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Abstract: The search for alternative, more environmentally friendly coolants to replace mineral oils
in power transformers represents a relevant challenge for the power industry. In this frame, a CFD
analysis is carried out by means of an open-source, conjugate heat transfer Finite Volume solver to
assess the heat transfer performance of different coolants in a disc-type winding of an oil-immersed
power transformer, whose geometry is taken from a reference case in the literature. Four different
oils are considered: two mineral oils widely established among power transformer manufacturers, a
synthetic ester and a natural ester. The latter two represent environmentally friendly alternatives
to mineral oils, of great interest for the specific sector. The influence of temperature-dependent
thermophysical properties on the overall flow and on the location and value of the hot spots in
the copper conductors is discussed, highlighting the strength and weaknesses of the four oils as
transformer coolants. In particular, the natural ester exhibits the best heat transfer performance,
whereas high hot-spot temperatures and strong fluctuations are found for both mineral oils and the
synthetic ester.

Keywords: transformer cooling; conjugate heat transfer; oils; fluid properties; mixed convection;
CFD

1. Introduction

The pursuit of new, effective and more environmentally friendly dielectric liquids is a
continuing task for the power industry. Transformers in electric power delivery systems
are cooled with oils, which guarantee excellent electrical insulation and heat removal
properties [1]. Petroleum-based mineral oils have been used for over a century because
of their initial large availability, reasonable cost and good performance [2]. The quantity
of oil required for the cooling system ranges from tens to tens of thousands of liters per
transformer, and it is estimated that several billions of liters of mineral oils are in service
in transformers only in the U.S. [3]. Although this is just a very little fraction of the total
petroleum consumption, the rapid depletion of global reserves urges the search for mineral
oil replacement. In addition, the toxicity and disposal problems of mineral oils at the end
of transformer life further highlight their poor sustainability.

In light of the worldwide concerns about those issues, alternative sources of trans-
former oil are required. In recent years, a new family of insulating liquids, namely ester
oils, appeared as an interesting alternative to mineral oils traditionally used as coolants
in distribution and power transformers. These oils can be obtained either by refinement
of natural seeds (natural esters) or by means of a chemical reaction called esterification
(synthetic esters) [4,5]. Producers of both typologies boast very attractive environmental

Appl. Sci. 2024, 14, 9736. https:/ /doi.org/10.3390/app14219736

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app14219736
https://doi.org/10.3390/app14219736
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-5465-5246
https://orcid.org/0000-0002-6207-6954
https://orcid.org/0000-0002-0848-2409
https://orcid.org/0000-0001-9916-5494
https://doi.org/10.3390/app14219736
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app14219736?type=check_update&version=1

Appl. Sci. 2024, 14, 9736

20f13

properties of their oils as compared with mineral oil, among which the most notable is a
rapid and complete biodegradation.

At the same time, the field of oil-immersed power transformers poses great challenges
in the design of effective cooling systems, for which the accurate evaluation of the thermal
and hydraulic performance of the cooling medium is a crucial aspect. In particular, the
prediction of the value and location of the so-called hot spot (i.e., the maximum temper-
ature occurring in winding paper insulation) is of primary importance since it dictates
reliability and life expectancy of transformers [6], and this, in turn, crucially depends on
the coolant properties.

