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ABSTRACT

ESTIMATION OF WEATHER IMPACTS ON DISTRIBUTION-
TRANSFORMER ENERGY LOSSES

By

Mengsteab Habtegiorgis Weldegaber

Current U.S. Department of Energy (DOE) estimates of electrical
distribution-transformer (DT) energy-losses do not incorporate weather
effects. While the industry-standard Institute of Electrical and Electron-
ics Engineers (IEEE) model only includes ambient temperature impacts,
it excludes wind and solar heating effects, which may significantly alter
DT energy losses. In the current study, the IEEE model is modified to
incorporate these effects, and results are compared for a variety of DTs
sample in several climatic regions. Results show that DT temperatures,
fluxes, and aging rates are dependent on weather impacts, with specific
impacts dependent on climate regime. Resulting estimates of weather
impacts on DT energy losses will be used by DOE to evaluate the errors

that result from ignoring weather impacts.
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1. Introduction

Distribution transformers (DTs) transfer electrical energy from
primary distribution circuits to secondary or to consumer service cir-
cuits. Virtually all US electrical power passes through one or more DTs.
Liquid-immersed DTs, which typically use mineral oil as a combination
coolant and dielectric medium, are normally used outdoors. Electric
utilities operate about 90% of all liquid-immersed transformers (Barnes
et al. 1994, 1995). Dry-type DTs are air-cooled and are used mostly by

commercial and industrial customers.

Of the 1999 US electrical energy generation of 3.7 x 1012 kWh (EIA
2002a), about 7.5% was lost to heat. Sixty five percent of this is
transmission loss, and 41% (7.4 x 1010 kWh) of that is associated with
DTs. Despite their high (>99%)]) efficiencies (Beaumont 1988), with total
US 1999 retail electricity revenues at $217 billion (EIA 2002b), DT losses
were thus $4 billion due to continuous normal operation. Environmental
considerations and rising energy costs have produced strict requirements

for transformer efficiency (Harrison 1988, Holland 1992).

The US Department of Energy (DOE) is currently involved in set-
ting feasible DT efficiency standards (Barnes et al. 1995), i.e., benefits

must outweigh burdens. Costs-benefits calculations depend on accurate



estimates of DT losses, which vary with DT temperature (dependent on
design), electrical-load variation, and ambient weather conditions. DTs
are rated by their electrical-load capacity, expressed in terms of their

“rated” (or name-plate) power rating.

Electrical power can be expressed as i2R (where all symbols are
defined in Appendix A), but as voltage V equals iR, it can also be ex-
pressed as Vi. In alternating current (ac) circuits, the actual power
delivered also depends on voltage phases and current waveform. If
voltage and current are in phase, then apparent power (in kilo-volt-
amperes, kKVA) is equal to actual load (in kilowatts). The kVA rating of
any DT is thus the load it can continuously carry without its average in-
ternal winding temperature exceeding ambient air temperature by more

than a specified design amount.

Peak losses generally occur during hot days, when air conditioning
demand is high; power demand surges (and electricity costs thus rise);
equipment overloads, overheats, and fails; and power outages result.
Current mineral-oil transformer ratings, however, use only a 24 h aver-

age standard ambient temperature of 30°C (IEEE 1995).

In 1996, the National Electric Manufacturers Association (NEMA)

developed the voluntary energy DT efficiency standard NEMA TP 1-1996



(NEMA 1996). It allows short payback periods to recover the additional
costs mandated by the more efficient DTs from money saved by resulting
reduced energy consumption. It describes minimum transformer effic-
iencies for 73 liquid-immersed and dry-type DTs. It also describes total
owning cost methodologies for these DTs, based on kVA rating. The
NEMA standard TP-1 reference load for liquid-immersed DTs (50% of
nameplate capacity) appears higher than for typical utility applications.
One hundred percent compliance with the voluntary NEMA minimum ef-
ficiency standard could save about 7.3 x 10!! kWh of primary energy

during the 30-year period from 2004 (Barnes et al. 1997).

Various DT heat-loss mathematical models exist to describe heat
transfer and fluid-flow phenomena in liquid-immersed DTs during trans-
ient loading (Fig. 1). One of the first (Cooney 1925) found exponential
average oil (To) and winding (Tw) temperature-rises above ambient-air
values (T2} in self-cooled oil-immersed DTs. Comparison of predicted and
observed total final rises (ATwa = ATwo+AToa) showed generally good agree-

ment.

