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The main aim of this work is to study the thermal efficiency of a new type of a static mixer and to
analyse the flow and temperature patterns and heat transfer efficiency. The measurements were
carried out for the static mixer equipped with a new mixing insert. The heat transfer enhancement
was determined by measuring the temperature profiles on each side of the heating pipe as well as the
temperature field inside the static mixer. All experiments were carried out with varying operating
parameters for four liquids: water, glycerol, transformer oil and an aqueous solution of molasses.
Numerical CFD simulations were carried out using the two-equation turbulence k-w model,
provided by ANSYS Workbench 14.5 software. The proposed CFD model was validated by
comparing the predicted numerical results against experimental thermal database obtained from the
investigations. Local and global convective heat transfer coefficients and Nusselt numbers were
detrmined. The relationship between heat transfer process and hydrodynamics in the static mixer
was also presented. Moreover, a comparison of the thermal performance between the tested static
mixer and a conventional empty tube was carried out. The relative enhancement of heat transfer was
characterised by the rate of relative heat transfer intensification.
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1. INTRODUCTION

The use of the static mixer has been widely recommended for an important variety of applications, such
as continuous mixing, heat and mass transfer processes and chemical reactions. Such mixers are
designed to mix fluids without any recourse to the mechanical drive and static mixers may be used as
an alternative to mechanical agitators. A motionless mixer is a specially designed geometrical structure
of different shapes and forms of elements inserted in a long pipe. The number of elements and the type
of a mixing device both depend on the mixing degree in any applications and a wide range of tasks. By
using a specific geometrical combination of these elements one-after-another, the additional turbulence
of the flowing fluid contributes to the improvement of mixing efficiency.

Static mixers have become standard equipment in the various branches of industry. These types of
mixers are widely employed in-line in once-through processes. The benefits of the static mixer include
low operating and maintenance costs, no mechanical seals, low energy consumption, it is self-cleaning
and low shear forces prevent excessive stressing of the product (Ghanem et al., 2014). Nowadays, static
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mixers and their applications have become standard equipment in chemical, pharmaceutical, food
processing, polymer synthesis, water treatment and petrochemical industries.

The static mixer may be used as a multifunctional heat exchanger in which mixing, chemical reaction
and heat transfer can occur simultaneously in the same device. For a laminar flow in a plane pipe,
thermal diffusion is the only heat transfer mechanism in the radial direction. The reduction of radial
temperature gradients in fluids may be achieved by means of various types of motionless inserts. The
effectiveness of static mixers to enhance heat transfer is due to their ability to promote radial flow and
to bring fluid elements into close proximity so that diffusion or conduction becomes rapid. Motionless
inserts change the hydrodynamics in fluids flowing inside tubes and the combination of effects can
significantly increase heat transfer rates (Hirschberg et al., 2009; Jaworski and Pianko-Oprych, 2002;
Perner-Nochta and Posten, 2007). Generally, static mixing elements can be used in either laminar or
turbulent flow to improve heat transfer coefficients (Lisboa et al., 2010; Qi et al., 2003; Thakur et al.,
2003).

Over the last 20 years and with the development of Computational Fluid Dynamics (CFD) and faster
computers, it has become possible to analyse numerically hydrodynamics and heat transfer through a
static mixer. Moreover, this technique can give access to qualitative and quantitative information
concerning mixing performance through simply following particle trajectories, by examining
concentrations or residence time distribution. CFD gives opportunities which are experimentally hard
to achieve, like the determination of detailed flow and temperature profiles. Correlations based on
numerical models may be helpful for design, optimisation and scale-up of process equipment
(Abbasfard et al., 2014).

A considerable amount of literature has been published on the CFD modeling of the heat transfer
process in various types of apparatus, such as: pipelines with different geometry and shape (Han et al.,
2012; Jayakumar et al., 2010; Rosaguti et al., 2006; Schietekat et al., 2014; Zheng et al., 2013), heat
exchangers (Afrianto et al., 2014; Freund and Kabelac, 2010; Yataghene et al., 2009), mechanical
mixers (Delaplace et al., 2001; Kougoulos et al., 2005) or static mixers (Habchi and Harion, 2014;
Solano et al., 2012; Wang et al., 2011). There are also some studies concerning CFD simulations of
heat transfer in nanofluids (Fard et al., 2010; Utomo et al., 2012), objects inserted in fluid flow
(Defraeye et al.,, 2010; Zare and Hashemabadi, 2013) or heat exchange enhancement (Eesa and
Barigou, 2010; van Goethem and Jelsma, 2014).