However, the availability of reliable and detailed data concerning the thermo-fluid
dynamic behavior and heat removal performance of these oils in working conditions is
still scarce. Nadolny and Dombek [7] provided experimental data on thermal properties of
mixtures of mineral oil and natural esters, while Achille et al. [8] focused on palm kernel
and castor oil methyl esters and compared the trends of their properties with those of a
mineral oil. Salama et al. [9] considered three commercial types of environmentally friendly
oils, providing an experimental characterization of their thermophysical properties as a
function of temperature, and evaluated the impact of these oils on the hot-spot temperature
of transformer windings using a simplified computational model. They found out that
ester oils were competitive with respect to mineral oils in reducing the ageing of the
transformers, while mineral oils still showed better performance in terms of heat transfer.
On the contrary, Raeisian et al. [10] compared vegetable oil from cooking waste with
mineral oil by means of numerical simulations of the flow and heat transfer in a finned
transformer and found that vegetable oil exhibited a slightly better overall heat removal
capacity in terms of both maximum and mean temperatures. A similar study was carried
out by Garelli et al. [11], who developed a detailed model of a distribution transformer and
took into account the non-uniform distribution of power losses in the magnetic core and
the windings. Results indicated that slightly higher average temperatures are obtained
for the windings (of 2-3 °C) and the fluid (1.5 °C) when a natural ester is used instead of
mineral oil. The reason was attributed to the higher kinematic viscosity of the ester, which
determined a lower velocity magnitude of the fluid inside the channels. Daghrah et al. [12]
performed experiments with mineral oils and synthetic esters on disc-type windings for
both natural and directed cooling modes to liquid-based transformers and found out that
the synthetic ester gave more uniform flow distributions when in directed mode, while it
developed lower flow rates (and, therefore, higher temperatures) in natural flow. Combined
experimental and numerical analyses by Couto et al. [13] and computations by Santisteban
et al. [14] inside disc-type windings showed that the operating conditions, such as loading
and inlet flow rate, and the winding geometry affect the relative thermal performance of
mineral oils and natural esters. The scarcity and sparseness of these results suggest that the
behavior of these cooling media is far from being completely understood, since it depends
also on the specific configuration and not only on the fluid itself.

In this work, a CFD analysis is brought forward to assess the heat transfer performance
of different coolants in a disc-type winding configuration, representative of a typical power
transformer winding geometry. The reference case is taken from a previous study in the
literature [15,16], for which experimental and numerical data are available. Simulations
are carried out on an axisymmetric domain using a previously validated open-source,
conjugate heat transfer Finite Volume solver [17]. Heat generation in the copper and the
presence of insulating paper around the windings are taken into account. Four different oils
are considered, with different composition and origin: (i) the mineral oil used in reference
works [15,16]; (ii) another mineral oil (Nytro Taurus), widely established among power
transformer manufacturers [7]; (iii) a synthetic ester oil (Midel 7131); and (iv) a natural ester
oil (Midel 1215) [9]. The influence of temperature-dependent thermophysical properties
on the overall flow, on the average and maximum temperature of the copper and on the
location of the hot spots is discussed, highlighting the strength and weaknesses of each of
the four oils as transformer coolants.
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2. Materials and Methods
2.1. Case Study

A schematic of the cross section of the disc-type winding investigated [16] is illustrated
in Figure 1. The winding is composed of 4 passes, each containing 19 discs and 20 horizontal
ducts. Vertical channels of different radial width are interposed between the discs and the
surrounding cylinders (not represented in the figure). Cardboard washers 1 mm high are
inserted in order to separate two consecutive passes at alternating inner and outer locations,
thus blocking the oil passage in the inner and outer vertical duct, respectively, and inducing
a zigzag flow. Washers are arranged so that the oil enters Pass 1 and leaves Pass 4 through
the outer vertical channel. An entry region with 2 extra discs and 2 horizontal ducts is
present below the first pass. Inlets to the entry region are located at both the inner and
outer vertical channels. The internal structure of the discs is also considered; each disc
is made of 18 copper conductors that are individually wrapped with paper insulation.
Quantitative information on the relevant dimensions of the fluid and solid domains is
reported in Section 2.4. The reader is referred to [16] for further details on the considered
winding geometry.

Pass 1 Pass 2 Pass 3 Pass 4
ch. 20 ch. 40 A ch. 60 ch. 80

oil

outlet

|
1]

=

|

ch. 21 ch. 41 ch. 61

o

T T Entry region

oil inlets

Figure 1. Schematic view of a cross section of the investigated domain with indication on the
numbering of passes, discs and channels.

2.2. Governing Equations and Discretization Schemes

The conservation equation of mass, momentum and energy can be written as follows:
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To account for the temperature distribution inside the discs of windings, the heat
conduction equation in a solid is solved:

9 (pcpT)

S = V-(k VT) + S )

The source term Sg, which represents the energy losses in the windings, is imposed in
the copper conductors of the discs.