Vogel and Narbutovskih (1942) extended the analysis to include a
new equation to determine the maximum “safe” Tw value, i.e., the “hot-
spot” temperature Th. Based on an “aging” study and model results, they

recommended that short-term peak Th values should not exceed its aver-



age value by more than 10°C. A simplified graphical method (on special
transient-coordinate paper) for computation of DT temperature-rises was
developed by Narbutovskih (1947). It is based on exponential solutions
for thermal-transient time-constants dependent on a linear proportion-

ality between hot-surface heat-dissipation rate and temperature-rise.

Testing was begun in 1957 (Acker 1976) to evaluate the lifetime of
55°C average winding-rise insulation DT systems. A safety factor of five
on max temperature rise was applied to the most pessimistic results to
obtain an average DT-life of 20 years, a value long used in many loading
guides. This includes 180 000 h at a Tx value of 95°C, a value also used
as the standard for many years. Recent tests by DT manufacturers on
65°C average winding-rise insulation systems have, however, demon-
strated a similar useful life at a Th value of 110°C (IEEE 1995). Funct-
ional tests and service experience even suggest a reasonable DT life of
15-20 years at a Th value of 110°C. A limit of 140°C has been proposed
(IEEE 1981), although Th values of up to 180°C during emergency over-
loads are allowed by the Institute of Electrical and Electronics Engineers

(IEEE) loading guide (Pierce 1994).

Theoretical and experimental studies of heated cylinders in cross
flows found cylinder height-to-diameter ratio as the most important body

property for determination of convective heat losses (Ghisalberti and



Kondjoyan 1999). Based on data from several hundred experiments, a
relationship between Reynolds number (Re) and convective heat loss was
proposed by Zukauskas (1972) for Re < 106. Additional experiments by
Morgan (1975), however, showed a different relationship for 7x104 < Re <
1086. Later experimental evidence by Quarmby and Al-Fakhri (1980) re-

solved the disagreement in favor of Zukauskas.

The IEEE (1981) model, herein called IEEE81, contained a T pre-
dictor equation that included a vertical gradient of T, to define an “above
the windings” oil temperature Tr. It also used an exponential expression
with a time constant (dependent on changing input load) to determine a
steady-state oil-duct temperature Tp. Hot-spot winding temperature Tn
is thus the sum of the: (1) assumed constant T, (2) top-oil temperature-

rise over AT,, and (3) hot-spot winding-temperature rise over ATr.

An experimental study of the low-temperature behavior of para-
ffinic DT-oil by Aubin and Langhame (1992) overcame the previous 0°C
Ta-limit in the widely used American National Institute of Standards
(ANSI) DT model. Their new Institut de Recherche d’'Hydrio-Quebec
(IREQ) model was thus valid down to -40°C, as it accounted for varia-
tions in physical oil-characteristics, such as viscosity, Ta-induced cool-

ing, and thermal load (as a function of changes in copper resistance).



Results showed that during overload periods, Tp rises rapidly with a time

constant equal to the winding time-constant.

Pierce (1992) showed that during overload-periods, IEEE81 pro-
duces Tp values higher than Tr values, resulting in under-predicted Th
values. They thus incorporated the IREQ insights and interior DT fluid-
flow conditions into IEEE81, to produce the IEEE95 (1995). The new
model thus considers: 65°C mineral-oil coolants; different cooling mode
options; winding duct oil temperature rise (ATog); resistance and viscosity
changes; and T, changes during a load-cycle. IEEE95 thus produced
more accurate predicted DT loading—capacities, based on limits on pre-

dicted Tt and T values.

While the IEEE95 model was developed to estimate DT tempera-
tures and their effects on DT heat loss, it assumes a fixed ambient air
temperature and it ignores wind and solar-heating effects. Its use in cur-
rent DOE efficiency standard setting processes is thus limited, as solar
radiation and wind conditions may significantly alter DT losses and their
time variations. The current effort thus modifies the IEEE95 model to
calculate DT energy losses resulting from wind and solar radiation im-

pacts in a variety of climate types over a range of DT designs and loads.



