IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 33, NO. 4, AUGUST 2018

1647

Experimental Verification of Dimensional Analysis
Results on Flow Distribution and Pressure Drop for
Disc-Type Windings in OD Cooling Modes
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Abstract—Oil-flow distribution in the winding has a direct im-
pact on cooling performance. In addition, static pressure drop over
the winding determines oil split among windings connected hy-
draulically in parallel. In this paper, experimental verifications are
provided to support computational fluid dynamics (CFD) simula-
tions for disc-type windings in oil-forced and directed (OD) cooling
modes. Oil-flow distribution in and pressure drop over disc-type
winding models are measured using a particle image velocimetry
system and a differential pressure instrument, respectively. Di-
mensional analysis is adopted to analyze the relationship between
flow distribution, or pressure drop, and the controlling parame-
ters. CFD parametric sweeps of the dimensionless parameters ob-
tained from the dimensional analysis are conducted and the CFD
results are then correlated with the dimensionless parameters. The
comparisons between measured results and corresponding results
obtained from the correlations demonstrate constant consistency,
proving the validity of both the method of dimensional analysis and
the correlations. Finally, comparisons of experimental results from
isothermal and nonisothermal conditions in OD cooling modes are
executed, which show that the isothermal conclusions can be ex-
tended to nonisothermal cases because the effects of buoyancy force
and hot-streak dynamics prove to be negligible.

Index Terms—CFD, dimensional analysis, disc-type winding,
flow distribution, OD, PIV, pressure drop, transformer.

NOMENCLATURE

A Cross sectional area of the vertical duct (m?).
Cpa Pressure drop coefficient over the winding model.
Dy, Hydraulic diameter (m) (4A/P).

Hpuc Plate vertical height (m).

Hy,.+ Horizontal duct height (m).

Gr The Grashof number (987 (Tyut — Tin ) D} /V?).
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Ipm liters per minute.

ny Number of passes in the winding model.

No Number of discs per pass.

P Perimeter of the vertical duct (m).

Py; Volumetric flow proportion in horizontal duct :.
AP Static pressure drop (Pa).

Re The Reynolds number (p - 0, - Dy /11).

Ri The Richardson number (G7/Re?).

T Temperature in Kelvin (K).

Ty Temperature at pass 3 inlet in Kelvin (K).
Tout Temperature at pass 3 outlet in Kelvin (K).
v; Average oil velocity in duct i (m/s).

Vin Average pass-inlet oil velocity (m/s).
Wyiate Plate horizontal width (m).

Wauwer  Vertical duct width (m).

« Dimensionless horizontal duct height (H gyt /Wayet)-
16} Dimensionless plate axial height (Hpiate /Wauer)-

Or Volumetric thermal expansion coefficient.

~y Dimensionless plate radial width (Wia1e /Waner)-

p Oil density (kg/m?).

1 Oil dynamic viscosity (Pa - s).

1. INTRODUCTION

HE oil flow distribution in a disc-type transformer winding

has a direct impact on the cooling performance which, in
conjunction with power loss distribution, determines the posi-
tion and magnitude of the hot-spot temperature in the winding.
In addition, the static pressure drop over a disc-type transformer
winding determines the selection of pump for oil forced and
directed (OD) cooling modes and more importantly oil split
among windings connected hydraulically in parallel, for exam-
ple LV winding and HV winding in the same phase.

Different models have been developed to predict oil flow
distribution in and pressure drop over disc type transformer
windings. These models can be grouped into two categories:
network models [1]-[4] and computational fluid dynamics
(CFD) models [5]-[7]. These two types of model share the
same physical principles of conservation of mass, momentum
and energy. Endeavors of combining the merits of both
methods have been made by using CFD results to calibrate the
correlation equations used in network models [8]-[10]. CFD
modelling is usually conducted in axisymmetric 2D geometries
to reduce computational requirements. Compared to 3D CFD
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simulations, 2D simulations cannot capture detailed fluid flow
and heat transfer phenomena in the vicinity of the spacers.
However, for an ON cooling mode, comparisons of fluid flow
and temperature distributions between 2D axisymmetric and
3D CFD models show that 2D results are representative of the
3D results as long as the governing dimensionless parameters
(G1/Ré?) are matched [7]. In addition, key 3D results, e.g.,
hot-spot temperature, can be derived from 2D CFD results
based on the improvement strategies proposed in [7].

