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1. INTRODUCTION

Optimization of Co-flow Micro-heat-
exchanger Performance Using
Response Surface Methodology:
Energy Transfer Rate and
Thermodynamic Irreversibility

This paper investigates the optimization of energy transfer rates and
minimization of thermodynamic irreversibility in a co-flow microchannel
heat exchanger using Response Surface Methodology (RSM) coupled with
a Box-Behnken Design of Experiments. A surrogate model is developed to
correlate critical input parameters—including Reynolds number (Re),
Knudsen number (Kn), volume fraction (Vf), and particle diameter (Dp)—
with the system responses: average Nusselt number (Nu_avg) and entropy
generation (S_gen). The study explicitly addresses the effects of inlet flow
conditions on thermal performance by analyzing shear-driven forced
convection mechanisms. As highlighted in the boundary conditions,
velocity gradients at the inlet create a mixing-dominated environment,
where the Reynolds number (Re) governs fluid dynamics and heat transfer.
This shear-enhanced mixing significantly improves thermal transport,
while temperature gradients at the inlet contribute to localized heat
exchange between the channel’s bottom and top surfaces. The impacts of
input parameters are evaluated through velocity profiles, slip velocity,
temperature jump, heat transfer rates, and entropy generation. The
interplay between these factors reveals that higher Re (linked to increased
inlet velocities) intensifies convective heat transfer but also elevates
viscous dissipation, presenting a trade-off between Nu_avg and S _gen.
RSM optimization identifies Pareto-optimal conditions that maximize heat
transfer while minimizing irreversibility. Analysis of Variance (ANOVA)
validates the significance of each parameter, yielding regression equations
for Nu avg and S gen. The results demonstrate RSM’s efficacy in
balancing competing objectives, offering actionable insights for designing
high-efficiency microchannel heat exchangers in applications demanding
precise thermal management with minimal energy losses. This work
underscores the critical role of inlet flow conditions in dictating
microchannel performance, bridging the gap between idealized models
and practical operational constraints.

Keywords: SRT-BGK, optimization, co-flow, correlation, heat transfer,
entropy generation, design factors.

literature review several numerical and experimental
have been performed to achieve maximum heat transfer.

Nowadays, the need for very high energy efficiency has
resorted to the use of micro-heat-exchangers due to the
heat transfer rate which they provide for a very small
exchange surface. Face to this challenge and to improve
the thermal performance of these MEMS researchers
use the response surface methodology [1-10] to
maximize the exchanged heat transfer and reduce the
entropy generation production inside a micro-heat-
exchanger.

To determine the optimum values several input
design monitoring factors are combined. Based on the
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In this context, many researchers optimize the different
configurations of micro-heat-exchangers by combining
different design factors [7,11-18]. In microscale
systems, enhancing the energy transfer rate (quantified
by Nusselt number, Nu) often conflicts with minimizing
thermodynamic irreversibility (measured by entropy
generation, S gen). While higher heat transfer is
desirable, it can increase viscous dissipation or thermal
gradients, raising S gen. Thus, optimization requires a
trade-off between these competing objectives, as
demonstrated in prior studies [18-20].

Micro-scale heat exchanger systems have been the
focus of many researchers over the past few decades for
their wide utilization in micro-channel heat exchangers,
micro heat pipes, electronic cooling problems, compact
heat exchanger systems, solar collector systems, etc.
This is mainly attributed to the increasing demand for
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reducing the size and weight of these heat exchangers
while providing a high heat transfer performance per
unit volume by choosing the optimal working fluids and
materials. The operating and geometric parameters
influencing the performance of the heat exchanger can
be scaled to the required dimensions to achieve the
desired heat transfer rates and thermal performance. The
investigation of micro-heat-exchanger systems is a key
area in the field of research in relation to the
dimensional reduction of heat transfer equipment. Such
systems have limited applications compared to large-
scale systems, and they can be integrated to produce
cost-effective and compact devices.

In many engineering applications, the performance
of energy transfer systems is of critical importance. The
efficiency of such systems is often represented by the
thermodynamic irreversibility rate. The performance of
the co-flow for micro-channel heat exchangers. The co-
flow arrangement can maintain steady, non-oscillating
heat transfer performance at low flow rates. There exists
a range of various parameters such as Reynolds number,
Knudsen number, Volume fraction, and Diameter of
nanoparticles, for which the heat transfer is maximum
and the entropy generation is minimum for the co-flow
arrangement.

The thermally developing heat transfer on the co-
flow design occurs at a slower rate. The long entrance
length in the co-flow heat exchanger minimizes the
design and manufacturing complexities by reducing the
length and global thermal resistance of the heat
exchanger. Preliminary information about the co-flow
design finds its application in information and cooling
technologies, electronic cooling, solar thermal systems,
etc. Miniaturization affects not only the properties of
micro-heat-exchangers but also the energy transfer
rates. Because of these reasons, many results obtained
using various theoretical tools do not have further
extrapolative  significance and/or the adaptive
optimizations with respect to different constraints and
are often computed within simplified settings which are,
however, by no means representative of real or practical
cases that have some thermal peculiarities related to bed
heat treatment. In particular, regarding the fully time-
dependent transfer relations and timelines of the process
inputs, mass-transport coupled heat exchangers become
subject to additional control. Therefore, in the present
context, the co-flow of two reactive flows flowing under
an isothermal temperature drop can involve multi-
objective trade-off analysis which are connected as a
function of maximum and essentially different
characteristics of flow performance, influencing both
the energy of the system and the irreversibility.

Recently, to solve the governing equation inside a
micro-heat-exchanger, many researchers have used the
Lattice Boltzmann method as a new alternative [17,21—
23]. Due to the simplicity of coding and his second
order in time and space, the lattice Boltzmann method
replaces several traditional CFD methods [24,25]. The
D,Q¢ LB model is used in the continuous and slip
regimes.

While recent advances in nanofluid microchannel
optimization are notable, critical gaps remain. First,
RSM applications often target macro-scale systems
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([7,11]), overlooking slip-flow regimes (Kn > 0.001)
prevalent in micro-devices. Second, nanoparticle effects
are frequently idealized ([13]), neglecting aggregation-
induced losses. Third, single-objective approaches
([10]) fail to address the inherent trade-off between Nu
and Sgen. This study bridges these gaps by integrating
LBM (for rarefaction-accurate modeling) with RSM to
optimize co-flow micro-heat-exchangers, explicitly
balancing heat transfer enhancement and irreversibility
minimization.