The above equations were numerically solved under the hypothesis of laminar flow
via the open-source OpenFOAM computational toolbox [18], which is based on the Fi-
nite Volume method. A transient conjugate heat transfer solver (chtMultiRegionFoam,
from OpenFOAM v7) was adopted, implementing the PIMPLE algorithm, i.e., a com-
bination of the PISO (Pressure-Implicit with Splitting of Operators) algorithm, which
handles time advancement, and the SIMPLE (Semi-Implicit Method for Pressure-Linked
Equations) algorithm, which is used to iteratively solve the coupled pressure and velocity
fields within a single time step. Second-order schemes were used for both spatial and
temporal discretization.

2.3. Thermophysical Model

The thermophysical properties of all the four oils were considered as temperature
dependent. For ease of implementation, the original correlations [7,9,10] for the reference
thermophysical properties were rearranged using polynomials (see Table 1):

£(T) = i anT" ()
i=0

and the resulting functions are also visualized in Figure 2. It is worth pointing out that
the Boussinesq approximation cannot be considered valid in the present problem. In fact,
temperature differences are estimated to be at least two times higher than those prescribed
by the criteria in [19] for the introduction of acceptable errors in the equations.

Table 1. Thermophysical properties of oils: coefficients used in Equation (5).

Density, p [kg m—3]

Dynamic Viscosity, u [Pa s]

ag a ag a ap a3 ag as
Reference oil ~ 1098.72  —0.712 0.08467 —4x107%  5x1077 - - -
Midel 1215 1121.09 —0.678 4441 —0.575 299 x 1073 —776 x 107®  1.01 x 1078 524 x 10712
Midel 7131 1180.20 —0.724 36.81 —0.465 236 x 1073 —6.00 x 107®  7.66 x 1072  —3.92 x 10712
Nytro Taurus 105527  —0.632 11.68 —0.152 788 x107% —205x107® 268 x107°  —1.40 x 10712
Specific Heat, cp [J kg71 K] Thermal Conductivity, k [Wm~1 K~1]
EN) a ap ag ai az
Reference oil 807.2 3.580 - 0.1509 7.10 x 1075 -
Midel 1215 1200 2.267 1x1073 0.1715 3.65 x 107° 1.80 x 1077
Midel 7131 898.1 3.824 —159x1073 0.1044 3.58 x 10~* —7.19 x 1077
Nytro Taurus 352.4 5.187 - 0.1691 —1.23 x 1074 -
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Figure 2. Thermophysical properties as a function of temperature for the four considered oils:

reference oil (blue lines), Nytro Taurus (green lines), Midel 7131 (magenta lines) and Midel 1215

(orange lines).

2.4. Meshing and BCs

In order to reduce computational requirements, the problem is supposed to be ax-
isymmetric. Therefore, only a thin slice of the winding with an angular extension of 4°
was reproduced in the computational model (Figure 3a). As shown in Figure 3b, a block
structured grid with non-uniform cell grading was used for meshing the domain, with
non-conformal interfaces between fluid and solid regions, and with just one cell in the
azimuthal direction, for a total cell count of more than 4.7 million cells. With respect to
a previous work [17], a net saving of 15% of the cell count was achieved thanks to the
adoption of non-conformal interfaces, without noticeably affecting the solution. The small-
est cells (base cells) of the fluid zone, with a size Ac = 0.04 mm, are located at the sharp
edges between the horizontal and vertical ducts, as shown in Figure 3b. Special attention
was paid in controlling the mesh grading in horizontal ducts due to the possible onset of
Rayleigh-Bénard-like flow structures.

A fixed inlet oil temperature of 46.7 °C was imposed for all the cases investigated in
this work, as in [16]. At the two inlets of the entry region, a total mass flow rate of 0.78 kg /s
was enforced by specifying the inlet bulk velocity. The mass flow rate, which is referred to
a 360° cylindrical domain, was kept fixed for all the cases considered; therefore, slightly
different inlet velocities were set from case to case to account for the appropriate density
value at the inlet. An average pressure condition, pavg = 0, was imposed at the winding
outlet. The no-slip condition was specified at all the fluid-solid boundaries, with all other
solid walls set as adiabatic. The present model does not include the volume of oil below
the first disc; hence, a constant heat transfer coefficient of 100 W m~2 K~ ! was imposed
on the bottom surface of the paper of the first disc to account for heat transfer toward the
bottom oil, as in [16]. A uniform heat source was specified in the copper conductor region
to reproduce the value of 676.9 W/disc, reported in [16], which is valid for a 360° domain,
and corresponds to a heat flux of q” = 2560 W m~2 on the external surface of each disc. In
the azimuthal direction, axial symmetry was imposed.
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Figure 3. (a) Three-dimensional view of the entire computational domain; (b) detail of the fluid and
solid domains of the first pass and entry region, with indication of the main geometrical dimensions
and details of the mesh topology; (c) view of the upper part of the computational domain and mesh
of the first pass.