Only a few experimental studies were reported to record flow
rates within horizontal cooling ducts to verify simulation mod-
els. Hot wire anemometry was used in [11] to record flow
distribution within an isothermal winding model. It was ob-
served that the lowest flow rate occurred in the central ducts of
the tested pass of the winding model and more uniform flow
distribution was achieved with wider inlet vertical cooling duct.
A CCD camera was used in [12] to track the movements of
tracer particles within a zig-zag disc type winding model un-
der isothermal conditions. Pressure drops were measured along
winding vertical ducts. It was observed in [12] that flow distri-
bution is more uniform for lower number of discs per pass at the
cost of higher pressure losses over the winding model. Reverse
flow was observed in the first horizontal cooling duct under
higher number of discs per pass. It was also reported in [12] that
wider vertical ducts would produce more uniform flow distribu-
tion in and lower pressure drop over the winding. Laser doppler
velocimetry was used to measure flow velocities within vertical
cooling ducts in [13] to verify a proposed numerical model on a
non-directed winding under nonisothermal conditions. Pressure
drop over one pass of a winding model was measured in [14]
to verify a 2D CFD model and a network model with calibrated
correlation equations from [9].

Systematic simulation studies of oil flow distribution in and
pressure drop over disc-type transformer windings were con-
ducted by adopting dimensional analyses in [15]. From dimen-
sional analyses, oil flow distribution and pressure drop were
transformed to dimensionless parameters of flow proportion
in each horizontal cooling duct and pressure drop coefficient
over the winding, respectively. The controlling parameters were
transformed to the Reynolds number at the winding pass in-
let and dimensionless geometrical parameters (c, 3, in [15]).
The quantitative relationships between flow proportion, or pres-
sure drop coefficient, and the dimensionless controlling param-
eters were obtained by conducting CFD parametric sweeps and
correlating the CFD results with the controlling dimensionless
parameters.

In this paper, experiments are designed to verify the method
of dimensional analysis and the correlations obtained from CFD
parametric sweeps. The experimental set-up and the implemen-
tation of the measurements of flow distribution and pressure drop
are illustrated in Section II. Theoretical analyses and numeri-
cal modeling of the flow distribution in and pressure drop over
the winding model are presented in Section III. In Section IV,
experimental verification of the modeling results are presented.
Finally, the comparisons of isothermal and nonisothermal mea-
surements are shown in Section V, followed by discussion and
conclusion in Sections VI and VII, respectively.
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Fig. 2. Geometry of the winding model. (a) 3D geometry; (b) 2D geometry

II. EXPERIMENTAL SET-UP

Experimental setup is shown in Fig. 1. It consists of a winding
model resembling a disc-type winding structure as shown in
Fig. 2, a radiator to cool oil down, a pump to circulate oil and
a flow meter to record flow rates. An external heating unit is
used to heat up and control winding inlet oil temperature. The
experimental setup is described as follows:

A. Winding Model

The rectangular winding model consists of 3 passes. Each
pass is fitted with 10 disc segments. The disc segments are
modeled as rectangular aluminum plates with geometrical di-
mensions of 100 mm x 104 mm x 10 mm. Each plate sits on
3 mm grooves of the side walls of the winding model mak-
ing the actual depth of horizontal cooling ducts 94 mm. The
winding model walls are made of lexan® 9030 polycarbonate
sheets. Washers are made of acrylic material with geometrical
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TABLE I
WIDING MODEL GEOMETRICAL PARAMETERS

Horizontal Horizontal Vertical duct Aluminum plates
Duct depth duct height ~ width (W g,¢¢)
(Hauet)
Height Width
(leate) (Wplate)
94 mm 4mm, 6 mm 10 mm, 12 mm 10 mm 104 mm

dimensions of 100 mm x (104 + vertical duct width) mm X
10 mm. Table I provides a summary of the geometrical di-
mensions of the winding models. Inner and outer vertical duct
width are made equal and two vertical duct widths, 10 mm and
12 mm, are tested. The heights of horizontal ducts are uniform
being 4 mm or 6 mm. Thermocouples are fitted at the inlet and
outlet of the winding model to record winding inlet and outlet
oil temperatures, respectively. Accuracy of the thermocouples
used is £1 °C.

