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Abstract: Since the time of Buckingham in 1914, dimensional analysis and similarity arguments based
on dimensionless groups have served as powerful tools for the analysis of systems in all branches
of science and engineering. Dimensionless groups are generally classified into those arising from
geometric similarity, based on ratios of length scales; kinematic similarity, based on ratios of velocities or
accelerations; and dynamic similarity, based on ratios of forces. We propose an additional category
of dimensionless groups based on entropic similarity, defined by ratios of (i) entropy production
terms; (ii) entropy flow rates or fluxes; or (iii) information flow rates or fluxes. Since all processes
involving work against friction, dissipation, diffusion, dispersion, mixing, separation, chemical
reaction, gain of information or other irreversible changes are driven by (or must overcome) the
second law of thermodynamics, it is appropriate to analyze them directly in terms of competing
entropy-producing and transporting phenomena and the dominant entropic regime, rather than
indirectly in terms of forces. In this study, entropic groups are derived for a wide variety of diffusion,
chemical reaction and dispersion processes relevant to fluid mechanics, chemical engineering and
environmental engineering. It is shown that many dimensionless groups traditionally derived by
kinematic or dynamic similarity (including the Reynolds number) can also be recovered by entropic
similarity—with a different entropic interpretation—while many new dimensionless groups can also
be identified. The analyses significantly expand the scope of dimensional analysis and similarity
arguments for the resolution of new and existing problems in science and engineering.
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1. Introduction

Since the seminal work of Buckingham [1], built on the insights of many predeces-
sors [2-10], dimensional analysis and similarity arguments based on dimensionless groups
have provided a powerful tool—and in many cases, the most important tool—for the anal-
ysis of physical, chemical, biological, geological, environmental, astronomical, mechanical
and thermodynamic systems, especially those involving fluid mechanics. The dimension-
less groups obtained are usually classified into those arising from geometric similarity, based
on ratios of length scales (or areas or volumes); kinematic similarity, based on ratios of
velocities or accelerations; and dynamic similarity, based on ratios of forces [11-18]. Thus,
for example, the Reynolds number [19] is generally interpreted by dynamic similarity as:

. inertial force _ F;  pd*(U*/d) _ puUd _ Ud 1)
~ viscous force  F, u(U/d)d>  u v

where ~ indicates “of the order of” (discarding numerical constants), p is the fluid density
[SI units: kg m~3], u is the dynamic viscosity [Pa s], v is the kinematic viscosity [m2s~ 1, U
is a velocity scale [m s~!] and d is an applicable length scale [m]. In common with many
dimensionless groups, Equation (1) provides an identifier of the flow regime, reflecting the
fact that viscous forces—causing laminar flow—are dominant at Reynolds numbers below
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some critical value Re, while inertial forces—leading to flows of increasingly turbulent
character—will be dominant above this critical value.

The aim of this work is to provide a new interpretation for a large class of dimen-
sionless groups based on the principle of entropic similarity, involving ratios of entropic
terms. Since all processes involving work against friction, dissipation, diffusion, dispersion,
mixing, separation, chemical reaction, gain of information or other irreversible changes
are driven by (or must overcome) the second law of thermodynamics, it is appropriate to
analyze these processes directly in terms of competing entropy-producing and transporting
phenomena and the dominant entropic regime, rather than indirectly in terms of forces.
As will be shown, an entropic perspective enables the reinterpretation of many known
dimensionless groups—including the Reynolds number (1)—as well as the formulation
of many new groups. These significantly expand the scope of dimensional analysis and
similarity arguments for the resolution of new and existing problems.

We further note that while the energetic formulation of thermodynamics developed
over the last 150 years—especially by Gibbs [20]—has been of tremendous utility, its under-
lying basis is entropic, as was recognized by Gibbs and other prominent researchers [21-31].
Such researchers understood that “dissipation”, the irreversible loss of organized energy or
information, is not a driving force in its own right but a consequence of the second law of
thermodynamics. It is therefore appropriate that dissipative phenomena be expressed in
terms of entropic rather than energetic quantities. In this manner, the quality or temper of
the degradation—expressed by a thermodynamic integration factor such as 1/T, where T
is the absolute temperature [K]—is explicitly recognized [27].

This work is set out as follows. Firstly, in Section 2, the theoretical foundations of
the entropic perspective are examined in detail. This includes the combinatorial and
information-theoretic definitions of entropy, the maximum entropy method, the thermo-
dynamic entropy balance equation and the entropy production in global and local forms.
The importance of dimensional arguments and current definitions of similarity are ex-
amined in Section 3, following which the principle of entropic similarity is established,
with three interpretations. A number of entropy-producing and transporting phenomena
relevant to fluid mechanics, chemical and process engineering, environmental engineering
and cosmology are then examined in detail, divided into diffusion and chemical reaction
processes (Section 4), a variety of dispersion mechanisms (Section 5) and diffusion in the
universe (Section 6). Dimensionless groups are derived for these phenomena by entropic
similarity and compared to the traditional groups obtained by other methods, to examine
their similarities and differences and reveal some important new insights. The conclusions
are given in Section 7.

We note that this study spans several branches of science and engineering, and some
clashes of standard symbols cannot be avoided; where present, these are explicitly men-
tioned. The SI units of each quantity are also included—in the author’s experience, these
are far more informative for both teaching purposes and dimensional analysis than the
widely used “dimensions” (M, L, t, T) notation.

2. Theoretical Foundations
2.1. Dimensionless Entropy and Information

We first review the entropy concept and its connections to combinatorics and informa-
tion theory. The (dimensionless) discrete entropy function was given by Shannon [32]:

n
Hon = — ) pilnp; (2)
i1

where p; is the probability of the ith outcome or category, from n such categories. For a
system with unequal prior probabilities g; for each category, it is necessary to adopt the
relative entropy function or negative Kullback-Leibler divergence [25,33,34]:



Entropy 2023, 25, 617

3 0f 35

n )
-y piln P ®)
i=1 qi

For a continuous variable x € R” with m € N, both (2) and (3) converge to the

continuous relative entropy [25,35]:
p(x)
— [ dx p(x)In —= 4)
Q/ px)in B

where (), is the domain of x, dx = dx;...dx,, and p(x) and g(x) are respectively the
posterior and prior probability density functions (pdfs).

The discrete entropy functions (2) and (3) can be derived from the axiomatic properties
of a measure of uncertainty [32,34,36]. In information theory, both are commonly rewritten
using base 2 logarithms to give measures of information, expressed in binary digits or
“bits” [37]. Equations (2) and (3) can also be obtained from the combinatorial definition of
entropy [38]:

H= %mp ®)

where P is the governing probability distribution of the system, representing an allocation
scheme for N entities. For a system composed of distinguishable entities allocated to
distinguishable states, PP is given by the multinomial distribution P = N!TT;_; q?i /n!,
where 7; entities are allocated to the ith state and };_; n; = N. In the asymptotic limits
N — ocoand n;/N — p;, Equation (5) converges to the discrete relative entropy (3) [38—40].
Alternative entropy functions for different governing distributions [41-44] can be derived
from (5).

In the maximum entropy (MaxEnt) method, the user maximizes the appropriate
entropy function (2)—(4), subject to its (R + 1) moment constraints, to give the inferred
distribution of the system and its maximum entropy, respectively [23-25]:

pi = eXp( Z)‘rfrl> or pi(x) =T eXp< ZArfr > (6)

R
H' =InZ+ ) Alfy) @)
r=1

where * denotes the inferred state, Z is the partition function and, for the rth category, f,;
or f;(x) is the local category value, (f;) is the expected category value and A, is the La-
grangian multiplier. In the Boltzmann interpretation, Equation (6) gives the most probable
distribution of the system. The entire body of thermodynamics can readily be derived
by this method based on the thermodynamic entropy S = kgH*, where kg is the Boltz-
mann constant [] K~1] [23-27]. The MaxEnt method has also been used to determine the
stationary state of many systems beyond thermodynamics, including hydraulic, hydrologi-
cal, geological, biological, ecological and financial systems as well as water distribution,
electrical and transport networks [25,34,45-51].

2.2. Thermodynamic Entropy Balance and Entropy Production

We now consider flows of the thermodynamic entropy S [J K~!]. For an open system,
the balance equation for thermodynamic entropy in a macroscopic control volume is:

DSFV(t) dScy

r = o ]-“0”” ]-"Sf ®)

where f is time, FV is the ﬂuid volume, CV is the control volume, D/ Dt is the substantial

derivative and F; g’jf and g f are respectively the flow rates of S out of and into the control
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volume by fluid flow [J K-1s1]. By the de Donder method, the substantial derivative
in (8) can be separated into internally and externally driven rates of change, respectively:

DSpyvy  DiSpyr N DSy )

Dt Dt Dt ©)

The first term on the right of Equation (9) is the rate of entropy production, commonly
denoted ¢ [J K~! s7!]. The second term on the right of Equation (9) is the total rate of
change of entropy due to non-fluid flows, such as heat or chemical species:

DeSpv () ‘
D7 = = Fdhp— Feus (10)

where F glgf and F3', f are respectively the outward and inward non-fluid flow rates of S

[J K~ s7']. Combining Equations (8)~(10) and rearrangement gives:

__aSCV
T oot

aSCV

]_-g? énf + ]:glfatf T nf = 3

Pt = (11)
where 7 is the net total outwards entropy flow rate [J K~!s7!].

From the second law of thermodynamics, the entropy production (11) must be non-
negative. In contrast, the rate of change of entropy within the system dScy /0t can take any
sign but will vanish at the steady state. The entropy production therefore represents the
irreversible rate of increase in entropy of the universe due to the system; at steady state,
this is equal to the rate at which the system exports entropy to the rest of the universe.
Unfortunately, there is still considerable confusion in the literature between the rate of
entropy production of a system ¢ and its rate of change of entropy 9Scy /ot.

For an integral control volume commonly examined in fluid mechanics, the entropy
balance equation is given by Reynolds’ transport theorem [52-54]:

DSS? K] /// psdV + #PS” ndA = /// [atPerV psu] (12)

where CS is the control surface, s is the specific entropy (per unit mass of fluid) [J K~ kg 1],
u is the fluid velocity [m s~1], dV is a volume element [m?], dA is an area element [m?], n
is an outwardly directed unit normal [-] and V is the Cartesian nabla operator [m~1]. From
(9), we can write:

DS
AUy # js - ndA (13)

Dt
FS(t)

where jg is the outward non-fluid entropy flux [J K~! m~2 s71] and FS(t) is the fluid
surface coincident with the control surface at time t. Combining Equations (12) and (13)
and rearrangement gives [29,31,55-59]:

a_// apsdv+#15 ndA = ///{atpwrv IS]dV>O (14)

where Jg = j¢ + psu is the total outward entropy flux [[ K- 1 m~2s71].
To establish a local entropy balance equation, we first define the rate of entropy

production per unit volume ¢ [J K~} m~2 s~!] by the integral:

o= C/g/ odv (15)
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Applying the fundamental lemma of the calculus of variations to Equation (14), we
can then extract the differential equation for the local entropy production [31,55-58]:

fr:%ps—i-VJsZO (16)

From the second law, & is non-negative, whereas the local rate ds/dt can take any sign.
At local steady state d(ps) /ot = 0and & = V - Jg > 0.