Further details on the numerical model, including a grid convergence study and
validation, can be found in [17].
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3. Results and Discussion
3.1. Asymptotic Behavior of the Numerical Solution

Numerical simulations for the four oils were initialized from preliminary steady-state
runs; after reaching a quasi-stationary solution, the transient solver was activated. It is
worth to point out that each oil exhibits a different dynamical behavior, ranging from an
asymptotically steady-state solution (Midel 1215) mirroring the initial condition to weakly
oscillatory regimes (reference oil and Midel 7131) and regimes where local instabilities
are present over most of the domain (Nytro Taurus). As an example, Figure 4 reports
colormaps of the temperature field in the oil region around the top discs of Pass 1. It can be
observed that, for all the oils except Midel 1215, the temperature distributions reveal that
the thermal boundary layers in the horizontal channels are locally disrupted by plume-like
formations, typical of Rayleigh-Bénard convection, whose characteristic length scale is of
the order of the channel height. Such structures appear to have a regular distribution in the
cases of the reference oil and Midel 7131, indicating that the oscillatory behavior has the
form of a traveling wave. On the contrary, the unsteady behavior of the Nytro Taurus is
fully chaotic, as hinted at by the large high-temperature spots appearing in the channels.

Ref. oil Nytro Taurus

T(°0)
125

106
86
66

o 47

Figure 4. Instantaneous oil temperature colormaps in the top region of Pass 1 for all the four oils
considered. Thermal structures in the horizontal channel hint at the occurrence of instabilities and
oscillatory behaviors.

These behaviors can be broadly correlated with the variation of fluid properties with
temperature. In particular, by observing the trend of the Prandtl number as a function
of temperature (Figure 5), it can be observed that, for Midel 1215, Pr always exceeds a
value of 100 for temperatures below the maximum oil temperature (highlighted by circular
markers in the graph). Such a value can stand as a possible threshold for the triggering
of instabilities. In fact, all other oils show a transitional behavior already in the first pass
of the winding, where locally the Prandtl number is already below such a threshold. This
is most evident for the Nytro Taurus oil, where the solution is highly oscillatory, and the
Prandtl number is already around 100 at the inlet.
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Figure 5. Prandtl number versus temperature for the 4 oils investigated. The maximum temperature
value reached for each of the oils is highlighted by a circular marker.

3.2. Thermal-Hydraulic Performance

In Figure 6, the average temperature (T) of the discs (Figure 6a) is displayed together
with the mass flow rate (MFR) distribution of the oil in the horizontal channels (Figure 6b)
for all the explored cases. As expected, the two distributions are interrelated: one or
multiple local peaks of temperature are generated within each pass, associated, in general,
to discs that are surrounded by a poor circulation of the oil. Exceptions to such a corre-
spondence are encountered at the base of each pass, starting from the second one: in these
regions, hot streaks are conveyed from a vertical channel to the opposite one by the oil
flow, producing an increase in the temperature of the adjacent disc despite a relatively high
MER fraction. An example of such a phenomenon, also described in [17], is reported in
Figure 7, which shows the thermal distribution in both fluid and solid regions in Pass 2
for the case of Midel 1215: the hot streak coming from the first pass is drawn by the flow
into the first three channels and determines local hot spots in the first two discs, despite
the relatively high flow rate. The same temperature levels are then observed in the central
discs, for which the flow rate is significantly lower.