The oil flow in the winding model is directed into a zig-
zag fashion using washers. Washers are placed at the entrance
and exit of each pass. A washer blocks a vertical duct from
one side and allows the oil to flow into or out of a pass from
the opposite side. To guarantee complete oil blockage, silicone
sealant is applied between a washer and the winding model
wall at the location where the oil is desired to be blocked. It
is intended that all plates and washers are perfectly aligned.
However, during winding model assembly minimal geometrical
deviations still occur, e.g., a plate is either slightly inward or
outward. It was observed, after conducting the tests, that this
slight geometrical deviation gives a signature, or a footprint, to
the flow distribution within the pass as will be highlighted later.
More details of the winding model can be found in [16].

B. Pressure Measurement

Two pressure ports, as shown in Fig. 2, were used to record
static pressure drop over the 3-pass winding model with a dif-
ferential pressure instrument. The pressure instrument has an
accuracy of £0.2% of the full scale of 10 kPa or equivalently
the accuracy is £20 Pa and a repeatability of £10 Pa in this
range. Each pressure measurement was taken 10 times. Since
the pressure readings were stable, the average of the 10 mea-
surements was used as a representative value.

C. Flow Measurement

Total oil flow rate is measured using a positive displacement
flow meter, as it is less affected by viscosity variations, with
accuracy of 0.5% of its reading. Within horizontal cooling ducts,
a Particle Image Velocimetry (PIV) system is used to record oil
flow rates. The PIV system consists of a laser source, light sheet
optics and a camera. A synchronizer is used to synchronize the
laser, the camera and the acquisition computer in order to obtain
the velocity profile.

The accuracy of PIV measurements depends on the quality
of the raw images photographed which is affected by both the
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Fig. 3. Repeatability tests of the PIV system. In each test, total oil flow rate is
controlled to be 12 Ipm according to the reading of the flow meter and the sum
of flow rate in each duct from PIV differs slightly from 12 Ipm.

density of seeding particles and their distribution within the duct.
Silver coated hollow glass spheres with 9—14 micrometer diam-
eter were used as seeding particles. In all PIV measurements,
the laser sheet plane was aligned with the flow direction and
perpendicular to the winding plate in each duct and was fixed
only at one plane that is 3 cm from the winding model wall close
to the camera. The camera field of view was focused on the 2 cm
of the horizontal duct towards its exit as indicated in Fig. 2. PIV
measurements were taken in steady state and in a hydraulically
developed region in horizontal ducts. Twenty raw images were
taken for each measurement and the statistical average of these
images was used to extract the final result. The reason for using
20 raw images rather than using more is that a sweep of the num-
ber of raw images processed—1, 5, 10, 20, 30, 40, 50—shows
that the case using 20 raw images gives results that are as accu-
rate as those obtained from cases of larger number of images.
More detailed description of the application of PIV to record oil
flow rates in radial cooling ducts is given in [17]. Finally, the
accuracy of PIV measurements was checked by comparing the
total flow rate obtained from all the PIV measurements in pass
3 to that recorded by the flow meter. Discrepancies between the
PIV results and the flow meter readings were within 7%.

Flow distribution in a pass is hardly affected by the number of
passes in the winding [15]. Therefore, only the flow rates within
the horizontal cooling ducts of the third pass were measured
using the PIV system. Fig. 3 shows the results of a experiment
repeated 3 times in 3 different days, under the same operating
conditions, to confirm the repeatability of the PIV measure-
ments. In the repeatability tests, the total flow rate, recorded by
the flow meter, was 12.0 litres per minute (Ipm) while the inlet
oil temperature was maintained within the range of 46 °C to
48 °C. It can be seen from Fig. 3 that the total flow rates derived
from the PIV measurements are constantly slightly higher than
that from the flow meter. This is partially because only one plane
in the horizontal duct is measured and the end-wall effects are
neglected.
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D. Oil Properties

The tested oil is a mineral oil of which the variations of density
and dynamic viscosity with temperature in Kelvin are shown in
(1) and (2). These equations are from least-square curve fittings
of the measured data provided by the oil manufacturer.

p = —0.65683 x T+ 1063.6 (1)

631.96 )

—_— 2
T —176.03 @

= "7.8630 x 107° x exp (

III. ANALYTICAL ANALYSES ON FLOW DISTRIBUTION AND
PRESSURE DROP FOR THE WINDING MODEL

The methodology of conducting dimensional analyses, per-
forming CFD parametric sweeps and correlating the CFD re-
sults with the identified dimensionless parameters was detailed
in our previous publication [15]. This paper follows the same
methodology for the winding model tested.