3. Dimensionless Groups and the Principle of Entropic Similarity

A dimensionless group is a unitless (dimensionless) parameter used to represent an
attribute of a physical system, independent of the system of units used. By the late 19th
century, researchers had established the concept of similarity or similitude between a system
(prototype) and its model based on matching dimensionless groups, so that their mechanical
or physical properties would be equivalent [6,8]. Such dimensional scaling offers the
advantage of smaller-scale models, greatly simplifying the experimental requirements.
The formal method of dimensional analysis was then developed to extract the functional
dependencies of a physical system from its list of parameters [1]. This also enables order
reduction, reducing the number of parameters by the number of dimensions. For over a
century, these dimensional methods have been recognized as powerful tools—and in many
cases, the primary tools—for the analysis of a wide range of systems across all branches of
science and engineering [60-66].

More recently, dimensional analysis has been found to have strong connections to
group theory, in particular to continuous (Lie) groups arising from symmetries in the
governing equations of a system [63,67-72]. This includes a deep connection to the one-
parameter Lie group of point scaling transformations [71,73-75]. Recently, this was shown
to enable the non-dimensionalization of a differential equation based on its intrinsic di-
mensions [76]. Lie symmetry is therefore an important invariance property of a differential
equation, subsuming other invariances such as dimensional scaling, invariance to fixed
coordinate displacements, rotations or reflections, and Galilean invariance [76].

Dimensionless groups—commonly labeled II—are usually classified as follows [11-16,18]:

(i) Those arising from geometric similarity, based on ratios of length scales ¢; [m] or
associated areas or volumes:

0 2

53
11 = — or 11 = —= 1
geom geom >
4y Ez

or ngom =3 (17)
62

(if) Those arising from kinematic similarity, based on ratios of magnitudes of velocities U;
[m s~1] or accelerations a; [m s 2]:

Uy a

1FIkinem = UZ or Hkinem = (18)

(iii) Those arising from dynamic similarity, based on ratios of magnitudes of forces F; [N]:

L3
denam = FZ (19)

Such dimensionless groups are generally obtained by three methods: (i) assembled a priori
by an assessment of the dominant phenomena of a system; (ii) extracted from a list of
parameters by dimensional analysis; or (iii) obtained by non-dimensionalization of the
governing differential equation(s) for the system. It is generally accepted that for a model
and a system (prototype) to exhibit the same physics—expressed in terms of identical
values of dimensionless groups—they must satisfy the conditions of geometric, kinematic
and dynamic similarity.

Here, we propose an additional category of dimensionless groups based on entropic
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similarity, involving ratios of entropic terms. This enables the direct analysis of phenomena
involving friction, dissipation, diffusion, dispersion, mixing, separation, chemical reac-
tion, gain of information or other irreversible changes governed by the second law of
thermodynamics, as well as entropy transport processes. At present, these processes are
usually indirectly examined based on dynamic similarity (19), requiring their conversion
into forces, which for many phenomena can be rather contrived. We distinguish three
variants of entropic groups:

(i) Those defined by ratios of global (14) or local (16) entropy production terms:

A

01 A o1
IIentrop = ;2 or Hentrop = 5 (20)
2

where IT represents a global or summary dimensionless group and IT a local group.
(ii) Those defined by ratios of global flow rates of thermodynamic entropy, such as in (11),
or by components or magnitudes of their local fluxes, such as in (16):

Fs1 - Js, "1 . [17s, 1
Mentrop = = T =5 Tlentrop = 12 21
entrop Fsn or entrop (n) ].Sz T or entrop | ‘]Sz I (21)
where 7 is a unit normal and ||a|| = V'aT a is the Euclidean norm for vector a.

(iii) Those defined by an information-theoretic threshold, given locally by the ratio of the
information flux carried by the flow j, 4., [bits m~2 s7!] to that transmitted by a
carrier of information j Isignal [bits m~2 s~ 1] in the direction of a given unit normal n:

~ jl,ﬂow n O1 flow Uflow - 1
Hinfo(") = =

= - = (22)
]I,signal n pl,signal usignal 'n

In this perspective, flows in which the information flux of the fluid exceeds that of a
signal (ITjns, > 1) will experience a different information-theoretic flow regime to those
in which the signal flux dominates (I Tipo < 1). In Equation (22), each information
flux is further reduced to the product of an information density p; [bits m~3] and the
corresponding fluid velocity ug, or signal velocity #ggna [m s~1]. Making the strong
assumption that the two information densities are comparable, Equation (22) reduces
to the local or summary kinematic definitions:

2 Utlow " 1 uﬂow
Iinfo (1’1) = ’ Iingo = U (23)
Usignal * 1 signal

where Ugoy and Usignar are representative flow and signal velocities [m s 1.

In the following sections, we examine a succession of natural processes relating to dif-
fusion, chemical reaction and dispersion, involving competition between various entropy-
producing and/or entropy-transporting phenomena. Within each class of processes, the
principle of entropic similarity is invoked to construct families of dimensionless groups.
These are compared to the well-known groups formed by dynamic similarity, to examine
the similarities and contrasts between the two approaches and reveal several important
new insights.

4. Diffusion and Chemical Reaction Processes
4.1. Independent Diffusion Processes
4.1.1. Practical Diffusion Relations

We first consider diffusion processes (often termed transport phenomena) acting in-
dependently, in which a gradient in a physical field induces a flux of the corresponding
(conjugate) physical quantity. Usually, the term diffusion is applied to processes acting
at molecular scales, while dispersion is applied to analogous mixing processes acting at
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microscopic to macroscopic scales. All diffusion and dispersion processes are irreversible,
driven by or causing an increase in thermodynamic entropy due to mixing.

The diffusion of heat, momentum, chemical species or charge due to the random
motions of molecules, for binary species and in the absence of electromagnetic effects (thus
for conservative fields), anisotropy or cross-phenomenological processes, are commonly
analyzed by the following practical or empirical relations [16,28,31,58,77-82]:

jo = —kVT Fourier’s law (24)
T=—u(Vu+ (Vu)") = —pv(Vu + (Vu) ") Newton’s law (25)
jo.=—-DNC. = —D.V(om.) Fick’s first law (binary) (26)
i = —K VO = E Ohm’s law (27)

These are based on the following quantities. Fluxes: j 0 is the heat flux [ m—2s~1], T is
the momentum flux or viscous stress tensor [Pa] (defined positive in compression; [58]), j.
is the molar flux of the cth chemical species [(mol species) m 2 s~!] (relative to the molar
average velocity (u) =Y. Ccuc/ Y. Cc) and iy is the charge flux or current density of the
kth charged species (defined in the direction of positive ion flow) [Cm~2s~! = A m~2], for
which i = Y ; iy is the total charge flux [A m~2]. Fields: T is the absolute temperature [K], u
is the (mass-average) fluid velocity [m s 1], uc is the (mass-average) velocity of species ¢
[m s~1], C. is the molar concentration of chemical species ¢ per unit volume [(mol species)
m 3], m. = C./p is the molality (specific molar concentration) of chemical species ¢ [(mol
species) kg 1], p is the fluid density [kg m~3], ® is the electrical (electrostatic) potential
[V=]JC !1and E = —V® is the electric field vector [V m~']. Diffusion parameters: k is the
thermal conductivity [J K~! m~! s7!], u is the dynamic viscosity [Pa s], v is the kinematic
viscosity or momentum diffusion coefficient [m2 s~1], D, is the diffusion coefficient for the
cth chemical species [m? s~'] and x; is the electrical conductivity or specific conductance
for the kth charged species [A V™! m~!]. Vector quantities: x = [x,y,z] " is the Cartesian
position vector [m], V = [0/dx,9/0y,d/9z] " is the Cartesian gradient operator [m~!]
(using the 9({)/9(—) convention for vector gradients such as Vu), and " is the vector or
matrix transpose. In engineering mechanics, heat diffusion is commonly termed conduction,
while in electrical engineering, the diffusion of charge by Ohm’s law is termed drift to
distinguish it from the diffusion of charge carriers under Fick’s law (26). Many authors
refer to fluxes as flux densities and to diffusion coefficients as diffusivities.

We emphasize that (24)—-(27) are first-order correlations, and more complicated forms
are required in many circumstances, e.g., for non-Newtonian fluids, inhomogeneous mate-
rials or multicomponent or unsteady processes [81,83]. In anisotropic media, it may also be
necessary to redefine k, v, D, or xj as a second-order tensor [28,56,58].

Fick’s first law (26) is expressed in terms of the density of the cth species. It is
defined here using molar fluxes and concentrations but can be written in terms of mass
quantities [58]. Fourier’s and Newton’s laws can be rewritten respectively in terms of the
energy or momentum density [58,82]:

jo = —aV(pcpT) Fourier’s law (energy) (28)
T = —v(V(ou) + [V(ou)]") Newton’s law (momentum) (29)
where « is the thermal diffusion coefficient [m? s™1] and c;, is the specific heat capacity of

the fluid at constant pressure [J K1 kg’l]. Ohm’s law can also be written in terms of the
charge density of the kth charged species [84,85]:

2F2C,® 21, ®
iy = —D;V Sl il —DyV Aic Ohm’s law (charge) (30)
RT kpT

where F is the Faraday constant [C (mol charge)’l], R is the ideal gas constant [J K1
(mol species)_l] and, for the kth charged species, Cy is the molar concentration [(mol
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species) m ™3], Dy is the diffusion coefficient [m? s~!], 1, is the number density [m~3], qk
is the charge [C], and z is the charge number (valency) [(mol charge) (mol species)’l].
Equation (30) builds upon a number of electrochemical relations (see Appendix A). The
first form of Ohm's law in (30) is written on a molar basis, appropriate (with Cy = pm) for
charged species in aqueous solution, while the second form accords with the individual
carrier formulation used in electrical engineering to analyze the drift of electrons or holes
in a conductor.

As evident, the density formulations of the diffusion Equations (26) and (28)—(30)
contain diffusion coefficients («, v, D, and D) with SI units of m? s~!. Comparing (24) to
(28) and (27) to (30), we obtain a ~ k/pc, and Dy ~ RTxy/z2F>Cy = kpTry/qing, with
strict equality for spatially homogeneous properties. Each diffusion coefficient can be further
expressed as a function of molecular properties for different states of matter [58,83,86].

4.1.2. Thermodynamic Diffusion Relations

Although of tremendous utility in practical applications, the above diffusion laws
can be reformulated in terms of thermodynamic gradients. A thermodynamic framework
has the advantage of providing a sound theoretical foundation and can incorporate more
phenomena (including cross-phenomenological effects), but it does come at the expense of
dimensionally more complicated parameters. As will be shown, it can also be connected
directly to the entropy production. The four laws become [16,28,31,58,77,87]:

1
jQ = oc’Vf Fourier’s law (thermodynamic) (31)
= —u(Vu+ (Vu)") = A5V -
T p(Vut (Vu) ') " Newton’s law (thermodynamic) (32)
= —2ue —Adtr(e)
j.= —DQV% Fick’s first law (binary, thermodynamic) (33)
. VO , .
i, = — Dy I Ohm’s law (thermodynamic) (34)

based on modified parameters a’ [J K m1s1], D! [(mol spec:ies)2 KJ 'm~!'s !]and D}/
[C2KJ !'m~'s7!],inwhich A = x — % u is the second viscosity or first Lamé coefficient
[Pa s], x is the dilatational or volume viscosity [Pa s], § is the Kronecker delta tensor and
is the chemical potential of species c [J (mol species)’l]. In the second form of Newton’s
law (32), Vu = e + w is decomposed into strain rate and spin tensors e = %(Vu +(Vu)T)
and w = $(Vu — (Vu) ") [65,88]. The second viscosity is not needed for incompressible
flows (V - u = 0) or monatomic ideal gases (x = 0) [16,58,87].