For what concerns the thermal performance of the four oils, Table 2 reports the
location and value of the hot spots for each case. It can be observed that the best cooling
performances for the present case study are obtained with the natural ester Midel 1215. As
shown in Figure 6b, the mass flow rate distributes more equally in the various channels for
this fluid, with a minimum MER fraction that never falls below 1.5%, against the minimum
value of 1.2% reached by the reference oil. Consequently, the temperature of the discs is
kept low along the whole winding (Figure 6a). A hot spot of only 103.5 °C is generated
at disc 51 (Pass 3), which is nearly 15% lower than the hot-spot value obtained for the
reference oil (113.7 °C, disc 71, Pass 4).
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Figure 7. Time-averaged temperature colormaps in Pass 2 for the case of Midel 1215. Hot streaks are
visible in the blow-up.
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Table 2. Main integral thermal-hydraulic results for the four cases considered.
. . Midel Nytro Midel
Symbol/Formula Unit Ref. Oil 1215 Taurus 7131
o 103.5 124.8 120.0
Hot-spot temperature Ths C 113.7 (—152%) (+16.6%)  (+9.4%)
Hot-spot location ) disc 71 disc 51 disc 54 disc 74
P (Pass4)  (Pass3) (Pass3)  (Pass4)
. o 85.3 90.9 87.5
Average disc temperature Tave,cu C 89.0 (—87%)  (+4.5%) (—3.5%)
Bulk outlet oil temperature Toutoil °C 80.3 82.0 79.0 80.4
Average bulk oil temperature Tave,oil °C 63.5 64.3 62.8 63.6
. . o 20.9 28.1 24.0
Mean Cu-oil gradlent ATcyoil = Tave,Cu - Tave,oil C 25.5 (—17.9%) (+10.1%) (—6.1%)
1.87 2.21 2.36
Hot-spot factor HSF = (Ths — Tave,oil)/ ATcu-oil - 1.96 (=5.0%)  (+121%)  (+19.7%)
- 122.2 91.1 106.9
—_ A X —2or—1
Overall heat transfer coefficient U =q"/ATcy.oil Wm™=°C 100.4 (+21.7%)  (—9.2%) (+6%)
13.47 12.60 14.06
Overall pressure drop AP = Pin — Pout kPa 12.87 (+4.7%)  (—21%)  (+9.3%)
Pumping power L w 11.5 11.6 11.5 11.6

On the contrary, by involving a hot-spot temperature of 124.8 °C at disc 54 (Pass 3),
the mineral oil Nytro Taurus is the fluid that determines the worst thermal scenario. In
particular, the occurrence of nearly zero flow across three consecutive horizontal channels
in the third pass (MFR fraction < 0.4%) is at the origin of the large peak encountered in the
T distribution of the discs.

The superior performance of both natural and synthetic esters with respect to Nytro
Taurus is also reflected in the lower average temperature of the copper conductors and,
consequently, in the lower mean temperature gradient between copper and oil, resulting
in a higher overall cooling effectiveness (i.e., a higher heat transfer coefficient; see again
Table 2), whose increase with respect to the reference oil is particularly significant for
the case of Midel 1215. Even more interestingly, such a performance increase comes at
no additional cost from the point of view of hydraulic losses: as reported in Table 2, the
required pumping power is substantially equal for all the considered coolants. Pressure
losses are moderately higher for both Midel 1215 and 7131, but, in the frame of a constant
imposed mass flow rate, they are compensated by the lower density of both Midel oils.

3.3. Temperature and Velocity Distributions

A deeper insight into the mean behavior described above can be gained by analyzing
the detail of temperature and velocity distributions. The temperature maps reported in
Figure 8 reveal that, in the horizontal channels of Pass 3, rapid expansion and coalescence of
the upper and lower boundary layers occurs across a wide portion of the channels. Hence,
the hottest temperature is reached at this height of the pass, although more stagnant flow
can be found at lower positions. This occurrence is more evident for the cases exhibiting
oscillatory behaviors and is a direct consequence of the formation of thermal instabilities
like the ones depicted in Figure 4.

Another relevant aspect that can be inferred from the temperature maps, and which
decisively affects thermal performance in the present case study, is the onset of flow
reversals in some of the horizontal channels and, in particular, for the cases of Nytro Taurus
and Midel 7131. The first trace of this phenomenon is the presence of a local minimum of
the MER fraction (see Figure 6b), which occurs in each pass for Nytro Taurus and only in
Pass 4 for Midel 7131. A further hint of this feature is the formation and detachment of
hot streaks along the vertical channel on the side of the pass inlet, as visible in Figure 8b.
When the effect of flow reversal runs out, these hot streaks are conveyed to the opposite
vertical channel contributing to the local temperature rise. A similar behavior can be
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noticed near the top of Pass 4 also with the synthetic ester Midel 7131 (Figure 8c). In this
case, the combination of the hot streak with the coalescence of thermal boundary layers
from two neighboring discs results in a hot-spot temperature as high as 120.0 °C at disc 74.
Consequently, the overall cooling effectiveness of Midel 7131 must be considered worse
than the one provided by the reference oil, even if its performances in the lower passes are
superior, nearing those of the natural ester.