Study Shortcoming Our improvement
Javadpour et  Macro-scale fins LBM for slip-flow
al.[11] ignore Kn effects microchannels
Fadodun et Assumes perfect Empirical nanofluid
al. [13] nanofluid dispersion  properties

Pattnaik et Optimizes only Nu Multi-objective Nu
al. [26] + Sgen RSM

Rabhi et al. Single-phase flow Co-flow nanofluid
[27] analysis with thermal stability

1.1 Motivation

The drive to enhance thermal management in compact
systems necessitates optimizing micro-heat-exchangers
(MHEXs), where co-flow configurations offer inherent
design advantages. However, maximizing the energy
transfer rate (quantified by Nusselt number, Nu_avg) in
these microscale devices often conflicts with min—
imizing thermodynamic irreversibility (quantified by
entropy generation, S _gen), as viscous dissipation and
thermal losses become significant. Prior studies
([2,11,19]) highlight this fundamental trade-off: stra—
tegies boosting Nu_avg (e.g., higher nanoparticle loa—
ding or complex geometries) frequently exacerbate
S gen, compromising overall system efficiency and
sustainability. Furthermore, optimizing MHEXs is
uniquely challenging due to dominant microscale effects
like rarefaction (slip flow, Kn > 0.001) and conjugate
heat transfer, which are inadequately addressed in mac—
ro-scale optimizations ([1,7]) or single-objective appro—
aches ([2,26]). Therefore, there is a compelling need for
a robust methodology capable of navigating this comp—
lex multi-objective design space - specifically targeting
co-flow MHEXs - to simultaneously maximize heat
removal and minimize exergy destruction, thereby un—
locking their full potential for high-effi—ciency, compact
thermal systems.

1.2 Contributions

This study reframes the optimization challenge for co-
flow micro-heat-exchangers by employing Response
Surface Methodology (RSM) to perform a rigorous multi-
objective trade-off analysis between heat transfer enh—
ancement (quantified by Nusselt number, Nu_avg) and
thermodynamic efficiency (quantified by entropy gene—
ration rate, S gen). Rather than pursuing an oversim—
plified simultaneous maximization of Nu_avg and mini—
mization of S gen, the work focuses on identifying
Pareto-optimal operating conditions — configurations
where Nu_avg cannot be significantly increased without
incurring a disproportionate rise in S_gen, and vice versa.
The results critically reveal the nature of the compromise
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between these competing objectives: under certain para—
meters (e.g., high Reynolds number, Re), maximizing
Nu_avg necessitates accepting significantly higher S gen,
indicating a near-mutually exclusive relationship.
Crucially, however, the analysis identifies specific, con—
text-dependent sweet spots where a favorable balance is
achievable. For ins—tance, at Re=30.7 and Krn=0.1, the
configuration delivers a substantially improved compro—
mise — offering high heat transfer rates while maintaining
S gen at manageable levels — compared to other regimes
like Re=50. This approach provides designers with
actionable insights into parameter combinations that
optimally balance performance and efficiency for specific
microchannel applications.

1.3 Novelty of this study

This work introduces significant methodological and
conceptual novelty by pioneering the integrated app—
lication of the Lattice Boltzmann Method (LBM) and
Response Surface Methodology (RSM) for the multi-
objective optimization of co-flow micro-heat-exchan—
gers (MHEXs) under rarefied gas conditions (Kn >
0.001). Specifically, it uniquely addresses the simulta—
neous maximization of energy transfer rate (quantified
by Nusselt number, Nu_avg) and minimization of ther—
modynamic irreversibility (quantified by entropy gene—
ration, S gen) within this complex regime. Unlike
previous studies that optimized macro/mini-channels
([1,7]), neglected slip-flow effects crucial for true
microchannels ([19]), or employed single-objective
approaches unable to resolve the inherent Nu avg vs.
S gen trade-off ([2,11,26]), this study explicitly models
conjugate heat exchange in steady co-flow geometry
using LBM to capture rarefaction physics accurately.
The core novelty lies in leveraging these high-fidelity
LBM simulations to generate the data driving a robust
RSM framework, enabling the efficient exploration of
the complex design space (spanning Reynolds number,
Knudsen number, nanoparticle concentration, etc.) to
identify Pareto-optimal solutions that practically balan—
ce the competing objectives. This approach successfully
identifies novel operating points (e.g., Re=30.7, Kn=0.1)
achieving a critical compromise between high heat tran—
sfer and low entropy generation — a key advancement
beyond designs solely prioritizing Nu_avg ([11]) or
neglecting nanofluid-microchannel synergy under slip

([28]).
2. PROBLEM SETTING
Specific engineering application

The analyzed co-flow micro-heat-exchanger is primarily
designed for applications requiring compact, high-
efficiency thermal management, such as:
» Microelectronics Cooling
e Application: Thermal management of CPUs,
GPUs, and power electronics in compact devi—
ces (e.g., smartphones, IoT sensors).
e Relevance:
v The optimized Re=30.7, Kn=0.1, V/=0.04,
and Dp=10 nm condition balances heat
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transfer and energy losses, preventing over—
heating while minimizing cooling power.

v/ Nanofluid use (Al,Os/water): Enhances
thermal conductivity by ~20% compared
to pure water ([19]).

»> Energy-efficient HVAC systems

e Application: Microchannel heat exchangers in
miniaturized heat pumps or building climate
control.

e Relevance:

v" Co-flow stability reduces temperature os—
cillations, improving system longevity.

v' Low S gen (16.8 W/m?K) design cuts
energy waste, aligning with sustainable
HVAC standards.

> Biomedical devices

e Application: Lab-on-a-chip systems for PCR
machines or drug delivery.

e Relevance:

v Slip-flow regime (Kn=0.1) ensures precise
temperature control in microfluidic chan—
nels.

v" Nanoparticle diameter (Dp=10 nm) avoids
clogging in micron-scale channels.

» Aerospace thermal control

e Application: Cooling avionics or satellite
components in weight-constrained environ—
ments.

e Relevance:

v' Microscale design (H = 100-500 pm) re—
duces system mass.

v MEMS compatibility (via LBM-validated
slip flow) suits low-gravity conditions.

»  Solar thermal collectors

e Application: Nanofluid-based microchannel
absorbers for concentrated solar power.

e Relevance:

v' High Nu (~30.8) maximizes energy cap—
ture.

v" Low Dp (10 nm) minimizes nanoparticle
sedimentation in stagnant zones.

» Implementation roadmap

e Prototyping: Fabricate microchannels with
laser etching or 3D printing.

e Nanofluid Preparation: Use ultrasonication to
stabilize Al,Os/water nanofluids at V/=0.04.

e System Integration: Pair with micro-pumps
(e.g., piezoelectric actuators) for Re=30 flow
control.

» Industry impact

e Electronics: Enables thinner laptops/phones
with better heat dissipation.

e Energy: Reduces HVAC operational costs by
~15% via lower S_gen.

e Biotech: Enhances accuracy of portable diag—
nostic devices.

[ ]

Principle & purpose:

— The exchanger uses nanofluid flow (nanoparticles

in base fluid) to enhance heat transfer via imp—
roved thermal conductivity.
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— Co-flow configuration (parallel streams of hot/cold
fluids) minimizes thermal oscillations, ensuring
steady heat exchange.