2. Methodology

A series of simulations are thus carried out to investigate weather
impacts on DT heat losses and efficiency. Simulations are carried out for
cities in different US climatic regions with different DT kVA rating (sizes)
and cooling modes. This study only considers the simple case where DT

voltage and current are in phase.

A. DT design

Electric power from a power plant is transferred to end-users by
utility transmission and distribution systems through a network of power
lines and associated components. These include DTs to convert high-vol-
tage electricity from a primary distribution circuit to lower-voltage electr-
icity for the secondary distribution circuits in homes and businesses.
DTs consist of three basic elements: primary winding, secondary wind-

ing, and core.

Windings are wire coils around a core of high-magnetic material.
The primary winding is connected to an electric source, while the second-
dary winding is connected to an output or load (Barnes et al. 1996). The
core may be of silicon steel or another magnetic material (such as amor-
phous metal) and it provides a path for the magnetic flux that links the

windings. An alternating flux is established in the core when the prim-



ary winding is connected to an ac voltage source. Its strength is pro-
portional to the ratio of the number of turns in two windings. An ideal
DT has no losses or leakage flux, and the ratio of voltages induced in the

two windings is equal to the ratio of the number of turns in each.

As ideal DTs neither store nor lose energy, the power input to the
primary windings must equal that output to the secondary windings. As
primary power input is the product of voltage and current, secondary
power output must also equal this product. This implies that the ratio of
the primary and secondary currents is also inversely proportional to turn

ratio.

While modern DTs approach the ideal, losses do exist (Barnes et al.
1996), as voltage drops through a DT under load conditions. Voltage ra-
tio is thus not exactly equal to turn ratio, and excitation currents flow in
DTs even with no external current. Losses at load are directly propor-
tional to the product of the current squared and effective winding resis-

tance (the latter is influenced by temperature) (Montsinger 1930).

No-load losses include dielectric, conductor (due to excitation and
circulation currents), and core (dominant one) losses. Core loss is as-
sociated with the time-varying magnetizing force, and results from hyst-

eresis and eddy-currents in the core. Dependent upon excitation voltage,



they may increase sharply if rated DT voltage is exceeded, with an inver-

se dependence on core temperature.

Losses associated with carrying loads are referred to as load losses.
Unlike no-load losses, load losses vary with the square of DT load cur-
rent and include: (1) resistive heating (I2R) losses in windings due to load
and to eddy currents (major DT loss), (2) stray loss due to leakage fluxes
in windings, core clamps, etc., and (3) loss due to circulating currents in
parallel winding strands. As load losses vary with the square of load cur-
rent, DT efficiency is load-dependent (Barnes et al. 1996, Feinberg 1979).
Time variations of each of these energy sources and losses must be ac-

counted for in realistic DT energy-efficiency models.
B. Models
1) IEEE95
[EEE95 accommodates four radiator cooling-modes:

e OA: Natural-convection oil-flow through windings and radia-

tors; and natural-convention air flow over tanks and radiators.

e FA: Natural-convection oil-flow through windings and radia-

tors; and forced-convection (by fans) air-flow over radiators.



e DFOA: Forced oil-flow through windings and radiators (or heat
exchangers) by pumps; oil directed from radiators (or heat ex-
changers) into windings; and air forced over radiators (or heat

exchangers) by fans.

e NDFOA: Forced oil-flow through radiators by pumps; oil forced
to flow into tank by pumps, thus bypassing windings; and air

forced over radiators (or heat exchangers) by fans.

For natural circulation (OA, FA, and DFOA) modes under steady

state conditions, oil temperatures at the winding-duct exit T, and in the
top oil T, are assumed equal. NDFOA mode T,>T,, as the latter has

bypassed the hot windings.

IEEE95 calculates (as shown below) the following eight transient
internal DT temperatures from conservation of energy equations (Fig. 1):

winding T, . hot spot (max winding) T}, . transformer-oil To . hot spot oil

T,, top oil T, cooling duct oil T4, top-duct oil T,,, and bottom oil T,. It
also calculates the following DT heat fluxes: winding generation dekv ,

core loss Qz' , stray loss Q;' , total loss QZ , hot-spot generation Q;l',
winding absorption Q,,, , hot-spot absorption Q,, , oil absorption @,

winding loss Qy, , hot-spot loss Qp,, and oil loss Q.