A. Dimensional Analyses on Pressure Drop Over and Flow
Distribution in the Winding Model

In dimensional forms, the average oil velocity in a horizontal
cooling duct i (7; ) and the pressure drop over the 3-pass winding
model (AP) can be expressed as functions shown in (3) and (4):

v = fi (n27 Vin y Py Iy Hduct, leate ) Wplatea Wduct) (3)
AP = g(nl s 12,5 Vin, Ps 1y Hductv leatu Wpl(lt67 vvduct) (4’)

These dimensional forms can be transformed to their dimen-
sionless forms by choosing pass inlet velocity (;, ), oil density
(p), and vertical duct width (W, ;) as the repeating parameters.
The dimensionless forms are (5) and (6):

T)i Hduct ,
. =Py =f; , L, B, s
Uin Wayet i = fi' (n2,Re, o, 3,7) )
AP
W = de = g/(nl,ng,RQ Ot,ﬂ, 'Y) ©)

B. Parametric Sweeps

In the winding model, the number of discs per pass and the
number of passes are 10 and 3, respectively, as shown in Fig. 2.
In such a case, flow proportion in a duct i (Py;) and pressure drop
coefficient over the 3-pass winding model (C, ) are functions
of four dimensionless parameters: Re, «, Sand 7.

According to the practical ranges of the total oil flow rate and
the geometrical dimensions of disc-type transformer windings
[15], [17], the four dimensionless parameters are set to be in
the ranges shown in Table II. All the combinations of these
discrete parameters were simulated by CFD simulations using
COMSOL Multiphysics 5.2. In total, 720 CFD simulations were
conducted involving 80 winding geometries which is the number
of combinations of «, 3 and ~. Mesh refinement studies were
conducted to guarantee mesh-independent results following the
same procedures as presented in [15].
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TABLE II
RANGES OF THE SWEPT DIMENSIONLESS PARAMETERS

Symbol Discrete parameter value

Re 20, 50, 100, 200, 400, 600, 800, 1000, 1200
« 0.25,0.3,0.4,0.5,0.6

B 0.67,1,2,3

v 6,10, 12, 15

Discrete values are used to cover the practical range of each
parameter.

C. Correlations

The results of flow proportion in the third pass and pressure
drop coefficient over the 3-pass winding model were extracted
and correlated with the four dimensionless controlling parame-
ters by a multi-layer least square curve fitting strategy.

1) Correlation of Flow Distribution: The volumetric flow
proportion in duct 7 in the third pass (Py;) were correlated with
Re, a, # and y by equation set (7):

Ppi = 2455 + aip InRe + agRe'® + a,4;
i=1{1,2,--- 11}
aij = bijia® + bjoa® + bz + bijas j = {1,2,3,4}
bije = Ciji1 3 + cijraB? + cijisB + cijras kb = {1,2,3,4}
Cijkm = dijrm1V* + dijemoY® + dijemsY + dijima;
m=1{1,2,3,4}

(7N
where a;;, b;;, ¢;jirm are dummy correlation coefficients, which
are determined from «, (3, v and the 256 coefficient d’s from the
last equation in (7).

2) Correlation of Pressure Drop Coefficient: The pressure
drop coefficient over the 3-pass winding model (C, ) were cor-
related with Re, «, 3 and 7 by equation set (8):

11(_){% a2 Re/1000

a; = bil (4&)1”2 64ab[3 ]

_ Ciio ,Ciiz /3.
bij = cij1 B2 e 37

de =
i=1{1,2}
Jj=1{1,2,3}
Ciji = dijr1y’ + dijray® 4 dijrsy + dijras k= {1,2,3}

(®)

where a;, b;j, ¢;;; are dummy correlation coefficients, which

are determined from «, 3, v and the 72 coefficient d's from the

last equation in (8).