CFD and numerical simulations may give access to qualitative and quantitative information concerning
mixing performance or heat transfer enhancement in static mixers (Ghanem et al., 2014). The
development of CFD models in recent years has contributed to the significant progress made in
understanding of the thermal-hydraulics of heat exchangers (Jun and Puri, 2005). CFD technique is
based on numerical methods that predict the governing transport mechanisms and it can be used to
quantify many complex thermal-hydraulic phenomena (Norton et al., 2013). Generally, thermal
processing heat transfer occurs due to one or more of three mechanisms: conduction, convection or
radiation. Their fundamental representation is by means of differential equations. Heat transfer
equations may be solved analytically for a small number of boundary and initial conditions. The
application of numerical methods has allowed to work out these equations and build distributed
parameter models that are also spatially and temporally representative of the tested system. Moreover,
CFD codes allow to obtain solutions with a high level of physical realism. The ability of CFD to
simulate numerically the flow and temperature distribution in a mixer can contribute significantly to the
understanding of the mixing and heat transfer processes and to provide better, faster, and cheaper
design optimisation (Lisboa et al., 2010). Relations based on CFD simulations would be helpful for
scale-up process equipment and may be suitable for confirming a final design. Numerical studies are
especially needed in the case of the exploration of new conceptual designs or the complicate geometry
of insert (Ghanem et al., 2013; Meijer et al. 2012; Thakur et al. 2003).
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In this work CFD is employed to study the heat transfer rate of the novel type of the static mixer for
heating liquids and to analyse temperature patterns and heat transfer efficiency. The proposed CFD
model is validated by comparing the predicted numerical results against experimental thermal database
obtained from the investigations. Moreover, the obtained experimental and numerical results are
compared with a conventional empty pipe heat exchanger with a similar heat transfer area.

2. EXPERIMENTAL

The static mixer experimental set-up for the investigations of the heat transfer process is presented in
Fig.1.

Fig. 1. The sketch of experimental set-up: 1 - wall, 2 - heat jacket, 3 - insert, 4 - internal temperature sensors,
5 - wall temperature sensor, 6 - steam inlet, 7 - buffer, 8 - circulation pump, 9 - heat exchanger,
10 - personal computer, 11 - flow meter, 12 - condensate outlet

This apparatus consists of an external heat exchanger, a circulating pump, an electrical steam generator
and temperature sensors connected to digital measuring equipment. The heat from the condensing
steam in the heating jacket was introduced to the flowing and mixed liquid by the novel mixing device.

The investigations were carried out with the static mixer equipped with a new mixing insert, which was
a modified version of an mixer described in a patent registration (Masiuk and Szymanski, 1997). The
single mixing element had two truncated cones connected with each other. The diameter of the bigger
cone was equal to the inner diameter of the apparatus. On the side surface of the inlet cone, longitudinal
slots were placed symmetrically along the circumference. The slots were equipped with steering blades
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placed on their longitudinal edges. The side surface of the inlet cone had an oval shape near its lower
base. A stream of fluid flowing into the inlet cone was redistributed with the slots on the surface of the
cone steering the flow outside, while the steering blades bestowed the arising streams with the
rotational movement. A part of the stream leaving the inside of the insert through the outlet cone
became turbulent due to the cone’s oval shape. The inner and outer streams were mixed before entering
the next mixing element where the streams were redistributed once again, rotated in the opposite
direction, and reconnected. The novel mixing device was built from five separate segments in the form
of two top opened cones. The large cone had longitudinal holes on the conical face with motionless
outside baffles. The experiments were carried out with the cascade including 5 mixing elements.

The heat transfer enhancement was determined by measuring the profiles on each side of the heating
pipe as well as the temperature field inside the static mixer. One system of temperature sensors was
tightened closely to both sides of the inner tube and other bunches of small sensors were placed inside
the bulk of the static mixer. The sensors were used to measure the distribution of the mixer bulk
temperature across the radius and the length of the inner tube. The temperature within the mixed liquid
varied significantly along the tube axis and increased much with the variation of the mass flow rate.
Temperature variations in the cross section of the inner tube were measured and analysed.