10



DT overload, and DT-insulation deterioration, is limited by the hot-

spot winding temperature T} (Montsinger and Ketchum 1942), which

has the following components:
Th=TatATpatATps+AThp , (1)
or in expanded form

Th=Ta+(Tg —Ta)+(Tp —Tp)+(Tn —Tp) . (2)

The above relationships are modified during overload conditions, when

Tp < Tr and when ATes = Td—TB) to AThp = ATgj.

From conservation of energy, internal heat generated by windings

Q'V"V in time At is absorbed by the windings as Q,,, or lost by them as

Q;v, ie.,

dQy _ dQuw + QW)
dt dt '

(3)

Winding heat-generation Qj;, is
P
01 =17 {Pyy,+—2 A, @)
Tw

11



where fractional rated hourly-load L is an input parameter.

The temperature correction (due to resistance change) for winding

losses v, is given by:

_(Tw+TE)

L 5
T (Tw +Tk) ©)

The first term on the right hand side (RHS) of Eq. (4) represents the cor-
rected internal-winding heat-production rate due to electric current with-
in windings, while the second represents the corrected internal winding

eddy-current heat-loss rate. Heat-losses Pw and Pe are input parameters.

Winding loss Q, in Eq. (3) for cooling modes OA, FA, and NDFOA

is
Q;:CW(PW—*—PQ)AL#’W‘ (6)

Fluid viscosity ,u'W is corrected for temperature via

' w4
T {cw—u—w (7)
w
:@W—T& @)
" (fw_fd) ,

12



where the relationship between p and T is

All rated quantities (') are input parameters. For the DFOA mode, no

correction is needed, i.e.,

1

By =1. (10)
Heat absorbed Q,, by windings in Eq. (3) is given by

Q,w=CATw, (11)
where

_ ’Cw(Pw +Pe)

— — , (12)
(Tw—Tqg)

C =(mc)y,

and where input winding time constant ¢, is determined from testing-

derived cooling-curves.

Substitution of Eq. (11) into the finite difference form of (3) yields

n n
+ _ —
T8 1-1% _Qw —Qy
At CAt

: (13)

13



while insertion of Eqs. (4) and (6) into (13) yields the final predictive

equation for Ty,

Fo—F (Tw—Taq)¢ -#";L
tw(Pw+ Po) Tw J

Winding duct oil temperature rise ATpgis determined from:

w

_ X
ATDBzTD_TB: {&—} (TD_T‘B)’ (15)
(Pw T Pe)AL

and average cooling-duct oil temperature T4 is defined as

TptT
Td:%. (16)

For the NDFOA cooling mode, if the rated-load duct oil temperature T is

unknown, it is assumed equal to T, (Pierce 1992).

“Hot-spot” oil temperature Tpis normally given by

Tp=Ts+(To=Ts)h, (17)

but when Tp< T, it is assumed equal to T, as the upper portion of the

winding is in contact with the hotter top-oil.

14



From energy conservation, internal heat generated QFIL at the lo-

cation of Ty, over At is again absorbed as Qap orlostas Qy . ie.,

dQy  d(Qu,+Qp)
dt dt '

(18)

To account for the additional hot-spot heat generation, the heat loss at

the average winding temperature p, becomes:

Th+T
Ph=|=2 K lp. . (19)
TwtTk

Internal heat generation Qﬁ is thus calculated from

P

QZ=L2{Ph.yh+y—eh A, (20)
h

where

Peph =Ep-Pp (21)

_(Th+Tyk)

== = 22
'h (Th+T1) (22)

The first term on the RHS of Eq. (20) represents internal winding

heat production rate at the location of Th due to winding loss (corrected

15



by a resistance-change temperature factor). The second represents the

internal winding heat production rate at the location of T}, due to eddy-

current heat loss (corrected by a temperature factor).

The corresponding hot-spot heat loss Qj, for cooling modes OA,

FA, and NDFOA is given by

Qi_z:Xh'ﬂlh(PthPeh)Af. (23)
where
, J(Th—Tp)Eh 11/4 (24)
U = = =
P @t
(Th—Tp)
_h___p_ (25)

h= = =~

(Th~Tp)

For the DFOA cooling mode, oil is pumped and a viscosity correction is
again not required, i.e., u’h = 1.