The aforementioned dimensional analyses offer ways to re-
duce the relationships between flow distribution, or pressure
drop, and the controlling parameters to the simplest forms as
expressed by (5) and (6). The CFD parametric sweeps and the
subsequent correlations of the CFD results quantify the relation-
ships as shown in (7) and (8).

IV. EXPERIMENTAL VERIFICATION OF DIMENSIONAL
ANALYSES AND CFD CORRELATIONS

From the dimensional analyses presented in Section III, oil
flow proportion in a duct and pressure drop coefficient over the
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TABLE III
THREE CASES WITH SIMILAR RE

Casel Case2 Case3
Pass inlet oil flow rate (Ipm) 6 12 18
Oil temperature (°C) 77 48 36
Re (W, ., = 10 mm) 541 536 547
Re (W, ., = 12 mm) 531 526 537
TABLE IV

COMPARISON OF PRESSURE DROP AND PRESSURE DROP COEFFICIENT

Casel Case2 Case3
10mm AP (pa) 43 200 466
Chpa 9.1 10.4 10.6
12mm AP (pa) 37 148 303
Cpa 11.29 11.04 9.96

3-pass winding model are functions of the Reynolds number at
the winding inlet, cv, 3 and ~. To validate the method of dimen-
sional analysis and the correlations obtained, measurements of
flow distribution in and pressure drop over the winding model
were implemented and compared with the theoretical predic-
tions from (7) and (8).

The experimental tests of the winding model were designed
to fulfil two objectives:

1) To verify that Py; and C,4 are controlled by Re itself

instead of the components it is composed of.

2) To verity that results from the correlation equation sets (7)
and (8) fit well with measurements in the practical range
of Re for two chosen winding geometries: vertical duct
width 10 mm and vertical duct width 12 mm.

Since vertical duct width is the denominator of the three di-
mensionless geometrical parameters, even the other geometrical
dimensions keep unchanged each vertical duct width would lead
to a new set of «, 5 and ~.

A. Verification of Objective 1

Since the hydraulic diameter is defined as Dy, = 4 A/ P, for
a given oil type, the Reynolds number at the winding pass inlet
is mainly controlled by the total oil flow rate and the oil tem-
perature. The tested three cases with similar Re for two vertical
duct widths 10 mm and 12 mm are shown in Table III.

1) Flow Distribution: For the winding model of vertical duct
width 10 mm, the comparisons of average oil velocities and flow
proportions in the third pass from PIV measurements are shown
in Fig. 4(a) and (b), respectively. The comparisons for vertical
duct width 12 mm are shown in Fig. 5. It can be seen from both
Figs. 4 and 5 that although the average velocities for the three
cases are different, the flow distributions in terms of volumetric
flow proportion in each duct are almost identical.

2) Pressure Drop Coefficient: The comparisons of pressure
drops and pressure drop coefficients over the 3-pass winding
model for vertical duct width 10 mm and 12 mm are shown
in Table IV. For each geometry, the absolute static pressure
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drops are very different but the corresponding pressure drop
coefficients are similar.

From these comparisons for flow distributions and pressure
drop coefficients from cases with similar Re, objective 1 is
acceptably achieved.

B. Verification of Objective 2

1) Flow Distribution: To verify that the flow distribution
correlation equation set (7) holds valid in the practical range of
Re, flow distributions of two more cases were tested for both
geometries. The tested cases are shown in Table V.

For the geometry of vertical duct width 10 mm, the compar-
isons of average oil velocities and flow proportions obtained
from PIV measurements and (7) are shown in Fig. 6(a) and (b),
respectively. The comparisons for vertical duct width 12 mm
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TABLE V
THREE CASES TO COVER THE PRACTICAL RANGE OF RE
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Case4 Case2 Case5
Pass inlet oil flow rate (Ipm) 6 12 18
Oil temperature (°C) 20 48 70
Re (W, . = 10 mm) 97 536 1402
Re (W, ., = 12 mm) 95 526 1375
0.3 0.3
—©—case 4 PV —©—case 4 PV
@ case 4 equ ~@- case 4 equ "
0.25 case 2 PNV 4 0.25 case 2 PV
case 2 equ case 2 equ .
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Fig. 6. Comparison of flow distribution for Re in the range in Table VI with

vertical duct width being 10 mm. (a) Average velocity in each duct of pass 3.
(b) Flow proportion in each duct of pass 3 where the total oil flow rate is regarded
as one unit. The legend ‘equ’ refers to correlation (7).

are shown in Fig. 7. As can be seen from both Figs. 6 and 7,
results from both methods share the same varying trends. With
the increase of Re, flow distribution gets less uniform.