We require simplified expressions for the above thermodynamic parameters. Com-
paring the equations for heat diffusion (24), (28) and (31) gives &/ = kT? ~ ocpcpTz.
For chemical diffusion, thermodynamic analysis (see Appendix B) yields D, ~ pm.D,/
R = pcD./R*T respectively for solutes or gaseous species, with strict equality for spatially
invariant activity or fugacity coefficients, fluid density and temperature. Finally, compar-
ing (27), (30) and (34) for Ohm’s law gives D}’ ~ ;T ~ ziFZCka/R = qi'nka/kB for
vanishing concentration and inverse temperature gradients.

4.1.3. Entropy Production by Diffusion

For each of the above phenomena in isolation, the local unsteady entropy produc-
tion (16) can be shown to reduce to [29,31,56-58,83,86,89]:

s 1
Ou :]Q'Vf (35)
o, = —r:? (36)

bop, = —j. VV—YE (37)
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where a-b = a'b = ¥ a;b; is the vector scalar productand A : B = tr(ATB) =YY AijBjjis
the Frobenius tensor scalar product [90], used here for consistency with its norm. Substitut-
ing (31)—-(34) and the above relations into (35)—(38) gives:

2
A 1 1
S 2 - o . 2
A A 1
&= [||vu||2 +tr((vu)2)} +2(V-u)?= = [2ue+Adtr(e)] : Vu
T T T (40)
T:w
= ST [|T|[* + Atr(T) tr(e)] — —
2 2
s pmcDe | Spc||” _ pDe ||gpel|” _ R 2 RT o 11
UDC - R v T - RZT T - meDC H CH - Pch ||]C|| ( )
2p2 2
2 zi F*Cy Dy > gDk 2 .2 kg .2
0D, ~ = [IVP[|" = IVOII° = = il ]" = m—[likll”  (42)
k RT2 kpT? z2F2Cy Dy q2n Dy
where ||a|| = VaTa is the Euclidean norm for vector a, and ||A|| = \/tr(AT A) is the

Frobenius norm for tensor A. The first result or pair of results for each phenomenon in
(39)-(42) apply to a fixed local gradient, thus to a gradient-controlled system, while the second
result(s) apply to a fixed local flux, thus to a flux-controlled system [91].

4.1.4. Entropic Similarity in Diffusion (Based on Entropy Production Terms)

We can now apply the principle of entropic similarity to construct dimensionless
groups between individual diffusion processes and rank their relative importance. Consider
the following ratios of local entropy production terms:

. oy . oy . oy . u
Hl//ﬂc = % ITV/'DC =% Hv/Dk =% 1—Ioz/'Dc =%

On 0p, OD, 0p,

R 5 5 A (43)
~ Oy A (%)) ~ op A UD;
Wayp,==— Upyp, ==, lpyp,===, lpyp, ==

UD, UD, O'Db oD,

where the second-last and final groups represent the relative effects of diffusion of chemical
species ¢ and b, and diffusion of charged species k and ¢. Applying (39)—(42) under the
assumption of constant gradients and various other properties, Equation (43) reduces to
ratios of the corresponding diffusion coefficients:

~ A 1% A v
Hv/a—)PTI;, HV/'DC%SCCZE, HV/Dk—)SCk:ka,
I Lec= =, 11 Lep = — I ‘
w/De 7 Lee = Ma/De Lk = D./D; (44)
. D, . 22CDy Dy
II - —, II S - —
Dc/Dy Db Dy /Dy Z%Cng Df

These respectively give the Prandtl, Schmidt (species), Schmidt (charge), Lewis
(species) and Lewis (charge) numbers (defined as the reciprocal in some references) and
ratios of diffusion coefficients of chemical and/or charged species [15,16,58,77,79,80,92-95].
Alternatively, applying (39)-(42) for fixed fluxes rather than gradients, with other constant
properties, (43) reduce to reciprocals of the groups in (44) and so, by convention, can also
be represented by these groups. Additional groups can be defined for the second viscosity,
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e.g., from (40) for a flow-controlled system:

L MV - u)?
A u[|[Vul]2 4+ tr((Vu)?)]

A
= 45
e (45)

Historically, the Prandtl, Schmidt and Lewis numbers are commonly derived by non-
dimensionalization of the governing equations [16,92-95], by dimensional analysis [15,77]
or directly by construction [16,58,77,79,80,93]. The principle of entropic similarity thus pro-
vides an alternative theoretical basis for these groups, which better reflects the underlying
driving force—the maximization of entropy—for all diffusion phenomena.

It must be emphasized that the entropic groups based on (39)-(42) contain additional
functional dependencies, for example on T, p, ¢y, V - u, w, A, mc, z; and Cj as well as the
gradients and/or fluxes. Depending on the system, it may be necessary to preserve these
parameters using the primary definitions of the entropic dimensionless groups given in (43).
Furthermore, if one phenomenon is flux-controlled and the other is gradient-controlled, we
obtain a hybrid dimensionless group, for example:

N LxszchmcDC HVT_l ] }2

IL,p, = - (46)
o/ R 17112

Such groups are not readily reducible to the ratios of diffusion coefficients (44) obtained
by dimensional reasoning.

4.1.5. Entropic Similarity in Diffusion (Based on Entropy Fluxes)

Also of interest for diffusion are the local non-fluid entropy fluxes, given respectively
for independent flows of heat, chemical species and charged particles by the product of the
flux and its corresponding intensive variable or field [29,31,56-58]:

. .1 . .M . K
Isa =Jo7r Jsp. = —]c%/ Js,py = " (47)

From the fluxes in (31), (33) and (34) these give, as functions of the gradients:

. 1 . -~ Pmch He — He -~ z%cmka OV
Jsa =apcpTV =, jop = =5 FVr spe=~ g1 T T (48)

While not dissipative, the fluid-borne entropy flux jg ; = psu in (12) is also important for
entropy transport. The principle of entropic similarity can now be applied to assess the
interplay between these entropy fluxes. First consider the flux magnitudes, which for fixed
fluxes, gradients and other parameters give the following dimensionless groups:

| w

. |75 qll w . 1750
io Jien = o — Lec = —, i e = T e = —,
Tsallsipe |17s,p.|! ‘D, Tsallsi 75,0, 7 Dy
- isp Il D - llisp. |l De
. . — aCAESEEN —, 11, . — — C - —,
Tsipe/Ts.oi | ’jS,Dk I Dy Tsipe/Tsip, | ‘]S,Db | Dy,
. _Misp /I ZZCDx Dy
HiSD /isp, — 1[4 =2 D,
DetIsbe|jg p |l 23CeDy Dy
o isell o Nigll - aep T VT (49)
Ssaliss = ljgfll — psTllull ~ s lull
. ) He
1 = lisp I #elliell _ Demepe ||V T
Tsperdss—ljg el psT||ull SRT  |[u[ ~

A

s Il @ikl DezgF?Ce® || V||

Jsp /s — lis ¢ll — psT|lu|| —  psRT? [[ul]
f
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The first five groups in (49) reduce to the Lewis numbers and ratios of diffusion
coefficients listed in (44). In contrast, the last three groups in (49) contain fluxes or gradients,
the fluid velocity and other parameters and are not easily interpreted by kinematic or
dynamic similarity. The relative importance of the fluid and non-fluid entropy fluxes can
also be expressed by the composite group:

R sl ||osul|

= e = ; . (50)
Ts/is = ljsIl ~ Mg+ Ledsp, + Lk fs,p, |

As previously noted, if the fluxes, gradients, fluid velocity or other parameters are not
constant, it may be necessary to retain the unsimplified groups defined in (49) and (50).

The foregoing definitions in (49) and (50) discard the flux directions. A broader set of
directional dimensionless groups can be constructed by reference to a unit normal n, e.g.:

2 Jsa M
IL. i (n) == , (51)
Ts.a/spe jsp, M
or alternatively by the use of normed dot products, e.g.:
~ JsuJsp.
Wjs risp. = (52)

s 1?7
Equation (51) captures the directional dependence but will exhibit singularities asso-
ciated with the direction (relative to n) of the denominator flux. Equation (52) provides a
more robust dimensionless group, attaining a maximum when the component fluxes are
equidirectional, decreasing to zero as the fluxes become orthogonal and decreasing further
to a minimum (negative) value for antiparallel fluxes.

4.2. Chemical Reactions
4.2.1. Thermodynamic Fundamentals

Although of different character, chemical reactions commonly occur in conjunction
with one or more diffusion processes examined in Section 4.1. Continuous spontaneous
chemical reactions also have non-zero entropy production, which can be expressed as the
product of conjugate variables in an manner analogous to diffusion processes. For these
reasons, we here examine the interplay between chemical reaction and diffusion processes
from the perspective of entropic similarity.

The driving force for a chemical reaction is commonly represented by a free energy. A
generalized dimensionless free energy concept, known as the generalized work or negative
Massieu function F, is obtained for a given set of constraints (in thermodynamics, a specific
“ensemble”) by rearrangement of the maximum entropy relation (7) [23,24,26,27]:

R
F=-InZ=-A=-H"+Y A(fr) (53)
r=1

It can be shown that spontaneous change occurs in the direction df < 0 [23-27,91].
For an ensemble defined by a constant temperature and volume, kgf /T reduces to the
Helmholtz free energy F, while for constant temperature and pressure, it gives the Gibbs
free energy G. The latter (or the Planck potential —G/T, or a positive or negative affinity
Ay) is most commonly used to analyze chemical reactions. Other free energy functions can
be derived for different sets of constraints [20,89,91,96,97].
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4.2.2. Entropy Production by Chemical Reactions

For a continuous process, the local entropy production of the dth chemical reaction is
given by [29,31,56-58,98]:

=& AG”’ (54)

where Aéd is the change in molar Gibbs free energy for the dth reaction [] (mol reaction) "],

and éd is its rate of reaction per unit volume [(mol reaction) m 3 s71]. To reduce (54), we
express the change in Gibbs free energy as a function of chemical potentials in the reaction,
then from (A1) in terms of chemical activities:

AGy =Y vpe = AGT + RTIn ] ag™ (55)
C c

where v, is the stoichiometric coefficient of species c in the dth reaction [(mol species)
(mol reaction) '], with vy > 0 for a product and vy < 0 for a reactant, Aé;‘ =Y Veats
is the change in molar Gibbs free energy for the reaction under standard conditions, and
[T ac® is termed the reaction quotient. The sum or product in (55) is taken over all species
c participating in the reaction.

Some authors postulate a linear relation between the chemical reaction rate and driving
force, analogous to Fick’s first law [98]. However, in contrast to diffusion, this assumption
is not reasonable. Instead, the rate is generally expressed by the kinetic equation [78,80,99]:

¢y =ka[ ] CcPer (56)

where k; is the rate constant, C, is the molar concentration of chemical species ¢ [(mol
species) m 3] and B.; € R is a power exponent [-] that must be found by experiment.
A variety of concentration variables have been used in (56), including molar or mass
concentrations, mole fractions, partial pressures or (rarely) activities or fugacities [80,99].
The units of k; depend on the concentration units and power exponents in (56). In general,
the exponents ., are unequal to the stoichiometric coefficients v, but become equal for
an elementary chemical reaction. For complex reactions, the total rate is the sum of rates for
all individual steps or mechanisms with index 7, such as forward and backward processes:

6{1 = Zénd = and Hcclgmd (57)
n n Cc
Inserting (55) and (57) into (54) gives:

GG

Ga = — (andl_[C /3"“1) (and]’[c ﬁncd) ( 4+ RlnHaV“’> (58)

The activities can be converted to molalities or partial pressures using (A1) and (A2),
while the rate constants are often expressed in terms of activation energies by the Arrhenius
equation [78,80,99].