The experimental set-up was equipped with a measuring instrument which controlled the temperature
of the liquid and supervised the real-time acquisition of all the experimental data coming from the
sensors. The device also measured temperature fluctuations inside the static mixer during the process.
Electric signals were sampled by special thermal sensors (LM-61B, National Semiconductor
Corporation, Santa Clara, USA) and were passed through the converter (PCI-1710HG, Advantech,
Milpitas, USA) to a personal computer for further processing.

The experimental investigations were conducted for the steady-state condition of the heat transfer
process. The measured temperature distribution was undertaken to determine the augmentation of the
heat transfer by using the tested mixing device. As the fluids flowing through the inner pipe of the
static mixer four liquids were used: water, glycerol, transformer oil and an queous solution of molasses.
The mass flow rate was measured by means of an electromagnetic flow-meter. The experimental set-up
with the thermal probes positions is shown in Fig. 2.
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Fig. 2. The thermal probe positions in the experimental set-up
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2.1. Numerical simulations

Numerical computations were carried out using the commercial CFD package ANSYS Workbench
14.5 (ANSYS, Inc., Canonsburg, USA). To calculate the liquid flow in the novel type of the static
mixer, the geometry of the static mixer’s inner tube (of the same dimensions as the real mixer) with
five inserts by AutoCAD software (Autodesk, Inc., San Rafael, USA) was created. It is presented in
Fig. 3.

Fig. 3. View of geometry used in CFD simulations

The created geometry was imported to Design Modeler and introduced to ANSYS Meshing software to
generate a CFD mesh. The numerical mesh consists of over 1.5 million triangular elements of
acceptable quality. A large number of elements may help in obtaining more accurate results but also
increases the time of the simulation. A mesh independence study was performed for grids containing
1.5, 2.5 and 3.5 million cells using the average temperature of fluid at the outlet of the static mixer (see
Table 1). There were no significant differences between those grids and it was decided to do further
computations on a 1.5 million cell grid. The numerical computations of fluid flow and heat transfer
process was performed by means of ANSYS CFX software. This solver uses a control-volume
formulation for solving the conservation equations of mass, momentum and energy. Each simulation
was assumed to converge when the residuals for the energy equation were lower than 10 and those for
equations of continuity and momentum were below 107,

Table 1. Results of the mesh independence study

Number of cells Average fluid
(millions) temperature at outlet
1.5 34543 K
2.5 34544 K
3.5 34545K

The three-dimensional finite volume CFD code used in this study solves the steady, Reynolds-averaged
Navier-Stokes (RANS) equations with the ki@ turbulence-closure model. This kind of numerical
approach allows to compute complex laminar and turbulent flows in static mixers after applying
appropriate corrections. The basic, two-equations k-w model was proposed by Wilcox (Wilcox, 1988).
Our variant of the model also contains modifications for low-Reynolds number effects, compressibility,
and shear flow spreading.

The applied k~-w model may be used to analyse the flow inside the static mixer with a complex
construction (Jones et al., 2002). In this case the predicted flow may be extremely complicated and
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contains regions with a low level of turbulence or regions with local turbulence. Moreover, this
particular model with automatic near-wall treatment automatically switches from wall-functions to a
low-Reynolds near wall formulation. In addition, the k- model was validated extensively in complex,
three-dimensional shear flows (Lin and Sotiropolous, 1997). It should be emphasised that the k-
model is expected to be able to reasonably capture the characteristics of the laminar flow because the
w-equation possesses a solution as the turbulent kinetic energy approaches zero (Peng et al., 1996). The
application of the k~w model for low-Reynolds regions is presented in the relevant literature (Jones,
2000; Stringer et al., 2014; Togun et al., 2014).

3. RESULTS AND DISCUSSION

Data for liquid heating in the tested mixer was collected from the previous experimental investigations.
Table 2 gives the ranges of the operating conditions and the calculated dimensionless numbers or ratios
for the tested static mixing elements. All experiments were carried out systematically with varying
operating parameters for four liquids: water, glycerol, transformer oil and an aqueous solution of
molasses.

In the present work, temperatures are measured at different longitudinal positions and are used to
compute local heat transfer coefficients. The coefficients are averaged over 5 incremental segments
making up the total heat exchanger.