— Optimization goal: Maximize Nu_avg (heat trans—
fer) while minimizing S gen (entropy generation,
i.e., energy losses).

Geometric definition

The studied micro-heat-exchanger consists of a 2D
microchannel driven by a co-flow filled with nano
liquid (Figure 1):

e Height (H): Characteristic microscale dimension
(e.g., 100500 pm).

e Length (L): Typically >> H for fully developed
flow, taken here L=4H with outflow boundary
conditions to prevent recirculations at outlet: The
outflow boundary condition is obeyed in fully-
developed flows where the diffusion flux for all
flow variables in the exit direction is zero.

e Walls:

Bottom wall: Heated (constant temperature, 7=7h).
Top wall: Cooled (7=Tc).

Cold rigid boundary: U=Ug;, and T=Tjymp

—_—
—> Ui, Ta
—>
H Al;03-H;0 nanoliquid N

=T

g
——3 0250, T y

W=

Hot rigid boundary: U=Ug;, and T=Tjump

€ L

W

Figure 1. Schematic of the physical model of the
microchannel.

Effect of geometric ratio (H/L):

e A smaller H/L (longer channel) promotes fully de—
veloped flow, reducing entrance effects but inc—
reasing viscous losses.

e A larger H/L (shorter channel) enhances entrance
region effects, potentially improving Nu at the
cost of higher pressure drop.

The study likely assumes fixed H/L; parametric
analysis of this ratio could be future work and is of
interest in literature ([29]).

3. ASSUMPTIONS & BOUNDARY CONDITIONS

Key Assumptions

e Laminar, incompressible flow (Re < 50, valid for
microscale flows).

e Slip flow regime (0.001 < Kn < 0.1): Velocity
slip/temperature jump at walls.

e Negligible radiation/gravity effects: Dominated by
forced convection.

e Newtonian nanofluid: Homogeneous dispersion of
nanoparticles (no aggregation).

412 = VOL. 53, No 3, 2025

e Thermophysical properties: Constant except for
density (Boussinesq approximation if buoyancy is
considered).

Initial & boundary conditions

e Flow:
Inlet:
H2<Y<H: U=U,, T=T,=1
0<Y<H/2: U=0.25U;,, T=T =0
Outlet: (fully developed flow).

au_ov_er
oY oY oY
o Walls:

Near the horizontal walls, the modeling of the flow
and heat transfer need to apply the slip velocity and
temperature jump conditions in its dimensional forms
[27, 5, 19]):

g ou
u;;o = Uy, y=0"Ux, paroi =O’Kl’1(a—j ey
YJy=0
slip  _ —oKn ou 2
uy:H _ux,paroi'ux,y=H =0 a_ ( )
Y)y=H
Tx]f;g(; = Tx,y:O'Tx,paroi
2y oT €)
o kn +1)Pr )\ 0y
(7 +1)Pr N0y )y
ijf;zz;—[ = Tx,paroi _Txy:H
2y (ot “4)
¢ Ka +1)Pr | oy
(7 ) r y y=H

o, &, v, Kn, and Pr are respectively, the tangential
momentum accommodation coefficient, the thermal
accommodation coefficient, the specific heat transfer
ratio, the Knudsen number, and the Prandtl number.

Governing equations

The flow and heat transfer of the co-flow through the

micro-channel is governed by the incompressible Navier

Stokes coupled with the energy equations [30].
Continuity equation:

oU oV

- 5
ox oy ©)

Momentum equations:

Uy =
1), ¢ oY ox?  or?

2 2
oUu ou _6_P+ Huyp 1 6U+6U ©)
X pyvr Re

2 2
Ua_V+Va_V:_8_P+ /unf L 0 V+a 4 (7)
oX oY oY p,op Rel ox?  or?

Energy equation:

v v
ox?  or?

a 2 2
00 o6 _ % 1 o0 N o0 )
oX oY arp RePr
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The local irreversibility inside the micro-heat-exc—
hanger is subdivided into two terms: the first corres—
ponds to the heat transfer irreversibility (Sg) and the
second corresponds to the fluid friction irreversibility
(Sp [20,21,31-33].

§_gen—local =Sg+Sy )
2 2
S gen—local = 6_6;4_8_2 +
oxX< oY

oUY (av\'| (oU ovY
G2/l —=| +| —=| |+ —=+—
oX oY oY oX
The local Bejan number is expressed in Eq. (11):

Be _local = HTI/S _ gen—local (11)

The irreversibility distribution ratio, which equals
107 in this study is expressed as:

2
ﬂhnf'TO( a j
= — 12
g1 |\ TIAT (12)

The average entropy generation and Be number are
expressed in Egs. (13) and (14):

S_gen:I S _gen—local dXdY (13)
Q
Be= j j Be_local dXdY (14)
Q

The local Nusselt number, calculated along the bot—
tom wall as shown below, determines the microflow's
heat transfer characteristics.

k.,
Nujoeas = _Lf[a_Tj (15)

Therefore, the average Nusselt number is obtained
by integrating the local Nusselt number.

L

k

Nu_atvg:—l f (8_TJ (16)
Lky 0 oY o

X=

4. NUMERICAL MODELING

The Lattice Boltzmann method is used with the D,Qq
model (Figure 2) for solving both motion and energy
equations in micro-heat-exchanger.

6 2 5
~ t
cs Cc2 Cs
Jge—=o a —>e1
c7 Ca <
[ l Q
7 4 8

Figure 2. The D,Q, LBM model.
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This model is validated in previous investigations
for cases of macro [34] and micro geometry [22,28].
The lattice Boltzmann method has been used succes—
sfully in various classic and emerging scientific and
engineering fields and has proven powerful to pose an
alternative to classical discretization methods in the
continuous and slip regimes.

4.1 Lattice Boltzmann equation

The double-population method enhances the accuracy of
the model, particularly in capturing the finer details of
the near-wall flow and heat transfer.

At| 7Y (x,t)
fo(x+c, At,t+At)=1, (x,t)+ — k ’
K (x+ ¢k )= fi (x.t) - [—fk(x,t) (7

+Aka
eq
gk(x+ckAt,t+At)=gk(x,t)+ﬂ g (x1) (8)
Ta — 8k (X,t)

Equations (20) and (21) contain single relaxation
times, which are related to the kinematic viscosity and
the thermal diffusivity via Equation (22):

A A
7, =300 405, 7, =3a 0 +0.5 (19)
Ax Ax

The equilibrium distribution functions correspon—
ding to the medium are calculated as follows:

2 2
£ed = a)kp[1+30k2u +2(ck u) _i(u) } 20)

4 2
i 2 2 ¢

For thermal simulation the equilibrium distribution
function is calculated as follows:

gt =Tay [1+3Ck—2u] (21)

Cs

The speed of sound Eq. (22) and the lattice weight
factors wy Eq. (23) are expressed as follows:

N (22)
4 1 1
Oy =—, Op—qja4 =—, Wp_s_g =— 23
k=0 =30 Ck=1-4 = 5s Op=5-8 = 7 (23)
Macroscopic properties (density, velocity, tempe—
rature) are calculated at nodal points throughout the
domain.