Hot-spot heat absorption Q;, is given by

Qap =C ATp. (26)

Substitution of Eq. (26) into the finite difference form of (18) yields

nn
Tpt -] _Qf -Qp

; (27)
At CAt
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and substitution of Egs. (20} and (23) into (27) yields the following pre-

dictive equation for Ty,
! Pep ,
TZ+]=TZ+% LZ(Phyh+7jl—)-‘xh-ﬂ h(P;,+Pe;,)}. (28)

Determination of T, is similar to that for Tw, as it involves three

heat losses by the: windings Qj, to duct oil, core Qg, and stray losses
Q;'. The heat is then either absorbed by main-tank oil and radiator cool-

ants as ¢, , or lost to the ambient air by the radiators as Q, - The heat

balance equation is thus

d(Qw+Qe+Q3)  d(Quy+Qy)
dt B dt

: (29)

with Qy, given by Eq. (6). While Qf varies slightly with Ty, , it is herein

assumed constant as
+_
Q; =PcAt, (30a)

With excessive DT-core heat-generation, it is increased to an “over-ex-

citation” value given by

Qf =Px At . (30D)
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With heat generation by stray losses Q; given by

2
L4.P..At
R (51)

Yw

total internal DT heat generation Qj& is thus given by

QA =Qy+Q¢+Qf. (32)

Heat loss Q is a function of T,-Ta, normalized by the “rated load”

loss, i.e.
1y
_ To—T
0= {—NO—NCI—} P4AL (33)
To T,

where Pa is the sum of four input “rated load” component losses:

Po=Pw +Pe+Pg+P; . (34)
The heat absorbed (by tank, core, and oil) Qgols

Quo=(mc) 4.(AT,) (35)
where

(me), = (me)¢+(me) +(me), . (36)
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Substitution of Eqgs. (31) and (33)-(36) into the finite difference form of

(29) yields

ratl-rh (0,+0+0.-0,)
Ar At (mc), ’

(37)

while substitution of Egs. (4), (30}, (31), and (33) into (37) yields the fol-

lowing predictive equation for T,

1y
1 ,  L2p To—T
T0n+1:T0n+ Cw(Pw + PN, + S+PC— —0 -2 PA . (38)
(me)p Tw -

Temperature difference AT is determined in a way similar to

ATps » 1.€.,

_ z
ATTB:TT_TB:{ 2o } -(fr_fg)’ (39)
P4-At

where Q is given by Eq. (33) and where

AT

TT=T0+—2T—B (40)
AT

Te=To— 2“3 : (41)

19



Numerical stability conditions (Dusinberre 1961) for the OA, FA,
and NDFOA cooling modes show the above system of heat-transfer equa-

tions is stable if both the following are satisfied:

1/4 , 1/4
Lo iw Id] Hw (42)
At {Tw—Td Hy

1/4 . (1/4
Th—T
= ~h—~p fh , (43)
At | Th~Tp Bh

while for the DFOA cooling mode, only the following must be true:

—>1. (44)

Functional testing and service experience suggest an average DT
lifetime of 15-20 years at a Th of 110°C. A practical limit on T} is about
140°C (IEEE 1981), although values up to 180°C during emergency over-

loads are possible (Pierce 1994).

Winding-insulation deterioration is determined by use of an non-

dimensional aging acceleration factor A g For insulation rated for a

65°C Th and a 80°C ATy rise, McNutt (1992) gives Agas:
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A= oxp 15000 15000 ) (45)
g 383 (T +273)

For continuous-operation at T, >110°C, A g >1 (accelerated aging),

while the converse is true at lower Th values. For variable load (and hen-

ce variable Ty, ) conditions, the equivalent ageing-time E, is
while the equivalent ageing acceleration factor A, is

_ZAg.At.

Ar = S Ar 47)

High temperatures produce large Ag values, and thus more rapid
DT aging. Designed for an E4 of approximately 180 000 h over an av-
erage lifetime of 30 years, DTs have average annual aging-times of 6000

h. DTs can occasionally operate at Ty, >110°C and still achieve normal

life-times, as long as A is not >1.