4.2.3. Entropic Similarity in Chemical Reactions, Diffusion and Fluid Transport

We now apply the principle of entropic similarity to construct entropic dimensionless
groups between chemical reactions and transport phenomena:

A bt G
I/ = T Wg/ma = T /0 = 7

o . (59)
N 04 A 04 A 04
=+, gp, =5, Ig/p, = =

Oy 0D, 0Dy
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The first two groups represent the competition between two single-mechanism chem-
ical reactions d and e, or two mechanisms #n and m for the same chemical reaction d.
The remaining groups represent the entropic competition between the dth reaction and a
diffusion process. Inserting (58) and the gradient forms of (39)-(42) into (59) gives:

N g Aé de C Pea Aéd n 3 k C Bucd
Tlae = CaAGa _ (ka ITc c/3 ) L gnd _ kIl - (60)
CgAGe (ke Hc Ce CE)AGe é’md kmd Hc CcPme
PR — (L kg T CePret ) AGy Bed
~ _ gdAGd _ n ~ kd Cc rad
a/u O wpc, T3 |[VT-1|[2 « ’
A ~ _ k C ABIZCd Aé
1, — 6adGa _ @ na Ie CePret) AGq K chirT,,
v ="z oV [[[Vul 2+ te(Vu)2) £ A (V - u)? v
~ ~ — Bucd e _
f _ C4AGy R@k"d [T Gl AGy kyCPa T,
pe= e e | v
D C.D.T ‘VT ¢
n ~ — Brcd C
- _ GaAGa _ RT(;k”d e ) AGy kK CPed Ty
4/ Dy &Dk Z%cmkaHV(DHZ Cka

where ~~ indicates evaluation for a single mechanism with single-species kinetics, us-
ing the scaled free energy terms I,y = —AG/ (o, T||VT1?) [m® mol '], Iy ~
—AGy/ (p[||Vu|[* + tr((Va)?)]) [m® mol '], Ty = —RAGy/(T||V (4e/T)|?) [m?] and
Ty = —RTAG,;/(z3F? ||[V®||?) [m?]. The last four groups can be interpreted as local
modified Damkohler numbers, which compare the rate of entropy production by chemi-
cal reaction to that respectively from the diffusion of heat, momentum, chemical species
or charge [58,80].

For fixed fluxes rather than gradients, the flux terms in (39)—(42) yield a different set
of groups, e.g.:

_ ﬁnc e ~
IT — (§ kna ITe CcPre) AG4CcDe (kyCcPt ™) AGyD,
d DE — . s R
/ RT|[j.| ]2 RT|lj|[?

(61)

Hybrid groups based on other assumptions [80] are also possible.

Entropic dimensionless groups can also be constructed by comparing the entropy
production by chemical reaction (58) to the entropy flux of a diffusion or fluid transport
process (48), by inclusion of a length scale ¢ [m]. For chemical reaction relative to the
diffusion of heat, chemical species or charge, this yields groups containing the normalized
gradient /=1 ~ ||V X||/ X analogous to those in (60), where X is the intensive variable or
field. For chemical reaction relative to fluid transport, we obtain:

2o~ (Thua Il CPret) AGye
Mg, = moim = —= (62)
st ljs gl psT|[ul]

The latter has no equivalent in (60).

For chemical reactions in which the free energy AG, can be considered constant—such
as for steady-state conditions—the free energy component of the entropy production (54)
can be disregarded, enabling the formation of entropic groups based solely on the reaction

rate éd. Comparing chemical reactions d and ¢, or reaction mechanisms m and 1, by entropic
similarity gives the following groups (compare (60)):
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ﬁd _ @ _ kd Hc CCﬁCd fI d/md = gnd _ knd Hc Ccﬁmd (63)
/e ée k(3 HC Ccﬁl‘[’ i’ nd/m émd kmd HC Cclgmcd

For process engineering applications, the reaction rate can also be compared to fluid
transport processes by an extended Damkdohler number [58,80]:

A £ 0 ~ _
Mlajo = 9% = (Lku TTCePet)60  Day = ky B~ (64
Hc CC n c

where 0 is a transport or residence time scale [s]. For a single mechanism and single-species
kinetics, this reduces to the standard Damkohler number. Examples of the residence time
include 8 = V/Q for a continuously mixed flow reactor, where V is its volume [m3] and
Q is the volumetric flow rate [m3 s~!], or = L/U for a plug-flow reactor, where L is its
length [m] and U is the superficial velocity [m s~ 11[58,80].

4.3. Diffusion and Chemical Reaction Cross-Phenomena
4.3.1. Description and Onsager Relations

In thermodynamic systems, it is necessary to consider the occurrence of diffusion
and chemical reaction cross-phenomena, in which a thermodynamic force conjugate to
one quantity induces the flow of a different quantity or vice versa. A number of pairwise
interactions—based on the previously examined phenomena and also pressure gradients
and magnetic fields—are listed in Table 1. Some ternary interactions (e.g., thermomagnetic
convection, Nernst effect and Ettinghausen effect) are also known [77].

For small gradients (or small “distance from equilibrium”), the pairwise interactions
are commonly represented by the Onsager relations [100,101], derived from the assumption
of microscopic reversibility [31,56,77,89,98,102-104]:

jrz] = Z Lrl],mké meZ (65)

mxl

where ju; € {jo, T, {j.} {ix}, {éd}} is the 1jth component of the rth flux or rate,
foxe € {VT™Y, =Vu/T,{~V(pc/T)},—~V®/T,{~AG;/T}} is the xlth component of
the mth thermodynamic force and L;; ;¢ is the phenomenological coefficient or gener-
alized conductance, where 1,7,x,¢ € {x,y,z} are Cartesian coordinate components with
7, £ redundant for vectors and all indices redundant for scalars. By reindexing the com-
ponents jyy — ja, fuxe = fo and Ly e — Ly p, Equation (65) can be assembled into the
vector-tensor form:

j=Lf (66)

where j is the flux vector, f is the thermodynamic force vector and L is a two-dimensional
matrix of phenomenological coefficients.

Many authors restrict (65) and (66) using the “Curie principle” [105], commonly inter-
preted to allow coupling only between phenomena of the same tensorial order [56,77,98].
Under this principle, the velocity gradient Vu, a second-order tensor, is unable to influence
the fluxes of heat j, or chemical species j, these being first-order tensors (vectors). In

turn, the fluxes are unable to influence the scalar chemical reaction rates ;. However,
the velocity divergence V - u, a scalar, is able to influence the scalar reaction rates ¢;. The
Curie principle can be derived under the linear assumption (65) and the invariance of an
isotropic tensor to coordinate inversion [56,98]. However, due to continued controversy
over its definition and validity [106-111] and deeper connections between tensorial order
and group theory [112-115], this study adopts the most general formulation. We also recall
the concerns expressed in Section 4.2 on the validity of the linear assumption for chemical
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reactions, hence these components of (65) and (66) may have limited applicability.

Table 1. Reported examples of thermodynamic cross-phenomena, showing pairwise couplings
between thermodynamic forces and fluxes [28,31,77,89,98,100-102,115].

Momentum flux

Chemical reaction

Phenomenon Fluid flux Heat flux (viscous stress Chemical flux Charge flux Magnetic flux rate
tensor)

Pressure Fluid flow F.lul.d ﬂgw : . Magnetic Chemlc.al—

. P (dissipative); Turbulent flow Reverse osmosis ~ Streaming current mechanical
gradient (Poiseuille) ! pressure .

Forced convection coupling
T Theljmii.l . Thermo- Thermo-electric Reaction-induced
emperature transpiration; Thermal ee . Thermo-

3 . . diffusion/ Soret (Seebeck) effect; . temperature

gradient Thermal osmosis; conduction magnetism -
- effect Thomson effect gradient
Free convection
Velocity Fluid flow Momentum
gradient (Couette) diffusion Tollert effect
Chemical Dufour effect; Chemical Electro-chemical L
. . e Reaction-induced
potential Osmosis Latent heat diffusion; transference; chemical gradient
gradient transfer Co-diffusion Donnan effect &
Electric field Electro-osmosis Thern_lo-electrlc Electro-v_lscous Hittorf Charge c%lffusmn Electrp- Electrolytic cell
(Peltier) effect coupling transference (drift) magnetism
Magneto-osmosis;
Magnetic field N Magneto- ] Thermp— Magneto-ylscous Elec'tro—ma'gnetlc Magnetism
ydrodynamic magnetism coupling induction
effect
Free energy . . Reaction-induced Reaction- Electro-chemical Chemical reaction;
Reaction osmosis induced

difference

heat flux (galvanic) cell Coupled reactions

chemical flux

4.3.2. Entropy Production and Entropic Similarity

Incorporating diffusion and chemical reaction cross-phenomena, the total local entropy

production is:
Got=j f=(Lf) f=fLf=j"L7j>0 (67)

This subsumes diffusion and reaction processes acting in isolation, (35)—(38) and (54).
Equation (67) also allows some individual phenomena to decrease the entropy production,
provided that the total is non-negative.

Applying the principle of entropic similarity, the total local entropy production (67)
can be scaled by any reference entropy production term, giving the dimensionless group:

ﬁ _ &tot _ fTLTf
tot — 7 =~
Oref Jref f ref

(68)

Generally, it is necessary to handle a mix of different units in j, f and L. In some cases,
j and f can be chosen so that all phenomenological coefficients L, ;, € L have consistent
units such as [m? s~!]. By entropic similarity, an extended family of groups can also
be derived for competing cross-phenomenological processes, analogous to those in (43)
and (44):

2

. oL L.g
Iy, =2 — - (69)
c,d/ ab O'Lﬂ,b Lu,b

Equation (69) assumes constant gradients and other properties and common units
for L, ;.
/]

5. Dispersion Processes

We now consider dispersion processes, consisting of mixing or spreading phenomena
analogous to diffusion but arising from processes at microscopic to macroscopic rather than
molecular scales. Commonly, these are represented by dispersion coefficients of the same
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dimensions [m? s~!] as practical diffusion coefficients. A number of dispersion processes
are discussed in turn.

5.1. Inertial Dispersion

In fluid flow, the foremost dispersion process—here termed inertial dispersion—involves
the spreading of momentum and any fluid-borne properties (e.g., heat, chemical species,
charge) due to inertial flow. This can be demonstrated by the classical diagram of inertial
effects in a fluid flow, given in Figure 1 [13,103]. As shown, the velocity difference between
two adjacent fluid elements moving in (say) the x-direction will create a velocity gradient
normal to the flow, here drawn in the y direction. Above a threshold, the resulting shear
stresses will produce inertial motions of fluid normal and opposite to the velocity gradient,
causing the lateral transfer of momentum from regions of high to low momentum. Similarly,
a velocity gradient in the flow direction, say x, will tend to be counterbalanced by opposing
inertial flows. Taken together, these effects cause the transfer of momentum in opposition
to the velocity gradient tensor, producing a flow field which is more spatially uniform in
the mean but with a tendency toward turbulent flow.

u+du
AR
dy

3

A

X

Figure 1. Differential motion of parallel fluid elements and the resulting orthogonal velocity gradient.