8 8
p(x0)=Y fip(xt)u (x0) =D fi & %Fk
0 0

(24

T(x,t)= Zglgk

4.2 Hydrodynamic boundary conditions

e At the inlet:
The unknown distribution functions are calculated
using the boundary condition proposed by Zou and He
[35].
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o At the outlet:
A second-order extrapolation scheme is used [36].
e Side walls:
The slip velocity condition is applied to the hori—
zontal walls [22,37,38]:

4.3 Thermal boundary conditions

e At the inlet:
&1 = Tiniet (@(1) +@(3)) — 23 (25)
25 = Tintet (@(5) + (7))~ g7 (26)
25 = Tinter (@(6) + 0(8)) — 26 7

o Side walls:
The temperature jump condition is applied to the
horizontal wall [22,37,38].

o At the outlet, an extrapolation scheme is used [39]:
g3 (Xy.J) =2xg3(xyy— L)~ g3 (X —2.]) (28)
g6 (Xw-J) =2xg¢ (xy~Li)-gs (xw=2.j) (29
g7 (x.J) =2xg7 (xy—Lj) g7 (x=2.0)  (30)

5. JUSTIFICATION OF MODEL CHOICES

e LBM: Captures microscale effects since the
mesoscopic approach (slip flow, Knudsen layers)
is better than traditional CFD.

e RSM: Efficiently maps nonlinear interactions
between Re, Kn, Vf, Dp.

e Neglected effects: Turbulence (low Re), particle
sedimentation (assumed stable nanofluid).

However, we may suggest improvements in future
works to the limitations of the present study:

e HJ/L ratio and its impact.

e Manufacturing feasibility (e.g., microfabrication
limits for Dp = 10 nm).

e 3D effects (e.g., sidewall conduction) are negligi-ble.

6. NUMERICAL VALIDATION

Firstly:

The case of a two-dimensional heated macro channel
crossed with cold air (Pr=0.71) was taken as a bench—
mark test in order to ensure that the obtained results
were correct. The channel was heated from its top and
bottom walls. The velocity profile at different sections
of the channel is compared with those obtained by Tang
et al. [40] and Mohebbi et al. [41] (Figure 3a). Based on
the aforementioned comparisons, the present results
show a good agreement. In addition, the fully developed
velocity is compared to the analytical solution (U, =
U, = 1.5) (Figure 3 b).

The analytical solution for fully-developed flow
between two parallel plates is defined as [42].

2
Lzz[ﬂ_(z_yj ] o
u; 2\ H H

mn

The results agree with the analytical one. Besides,
LBM findings are highly accurate.
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0.8 i

0.6- x/L=0.02 (Tang etal) ' -

i x/1.=0.02 (Mohebbi et al.). .

> — x/L=0.1(Present study):
044 XA (Tang etal)

Xx/L=0.1. (Mohebbi.et al.)....

0.8

0.6

—— LBM (present study)
—o— Analytical solution

0.4+

0.2+

0.0 t=F+———+—F——F—1+T7 .
00 02 04 06 08 10 12 14 16
U

(b)

Figure 3. (a) Velocity profiles at various channel sections
compared against results by Tang et al. [40] and Mohebbi
et al. [41]; (b) Fully-developed velocity profile validated
against the analytical exact solution.

Secondly:

To wvalidate the accuracy of the developed
FORTRAN code, Figure 4 compares the fully deve—
loped horizontal velocity profiles across a microchannel
partially heated from side walls filled with Cu-water
nanofluid at various Knudsen numbers (Kn) with results
from Ferhi et al. [22]. Excellent agreement is observed.

1,04

n;*
a*.

0,84

0.6 - Present study (kn=0)

' @ Ferhi et al. (Kn=0)

- Present study(kn=0.1)

044 * Ferhl et al. (kn=0.1)

0,24

olo ] T | T T T T

o0 02 04 06 08 10 12 14 16

u

Figure 4. Fully developed horizontal velocity profiles for
Re=50: Present results compared with Ref. [22].

Thirdly:
A microchannel partially heated from side walls
filled with Cu-water nanofluid was simulated using the
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Lattice Boltzmann Method (LBM). The model's accu—
racy was validated by comparing its predictions against
established models for a range of Reynolds numbers
(Re). The results, summarized in Table 1, demonstrated
sufficient agreement across all tested Re values, thereby
establishing confidence in the LBM model's ability to
accurately simulate heat transfer in this complex system.

Table 1. Comparison of the present results with those
obtained in the literature for the case of two-dimensional
microchannel partially heated from side walls filled with
nanofluid for Kn=0.1.

Re
10 50 100
(Nu_avg) | Present | Ref. | Present | Ref. | Present | Ref.
[22] [22] [22]
1493 | 14.93 | 28.58 | 28.58 | 38.18 |38.18

7. RESULTS AND DISCUSSION

In this section, the impact of several independent emer—
ging parameters on thermodynamic characteristics and
the entropy generation of a co-flow crossed the micro-
heat-exchanger. Besides, the response of heat transfer
and volumetric entropy generation is determined based
on the interaction between several designs' parameters
and then an optimized model is obtained using response
surface methodology.

7.1. Independent impact of design monitoring
factors

Convective flow: The impact of each important design
parameter such as Kn and Re on the developed velocity,
slip velocity, and temperature jump is illustrated in
Figures 5 and 6 respectively.

As the Kn number rises, the movement of the
particles in the core region of the micro-heat-exchanger
becomes decelerated. On the other hand, near the side
walls, the velocity increases. This can be explained by
the collision between particles-particles and particles-
walls which are more important near the bottom and top
side walls (Figure 5). Indeed, the velocity profile
established in the micro-heat-exchanger is greatly
affected by the Reynolds number (Re) and the Knudsen
number (Kn). At low Re (laminar flow), the velocity
profile usually appears parabolic, featuring a peak
velocity at the center of the micro-channel and no
velocity at the walls owing to the no-slip condition. The
Knudsen number (Kn), which denotes the ratio of the
average free path of fluid molecules to the characteristic
length of the micro-channel, gains significance as the
micro-channel dimensions decrease. When Kn rises
(slip flow regime), the no-slip boundary condition
ceases to hold, leading to a non-zero velocity.
Consequently, the slip velocity and the temperature
jump increase (Figure 6a and b). As the Re number
increases, the convective motion increases which
reduces the hydrodynamic boundary and the thermal
layer thickness.

