattern. Pipe radius was the 
dominant parameter in both flow regimes, whereas the importance of liquid bulk modulus 
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and kinematic viscosity increased substantially under turbulent conditions. In particular, the 
normalized influence of K increased from 0.233% to 2.207%, while that of 𝜈 increased from 
0.311% to 1.806%. These results indicate that the relative contribution of fluid properties to 
water-hammer pressure response depends on the flow regime.

The combined variation in pipe and liquid parameters produced pressure-wave celer-
ity’s between approximately 1159 and 1479 m/s. The resulting difference of 320 m/s demon-
strates that uncertainties in material properties, pipe geometry and liquid properties can 
substantially modify the predicted temporal structure of a water-hammer event.

From a materials-mechanics perspective, the results emphasize that Young’s modulus 
and Poisson’s ratio should not be treated merely as secondary input parameters. Through 
the pipe-wall compliance contribution to the pressure-wave celerity, they directly couple the 
mechanical behavior of the pipe material with the compressibility of the transported liquid.

The principal scientific contribution of this study is the integration of three complemen-
tary approaches for interpreting transient hydraulic responses: OFAT-based quantitative 
sensitivity assessment, qualitative rule-based decision structures, and CART regression-tree 
modeling. Their combined application provides a systematic means of comparing dominant 
parameter effects under laminar and turbulent flow conditions and translating numerical 
sensitivity results into interpretable decision rules and hierarchical regression representa-
tions. The proposed framework should be regarded as an exploratory and interpretative 
approach within the investigated parameter ranges rather than a comprehensive model of 
multiparameter interactions or an independently validated predictive tool.

The CART results should also be interpreted considering the limited dataset size and 
moderate model fit. With 29 numerical configurations per flow regime and coefficients 
of determination between 0.657 and 0.717, the developed regression trees provide useful 
qualitative insights into individual parameter effects but do not demonstrate sufficient 
predictive reliability for direct engineering applications. Further validation using larger 
datasets, including simultaneous variations in hydraulic parameters, is therefore necessary.

The OFAT and CART analyses provided complementary interpretations of the in-
vestigated parameter–response relationships. The resulting decision structures identified 
dominant variables and response thresholds within the investigated parameter space. How-
ever, because the underlying dataset was generated using one-factor-at-a-time perturbations, 
the present analysis does not fully resolve multiparameter interactions. Future work should 
therefore consider representative engineering pipe materials, temperature-dependent ma-
terial and liquid properties, broader parameter ranges, and factorial or response-surface 
experimental designs.
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Appendix A 

Table A1. Results of the OFAT sensitivity analysis for individual hydraulic parameters under laminar 
and turbulent flow conditions.

Flow 
Regime Para Perturbation 

[%]
Parameter 

Value T15  [s] p15  [Pa] 𝚫T15  [s] 𝚫T15  [%] 𝚫p15 
[Pa] 𝚫p15  [%] dir 

(T15 )
dir 

(p15 )