For case 4 and case 2, flow distribution curves from the equa-
tion set (7) follow closely the PIV results for both geometries.
For case 5, the flow distribution curves from the two methods
deviate more from each other.

For case 5 of the 10 mm vertical duct width geometry, both
PIV measurement and the flow correlation equation set (7) show
the occurrence of reverse flow at the bottom of the pass; for the
geometry of vertical duct width 12 mm, the correlation shows a
nearly stagnated flow in the horizontal duct at the bottom of the
pass, while the PIV measurement shows an average velocity of
18 mm/s. Apart from the difference in total oil flow rate obtained
from PIV measurements and that from the flow meter, which is
the input for (7), and the geometrical deviations of the winding
model as is mentioned in Section II part A, another reason for
the increased discrepancy could be that Re for case 5 (around
1400) is beyond the upper boundary of Re (Re = 1200) in the
CFD parametric sweeps from which the correlation equation
sets were derived. It is worth mentioning that case 5 should be
avoided in real transformers because the occurrence of reverse
flow can seriously jeopardize the cooling performance.

Comparing Figs. 6 and 7, we can see that with the increase
of vertical duct width (mainly due to the decrease of «) oil
flow distribution gets relatively more uniform. To further verify
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(a) (®)
Fig. 7. Comparison of flow distribution for Re in the range in Table VI with

vertical duct width of 12 mm. (a) Average velocity in each duct of pass 3.
(b) Flow proportion in each duct of pass 3 where the total oil flow rate is
regarded as one unit. The legend ‘equ’ refers to correlation (7).

TABLE VI
TEST CONDITIONS OF VASE 6 AND CASE 7

Case 6 Case7
Pass inlet oil flow rate (Ipm) 12 12
Oil temperature (°C) 70 70
Vertical duct width (mm) 10 10
Horizontal duct height (mm) 4 6
« 0.4 0.6
Re 878 878

the point that the decrease of « brings a relatively more uniform
flow distribution, a comparison between two cases with different
horizontal duct heights is executed. The test conditions of the
two cases are shown in Table VI and the comparison of flow
distribution is shown in Fig. 8. As can be seen from Fig. 8, the
flow distribution for the case of v being 0.4 is more uniform than
the case of « being 0.6. In fact, reverse flow occurs for the case
of a being 0.6. In addition, the predicted results obtained from
(7) follow the measured results closely. The velocity profiles
in the bottom ducts of case 6 and case 7 are shown in Fig. 9.
Half of the PIV images and velocity profiles are shown in Fig. 9
because they are symmetric to the central axes. The velocity of
the reversed flow in case 7 is designated as negative velocities.
2) Pressure Drop Coefficient: To verify that the pressure
drop coefficient correlation equation set (8) holds valid in the
practical range of Re, more pressure measurements were imple-
mented. In these measurements, oil temperature was set to be
20 °C, 35 °C, 50 °C, and 77 °C while the total oil flow rates
ranges from 6 lpm to 18 Ipm for the vertical duct width 10
mm geometry and 6 Ipm to 21 Ipm for the geometry of verti-
cal duct width 12 mm. For the geometry of vertical duct width
10 mm, the comparisons of pressure drops and pressure drop
coefficients obtained from the measurements and (8) are shown
in Fig. 10(a) and (b), respectively. The comparisons for vertical
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duct width 12 mm are shown in Fig. 11. As can be seen from both
Figs. 10 and 11, the pressure drops from measurements and those
derived from (8) are consistent with maximum relative error be-
ing 16.9%. From the prediction of (8), the variation of pressure
drop coefficient against Re for both geometries in log-log scale
is a straight line at the beginning and then levels off in the region
of high Re. When the measured pressure points are transformed
to pressure drop coefficients, they fall close to the predicted
curves from (8) and in the same way with maximum relative
error being 16.9%.
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From the comparisons for flow distributions and pressure
drops from cases covering the practical range of Re, objective 2
is acceptably achieved.