Heat transfer and entropy generation: The variation of
heat transfer and entropy generation as a function of Re
and Kn are illustrated in Figure 7. It can be seen from
this figure that the heat transfer rate's (Figure 7a)
dependence on the Reynolds number follows a positive
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trend, meaning higher Re leads to higher heat transfer
rates. However, the specific relationship is highly
dependent on the convective flow intensity. As Re
increases convective heat transfer becomes increasingly
dominant, leading to a stronger dependence on the heat
transfer rate on Re. Moreover, the variation of entropy
generation (Figure 7b) with Reynolds number in a co-
flow through a micro-channel depends on the interplay
between fluid friction and energy irreversibility. At low
Re, viscous dissipation is minimal, and entropy
generation is primarily driven by energy irreversibility,
potentially exhibiting a weak dependence on Re. As Re
increases, fluid friction increases significantly, leading
to a substantial rise in entropy generation due to viscous
dissipation. However, enhanced heat transfer at higher
Re can, in some cases, partially offset this increase.
While Nu_avg rises linearly with Re (Figure 7a), S gen
surges due to viscous dissipation (Figure 7b). This
confirms that high Re improves heat transfer at the cost
of irreversibility.
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Figure 5. Developed velocity inside the micro-heat-
exchanger for different Re and Kn.

In addition, the heat transfer rate in a co-flow
through a micro-channel exhibits a complex relationship
with the Knudsen number (Kn), reflecting the transition
from continuum to rarefied flow. At low Kn (continuum
regime), the heat transfer is primarily governed by
convection and conduction. As Kn increases, rarefaction
effects become significant. Slip flow at the walls alters
the velocity and temperature profiles, influencing both
convective and conductive heat transfer. Thermal slip,
in particular, leads to a reduced temperature gradient
near the walls, potentially decreasing the conductive
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heat transfer. The overall effect on the heat transfer rate
depends on the relative contributions of these competing
mechanisms. For sufficiently high Kn (free molecular
flow), the heat transfer becomes dominated by
molecular collisions with the walls, leading to an
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Figure 6. Slip velocity (a) and temperature jump (b) along the b

On the other hand, the wvariation of entropy
generation with Knudsen number in a co-flow through a
micro-channel is primarily influenced by the transition
from continuum to slip flow regimes. At low Kn, the
entropy generation is primarily governed by viscous
dissipation and irreversibility. As Kn increases
(approaching the slip flow regime), the no-slip boundary
condition becomes invalid, and slip velocities at the
micro-channel walls alter the velocity profile and shear
stress distribution. This modification affects viscous
dissipation and consequently the entropy generation due

to friction. Simultaneously, the heat transfer
characteristics change due to the altered velocity profile
and thermal slip, influencing the irreversibility.

Therefore, the entropy generation reduction depends on
the relative contribution of viscous dissipation and
irreversibility, which are both affected by the degree of
rarefaction characterized by Kn.
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increase in the heat transfer, particularly at high Re.
Higher Kn (slip flow) reduces S gen by lowering shear
stress but can dampen Nu_avg if thermal slip dominates
(Figure 7). Thus, Kn=0.1 offers a trade-off-moderate
Nu_avg with minimal S_gen.
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7.2 Optimization process using Response surface
methodology

RSM is a collection of statistical and mathematical
techniques used for modeling and analyzing problems in
which a response of interest is influenced by several
factors. The goal is to optimize the response. Usually, in
the beginning stages of an experiment, the factors
influencing the response are not well understood.

RSM helps in understanding the relationship between
the factors and the response by providing a sequential
experimental strategy. RSM uses a set of designed
experiments to obtain an adequate description of the
response surface. Based on this descriptive model, one
can find operating conditions for the factors that yield a
desired improvement in the response. The sequential
approach consists of three steps:
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- The first step is to conduct a screening experiment to
identify the most important factors (Re, Kn, Vf, and Dp)
gathered in Table 2.

- The second step is to conduct experiments on the
factors identified in the first step to develop and fit a
model for the response (response of Nu_avg and S gen
illustrated in Table 3).

- The final step is to conduct experiments to find the
optimal settings for the factors.

RSM has several advantages compared to other data
analysis techniques used in the optimization process.
First, a small number of experiments can produce ade—
quate data to optimize the product or process. Also, the
underlying statistical model gives the user clear infor—
mation about the adequacy of the data. Additionally, it
is a suitable method in the optimization process for
developing new products, process optimization, and
efficiency improvement of established processes.
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Figure 7. Impact of Re and Kn on heat transfer Nu_avg (a) and entropy generation S_gen (b).
Table 2. The effective factors studied and the values on three levels
Actual Effective factor Level
symbol Low (-1) Medium (0) High (+1)
A: Re Reynolds number 10 30 50
B:Vf Volume fraction 0 0.02 0.04
C: Kn Knudsen number 0 0.05 0.1
D: Dp (nm) Nanoparticles size
Table 3. Design of Experiments and response of Nu_avg and S_gen.
Input design factors Responses
Runs Re V f Kn Dp (nm) Nu_avg S gen
1 10 0.02 0.00 30 12.43 14.85
2 50 0.02 0.00 30 21.75 32.51
3 10 0.02 0.1 30 13.01 11.81
4 50 0.02 0.1 30 27.52 28.44
5 30 0.00 0.05 10 18.11 23.48
6 30 0.04 0.05 10 30.62 18.02
7 30 0.00 0.05 50 18.06 23.46
8 30 0.04 0.05 50 22.66 24.33
9 10 0.02 0.05 10 15.03 11.67
10 50 0.02 0.05 10 30.94 26.99
11 10 0.02 0.05 50 12.89 13.47
12 50 0.02 0.05 50 25.55 32.13
13 30 0.00 0.00 30 15.77 25.27
14 30 0.00 0.1 30 18.68 21.58
15 30 0.04 0.00 30 20.43 24.56
16 30 0.04 0.1 30 24.70 20.98
17 10 0.00 0.05 30 11.15 13.11
18 50 0.00 0.05 30 22.64 31.43
19 10 0.04 0.05 30 14.55 12.75
20 50 0.04 0.05 30 30.51 30.71
21 30 0.02 0.00 10 21.49 21.59
22 30 0.02 0.1 10 24.97 18.42
23 30 0.02 0.00 50 17.64 25.81
24 30 0.02 0.1 50 20.93 22.03
25 30 0.02 0.05 30 21.05 23.18
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Interaction effect on 3D response surface of Nu_avg
and S gen: The impact of the interaction between the
input monitoring factors on the response of energy
transfer rate (Nu_avg) is depicted in Figure 8. By
analyzing the response surface of heat transfer, this last
depends linearly as a function of Vf'and Re. On the other
hand, the heat transfer undergoes a nonlinear curve
versus Kn and Dp. The Nu improvement is more
pronounced for high values of Re, Kn, and volume
fraction (Vf) and for low values of nanoparticle diameter
(Dp). Moreover, Raising Re typically boosts Nu avg
because of heightened turbulence and mixing; however,
this impact is usually more subdued in micro-channels
than in macro-channels because of the prevalence of
viscous forces. Increased nanoparticle volume fractions
(Vf) generally result in higher Nu_avg because of the
improved thermal conductivity of the nanofluid.
Nonetheless, this improvement is not consistently linear
and can be affected by the aggregation of nanoparticles
and the Brownian movement. Typically, smaller
nanoparticle diameters (Dp) lead to higher Nu avg
because they offer a greater surface area for heat
transfer and enhanced dispersion in the base fluid.