2) LBNLO3wx

The original IEEE95 model excludes wind and solar heating effects

on DT energy losses. Solar-absorption heat-gain and convective heat
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loss during windy conditions, however, may significantly alter DT tem-
peratures. In the current study, IEEE95 is thus modified to incorporate

these effects to produce the LBNLO3wx model. While IEEE95 includes
infra red (IR) loss in Q. » atmospheric long-wave radiative effects are not

included in either model.

Downward solar radiation reaches the earth surface by direct at-
mospheric transmission and (to a lesser extent) by downward (diffusive)
scattering from gas molecules and aerosols. The first component thus
depends on latitude ¢, hour angle o, solar declination angle (sea-son) &
(ASHRAE 1985, Joseph 1995), while solar absorption further depends on

DT: area, shape, and absorptivity.

The vertical, cylindrical DTs of the current study are assumed to

have height H equal to twice their diameter D. Their exposed area Ad

(top and vertical surface) is thus:

2
Ad:”{f +7DH | (48)
with a resulting absorbed diffusive heat-gain Q 4 of

N2

Qd:a[ +TcDHJRd. (49)
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Direct solar radiation Qi absorbed on its top plus half its vertical

area is thus

Q: = 0{nDzsinZ
(= ——=

where

+ nDHcosZ] R;,

cosZ = sing sind + cosd cosd cosm

o=15(12 -1t)

_ 23.455in(360 (284 + N))
365

3

Total DT solar-radiation heat gain QE is thus

Qg =(Q;+Qy) -

Inclusion of Egs. (49) and (50) yields

which reduces Q as follows:

T

2
Qg =o (Mj +nDHde+[ D

2
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sinZ + tDHcosZ JRi '

(50)

(51)

(52)

(53)

(54)
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1y
- To—T
Q0=(——~0 Naj PN - QhA (56)

IEEE95 assumes calm-wind conditions, but wind will significantly
change DT heat-losses to the surrounding air, as increased speeds carry
away additional heat, driving down DT temperatures (Montsinger et al.
1924). Heat dissipation from an electrical apparatus through conduction
and radiation is usually small as compared to dissipation by convection

(Skinner and Chubb 1913). DT heat loss by convection during windy

conditions Qa is assumed (Kreith and Bohn 1997) as

QE = Ch A (TO —Ta) = ChA AToa N (57)

where (in the current application) Ta is set equal to observed 2 m values
at off-site National Weather Services (NWS) airport stations. This assum-
es horizontally homogenous temperature fields and a T, not influenced
by local DT heat losses. The latter assumption is problematic in calm
conditions, when the same air remains in contact with a DT for extended
periods. In such conditions, however, IR emission still carries away

some generated DT heat.
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The convective heat transfer coefficient Cy, in (57) for an air-cooled
cylinder (D/H < 4) is given by the following analytical function of Re over

the range (0.7 - 10.0) x 105 (Quarmby and Al-Fakhri 1980):

0.85
D
Nu=—c})t =0.123R60-651+o.oo416(%j Re0-792 (58)
where
Re=PPY (59)
i

The plot of Eq. (59) in Fig. 2 shows that Re increases (over three
orders of magnitude) with U most rapidly for speeds < 4 m s!, before

leveling off. Re also increases with increasing DT rating.

The final expression for Ch is thus

) 51085
Ch= {0.123Re0’651+0.00416(§j Reo'792} . (60)

A plot of Eq. (60) in Fig. 3 shows that Ch again increases (over one order
of magnitude) with U most rapidly for speeds < 6 m s, before again
leveling off. This coefficient, however, decreases with increasing DT kVA-
rating. For low wind speeds (< 2 m s'!), Cy values for all DTs should con-

verge to the calm heat transfer coefficient Co. Laboratory studies by Krei-
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th and Bohn (1997) of energy losses from a 250 kVA DT at equilibrium

AToa values produced a Co value of 8.95 W m2 K (circle in Fig. 3).