5.1.1. Entropic Similarity for Inertial Dispersion in Internal Flows

First consider internal flows, involving flow in a conduit with solid walls under a pres-
sure gradient (Poiseuille flow). For steady irrotational incompressible flow in a cylindrical
pipe, the total entropy production is [30,76,116-118]:

pLQ _ pgHQ _ mpgH Ud?
T T AT

U.’int - (70)

where p is the pressure loss [Pa], H}, is the head loss [m], Q is volumetric flow rate [m3s~1],
U is the mean velocity [m s~!] and d is the pipe diameter [m]. The head loss by inertial
flow is given by the Darcy-Weisbach equation [11,13,15-18,88]:

_fL.o»
Hy = T U (71)

where f is the Darcy friction factor [-] for the inertial regime and L is the pipe length [m].
Substituting in (70) gives the entropy production by inertial dispersion:

Cint,] = T u’ (72)

Equations (70)—(72) allow for flow reversal, with p;, < 0, H, < 0 and f < 0 corresponding
toU < 0and Q < 0, giving ¢in,; > 0 in all cases. For laminar flow involving purely viscous
diffusion, the head loss and entropy production are, analytically [11,13,93]:

3L
b

. 8movL
u, Ointy = ; u2 . (73 )
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The relative importance of inertial dispersion and viscous diffusion for an internal flow can
therefore be examined by the entropic group:

Oin, g _ fUd_ fRe
Gty | 64U 64

Iing 10 =

~ fRe, with Re = UTd (74)

where Re is the Reynolds number, normally derived by dynamic similarity (1). The group
Po = fRe/2 has been termed the Poiseuille number [16,119]. For purely viscous diffusion
(laminar flow), f = 64/Re [11,13] and Iliy 1/, = 1. For inertial flows Il > 1, f is
commonly correlated with Re and €/d, where € is the equivalent sand roughness of the pipe
[m] [120]. For non-circular conduits, d is replaced by the hydraulic diameter dy = 4A/ Py,
where A is the area [m?] and P, is the wetted perimeter [m] [16,88,93]. For wall shear
flows, Equation (74) is written using the friction velocity u* = /79/p = U+/f/8, where
Ty is the wall shear stress [Pa], giving Iy 1/, ~ \/7 Re* with Re* = u*d /v [13]. For flow
in porous media, the pressure loss is given by the Ergun equation [121], within which
replacing d by a void length scale and U by an interstitial velocity gives a more natural
representation [119,122].

Interpreting (74) from the perspective of entropic similarity, within an internal flow
the velocity will decrease from the order of its mean velocity U to zero over distances of
the order of its length scale d (see Figure 1). Above a critical threshold, these will produce
inertial flows with a macroscopic dispersion coefficient of order Ud. In consequence, the
Reynolds number can be interpreted, from an entropic perspective, simply as the ratio
of the inertial dispersion and viscous diffusion coefficients. Multiplication by f to give
the entropic group I, 1/, incorporates the resistance of the conduit to the imposed flow,
including the effects of flow regime, pipe geometry and surface roughness.

For internal flows, the characteristic plot of f against Re (the Moody [123] diagram)
is shown in Figure 2a, showing theoretical laminar and fitted turbulent curves for flow
in smooth and rough pipes, with supporting experimental data [124-126]. This can be
interpreted as an entropic similarity diagram, showing the dominant entropic regimes for
different flow conditions. This information can be converted to a plot of Iy ;/,, (74)
against Re, shown in Figure 2b [118]. This plot provides a clear separation between the
occurrence of laminar flow Il ;/, = 1 at low Re, and the transition to turbulent flow
ITine 1/ > 1 at higher Re, with different curves for smooth pipes or pipes of different
roughness. Examining the experimental data shown [125], the laminar region is metastable
beyond the predicted transition at Re = 1038, with a sharp transition occurring at Re ~ 2800.
This plot demonstrates the value of the entropic group Il ;/,, for the interpretation of flow
regimes in internal flows.

5.1.2. Entropic Similarity for Inertial Dispersion in External Flows

Now consider external flows, involving flow around a solid object [11,13,16-18]. For a
simplified steady one-dimensional flow, the entropy production is [30,76,116,117]:

FpU

: 75)

Uext =
where Fp is the magnitude of the drag force [N] and U is the mean velocity of the ambient
fluid [m s~!]. The drag force is commonly scaled by the dynamic pressure to give a
dimensionless drag coefficient [11,13,93]:

Fp

Cp=-—2_
30AU2

(76)
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where A; is the cross-sectional area of the solid normal to the flow [mz]. Taking As = d? /4
for a sphere, where d is the diameter [m], the inertial entropy production is:

, ACpU®  mpd?CpUs
Oext,] = P SZTD = P STD (77)

Equations (75)-(77) allow for flow reversal, with Fp < 0 and Cp < 0 corresponding to
U < 0, for which ey, ; > 0in all cases. For steady laminar (Stokes) flow around a sphere,
the drag force and entropy production are, analytically [11,13,16,93]:

3mpvdU?

Fp =3mpvdU,  exty = T

(78)

The relative importance of inertial dispersion and viscous diffusion for an external
flow can therefore be assessed by the entropic group [127]:

IText,I/v -

dext,l - CD Ud_ CDRE

ud
~ CpRe, with Re = —~ 7
ety | 24v g~ CoRe withRe =7 79)

This is analogous to (74), with an equivalent entropic interpretation. For non-spherical
solids, As can be used directly, or d assigned to a representative length scale for the solid.
For purely viscous diffusion, Cp = 24/Re [11,13,93] and Ilg ;/, = 1. For inertial flows
ekt 1/v > 1, many correlations of Cp with Re have been formulated for application to a
wide variety of solid shapes [63,128-131].

For external flows, the characteristic plot of Cp against Re is shown in Figure 3a,
showing theoretical viscous and fitted inertial flow curves, with supporting experimental
data [93,130,132-134]. This is also an entropic similarity diagram, showing the dominant
entropic regimes. It can further be converted to a plot of I, 1/, (79) against Re, shown in
Figure 3b [127]. This plot provides a clear separation between the occurrence of viscous
flow Ilgyt 1/, = 1 at low Re, and its gradual transition to inertial flow ITey 1/, > 1 at higher
Re. As also shown, the “drag crisis”—the sharp reduction in Cp at high Reynolds numbers
due to the collapse of the laminar boundary layer—is associated with a dramatic drop in
the entropy production. This plot demonstrates the utility of e, 1/, for the interpretation
of flow regimes in external flows.

-0.8 turbulent flow,
rough pipes 1/504
1 turbulent flow, 4
B rough pipes
~1.24 &/d=1/30 § 3.
N~ 1/61.2 £
5 -14 1120 5 flow,
8" 5 2 smooth
- 1/252 8’ pipe
-1.6 1/504 -
14
181 1/1014
laminar\ turbulent flow; 0 laminar flow
-2 flow smooth pipe
2 3 4 5 6 7 8 2 5 8
log,Re log,,Re
(a) (b)

Figure 2. Entropic similarity diagrams for internal flow in a cylindrical pipe: (a) f versus Re (the
Moody [123] diagram) and (b) I/, versus Re. These include experimental data points for rough
pipes (black symbols) [124] and smooth pipes (green and magenta symbols) [125], the laminar flow
curve f = 64/ Re (red) and fitted curves for turbulent flow in a smooth pipe f~1/2 = 2 log,(Re\/f) —
0.795 (black) [120] and in rough pipes f~/2 = 1.128 + 0.64(0.96% ) — 2.62(0.64% ) — 2log,,(e/d)
(blue), where kj” = u*e/v = Re (e/d)+/f/8[126].
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5_
4
g 3] inertial flow ¢
3 A
=
o
o 27
. o
inertial flow -
R S LIS 1.
viscous .
(Stokes) Y — viscous (Stokes) flow
flow
170 1 2 3 4 5 6 7 10 1 2 3 _ 4 5 6 7
log,oRe log,,Re
(a) (b)

Figure 3. Entropic similarity diagrams for external flow around a sphere: (a) Cp versus Re and
(b) Ieyt 17y versus Re. These include experimental data points [93] (black symbols), [132] (magenta),
[133] (cyan) and [134] (blue), the viscous Stokes flow curve Cp = 24/ Re (red), and the Morrison corre-
lation Cp (Re) for Re < 10° [130] (black) with Cp = 0.21 — 8 x 10*/Re for Re > 10° (compare [128]).

The above treatment can be extended to more complicated flows. For two- or three-
dimensional steady irrotational external flows, it is necessary to consider the drag force
and lift force(s) respectively aligned with and normal to a reference direction, each with a
corresponding drag or lift coefficient, for which a vector formulation is useful. Consider
a solid object moving at velocity V [m s~1] in a uniform flow field of ambient velocity u
[m s~'], producing the vector drag-lift force Fp [N] on the object. The vector drag-lift
coefficient Cp = [Cp,C]" or [Cp,Cr1,Cr2] " and inertial entropy production are [76]:

Fp

Cp=——2 (80)
3P As||u — V|2
, Fp-(u—V) 3pAs|lu—V|?Cp-(u—V
s = P22 =Y) _ Bl VIECp (V) -
while the Stokes viscous force and viscous entropy production for a sphere are:
_vI|I2
Fp =3mpvd(u—V) and Oexty = Smpvd ||;l Vi (82)
The entropic dimensionless group (79), taking As = 7d* /4, becomes:
o Oext, I - Cp- (u - V)d . . (u — V)d
Hext1/v = Cody iy Cp - Re with Re = o (83)

where Re is a vector Reynolds number, which accounts for the ratio of the inertial dispersion
and viscous diffusion coefficients in each direction. The drag and lift directions are quite
distinct, since lift forces are unrelated to viscous friction [135] but are governed by the
fluid circulation T = — ¢, # - ds on any closed path C around the solid, where s is the path
coordinate [11,13,18,88].

Now consider the pure rotation of a rigid sphere of radius vector r [m] about its
centroid x¢ at the angular velocity w(t) [s~!]. The entropy production is:

-rot __ T w

ext — T (84)

where T is the torque on the solid [N m]. The viscous torque on the sphere is
T = 87tp||r||3w [135-137]. The ratio of rotational inertial to viscous effects can therefore be
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represented by the entropic group:

(Trot C+- Re
I T T
Tt 17y = Teot- = ~ Cr - Rer
¢ Text v 1677 (85)
2
. r||“w T
with  Rer = 1 ! , Cr= T :
2071 ]|

where Rer is a rotational Reynolds (or Taylor) number and Cr is a torque coefficient,
in which Ret and Cr are pseudovectors [93,137,138]. Clearly, Ret can be interpreted as
the ratio of the rotational inertial dispersion coefficient ||r||>w to the viscous diffusion
coefficient v, while its multiplication by Ct incorporates the resistance to rotation. For
purely viscous diffusion, Ct = 167tRer/||Rer||? [137] and Hgﬁ,l sy = 1. Equation (85) can
be extended to different solid shapes and centers of rotation based on moments of inertia.

For unsteady irrotational external flows, it is necessary to consider the inertial drag
due to the “added mass” of fluid, a history-dependent force and the acceleration of the local
fluid [139-141]. For combined translational and rotational flows, it is necessary to consider
the Magnus force due to rotation-induced lift [135,138], with additional contributions from
flow-induced or imposed vibrations [142] and deformable solids such as flapping wings.

For boundary layer flows such as along a flat plate, it is usual to consider a local drag
coefficient Cp (x) and boundary layer thickness é(x) as functions of x [13,93]. These give
the local dimensionless groups I}, (x) = Cp(x)Rex(x) and I 5,,(x) = Cp(x)Res(x),
where Rex(x) = Uwx/v, Res(x) = Uwd(x)/v and Ue is the free-stream velocity. The
Reynolds numbers assess the importance of local inertial dispersion, measured by Usx or
U6 (x), relative to viscous diffusion.