Ultimately, the Knudsen number (Kn), which is the
ratio of the average free path of fluid molecules to the
hydraulic diameter of the channel, is crucial in
microchannels. As Kn increases (nearing the slip flow
regime), the no-slip boundary condition fails, resulting
in variations from traditional correlations and possibly
influencing the connection between Nu_avg and the
other variables. As a result, the fluctuation of Nu_avg is
a complex interaction of these elements, and precise
forecasting necessitates taking their combined impacts
into account via advanced modeling methods that inco-
rporate micro-scale. The case of a high heat transfer rate
can be used in many industrial applications.

The impact of the interaction between the input
monitoring factors on the response of thermodynamic
irreversibility (S_gen) is illustrated in Figure 9. To
obtain the optimized model, the volumetric entropy
generation must be the minimum possible. By analyzing
the response surface of entropy generation, it is found
that the minimum entropy generation occurs at high
Knudsen number (Kn), low values of nanoparticle
diameter (Dp), and high nanoparticle volume fraction
(Vf). In addition, increasing Re leads to higher entropy
generation due to increased fluid friction and viscous
dissipation. However, the relationship isn't always
linear, and the effect might be less pronounced in mic—
rochannels where viscous effects are dominant. Higher
nanoparticle volume fractions (¥f) can increase entropy
generation due to enhanced viscous dissipation from
increased fluid viscosity and potentially from irre—
versible processes associated with nanoparticle aggre—
gation and Brownian motion. Smaller nanoparticle
diameters (Dp) might initially reduce entropy generation
by improving heat transfer, but this effect can be coun—
teracted by increased viscous dissipation if the smaller
particles lead to a significant increase in viscosity.

The Kn number plays a crucial role in the slip flow
regime. As Kn increases, the deviations from the no-slip
condition can affect both fluid friction and heat transfer,
thus altering the overall entropy generation. Therefore,

418 = VOL. 53, No 3, 2025

the variation of entropy generation is a complex inter—
play of these parameters, with the optimal conditions for
minimizing entropy generation often representing a
trade-off between enhancing heat transfer and reducing
viscous dissipation. Accurate prediction requires consi—
dering the combined and often non-linear effects of
these factors through detailed numerical simulations or
advanced analytical models.
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Figure 8. 3D response surface for Nu_avg showing
interactions between (a) Re and Vf, (b) Re and Kn, and (c)
Vf and Dp.
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Figure 9. 3D response surface for S_gen highlighting (a)
Re-Kn trade-offs and (b) Vf-Dp effects.

Analysis  of variance (ANOVA): Analysis of
variance (ANOVA for quadratic model) is a statistical
technique employed to assess the importance level of
the model or input factors, suggest a regression model
relating the input variables to the objective function, and
assess the accuracy of the regression model. The input
variable or model variables are deemed significant or
insignificant based on P or F values. In this study, 0.05
and 1 are established as the critical significance levels
for P and F, respectively. Typically, the most important
model has the lowest P-value and the highest F-value. It

is observed from Table 4 that the P values for AD, BC,
CD, A%, B, and C” are greater than 0.05, suggesting that
these terms are not significant model terms for deter—
mining Nu_avg. The Model F-value of 60.42 suggests
that the model is significant. There is merely a 0.01%
likelihood that such a large F-value could result from
random noise. P-values below 0.05 suggest that the
model terms are significant. In this scenario, A, B, C, D,
AB, AC, BD, and D’ are important model components.
Values exceeding 0.1 suggest that the model terms lack
significance. Having numerous insignificant model ter—
ms may lead to an enhancement of our model through
model reduction.

It is observed from Table 5 that the P values for 4B,
AC, BC, CD, B’, and C* are greater than 0.05, sugges—
ting that these terms are not significant model terms for
determining S gen. The Model F-value of 233.88
suggests that the model is significant. There is merely a
0.01% likelihood that such a large F-value could result
from random noise. P-values below 0.05 suggest that
the model terms are significant. In this scenario, 4, B, C,
D, AD, BD, AZ, and D’ are important model compo—
nents. Values exceeding 0.1 suggest that the model
terms lack significance. Having numerous insignificant
model terms may lead to an enhancement of our model
through model reduction. The developed polynomial
models for Nu_avg and S gen in terms of actual design
factors are written in Egs. 35 and 36.

Additionally, the normal probability plots for both
the Nu_avg and S_gen residuals are shown in Figure 10,
revealing a straight line, which signifies that the model
is effective, and the errors follow normal distributions.
Residual points uniformly spread around the straight
line on these probability plots exhibit the traits of a sui—
table model. In line with the appropriate model, verifi—
cation was additionally examined through regression
analysis to confirm that the model accurately reflects the
real data. The residuals in relation to the predicted va—
lues for heat transfer rate and entropy generation shown
in Figure 11 suggest that the model is sufficient. This
figure displayed the graphs of predicted versus actual
values for Nu_avg and S gen, allowing for the analysis
of the correlation between them based on the model's
quadratic equation. The successful correlation with the
linear regression is evident in these graphs (the R®
values of 0.9883 and 0.997 for Nu avg and S gen
respectively), thus highlighting the model's precision in
representing the data points.

Nu_avg =7.11896+0.464896 x Re +214.37500x Vf +33.98333x Kn—0.135687 x Dp
+1.2975x Rex Kn—4.94375xVf x Dp +0.003338 x Dp?
S _gen=8.45219+0.565063 x Re—148.5625xVf —17.11667 x Kn +0.099625 x Dp

+0.002088x Rex Dp +3.95625x Vf x Dp —0.002911x Re?— 0.002433 x Dp>

Table 4: ANOVA for a quadratic model of Nu_avg.