The convective heat transfer coefficient, a, in the dimensionless Nusselt number may be defined as the
area-weighted harmonic mean of local heat transfer coefficient, a. (Freund and Kabelac, 2010). Hobler
(1986) defines the local heat transfer coefficient with the following equation:

ﬂ-Dz gcp AT;nfout
o =
: 4 F \ AT

wall-bulk

(1

Having found the inlet liquid temperature in the static mixer, the average fluid temperatures at the inlet
and outlet of each segment are computed by means of a simple energy balance between the heat
transferred to the working liquid calculated for a given flow rate, specific heat and temperature
gradient. The mean bulk and wall temperatures in each segment, (Thur)ag and Tan respectively, are
used to determine ¢, the local heat transfer coefficient for each section:

(a ) =7ZD2 gec, (Tom)l__( in),-
2 )i 4 F (Twall )j_|:(7;7ulk)avgj|

The local Nusselt number, (Nu.);, is then calculated, taking into consideration the following relation:

a.) D
(Nu,). :(% 3)

avg

2)

i

A typical example of the spatial evolution of the local Nusselt number is plotted in Fig. 4 for different
Reynolds numbers and for water used as the working liquid.

The increase in convective heat transfer along the novel type of the static mixer is explained by the
development of the flow. The enhancement of the heat transfer process can be attributed to the
breakdown of the thermal boundary layer, especially near the tube wall. It should be noticed that the
enhancement is provided by the motionless mixer in which the higher heat flux or the heat transfer rate
is achieved without the deterioration of the flowing fluid. Moreover, the increase in Reynolds number
accentuates turbulent heat transfer and results in higher Nusselt numbers.
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Table 2. The tabulated ranges of the operating conditions and the calculated dimensionless numbers

Type of fluid m [kgs!] plkgm3 | ¢ [Jkg! K| A[Wm'K!] kg m! s
Water 0.04 - 0.28 980 - 988 4178 -4187 | 0.649 - 0.665 | 4.16-10*-4.16-10*
Glycelor 0.05-0.29 1202 - 1208 2586 -1647 | 0.281 -0.282 0.24-0.32
Transformer oil 0.04-0.25 835 -842 2068 -2125 | 0.121-0.122 | 8.62:103 - 1.08-102
molasses 0.04 - 0.28 1272 - 1289 | 3440-3535 | 0.466 - 0.490 | 2.70-102 - 3.98-107
(aqueous solution)

Type of fluid 1w [kg m! s7!] 1/ g [kgm?s'] w[ms!] V [m®s]

4 4 5.17-103 - 5 4

Water 2.48-107%-5.19-10 1.28 -1.98 5.09 - 35.65 359-102 4.06-10°-2.82-10
5.28-103 - 5 4

Glycelor 0.17-0.20 1.33-1.66 6.37-36.92 307102 4.15-10°-2.41-10
. B R 6.0810° - P )

Transformer oil 6.03-10~° -7.59-10 142 -1.57 5.09 - 35.65 423102 4.77-10°-3.32-10
Molasses (aqueous 102 102 3.98:107 - 10 1014

solution) 1.54-10“-2.70-10 1.49-2.13 5.09 - 35.65 27610 3.12:10°-2.17-10

Type of fluid Re Pr Tin [°C] Tou [°C] Tvan [°C]
Water 1037 - 5370 3-4 38.4-48.3 42.8-69.2 55.1-93.7
Glycelor 2-15 2272 - 2557 55.7 - 66.4 654-71.1 81.9-92.7
Transformer oil 54 -330 163 - 183 52.7-53.8 56.5-67.3 73.0-92.7
Molasses (aqueous 15-89 240-297 | 514-523 | 56.0-71.1 69.2 - 89.9
solution)

Type of fluid Touir [°C] (Tbulk)avg [°C] | a [W m2 K'l] Nu
Water 38.8-66.8 40.6 - 58.2 276 - 1003 42 - 157
Glycelor 56.8 -70.5 62.9 -68.7 159 - 543 56 -192
Transformer oil 53.2-66.3 54.7-61.0 95 - 342 78 - 280
Molasses (aqueous 51.8-69.2 53.7-618 | 266-807 56-174
solution)

250 R ' ,,,,,,,,,,,,,,,,,,,, | I
[ | O Re=1037 Nu, =185.862°%
1| O Re=3053
v 200 /A Re=5371
i I approximation A
2 |
z /// Nu, =106.452"" |7
2 A ]
2 100 [ O i
o | ]
- 50 | — = —L1 4
— =
ot '\
Nu_ =57.452°%
PP B R B S S |
%,15 0,30 0,45 0,60 0,75 0,90 1,05

Longitudinal position z, m
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Fig. 4. Local Nusselt number for different Reynolds numbers (for water)
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The thermal performance of the tested static mixer may be characterised by the global convective heat
transfer coefficient, o, or the global Nusselt number, Nuyg, calculated using the area-weighted harmonic
mean of the local heat transfer coefficients, ().