5.1.3. Entropic Similarity for Inertial Dispersion with Other Diffusion Processes

Since inertial dispersion dramatically enhances the spreading of other fluid proper-
ties, it is necessary to consider its influence relative to other diffusion processes. Draw-
ing an analogy between macroscopic heat, chemical species or ionic diffusion and lam-
inar viscous diffusion in an internal flow (73), this can be represented by the entropic
groups [14,58,77,80,93,128]:

i ud
Iint 170 = M ~ fPe,, with Pe, = — = RePr,
’ qmt,a uﬂéd
i 17e = 221 fPe,,  with Pe, = — = ReSc,, (86)
ant,Dc E(Ci
Iine1/k = % ~ fPey, with Pe, = D—k = ReScy,
1k

where d is a length scale [m], and Pe,, Pe. and Pey, are Péclet numbers respectively for heat,
chemical species ¢ or charged species k. Each Péclet number is the ratio of the inertial
dispersion coefficient Ud to the heat, chemical species or charge diffusion coefficient,
equivalent to the product of the Reynolds number (74) and the corresponding Prandtl or
Schmidt number (44). In process engineering, the length scales in (86) are substituted by a
length scale L of the reactor [80].

5.2. Turbulent Dispersion

An important mixing process in fluid flow is turbulent dispersion, often termed eddy
dispersion or eddy diffusion, caused by turbulent motions of the fluid. This provides the
dominant mixing mechanism for many natural flow systems, including flows in streams,
lakes, oceans and atmosphere [15]. Turbulent dispersion is closely related to the inertial
dispersion but is analyzed at local scales using the Reynolds decomposition of each physical
quantity @ = 7 + a’, where 7 is a Reynolds average (such as the time or ensemble average)
and 4’ is the fluctuating component [14,65,93]. As shown by Reynolds [143], averaging of
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the incompressible Navier-Stokes equations reveals an additional contribution to the mean
stress tensor T; = pu'u’ [Pa], known as the Reynolds stress tensor. This is often correlated
empirically by the Boussinesq approximation [65,144,145]:

T = pu'v’ = —pv (Vi + (Vi) ") + 18 tr(u's/) (87)

where v; is the turbulent dispersion coefficient or eddy viscosity [m? s~!]. Similarly, the
Reynolds average of conservation laws for heat, chemical species and charge reveals mean
fluctuating (Reynolds) fluxes, commonly correlated by:

jor=upcyT) ~ —a,V (pc,T) ~ —k/ VT

Jor = u’Cg— ~ _DC'tVL (88)
— _ (&GP 2F2C,® -~

1k,t =Uu T ~ _Dk,tv T ~ _Kk,tvq)

where a; is the thermal eddy dispersion coefficient (or eddy diffusivity) [m? s '], k; is the
thermal eddy conductivity [J K~! m~! s7!], D, is the eddy dispersion coefficient for the
cth chemical species [m? s~!], Dy ; is the eddy dispersion coefficient for the kth ion [m? s~!]
and x ; is the electrical eddy conductivity for the kth ion [A V-1 m~1][65,77,145].

Now consider the effect of turbulence on the local entropy production for an isolated
diffusion process (35)—(38), generalized as fTDX = jx - VY, where j, = uCy is the flux of X,
Cx is the concentration of X, Dy is the diffusion coefficient for X and VY is the gradient in
Y conjugate to X. Applying the Reynolds decomposition and averaging gives:

bpy = —jx VY — i - VY =y - (VY) = ji - (VY

K S X X (89)
= —jx VY —u/Cy - VY —u-CL(VY) — Cxu' - (VY) — Cha' - (VY

using ab = a b for means, a’ = 0 for isolated terms and VY = VY for gradients [65,93]. As
evident, the mean entropy production is complicated by the presence of diadic and triadic
Reynolds terms [59]. The eddy coefficient correlations (87) and (88) only reduce the second
term in the last line of (89), with the remaining Reynolds terms unresolved. If the fluxes or
gradients are substituted by diffusion equations in the manner of (39)—(42), or if there are
cross-phenomena (65), even more complicated Reynolds terms will be generated [146].

Many authors adopt simplified closure models for (89) based only on &DX,t =—u'Cl-

VY, neglecting the other Reynolds terms. Applying entropic similarity by analogy with
(43) and (44), and substituting (87), (88) and constant mean gradients, these give:

2 2

A oy Vt A oy Vt
HVt/tXt =3 = — Pry = P HVr/Dc,r = 3 = — Scer = D
Ony t % ot
2 0,.\'1/,5 Vf A 5’0{,} t
HVt/Dk,t = S — Sck,t = D ’ Hﬂq/Dclt = S — LeC,t = D ’
UDk,t kt UDc,t c,t (90)
A &oq ot A (TDc,t Dc,t
Wby == Lok =5—  Up,p, === 5~
0Dy, kt 0Dy, kt
2 2 2
II _ Up,, = D I _ UDyy -~ ZkaDk,t Dy s
Det/Dyr — % D. .’ Dyt/Dey — % — 2c,D D
op,, bt 0p,, 2y Dt Lt

These respectively give the turbulent Prandtl, Schmidt (species), Schmidt (charge),
Lewis (species) and Lewis (charge) numbers, and ratios of eddy dispersion coefficients
for different chemical or charged species [15,65,77,93]. By the “Reynolds analogy”, some
authors argue these should be constant for fixed turbulent conditions [93]. The same groups
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Uy /e =

IAIhC/DC -

Iy, /D, =

can also be obtained from ratios of the turbulent entropy fluxes, analogous to those in (47)
and (48).

An additional family of groups can be obtained from ratios of the turbulent and mean-
product entropy production terms—the second and first terms in (89)—reducing to ratios
of the turbulent dispersion and molecular diffusion coefficients:

A 8‘4 Vt N 0,'\'“, nt A (TDc,t Dc,t
Wypw=+——, lypu=-———, llp,/p ===~
: D
v o B
oy Ou 0p, o)
- 0p,, Dy
HDk,t/Dk =5 D
0Dy k

The first group is similar to the Reynolds number (1) or (74), but defined locally, while
the remaining three give local analogs of the Péclet numbers Pe,, Pe. and Pey, respectively
(86). If there are thermodynamic cross-phenomena, analogous groups can be defined by
entropic similarity using the Onsager relations (65) and (66):

. oL L N or L
_ cdt c,d t _ a,b,t ab,t
HLc,d,t/La,b,t % L 4 La,h,t/La,b S L (92)
oL, a,bt or, ab

a,b,t

where L, ; is the turbulent phenomenological coefficient for the (z,)th process [m2s~1].

5.3. Convective Dispersion

For heat or mass transfer processes involving fluid flow past a solid surface or fluid
interface, it is necessary to consider the combined effect of diffusion and bulk fluid motion,
referred to as convection [15,16,58,77,80,81,92-95,147-150]. Convection can be further classi-
fied into forced convection, due to fluid flow under a pressure gradient, and free or natural
convection, due to fluid flow caused by heat-induced differences in temperature and density.
Examples include heat exchange, extraction, sorption, drying and membrane filtration
and latent heat exchange processes such as evaporation, distillation and condensation.
Convection also arises in charge transfer such as electrolysis [151]. Convection processes
are commonly analyzed by the linear transport relations:

ol = hoAT, [l = hebxe = BeACe, ||l = Iy 93)
where jy is the convective flux of X normal to the boundary, hq is the heat transfer coeffi-
cient [ K~ m~2s71], I, is the mass transfer coefficient for the cth species [mol m2s71],
I, is the mass transfer film coefficient for the cth species [m s 1], Iy is the charge transfer
coefficient for the kth ion [CV 1 m~2s71], Xc = C./C is the mole fraction [-], C = Y. C. is
the total concentration [mol m~3] and A represents a difference between two phases. The
transfer coefficients are specific to each process and flow geometry.

We now apply the principle of entropic similarity to examine the transport regime
during convection, based on ratios of entropy fluxes for convection and diffusion processes
analogous to (49). Using (47) for fixed intensive variables, substituting the convective fluxes
(93) and diffusive fluxes (24), (26) and (27) gives the entropic groups:

||jS,hQH _ ||]AQ/H% _ hQAT L Ny = thQ (94)
Tisal Qs FIVTI &

H].Sh || ||]~c||VT"C heAxe ECACC hed. Ecdc

sl llillF  DellVCl|  De||VC| ¢ CD. D

Wism !l [likl % h AD hyd RThd

so ll 11kl % k[ |Vl Kr  z2F2CpDy
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where dQ, d. and dy are length scales [m] arising from each normalized gradient, Nu is
the Nusselt number and Sh. and Shy are the chemical and charge Sherwood numbers.
Traditionally, Nu and Sh. are derived by kinematic similarity from the ratios of convec-
tive and molecular fluxes of heat or chemical species (see above references). Nu can
also be shown to represent the dimensionless temperature gradient from the surface or
interface [15,16,93-95], while Sh, is the dimensionless concentration gradient [15,95]. By
the same reasoning, Shy can be interpreted as the dimensionless electrical potential gradient
from the surface or interface.

In forced convection, Nu is commonly expressed as a function of Re and Pr for a
given flow geometry, while Sh, is correlated with Re and Sc, (see above references). In free
convection due to heat transfer, the inertia arises from temperature-induced differences in
density, giving the velocity scale Ucony = /gd[Ap[/p [m s~1], where d is a length scale [m]
and |Ap| is the magnitude of the density difference between the wall and free-stream fluid
[kg m~3] [16]. For an internal flow, comparing (74) and (86), we define the entropic groups:

. 2 2
o = (22~ (D) o,

o'int,v 1% (97)
2 3 3
with Gr = (UCOI‘Vd> = 8d |§P| — 8pd ‘ZAT‘
v ov Vv
02,
{ntl/ucv = Lt, ’\’szLl,
e Uint,v Vint,x (98)
2 3 3
with Ra = (eond)” _ gd|Bp _ gpd"IAT| _ o
v ova Vi

using Ap ~ —pBAT, where Gr is the Grashof number, Ra is the Rayleigh number and f is
the thermal expansion coefficient [K '] (see above references). For boundary layer flows,
analogs of (97) and (98) containing Cp rather than f are required, in which Gr and Ra are
functions of position. As evident, Gr is the square ratio of the inertial dispersion to viscous
diffusion coefficients in a buoyancy-driven flow, while Ra is a composite group based on the
inertial dispersion, viscous and heat diffusion coefficients. Traditionally, Gr is interpreted
by dynamic similarity as the ratio of buoyancy to viscous forces, while Ra is a composite
ratio of buoyancy, viscous and heat transport forces. In free convection, Nu is generally
expressed as a function of Gr (or Ra), Pr and geometry, while Sh, is correlated as a function
of Gr, Sc. and geometry (see above references). Bejan [149] uses a length-scale analysis to
argue for correlations based on Ra rather than Gr, with a Boussinesq number Bg = RaPr
for low-Pr fluids. The Richardson number Ri = Gr/Re? can be used to characterize the
flow regime as free (Ri > 1), forced (Ri < 1) or mixed (Ri ~ 1) convection [16,93-95,150].

In free convection due to chemical gradients, mass-transfer analogs of Gr and Ra are
defined by the |Ap| forms in (97) and (98) [95]. For variations in salinity S [-], applying
Ap =~ pB'AS gives a salinity Rayleigh number Rs = gd®p/|AS|/va, where B is a haline
contraction coefficient [-] [152,153].