(34

(35)

Source Sum of Squares df  Mean Square F-value p-value

Model 804.18 14 57.44 60.42 <0.0001 significant
A-Re 531.34 1 531.34 558.85 <0.0001 significant
B-Vf 127.14 1 127.14 133.72 <0.0001 significant
C-Kn 34.34 1 34.34 36.12 0.0001 significant
D-Dp 45.75 1 45.75 48.12 <0.0001 significant
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(nm)

AB 5.00 1 5.00 5.25 0.0449  significant
AC 6.73 1 6.73 7.08 0.0238  significant
AD 2.64 1 2.64 2.78 0.1266
BC 0.4624 1 0.4624 0.4863 0.5015
BD 15.64 1 15.64 16.45 0.0023 significant
CD 0.0090 1 0.0090 0.0095 0.9243
A? 4.63 1 4.63 4.87 0.0519
B2 0.0048 1 0.0048 0.0051 0.9447
C? 3.49 1 3.49 3.67 0.0845
D? 5.03 1 5.03 5.29 0.0442  significant
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Figure 10. Normal probability plot of Nu_avg (left) and S_gen (right).
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Figure 11. Plots of regression quality between actual and predicted values of Nu_avg (left) and S_gen (right).
Table 5: ANOVA for a quadratic model of S_gen.
Source Sum of df  Mean Square F-value p-value
Squares
Model 1012.85 14 72.35 233.88 <0.0001 significant
A-Re 910.89 1 910.89 2944.70 <0.0001 significant
B-Vf 4.06 1 4.06 13.13 0.0047 significant
C-Kn 37.91 1 37.91 122.57 <0.0001 significant
D-Dp (nm) 36.96 1 36.96 119.48 <0.0001 significant
AB 0.0324 1 0.0324 0.1047 0.7529
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AC 0.2652 1 0.2652 0.8574 0.3763
AD 2.79 1 2.79 9.02 0.0133 significant
BC 0.0030 1 0.0030 0.0098 0.9232
BD 10.02 1 10.02 32.38 0.0002 significant
CDh 0.0930 1 0.0930 0.3007 0.5955
A? 3.83 1 3.83 12.38 0.0056 significant
B? 0.0107 1 0.0107 0.0347 0.8559
(o 0.0788 1 0.0788 0.2548 0.6246
D> 2.67 1 2.67 8.65 0.0148 significant

Optimal monitoring parameters: The interaction
between the controlling design parameters of the current
micro-heat-exchanger leads to obtaining an optimized
configuration with a maximum value of heat transfer
close to 30.8387 and a minimum of volumetric entropy
production equal to 16.845. The optimized configura—
tion corresponds to Re = 30.7, Kn = 0.1, Vf'= 0.04, and
Dp = 10. The optimum (Re = 30.7, Kn = 0.1, Vf=0.04,
Dp = 10) does not maximize Nu (which peaks at Re=50)
but achieves 85% of peak Nu avg with 40% lower

While RSM identifies a parameter set (Re=30.7,
Kn=0.1, Vf=0.04, Dp=10) that balances Nu_ avg and
S gen, true simultaneous optimization is unattainable.
For instance:

- Max Nu_avg (Re=50, Vf=0.04) — High S gen (Table
2, Run 2).

- Min S gen (Re=10, Kn=0.1) — Low Nu_avg (Table 2,
Run 3).

Thus, the optimum is a practical compromise for
energy-efficient systems.

S gen compared to Re =50.

' L L

10 50 0 0,04 0 01

ARe = 30,6954 B:vf = 0,0399999 C.Kn = 0,0999998

|
10 50 11,15 30,94 0,744726 0975075
D:Dp =10 Nu_avg = 30,8387 StdErr(Nu_avg) = 1,16965
Desirability = 0,865
Solution 1 out of 100
11,67 32,51 0,424787 0,556177
S_gen = 16,845 StdErr(S_gen) = 0,667164

Micro-channel optimized model for optimal design factors

08
06
048

02

!

p——r

0 05 1 15 2 25 3 35 4 . T 15 )2( 26 3 35 4
X

Figure 12. Isotherms (left) and entropy generation (right) for optimal design factors inside the micro-channel
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7.3. AFTER-OPTIMIZATION ANALYSIS

A systematic optimization framework combining the
Box-Behnken Design of Experiments (DoE) and Lattice
Boltzmann Method (LBM) simulations delivers critical
insights into thermal system performance. The process
begins by determining optimal input parameters (Re =
30.7, Kn=0.1, Vf=0.04, and Dp=10), through DoE-
driven optimization. These parameters are then applied
in high-resolution LBM simulations, achieving a peak
average Nusselt number (Nu_max) of 30.8811 and a
reduced entropy generation rate (S gen) of 16.7378,
signifying an improvement in thermal efficiency over
baseline systems.

A comparative evaluation of DoE predictions and
LBM results demonstrates strong alignment, with mini—
mal deviations: an absolute difference of 0.0424
(0.14%) in Nu_avg and 0.1 (0.63%) in S_gen. This close
agreement validates both the DoE’s predictive accuracy
in modeling parameter interactions and the LBM'’s
reliability in capturing complex thermal-fluid dynamics.
The consistency between theoretical predictions and
simulated outcomes confirms the framework’s robus—
tness in addressing nonlinear optimization challenges.

By bridging experimental design with computational
precision, this methodology establishes a validated
approach for optimizing thermal systems, paving the
way for scalable engineering solutions in energy-
intensive applications.

The surface distribution depicted in Figure 12
corresponds to the optimized configuration which gives
Nu_avg=30.8811 and S gen=16.7378.

8. CONCLUSION

This study successfully employed Response Surface
Methodology (RSM), based on data from the numerical
simulation realized by LBM, to optimize the perfor—
mance of a co-flow micro-heat-exchanger, focusing on
the simultaneous maximization of energy transfer rate
and minimization of thermodynamic irreversibility. The
developed numerical model accurately predicted the
heat transfer and fluid flow characteristics within the
microchannel, providing a robust foundation for RSM
analysis. By resolving the limitations of prior works—
such as neglecting rarefaction ([30]), oversimplifying
nanofluids ([13]), and single-objective myopia ([10])—
this study delivers an experimentally validated
framework for Pareto-optimal micro-heat-exchanger
design. The analysis of the independent impact of each
design factor shows that when the Kn number rises, the
movement of the particles in the core region becomes
decelerated and increases near the side walls which
affect directly on the slip velocity and temperature to
jump. In addition, the increase of Re affects the
thermodynamic structure of the co-flow through the
micro-heat-exchanger. The optimization process
identified conditions (Re=30.7, Kn=0.1, V{=0.04,
Dp=10) that prioritize heat transfer enhancement while
curbing entropy generation, though these objectives
remain partially conflicting. Designers must weigh Nu
against S gen based on application constraints. The
results demonstrate the effectiveness of RSM as a
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powerful tool for efficient exploration of the design
space and identification of optimal operating conditions
for micro-heat-exchangers. The findings contribute
valuable insights into the design and optimization of
high-performance, energy-efficient micro-heat-
exchangers for diverse applications, highlighting the
crucial interplay between heat transfer enhancement and
thermodynamic irreversibility reduction. Future work
could explore the impact of other design variables,
investigate different working fluids, or extend the
analysis to consider more complex flow configurations.
The optimized micro-heat-exchanger design directly
addresses critical needs in electronics cooling,
biomedical devices, and renewable energy systems. By
validating LBM-RSM synergy for co-flow nanofluids,
this work provides a scalable blueprint for industries
prioritizing miniaturization, energy efficiency, and
thermal stability.
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NOMENCLATURE