V. COMPARISON OF ISOTHERMAL AND
NONISOTHERMAL CASES

In practice, buoyancy force and hot-streak dynamics are in-
volved in determining flow distribution in and pressure drop
over the winding, especially for oil natural (ON) cooling modes
[5]-[7]. To verify that for OD cooling modes the influences
of buoyancy force and hot-streak dynamics are negligible and
therefore the foregoing isothermal results hold valid for prac-
tical cases, comparison between isothermal and nonisothermal
cases are shown in this section.



1654

011 —©—ko6lpm45°C [ 0.2 —6—150 6 1pm 45 °C
—© Noniso 6 Ipm 45 °C —O Noniso 6 Ipm 45 °C
017 ——Is0 12 Ipm 47 °C 0.18 ——Is0 12 lpm 47 °C
0.09 < Noniso 12 Ipm 47 °C i < Noniso 12 Ipm 47 °C
: o 0.16
X
» 0.08
E c 0.14}
=007 £
'g ;0-,_ 0.12
F>g 0.06 o
> s 01
©0.05 8
g * 0.8
Z 0.04 ’
003l 0.06}
0_02§ _ 0.04%
0.01— . . . . 0.02L— . . : .
2 4 6 8 10 2 4 6 8 10
Ducts named from pass bottom to top Ducts named from pass bottom to top
(@) (b)
Fig. 12.  Comparison of flow distribution for isothermal and nonisothermal

flow conditions with vertical duct width being 10 mm. (a) average velocity
in each duct; (b) flow proportion in each duct where the total oil flow rate is
regarded as one unit.

TABLE VII
PARAMETERS RELATED TO NONISOTHERMAL TESTS

6lpm 12 Ipm
Pass 3 inlet temperature (°C) 45 47
Pass 3 outlet temperature (°C) 48 48.5
Ri (Gr/Re?) 0.046 0.006

The thermal expansion coefficient is 7.8 x 10~ [1/K] and
the temperature gradients in the definition of Ri (Gr/Ré?)
are taken as the differences between pass 3 outlet temper-
atures and pass 3 inlet temperatures.

A. Power Injection in Each Plate

The current density in the copper conductor of a disc-type
power transformer is in the range of 2—4 A/mm? [19]. Assuming
the plates in the winding model were made of copper and a
current density of 4 A/mm? ran through each plate with copper
resistance at 85 °C, then the resistive power generated in each
plate would be approximately 35 W. To account stray losses and
eddy current losses in the winding and to provide some margin,
a power injection of 50 W per plate was selected which was
delivered by two cartridge heaters embedded in each plate as
detailed in [16].

B. Comparisons of Flow Distribution and Pressure Drop

The comparisons of flow distribution and pressure drop be-
tween isothermal and nonisothermal conditions were imple-
mented on the winding geometry of vertical duct width 10 mm.
For an OD cooling mode, typical oil velocity in horizontal ducts
range from 0.075 m/s to 0.15 m/s [18]. Therefore, oil velocity
at the winding pass inlet would be larger than 0.1 m/s corre-
sponding to a total oil flow rate of approximately 6 Ipm. In the
nonisothermal tests, two flow rates of 6 Ipm and 12 lpm are
tested, of which the related parameters are shown in Table VII.
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TABLE VIII
COMPARISON OF PRESSURE DROP AND PRESSURE DROP COEFFICIENT

61lpm45°C  121pm47°C
Isothermal AP (pa) 91 223
Nonisothermal ~ AP (pa) 90 215

Each pressure drop result is the average of ten repeated tests.

For comparison purposes, two isothermal flow cases of 6 lpm,
45 °C and 12 Ipm, 47 °C were conducted.

The comparisons of flow distributions in pass 3 from PIV
measurements are shown in Fig. 12. As can be seen, flow dis-
tributions from isothermal and nonisothermal conditions are
almost identical. The comparisons of pressure drops for these
isothermal and nonisothermal cases are shown in TableVIIIL.
The discrepancies on pressure drop between the isothermal and
nonisothermal cases are negligible. The negligible Ri’s (Gr/Re?)
for case 6 and case 7 (much smaller than 1) shown in Table VII
is responsible for the negligible differences in flow and pressure
drop results between the isothermal and nonisothermal cases.

It can be concluded that for OD cooling modes, the influ-
ences of buoyancy force and hot-streak dynamics are negligible.
Therefore, the aforementioned results obtained from isothermal
flow conditions are valid for OD cooling modes.