For many processes, more comprehensive formulations of the groups in (94)—(98)
may be necessary. For example, in heat transfer systems, there may be multiple driving
temperatures in I, o/a [150], while in chemical systems, it may be necessary to introduce

chemical activities into I, ,p, or She [77]. Unsteady convection processes require an
extended analysis with different length and time scales [77]. Double diffusion—such as of
heat and salinity—can induce entropy-producing instabilities, analyzed by both Ra and Rs
or a composite group [152-154]. For convection with chemical reaction, it is necessary to
consider the three-way competition between diffusion, convection and chemical reaction
processes [80]; this may require the synthesis of groups from (60) or (62) with those in
(94)-(96). With thermodynamic cross-phenomena (Section 4.3), it is necessary to include the
total diffusive fluxes (65) in (94)—(96) rather than those based on individual mechanisms.
The above analyses lead to a plethora of entropic groups for heat and mass transfer,
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examined in Appendix C. Analogous groups can be defined for the convection of charge.

5.4. Hydrodynamic Dispersion

For flow in porous media such as groundwater flow or in a packed bed, the flow
regime is usually not turbulent except under high hydraulic gradients. However, other
mixing mechanisms arise in the presence of the porous medium. These include:

(i) Molecular diffusion, due to the random motions of molecules. This is represented by
Fick’s law (26) but corrected to account for blocking by solid particles [155,156]:

j.=-DiVC., with D}=wD. 99)

where D; is the bulk molecular diffusion coefficient for the cth species [m? s~!] and
w < 1is a correction factor [-]. Some authors correlate w ~ e@/¢, where € is the
porosity, ¢ is a pore constriction factor and ¢ is the tortuosity [80].

(ii) Mechanical dispersion, due to the physical motion of fluid around solid obstacles,
causing spreading in the longitudinal and transverse directions [155-157]. This is
generally represented by a Fick’s law relation in each ith direction [14,155,156]:

m aCC

jC,1 = *Dc,zwl

with  D{, = Ua, (100)
where D!, is the mechanical dispersion coefficient for the cth species [m? s~1]. Com-
monly, this is further correlated with the superficial fluid velocity U [m s~!], to define
the dispersivity a, [m].

Collectively, the two spreading processes are termed hydrodynamic dispersion, repre-
sented by an overall hydrodynamic dispersion coefficient D, [m? s~ 1] [14,155,156,158]:
D¢, = D¢, +Df = Ua, + D; (101)

An analogous relation can be written for the kth charged species. For heat, it is
necessary to account for conduction through the solid s and fluid f [14,155]:

o =a'+a" =Ua+a, with a"=ear+(1-¢€)a (102)

where «*, o and «, are the bulk diffusion, mechanical and hydrodynamic dispersion
coefficients for heat [m? s~ 1].

Applying entropic similarity, the relative importance of mechanical dispersion and
diffusion can be represented by the hydrodynamic Péclet numbers [14,159]:

. o DI Ua N G a”  Ua
Il = +—% = Pep =2 =—" [, =% — Peg, = - = —,
D A D a A a
o U’DZ‘ o Dé‘ IDZ( On* o* o*
2 (103)
I 7ok, — Pe Oky _ Ua
Dy, = = Dr, = e — v
g O'D* g Dk Dk

These can also be defined using total hydrodynamic dispersion coefficients such
as D,/ Dy, or as ratios of inertial and diffusion terms U¢/ D}, where ¢ is a length scale
[m] [14,155,156]. For contaminant migration in clay soils, generally Pep_, <1, dominated
by diffusion, while for sands and gravels Pep_, > 1, dominated by mechanical dispersion.
Additional groups can be defined for competition with chemical reactions, analogous to
(59) and (60), or entropy fluxes, analogous to (49).

5.5. Shear-Flow Dispersion

An additional mixing mechanism in internal and open channel flows is shear-flow
dispersion, arising from the difference in fluid velocities between the centerline and solid
walls [15,158,160,161]. Employing a Reynolds decomposition a = (a) + a” based on the
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cross-sectional average (a) and deviation a” rather than a temporal decomposition, this is
correlated as:

9(Ce)
ox

<jc,x,shear> = <”/,Cé/> ~ —K (104)
where, for the cth species and downstream direction ¥, (jg  shear) is the mean flux relative
to the flow [mol m~2 s~1], (u”C) is the mean Reynolds flux [mol m~2 s~!], K is the shear
dispersion coefficient [m? s 1] and (C.) is the mean concentration [mol m~3]. Applying
entropic similarity using (104) and cross-sectional averages of (48) or (88) yields:

11 = = - —, II = — — 105
K/Pe (op.) D« K/ Dot (op.,)  Det (109)

In many natural water bodies such as rivers and estuaries K >> D.; > D, for which
HK/DC > HK/Dc,t > 1[15,160].

5.6. Dispersion of Bubbles, Drops and Particles

Consider a system containing a dispersed phase composed of bubbles, drops or
solid particles of density p; [kg m 3] and length scale d [m] within a continuous fluid of
density p. [kg m~3] and kinematic viscosity v, [m? s~1]. From the analysis of convection in
Section 5.3, the difference in densities creates a buoyancy-driven inertia between the phases,
represented by the velocity scale Ugisp = +/8d]Ap[/pc [m s71], where |Ap| = [pg — pcl.
For external flow around dispersed phase particles with drag coefficient Cp, the ratio
of the entropy production by intrinsic to external inertial dispersion (77), or to viscous
diffusion (78), gives:

dext,l 3 1 u u
Hext,1/ disp,1 = Kspl ~ Fraisp with Fraisp = Uaisp N ¢d|Apl/ pe

(106)

. 2 2 3
Udisp,I 2 4 . Udispd gd |Ap|
I1g; =—"—) ~CpArFr; with Ar = =
disp,I/ext,v. < o'ext,l/,_- > D dlSp Ve pcvg

where Fryjsp is the densimetric particle Froude number and Ar is the Archimedes num-
ber [119,128,162,163]. As evident, Frysp 18 the ratio of inertial dispersion by external to
intrinsic sources, traditionally interpreted by dynamic similarity as the ratio of inertial to
buoyancy forces. Ar is of the same form as Gr (97), traditionally interpreted as buoyancy rel-
ative to viscous forces. Comparing (98), we identify Frghsp = Re?/Ar = RePey/Ra = Ri},
for Ra and Ri now defined using Uy;sp- The above groups—often rewritten in terms of the
friction velocity u* (Section 5.1) instead of U—are widely used for the analysis of dispersed
phase entrainment, transport and sediment bed forms [164-167].

For drops or bubbles with surface or interfacial tension ¢ [J m~2], the external or
intrinsic rates of entropy production needed to maintain the dispersed phase are:

exte Teext T ’ disp.c ngisp T

(107)

defined for two choices of time scale Oext ~ d/U or Ogisp ~ d/Uqisp [s], where Ay ~ d?

is the surface area [m?]. Applying entropic similarity to combinations of the intrinsic or
external inertial dispersion (77), viscous diffusion (78) and tension (107) gives the groups:

2

0 . u-d
et 1 /extc = ((7::2> ~ CpWe with We="F¢ - EoFrfﬁsp (108)
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where We is the Weber number, Eo is the E6tvos or Bond number and Ca is the capillary
number. These and the Morton number Mo = gv#p?|Ap|/¢> = Eo®/ Ar? are widely used
to characterize bubble and droplet shapes, flow regimes and their entrapment in porous
media [128,156].

6. Universal Diffusion Processes

As a final topic, consider the common representation of the universe based on five
dimensions, represented by the set of fundamental SI units {kg, m, s, K, A}. By dimensional
considerations, these must be represented by five universal constants, commonly taken as:
1 ¢ = 299792458 m s~ !, the speed of light in a vacuum;
2. h=1.054571817 x 1073 ] s (or kg m? s~!), the reduced Planck constant;
3. G =6.67430 x 10711 m3 kg~! 572, the gravitational constant;
4. e=1.602176634 x 10~ C (or A s), the elementary positive charge, and
5. kp=1.380649 x 102 JK! (or kg m? s~2 K1), the Boltzmann constant,

written in the 2019 redefinition of SI units [168]. These can be used to define natural or
Planck units of mass, length, time, temperature, force and other quantities by dimensional
reasoning [169]. They also define a universal diffusion coefficient:

hG
Duniy ~ |/~ = 4845410655 x 107 m* s~ (111)

Equation (111) expresses a minimum bound for diffusion processes in the universe. It
also suggests an additional conjugate pair for Heisenberg’s uncertainty principle ém 6D > %h
based on the uncertainties in the mass m and diffusion coefficient 6D of a physical particle.

Applying entropic similarity, we can construct universal dimensionless groups to
compare molecular diffusion processes with universal diffusion. For the diffusion of heat,
momentum, species c or charged particle k under constant gradients, this gives:

~ ~

o Oy ® A oy v
1_[llf/i)univ - (,7\' ~ 4 I—[V/Duniv - (,7\' ~ D 7
Duniv univ Duniv univ
R . b (112)
~ 0D, ~ UDy k
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In a typical natural or engineered system, these will be strongly dominated by molecular
diffusion, but in small or quantum systems the universal dispersion may be important.

7. Conclusions

This study proposes an additional category of dimensionless groups based on the
principle of entropic similarity, involving ratios of entropic terms. Since all processes involv-
ing work against friction, dissipation, diffusion, dispersion, mixing, separation, chemical
reaction, gain of information or other irreversible changes are driven by (or must overcome)
the second law of thermodynamics, it is appropriate to analyze these processes directly in
terms of competing entropy-producing and transporting phenomena and the dominant
entropic regime, rather than indirectly in terms of their associated forces. The theoretical
foundations of entropy are examined in Section 2, following which the principle of entropic
similarity is established in Section 3, to give three definitions of an entropic dimensionless
group: (i) a ratio of entropy production terms; (ii) a ratio of entropy flow rates or fluxes;
or (iii) an information-theoretic definition based on a ratio of information fluxes. These
definitions are used to derive entropic groups for a number of entropy-producing and trans-
porting phenomena relevant to fluid mechanics, chemical and environmental engineering,
including diffusion and chemical reaction processes (Section 4), a variety of dispersion
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mechanisms (Section 5) and diffusion in the universe (Section 6). Comparing the derived
entropic dimensionless groups to those obtained by kinematic or dynamic similarity, or by
other means, we can draw several conclusions:

1.

For many groups defined by dynamic similarity as ratios of forces Il = F;/F, (19),
their reformulation in terms of macroscopic entropy production terms IT = ¢7 /6, (20)
recovers the same or a similar dimensionless group. Examples in this category include
the Reynolds numbers for internal, external or rotational flows (Section 5.1), the Péclet
numbers for diffusion (Section 5.1), the Grashof and Rayleigh numbers in convection
(Section 5.3) and the Weber and E6tvos or Bond numbers for bubbles and droplets
(Section 5.6). However, in all these cases, the entropic formulation recovers the product
of a friction factor, drag or torque coefficient (or its square) and the dimensionless
group, rather than the standalone group given by dynamic similarity. The Archimedes
number (Section 5.3) is also obtained as a composite group. Furthermore, the entropic
perspective provides an alternative interpretation of these groups: for example, the
Reynolds number (1) can be reinterpreted as the ratio of the inertial dispersion and
viscous diffusion coefficients, while the Grashof and Archimedes numbers (97) and
(106) are the square of this ratio. Furthermore, the various Péclet numbers (86) express
the ratio of the inertial dispersion coefficient to the heat, mass or charge diffusion
coefficients, while the Rayleigh number (98) is a mixed ratio of inertial dispersion,
viscous and heat diffusion coefficients. The Weber and E6tvos numbers are also
directly obtained from the ratios of entropy production terms for inertial dispersion
and surface or interfacial tension. The entropic dimensionless groups can also be
used to construct entropic similarity diagrams such as those in Figures 2a,b and 3a,b,
providing a clear separation between the different entropic flow regimes present.