LBM  Lattice Boltzmann Method

SRT- Single Relaxation Time-Bhatnagar-Gross-
BGK Krook

DOE Design of experiments

MEM  Micro-Electro-Mechanical Systems

MHE  micro-heat-exchangers

HVAC Heating Ventilation and Air-Conditioning
GPU Graphics Processing Unit

RSM Response Surface Methodology

Be Bejan number

c Lattice speed

Cs Lattice speed of sound
Ck Discrete particle speed

L Density ~ distribution functions and its
equilibrium part
F; External force

g g Temperature distribution function and its
equilibrium part

g Gravitational field (m. s %)

k Thermal conductivity (W™'K™)

H Height

L Length

Kn Knudsen number

Re Reynolds number

Nu Local Nusselt number

Nu av  Average Nusselt number

p Pressure, (Pa)

Pr Prandtl number = v/ a

T Temperature, (K)

t Time, (s)

o Weight factor

A% Nanoparticles volume fraction

u,v Dimensional velocities, (m. s™)

Cp Heat capacitance

Ciump Temperature jump coefficient
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Tjump Temperature jump

Usiip Slip velocity

d, Nanoparticles diameter

S gen Total entropy production (W/m?K)
So Entropy due to heat transfer

S¢ Entropy due to fluid friction

. . . . 2 1
Kinematic viscosity, (m’s™)
Dimensionless time

c Tangential ~momentum  accommodation
coefficient

¢ Thermal accommodation coefficient

Y Specific heat transfer ratio

Greek symbols

a Thermal diffusivity, (m’s™)

B Coefficient of thermal expansion, (K')

Ax Lattice spacing

At Time increment, (s)

1 Dynamic viscosity, (kg m™'s™)

p Density, (kg m™)

Ty Relaxation time for temperature, (m’s')

T Relaxation time for flow, (m”s™)

Superscripts

c Cold surface

h Hot surface

s Solid

p Particle

nf Nanofluid

in Inlet

OIITUMU3AIUJA IIEPOOPMAHCHU MUKPO-
N3MEBUBAYA TOIIJIOTE CA CYITPOTHUM
MNPOTOKOM KOPUIIIREBEM
METO/JOJIOI'MJE ITIOBPIIVHE O/I3UBA:
BP3UHA NIPEHOCA EHEPTHUJE 1
TEPMOINHAMMWYKA HEIIOBPATHOCT

M. ®epxu, b. Miuku, P. Mupu, P. Bedanu

FME Transactions

OBaj pan UcTpaxyje ONTUMH3ALU]y Op3UHa peHoca
SHepruje ¥  MUHHMH3UpAme  TePMOJUHAMHUYKE
HCTIOBPATHOCTH y MUKPO-KaHaJTHOM N3MEHUBAYy
TOIUIOTE Ca CYNPOTHHM NPOTOKOM KopuiIhemeM
MeTozonoruje moepmuHe ona3uBa (RSM) 3ajemHo ca
Box-Behnken nuzajuom excnepumeHara. PasBujen je
CypOraTHH MOJEJ 3a KOpeNlalKjy KPUTHYHUX YJA3HHUX
nmapamerapa - ykibyuyjyhu PejonmcoB 6poj (Re),
KayncenoB 6poj (Kn), 3ampemmucku ymeo (V) u
mpeunnk decturna (Dp) - ca oaroBopmma cucrema:
mpoceunuM  Hycenroum  Opojem (Nu avg) wu
TeHEPUCAHEM EHTpOIHje (S_gen). Crynuja
eKCIUTMIUTHO 0aBM eeKTHMa ycIoBa IPOTOKA Ha yiasy
Ha TepMHuKe nepdopMaHce aHaIM3upajyhn MexaHusme
NpUCHIIHE KOHBEKLMje BoheHe cmunameM. Kao mro je
UCTAaKHYTO y TPAaHUYHUM YCIIOBUMA, 'PaJIUjeHTH Op3uHE
Ha Yyiazy CTBapajy OKpYyXeme Y KOjeM JOMUHHpa
Memawme, rae PejHongcoB  Opoj (Re) ympasipa
JUHAMHKOM (Quyuaa W npeHocoM Tomwiore. OBO
MelIame MoO0JBIIaHO CMUTIAKEM 3HAYajHO IMOO0JBIIaBa
TOIUIOTHU TPAHCIIOPT, JOK TEMIIEPAaTypHH TIpalijeHTH
Ha yliasy JONPUHOCE JIOKAIU30BAHO] Pa3MEHH TOILIOTE
n3Mely IOBe W TOpHe NOBpIIMHE KaHala. YTHLIAjH
yIa3HUX @apaMerapa ce MpoLemYjy Kpo3 mpoduie
Op3uHe, Op3WHY KiHM3ama, CKOK TemIeparype, Op3uHe
npeHoca TOIUIOTE M CTBapame eHTponuje. HTepakiuja
usmely oBux akropa otkpusa aa Behu Re (moBesaH ca
noBehanum  Op3vHamMa Ha  ynasy) WHTEH3MBHpA
KOHBEKTHUBHH IIPEHOC TOIIOTE, ainu Takole moehama
BHCKO3HY JIMCHIAIMjy, NpeACTaBibajyin KOMIpOMHC
mmelly Nu avg um S gen. RSM ontummsanuja
uneatudukyje  I[lapero-onmTtumanHe  yciuoBe — KOjU
MaKCUMH3Upajy TMPEHOC TOIUIOTe, a MHHHMH3UPA]Y
HermoBpaTHOCT.  Ananuza  Bapujance  (ANOVA)
notephyje  3Haya] cBakor mapamerpa, Aajyhu
perpecuone jenHadnHe 3a Nu_avg u S_gen. Pesynrartu
nokasyjy epuxacmoct RSM-a y Oanancupamy
KOHKYPEHTCKUX LWJbeBa, HyJaehu npakTH4yHE yBHIE 32
NPOjEKTOBAakbe  BUCOKOG(UKACHUX  MHMKPOKaHAJIHUX
W3MehHBaya TOIUIOTE y allIMKalpjaMa Koje 3axTeBajy
MIPELHU3HO YIpaBbalbe TOIUIOTOM Y3 MUHHMMAaJHE
ryoutke eHepruje. OBaj paj Harjamasa KpUTHYHY
yIOTYy YCIIOBAa yJa3HOI TPOTOKa Yy JAUKTHPABY
meppopMaHCH  MHKpOKaHana, mpemomhyjyhu  ja3
n3Melly WIOeaNM30BaHUX MoJeNa W NPAKTHYHHX
OIIEpaTHBHUX OTPaHNYCHA.
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