In order to establish the effect of all important parameters on the heat transfer process in the tested set-
up, in the widest range of variables, data obtained in the present work were analysed with the following
relationship:

c d ¢ d
N
Re Pr” (ij (%j = Nu, =APe (iJ (gj = = AP )
H, H, )7, D
(#wj ( L j

The effect of heat transfer in the static mixer can be described using the variable Nu, (ﬁ)_c (%)_d

proportional to the term APe”. The experimental results obtained in this work are graphically illustrated

in log[Nug (uiyc (%)7‘1} Versus log[ A Pe”] in Fig. 5. The exponents of the rations (u / pw) and (D /L)

are 0.14 and 0.33 as there is some theoretical and experimental evidence for this value.

The proposed correlation (see Fig. 5) describes the global thermal behaviour of the tested static mixer
flow over the range of Reynolds numbers studied and can be used as a design rule in the novel type of
heat exchangers.

1000 — —
O experimental points
— approximation
2
=1
s
e |
Q
el 100 | -
7. : cd \
- hY
o \\
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Jm N
Nu s
z = D.44Pe
[ u ‘| (DY
) \L,
10 " L PR S | n " P S S TS
1000 10000 100000

Pe

Fig. 5. The global Nusselt number as the function of the dimensionless Péclet number

A comparison of the thermal performance between the tested motionless inserts and a conventional
empty tube was carried out. Hobler (1986) provides a correlation for the dimensionless Nusselt number

in a straight plain pipe for {Re Pr (Qﬂ >13:
L

0.14 D 033 0.14 D 033
Nu, = 1.86Re™ Pr¥ M [_j = Nu, = 1.86Pe" 3 H (_j
//IM’ L ILIMJ L

5)
N
har ~1.86Pe"®

ﬁ 0.14 (D)O_j,_g
/JW L

The graphical comparison between the heat transfer rate for the tested static mixer and a straight plain
pipe is illustrated in the plot given in Fig. 6.
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Fig. 6. A comparison of the obtained results for the tested static mixer and an empty pipe

Figure 6 shows that significant enhancement in the heat transfer performance for the applied static
mixer is obtained with respect to the empty pipe. The obtained results indicate that the transfer rate for
the tested static mixer is consequently higher than the data obtained for the heat transfer in the straight
plain pipe.

To characterise this relative enhancement we define the rate of relative heat transfer intensification, «,
that reflects the increase in Nusselt number in the tested heat exchanger compared to a laminar tube
flow. This factor is defined as follows:

_ Nug —Nup
Nu

P

(6)

K

Fig. 7 represents the relative intensification factor and suggests that the enhancement of heat transfer by
the novel type of motionless inserts increases the Nusselt number by between 130% and 880% over that
in a tube flow for the dimensionless Péclet numbers ranging between 3250 and 60300, respectively.
The novel type of the static mixer produces considerable enhancement for the high Péclet number zone.
This increase occurs because turbulent structures automatically start to appear in the static mixer that
intensify convective transfer processes and deepen the sharp difference in Nusselt numbers in laminar
regimes compared to the generated flow using the new type of motionless inserts.

1000

800 [ )] |
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®
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Fig. 7. A comparison of the obtained results for the tested static mixer and an empty pipe

cpe.czasopisma.pan.pl; degruyter.com/view/j/cpe 67



M. Konopacki, M. K ‘?‘d‘aﬁ;‘%’lﬁ*ﬁ}i‘ik%}w%i,%y, CHeW Process Eng., 2015, 36 (1), 59-72

POLSKA

The CFD model of the tested static mixer was validated by comparing the predicted results against
experimental database presented in this paper. Fig. 8 shows a cross-sectional vertical cut along the
central axial axis of the modelled static mixer, for the different operating conditions and water used as
the working liquid.

ng' @q' QQ’L QQ’L QQ"I« Q.;glf QQ“L @"lx ()Qq' QQ"I» x@"b

o b2 o Ff % of of b“*\@
(\&i\%\%@@@@b"‘b &

D B DT DT DT B BT B D 2D
Temperature K]
Contour 1

Fig. 8. The temperature contour generated by CFD modelling (water, iz = 0.04 kg s!)