In contrast, many entropic groups defined by ratios of local entropy production terms
IT = &1/&, (20) or entropy fluxes IT = I1is111/117s2|l (21) do not appear to have
simple interpretations by dynamic similarity. These include ratios of diffusion terms
leading to the Prandtl, Schmidt and Lewis numbers (Section 4.1), most chemical reac-
tion groups including the Damkohler number (Section 4.2), cross-phenomenological
groups (Section 4.3), ratios of turbulent dispersion coefficients (Section 5.2), the Péclet
numbers for hydrodynamic dispersion (Section 5.4) and shear-flow dispersion groups
(Section 5.5). Historically, such groups are commonly obtained directly by dimen-
sional analysis or by non-dimensionalization of the governing equations rather than
by similarity. The principle of entropic similarity therefore provides a more natural
basis for their interpretation based on their entropic driving force. Furthermore, the
entropic perspective yields extended formulations of these groups as well as many
entirely new groups. Examples of the latter include the diffusion groups (43) and
(49), hybrid diffusion groups containing a flux and a gradient such as (46), the group
for diffusion relative to fluid entropy transport (49) and groups for chemical reaction
relative to diffusion (60) or fluid transport (62).

A number of dimensionless groups admit multiple interpretations by entropic and
other forms of similarity, leading to some interesting new insights. For example, the
Nusselt and Sherwood numbers for convection processes (94)—(96), derived here by
entropic similarity based on entropy fluxes, are traditionally obtained by kinematic
similarity as ratios of convective and molecular fluxes of heat or chemical species.
They can also be interpreted by geometric similarity as dimensionless temperature,
concentration or electrical potential gradients [15,16,93-95]. Similarly, the densimetric
particle Froude number (106) is derived here as the ratio of entropy production terms
for inertial dispersion by external flow and the dispersed phase, but is traditionally
interpreted by dynamic similarity as the ratio of inertial to buoyancy forces. It can
also be identified as an inverse Richardson number, which distinguishes free and
forced convection (Section 5.3). An equivalence between the Grashof and Archimedes
numbers, as square ratios of inertial dispersion to viscous diffusion terms respectively
for convection processes or a dispersed phase, is also established. Several other groups
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commonly used for heat or mass transfer (Appendix C), including the Biot, Fourier,
Stefan, Eckert, Brinkman and Stanton numbers, can also be variously interpreted by
kinematic, dynamic and entropic similarity.

To conclude, it is shown that the principle of entropic similarity enables the derivation
of new dimensionless groups beyond those accessible by geometric, kinematic and dynamic
similarity as well as the reinterpretation of many known dimensionless groups. These
significantly expand the scope of dimensional analysis and similarity arguments for the
resolution of new and existing problems across all branches of science and engineering.

Throughout this study, a concerted effort has been made to examine the transfer of
electrical charge, to place this on an equal footing with the better-known relations for
mass, momentum and energy transfer processes and chemical reactions. Charge transfer
phenomena have important applications in electrolytic, electrochemical and photovoltaic
processes—especially in the presence of fluid turbulence and convection—needed for
the world energy transition from fossil fuels. Emphasis is also placed on the vector or
tensor basis of the underlying physical phenomena, including velocities, forces, fluxes and
gradients, which demands the use of a modern vector-tensor mathematical framework for
the construction of dimensionless groups.

Finally, while this work examines a number of important entropic phenomena in
mass, momentum, energy and charge transfer processes, chemical reactions and dispersion
processes relevant to fluid flow systems, it is not claimed to be complete. Part II of this
work [170] presents a separate analysis of the information-theoretic definition of similarity
(22) and (23) and its application to wave phenomena. Many other important processes
have not been examined from an entropic similarity perspective, including mixing and
separation unit operations in chemical and environmental engineering [171], radioactive
decay and nuclear processes [172], gravitation [173], hydraulic and hydrological systems
[49,50], biological growth, evolutionary and planetary processes [29,48,174], transport
systems [175,176] and economic systems and industrial ecology [177]. Further research is
required on the derivation of entropic dimensionless groups to represent these and many
other natural, engineered and human phenomena.
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Appendix A. Electrochemical and Charge Carrier Relations

To formulate the charge density form of Ohm’s law (30), it is necessary to develop
a theoretical formulation that accounts for both positive and negative ions—this is not
evident in any individual reference found by the author. For the molar formulation, we
first identify the charge flux for the kth species as iy = z;Fj, = z;Fv;Cy, where j, is the
molar flux [(mol species) m~2 s~ 1] and vy is the velocity [m s~ 1] of the kth species [78,79].
For negative ions z; < 0, we have sign(j,) < 0 and sign(v;) < 0 in a positive field,
for which sign(ix) > 0; the sign reversal indicates that a flux of negative charge in the
negative direction is equivalent to a flux of positive charge in the positive direction. The
velocity can further be represented by vy = —zxFy VO = —u; VO, where yy is the charged
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species mobility [(mol species) m? ]~ s71] and u is the electric mobility [m2 V-1s71],
connected by uy = zFuy [78,79]. (Note the unfortunate overlap between the symbols
commonly used for mobilities with other quantities defined in this study.) This yields
i = —zinkaquD = —z;Fup G Vo [79]. For negative ions z;y < 0 we have y; > 0 and
ur < 0,1in a positive electric field sign(E) = —sign(V®) > 0, again giving sign(vy) < 0
and sign(ix) > 0. Finally, adopting the Sutherland-Einstein relation for ion diffusion
px = Dy/RT [178,179] gives iy = —z2F2DyCyV®/RT [85]. Moving all terms except Dy
inside the gradient—thus allowing for spatial inhomogeneity in the concentration and
temperature—gives the first charge density relation in (30).

For the individual carrier formulation, we start with iy = nq;vy [84], hence zxFcy = nqy
and i, = —q%n%kaCD/Ck. For negative ions g, < 0, we again obtain sign(v;) < 0 and
sign(ix) > 0ina positive field. Substituting for the mobility y; and recognizing CyR = nykp
then gives iy = —q2n; DV ®/kpT. Moving all terms except Dy inside the gradient gives
the second relation in (30).

Appendix B. Thermodynamic Diffusion Relations

To reduce the thermodynamic diffusion parameter D/, in (33), consider the relation-
ship between the chemical potential y. [J (mol species)’l], (relative) chemical activity
«. [-] and specific molar concentration m, [(mol species) kg_l] for the cth species in
solution [28,78,99,180]:

°

— m

Ko = exp(yc RTP[C ) = ,chié (Al)
c

where 1. is the activity coefficient [-] and e refers to a quantity at a defined reference state.
Commonly mg =1 [(mol species) kg’l] is chosen to enable the cancellation of units [99].
Alternatively, for gaseous species:

_ <
wC:exp(chTyc ) :FJ;;:'?C;}C} (A2)

where f. is the fugacity [Pa], . is the fugacity coefficient [-] and p. = RTC, is the partial
pressure [Pa]. Rearranging and differentiating (A1) and (A2) for a spatially invariant
reference state gives:

Vine = me {V(P‘C;T”f) ~ViIn %] (A3)
e
Vpe = pe {v(”CRT”C) ~Vin fyc} (Ad)

Substitution into (26) gives, respectively:

= —pm.D | v D) gy 1 A
jo. = —pmD; RT ny.+ Vinp (A5)
. __Pch (l‘c_?/‘?)_ . 1

Je=—"%T [V RT Vln’yc+V1nT (A6)

We see that the practical relation (26) conforms to the thermodynamic (33) for a
spatially invariant (or small logarithmic gradients in the) activity or fugacity coefficient,
fluid density and temperature, giving D/, ~ pm:D./R = p.D./ R2T respectively for solutes
or gaseous species. Neglecting the spatial variation of activity or fugacity coefficients and
temperature, the entropy production (41) becomes:

[V

PRD,

[

2
— 2 |19l

&Dc =~ (A7)
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for a gradient-controlled system, respectively for diffusion in a liquid or a gas.

Appendix C. Additional Entropic Groups in Heat and Mass Transfer

The analysis of convection in heat and mass transfer in Section 5.3 can be used to
derive a number of related entropic dimensionless groups. For example, for “lumped
system analysis” of the heating of a solid with surface area A; [m?], volume V; [m3] and
length scale ¢5 ~ V;/ As [m], we obtain [81,150]:

Wisnoll  ligll% hoAT hols
Mgk, = Trotr = L = 8 — Bi= -2,
5 sl TligallF — &IV K, )
1
_ TStond _ FOeonaT _ KII(VDlA Lkt st

I1I — =
b/ lpey)s = Tpet Fotot  (0cp)s(AT)sVs/t

- 2 T 2
,stor T PsCp,s ES Zs

where Bi and Fo are the Biot and Fourier numbers, F£° is a net outwards entropy flow rate
DK !'m™3](11) and Faet is a net outwards heat flow rate [J m~3], with subscripts cond
denoting conduction, stor storage and s a solid. Bi represents competition between heat
convection at the surface and conduction into the solid, while Fo represents competition
between heat conduction into and storage of internal energy within the solid [147,150].
Similarly, applying (39) and (54) to a phase change yields:

. Gy CalAGy|/ T |AH 4]/ Mg,
11 ;= e = —~ Ste; = <7 W A9
A da,i “iPiCp,iT2 | |VT71 | ‘2 “ Cp,iAT (89)

where d is the reaction index, i is the index of the final phase, Aﬁlat,d is the molar enthalpy
(latent heat) of the phase change [] mol 1], M, ; is the molar mass [kg mol~1]and Ste; is the
phase Stefan or Jakob number (or its reciprocal), which assesses the competition between
latent and sensible heat during a fluid-solid or gas-liquid phase change [81,181]. Note
that Ste; is different for each direction of the phase change. For high-speed flow past a
solid surface:

175 adll ||]'Qad||% (AT)ag (AT)aq Uz
Mingad = =27 = ——= ~ . — Ec = =
RS T il AT AT AT (A10)
Cintv ovlUZ /T ovUST ovUZ vUZ,
it/ = G n  KOVTIZ/T2 T k(AT)E T KAT T ac,AT S

where Ec and Br are the Eckert and Brinkman numbers, U, is the free-steam velocity
[m s~!] and subscript ad indicates adiabatic. Ec compares the entropy flux or temperature
difference to that of an adiabatic process, controlling the direction of heat transfer [93,147],
while Br represents the ratio of macroscopic entropy production by viscous dissipation (73)
to heat conduction (39) [58]. For wall heat transfer, the ratio of heat convection to inertial
dispersion from (86) and (94) is:

I . O_int,hQ _ O'int,hQ/O—int,“ hQAT/kHVTH _ 1 St
"M G Ginet/inga fPeq f (A11)
h h
with St—Nu— Nu__ g =2

~ Pey  RePr pc,U kU

where St is the Stanton number, often used instead of Nu. Applying the “Reynolds analogy” be-
tween momentum and heat transfer, this is correlated with f, Re and Pr [16,77,81,92-94,147,148].

Mass-transfer analogs of Bi, Fo and St, and a momentum-transfer analog of Fo, have
also been defined [92,95,147,159].
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