lam 𝜌 −10 897.9 4.143 1 × 106 −0.227 −5.19450801 0 0 ↓ ≈

lam 𝜌 −5 947.77 4.257 1 × 106 −0.113 −2.58581236 0 0 ↓ ≈

lam 𝜌 5 1047.5 4.48 1 × 106 0.11 2.517162471 0 0 ↑ ≈

lam 𝜌 10 1097.4 4.585 1 × 106 0.215 4.919908467 0 0 ↑ ≈

lam R −10 0.0072 4.339 1 × 106 −0.031 −0.70938215 −4000 −0.31080031 ↓ ↓

lam R −5 0.0076 4.356 1 × 106 −0.014 −0.32036613 −2000 −0.15540016 ↓ ↓

lam R 5 0.0084 4.386 1 × 106 0.016 0.366132723 2000 0.155400155 ↑ ↑

lam R 10 0.0088 4.402 1 × 106 0.032 0.732265446 3000 0.233100233 ↑ ↑

lam e −10 0.0009 4.416 1 × 106 0.046 1.052631579 −1000 −0.07770008 ↑ ≈

lam e −5 0.00095 4.392 1 × 106 0.022 0.503432494 −1000 −0.07770008 ↑ ≈

lam e 5 0.00105 4.35 1 × 106 −0.02 −0.4576659 0 0 ↓ ≈

lam e 10 0.0011 4.331 1 × 106 −0.039 −0.89244851 0 0 ↓ ≈

lam 𝜈P −10 0.315 4.378 1 × 106 0.008 0.183066362 0 0 ↑ ≈

lam 𝜈P −5 0.3325 4.374 1 × 106 0.004 0.091533181 0 0 ≈ ≈

lam 𝜈P 5 0.3675 4.365 1 × 106 −0.005 −0.11441648 0 0 ↓ ≈

lam 𝜈P 10 0.385 4.36 1 × 106 −0.01 −0.22883295 0 0 ↓ ≈

lam 𝜈 −10 0.000000855 4.365 1 × 106 −0.005 −0.11441648 2000 0.155400155 ↓ ↑

lam 𝜈 −5 0.000000903 4.367 1 × 106 −0.003 −0.06864989 1000 0.077700078 ≈ ≈

lam 𝜈 5 0.000000998 4.372 1 × 106 0.002 0.04576659 −1000 −0.07770008 ≈ ≈

lam 𝜈 10 0.000001045 4.377 1 × 106 0.007 0.160183066 −2000 −0.15540016 ↑ ↓

lam K −10 1,980,000,000 4.558 1 × 106 0.188 4.302059497 −2000 −0.15540016 ↑ ↓

lam K −5 2,090,000,000 4.461 1 × 106 0.091 2.082379863 −1000 −0.07770008 ↑ ≈

lam K 5 2,310,000,000 4.288 1 × 106 −0.082 −1.87643021 0 0 ↓ ≈

lam K 10 2,420,000,000 4.21 1 × 106 −0.16 −3.66132723 1000 0.077700078 ↓ ≈

lam E −10 1.116 × 1011 4.423 1 × 106 0.053 1.212814645 −1000 −0.07770008 ↑ ≈

lam E −5 1.178 × 1011 4.395 1 × 106 0.025 0.57208238 −1000 −0.07770008 ↑ ≈

lam E 5 1.302 × 1011 4.347 1 × 106 −0.023 −0.52631579 0 0 ↓ ≈

lam E 10 1.364 × 1011 4.326 1 × 106 −0.044 −1.00686499 0 0 ↓ ≈

turb 𝜌 −10 897.9 4.148 1 × 106 −0.226 −5.16689529 −2000 −0.13377926 ↓ ↓

turb 𝜌 −5 947.77 4.261 1 × 106 −0.113 −2.58344765 −1000 −0.06688963 ↓ ≈

turb 𝜌 5 1047.5 4.482 1 × 106 0.108 2.469135802 1000 0.066889632 ↑ ≈

turb 𝜌 10 1097.4 4.59 1 × 106 0.216 4.938271605 2000 0.133779264 ↑ ↑

turb R −10 0.0072 4.343 1 × 106 −0.031 −0.70873342 −27,000 −1.80602007 ↓ ↓

turb R −5 0.0076 4.358 1 × 106 −0.016 −0.3657979 −14,000 −0.93645485 ↓ ↓

turb R 5 0.0084 4.391 2 × 106 0.017 0.388660265 15,000 1.003344482 ↑ ↑

turb R 10 0.0088 4.407 2 × 106 0.033 0.754458162 30,000 2.006688963 ↑ ↑

turb e −10 0.0009 4.421 1 × 106 0.047 1.074531321 −4000 −0.26755853 ↑ ↓

turb e −5 0.00095 4.397 1 × 106 0.023 0.525834476 −2000 −0.13377926 ↑ ↓
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Table A1. Cont.

Flow 
Regime Para Perturbation 

[%]
Parameter 

Value T15  [s] p15  [Pa] 𝚫T15  [s] 𝚫T15  [%] 𝚫p15 
[Pa] 𝚫p15  [%] dir 

(T15 )
dir 

(p15 )

turb e 5 0.00105 4.354 1 × 106 −0.02 −0.45724737 2000 0.133779264 ↓ ↑

turb e 10 0.0011 4.336 1 × 106 −0.038 −0.86877 4000 0.267558528 ↓ ↑

turb 𝜈P −10 0.315 4.383 1 × 106 0.009 0.205761317 −1000 −0.06688963 ↑ ≈

turb 𝜈P −5 0.3325 4.379 1 × 106 0.005 0.114311843 0 0 ↑ ≈

turb 𝜈P 5 0.3675 4.37 1 × 106 −0.004 −0.09144947 1000 0.066889632 ≈ ≈

turb 𝜈P 10 0.385 4.365 1 × 106 −0.009 −0.20576132 1000 0.066889632 ↓ ≈

turb 𝜈 −10 0.000000855 4.37 2 × 106 −0.004 −0.09144947 15,000 1.003344482 ≈ ↑

turb 𝜈 −5 0.000000903 4.372 2 × 106 −0.002 −0.04572474 7000 0.468227425 ≈ ↑

turb 𝜈 5 0.000000998 4.377 1 × 106 0.003 0.068587106 −6000 −0.40133779 ≈ ↓

turb 𝜈 10 0.000001045 4.379 1 × 106 0.005 0.114311843 −12,000 −0.80267559 ↑ ↓

turb K −10 1,980,000,000 4.562 1 × 106 0.188 4.298125286 −17,000 −1.13712375 ↑ ↓

turb K −5 2,090,000,000 4.463 1 × 106 0.089 2.0347508 −8000 −0.53511706 ↑ ↓

turb K 5 2,310,000,000 4.29 2 × 106 −0.084 −1.92043896 8000 0.535117057 ↓ ↑

turb K 10 2,420,000,000 4.214 2 × 106 −0.16 −3.65797897 16,000 1.070234114 ↓ ↑

turb E −10 1.116 × 1011 4.428 1 × 106 0.054 1.234567901 −5000 −0.33444816 ↑ ↓

turb E −5 1.178 × 1011 4.4 1 × 106 0.026 0.594421582 −2000 −0.13377926 ↑ ↓

turb E 5 1.302 × 1011 4.351 1 × 106 −0.023 −0.52583448 2000 0.133779264 ↓ ↑

turb E 10 1.364 × 1011 4.33 2 × 106 −0.044 −1.00594422 5000 0.334448161 ↓ ↑

Note: ↑ indicates an increase, ↓ indicates a decrease, and ≈ indicates an approximately unchanged value 
of the corresponding response (T15  or p15 ) relative to the reference (baseline) OFAT configuration.

(a) 

(b) 

Figure A1. Cont.
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(c) 

 
(d) 

Figure A1. Rule-based decision structure for the temporal response: (a) T15  under laminar flow 
conditions; (b) T15  under turbulent flow conditions; (c) p15  under laminar flow conditions; (d) p15 
under turbulent flow conditions.

Figure A2. Cont.
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Figure A2. CART regression tree for the temporal response: (a) T15  under laminar flow conditions; 
(b) T15  under turbulent flow conditions; (c) p15  under laminar flow conditions; (d) p15  under turbulent 
flow conditions.
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