Midel 1215 Nytro Taurus Midel 7131
Pass 3 Pass 4 Pass 3 Pass 4 Pass 3 Pass 4

Ll L] [ [ [{imi=

CCLELT T [ LER
T ey

ol [TTTTTTTTEETTE
T ey

Figure 8. Temperature colormaps for Pass 3 and Pass 4 of all the explored cases. In the blow-ups,
the fluid domain is represented only for the uppermost portion of (a) Pass 3—Nytro Taurus, (b) Pass
4—Nytro Taurus and (c) Pass 4—Midel 7131.

The occurrence of flow reversals can then evidently be observed in profiles of the
horizontal velocity component, reported in Figure 9 for selected channels in the upper
part of Pass 4. In that pass, the mean flow is positive (i.e., directed toward the positive
x-direction, from the inner to the outer vertical channel). However, in channel no. 69, i.e.,
roughly at half the height of Pass 4, oil is nearly stagnating across most of the channel,
although with a positive mean; moving upward, from channel no. 70 to 75, both oils show
a reversal of the mean flow from the external edge of the channel to the internal one. The
mean flow returns positive in channel no. 76. Such stagnation and reversal zones are due
to the combined effect of flow distribution over the channels of the passes, which favors the
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extremal channels with respect to the more central ones, and the formation of buoyancy-
induced convective flow structures in the channels, like the ones shown in Figure 4, which
block the cooler fluid coming from the inner vertical channel. Such a phenomenon critically
influences the position of the hot spot in the discs, making it sensitive to the entire variety of
geometrical and flow parameters that characterize the cooling ducts of disc-type windings.

int. edge half width ext. edge
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Figure 9. Time-averaged horizontal velocity profiles normalized by the inlet velocity across different
locations of selected channels in the upper half of Pass 4 for the cases of Midel 7131 (magenta lines)
and Nytro Taurus (green lines).

4. Concluding Remarks

The thermal performance of alternative oils versus mineral cooling oils on a reference
case of a transformer winding geometry was investigated by means 2D axisymmetric
simulation using a conjugate heat transfer solver. Four oils were considered, namely
two mineral oils, a natural ester oil (Midel 1215) and a synthetic ester (Midel 7131). The
comparison was carried out by considering the same mass flow rate for all the oils; while
such a hypothesis can be, to a certain extent, unrealistic in practical cases, it still allows for
a meaningful comparison on the same reference test case, assuming, for instance, that the
oil flow is directed in the windings by a pump.

Results show that, generally, the natural ester (Midel 1215) not only determines a
more stable flow, arguably thanks to its higher Prandtl number, but also exhibits the lowest
overall maximum temperature in the conductors. A significantly poorer performance, with
a much higher (by more than 20 °C) hot-spot temperature, is observed for the Nytro Taurus
mineral oil. The behavior of the synthetic ester (Midel 7131) is similar to the one of the
natural esters in the lower part of the domain, while it is aligned to the mineral oil in the
upper passes, where oil temperatures rise, and the value of Pr rapidly decreases. All in
all, it can be concluded that the influence of Pr is of primary concern for the comparison
between these oils.

Another important aspect concerns the position of the hot spot, which is considered,
by technical standards, to occur in the very last discs, for disc-type winding arrangements.
Not only this does not happen in any of the cases considered here (except for the Midel
7131 oil), but for one of the two mineral oils (the Nytro Taurus), it does not even occur in
the last pass of the zigzag cooling duct. Such a result underlines the importance of the use
of advanced predictive tools for transformer cooling design.

Finally, even in this limited number of cases, a variety of dynamical behaviors, in-
cluding instabilities and flow reversals, were observed, prompting future analyses relating
these occurrences to the values of the main dimensionless flow parameters.
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