As expected, the tested static mixer is able to reduce temperature gradients, thus producing a more
uniform temperature distribution. The motionless elements direct the flow from the center towards the
wall. This flow improves the radial mixing eliminating temperature gradients (see Fig.9).

Velocity
Streamline 1

Fig. 9. The typical streamline of fluid velocity (water, n = 0.28 kg s™)

300 — — —
+ | O correlation 0
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. (@]
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100 Q |-
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Fig. 10. Comparison of predicted (CFD model) and correlated (calculated values) global Nusselt numbers
as the function of the dimensionless Péclet number
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The CFD model was validated by comparing the obtained results against experimental thermal data. In
Fig. 10 the estimated Nusselt numbers of the tested liquids are plotted against Péclet number. For
purposes, the global Nusselt numbers calculated with the proposed experimental correlation (see
Fig. 10) are also shown. Figure 10 shows that the numerically estimated Nusselt numbers are very
similar to those calculated from the proposed experimental correlation. The numerical data are
generally in good agreement with the correlation, exhibiting the same trend as the experimental data.
The experimental values agree with the CFD model to within +15%.

4. CONCLUSIONS

Several remarks resulting from the present investigations may be summarizsed as follows:

The novel type of motionless mixer may be used as a heat exchanger in the laminar region of flow.
In this case the tested static mixers can enhance heat transfer and provide more gentle product
treatment that which can be achieved in empty or unpacked tubes.

The description of the problem and the proposed relationships in the present paper is attractive
because it generalises the experimental data of the heat transfer process taking into consideration
the local heat transfer coefficients and the global Nusselt number.

The values of the global Nusselt number in the tube equipped with the novel type of motionless
inserts are higher than those in a plain tube (see Fig. 8).

The forced convective heat transfer in the new type of static mixer was also modelled using CFD.
The modified k~@ turbulent and thermal energy models were used to account for the heat transfer
for the tested liquids and the operating conditions. The proposed numerical model was validated by
comparing the predicted results against experimental database.

This work was supported by the Polish Ministry of Science and Higher Education from sources for
science in the years 2012-2015 under Iuventus Plus project.
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SYMBOLS

specific heat capacity, J kg' K™

inner diameter of mixer’s tube, m (in the case of these results D = 0.1 m)
heat transfer area, m?

heat transfer surface, m? (in our experiments F; = 0.2F = 0.2 zDL)

mass flux, kg m? s

number of section

turbulence kinetic energy, J kg

length of static mixer’s tube, m (in the case of these results L = 1 m)
mass flow rate, kg s™!

radial cylindrical coordinate (or radial position of the temperature sensor)
temperature, K

in—out the difference between the inlet temperature and outlet temperature;

AT vue the difference between the wall temperature and the temperature of liquid inside the

static mixer;

cpe.czasopisma.pan.pl; degruyter.com/view/j/cpe 69



M. Konopacki, M. Kordas K Fijamewiki, E\%y}@h‘e}% ProCESSEng., 2015, 36 (1), 59-72

|:(T;mlk) } averaged temperature inside static mixer’s bulk for i section (in our experiments
avg |;

()] =5 2 (), ]

m
V volume flow rate. m® s™!
w linear velocity, m s™
z axial cylindrical coordinate
Greek symbols
a convective heat transfer coefficient, W m 2 K!
K relative heat transfer intensification
yl thermal conductivity coefficient, W m™ K!
u fluid viscosity, kg m™ s!
L viscosity of fluid at wall’s temperature, kg m™ s’
p fluid density, kg m™
w specific turbulence dissipation rate, s™'
Subscripts
avg average value
bulk inside static mixer’s bulk
g global value for static mixer
in inlet of static mixer
out outlet of static mixer
p empty pipe
wall wall of static mixer
z local value for static mixer

Dimensionless numbers

Nu Nusselt number
(Nuz)i, local Nusselt number,
Pr Prandtl number

Re Reynolds number
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