VI. DISCUSSION

The method of dimensional analysis, which can simplify
a physical problem to its simplest form prior to obtaining a
quantitative relationship, has been widely used in fluid mechan-
ics. However, it has not yet become the common practice for
transformer thermal modeling.

In this paper, the methodology presented in [15] was veri-
fied experimentally on disc-type transformer winding models.
It is worth emphasizing that none of the experimental scenarios
were simulated directly by CFD, yet the experimental results
are in line with the results generated from the correlation equa-
tion sets obtained from 2D CFD parametric sweeps. Therefore
the 2D modeling, the method of dimensional analysis, the CFD
simulations, and the correlations of the CFD results are all ver-
ified to be valid for the investigation of flow distribution and
pressure drop. In addition, comparisons between several typical
experimental tests and CFD simulations of the same conditions
were also made, of which the fluid flow and pressure drop re-
sults from the CFD simulations and experimental tests were as
consistent as those generated from the correlation equation sets.

Since the correlation equation sets have been verified experi-
mentally, some insight into oil flow distribution in and pressure
drop over the winding model can be obtained conveniently from
the correlation equation sets. It was found that the geometrical
parameter « is more influential than the other two geometrical
parameters 3 and -y [15].

The uniformity of oil flow distribution in a pass can be rep-
resented by a parameter called maldistribution defined as the
ratio of the maximum to the minimum flow rate in the ducts of
a pass [10]. For the 3-pass winding model with 10 plates per
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Fig. 13. Variation of maldistribution with Re and «. In region 1, mald-
istribution is smaller than 5, whereas in region 2 maldistribution is larger
than 5.

pass (11 ducts), with the help of the flow correlation equation
set (7), the variation of maldistribution with the two influential
parameters, Re and «, can be obtained conveniently with 3 set
to be 1 (vertical duct width equals disc axial height) and ~y to be
10 (disc radial width is 10 times vertical duct width), as shown
in Fig. 13. It can be seen that maldistribution increases mono-
tonically with increasing Re and «. The higher the total oil flow
rate and the larger the ratio of horizontal duct height to vertical
duct width, the more distorted the flow distribution would be.
For design purpose, if maldistribution is desired to be smaller
than 5, then region 1 indicates the feasible combinations of Re
and «, as shown in Fig. 13.

It was observed in the experiments that geometrical devia-
tions lead to non-smooth flow distribution which could cause
some horizontal cooling ducts suffering from smaller flow rate
than expected. Although the trend of flow distribution will not
change significantly, the reduction of flow rate in some spe-
cific ducts may still cause noticeable winding temperature rise.
Geometrical deviations during the transformer manufacturing
process are difficult to avoid and therefore the effects of some
typical geometrical deviations are worth further investigation.

VII. CONCLUSION

Dimensional analyses were conducted to simplify the physi-
cal problems of oil flow distribution in and pressure drop over a
winding model to the simplest forms. CFD parametric sweeps
of the identified dimensionless controlling parameters were per-
formed and then the CFD results obtained were correlated to
form predictive correlation equation sets.

Measurements of flow distribution in pass 3 using a PIV
system and recording of pressure drop over the 3-pass winding
model were implemented to verify the method of dimensional
analysis and the correlation equation sets obtained from CFD
parametric sweeps. The fact that it is the Reynolds number
itself instead of the way how it is composed of that controls
oil flow distribution and pressure drop coefficient, was verified
experimentally for a fixed winding geometry in OD cooling
modes.
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It was also satisfactorily verified that the correlation equation
sets can generate results that are in line with the measurements
in the practical range of Re. Therefore, the 2D CFD simulations
and the strategies of correlating the CFD results to form pre-
dictive correlation equation sets are also valid. The application
of the correlations to real 3D cylindrical windings needs further
validation.

The conclusions on flow distribution in and pressure drop
over the winding obtained from isothermal conditions can be
extended to nonisothermal conditions in OD cooling modes, as
the experiments on nonisothermal conditions confirmed that the
effects of buoyancy force and hot-streak dynamics over flow
distribution and pressure drop are negligible for the tested OD
conditions. However, the effects of buoyancy forces and hot-
streak dynamics on heat transfer in the winding need further
investigation.
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