With the substitution of Eq. (60) in (57), the heat loss by convec-

tion Q is
0.85
Y D
Qu~3[0'1231‘60'651+0°°O416[§J Rergzj(ToTa). (61)

For windy conditions (including solar radiation effects), Q, must thus be

reduced as follows:

- 1Yy
0, = [N—O%J PAA—QR A+ O A (62)
To Ta

LBNLO3wx thus sequentially solves the following Eqgs.: (4) for Q*v;/ ,
(6) for Q, . (11) for Q. (14) for Ty, , (15) for T,,, (16) for T4, (17) for T,
(20) for Q;, (23) for Qy,, (26) for Qgup » (28) for Ty, (30) for Qg, (31) for
QF, (82) for Q;, (85) for 0, (38) for T,, (40) for T,, (41) for T, (55)

for Q;é’ (61) for 9, , and (62) for Q. For simplicity, output values for
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only the following (most important) temperatures and fluxes will be

shown: Ty, To, 0%, and Q.

C. Simulation design

The current effort involves simulations with IEEE95 in its original
form and then with LBNLO3wx, its more advanced version. Specific steps

include:

1. Translate IEEE95 code from BASIC to FORTRAN, run new
code, and check output against previously published BASIC

results

2. Run FORTRAN version of IEEE95 for range of DT designs,

loads, and ambient-air temperatures

3. Incorporate wind and solar heating effects to IEEE95 to pro-

duce LBNLO3wx
4. Redo Step 2 simulations with LBNLO3wx
5. Compare results of Steps 2 and 4

6. Run LBNLO3wx for representative US sample DTs and

climate regions.
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Three cities were selected to represent a range of US climate re-
gimes: Boston (BOS) in the cold northeast, Phoenix (PHX) in the sunny
southwest, and San Francisco (SFO) in a moderate climate. Each year-
long LBNLO3wx simulation investigates impacts from wind and/or solar

effects on the most significant DT temperatures (coil Ty and oil To) and on
the heat generation and loss (Q; and Q,). Results are presented as di-

urnal variations of: (a) average day hourly values (from one year of data)
and (b) values on the day with maximum hourly winding (“hot-spot”)
temperature Th. Resulting hot-spot days were found to occur during the:

end of May for PHX, mid-June for BOS, and end of July for SFO.

The simulations use yearlong hourly TMY2 weather data from the
National Solar Radiation Data Base (NSRDB) (Marion and Urban 1995).
Companion input L values from the yearlong Lawrence Berkeley Na-
tional Laboratory (LBNL) simulation of electrical-use were also obtained
from these data (Fig. 4). Four weather-impact sub-cases were simulated:
a) ambient temperature only (old IEEE95), b) ambient temperature and
wind, ¢) ambient temperature and solar radiation, and d) all three para-

meters (new LBNLO3wx]).

Heat-flows (units of W s) were derived over a small time period At.

Of more physical interest, however, are heat-generation and -loss rates.
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Simulated heat flows are thus divided by At to obtain heat-generation

and -loss rates (in watts) denoted by ¢ 4 and ¢,, respectively.

The TMYZ2 dataset, which includes data from 239 US stations, was
constructed from short-term data-segments taken from “typical periods”
during the 30-year record from 1961-90. Values used in the current

study include: (measured or modeled) direct normal R; and horizontal

diffuse R, solar radiative fluxes, air temperature, and wind speed.

The diurnal variation of annual average-day input wind speeds at
all three study sites show expected daytime maxima and nighttime mini-
ma (Fig. 5a). The two coastal sites (BOS and SFO) show higher speeds
than inland PHX, with maxima during late afternoon hours due to sea
breeze influences. Hourly “hot-spot day” speeds at BOS and PHX (Fig.
5b) are more irregular (as expected because they are not averages) than
the average-day values, while those at SFO are still smooth due to its

stronger afternoon sea breeze.

The diurnal variation of annual average-day input air temperature
values at all three study sites show expected daytime maxima and night-
time minima (Fig. 6a). Again also expected, PHX is by far the warmest
during all hours, with BOS the coolest. Hourly “hot-spot day” values at

PHX (end of May hot-spot day) are even higher (as expected) than its
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average-day values and show a smoother patter (Fig. 6b). BOS (mid-
June hot-spot day) is now warmer than SFO (end of July hot-spot day),
and shows an 1100 LST peak value at the onset of its sea breeze. The
ocean waters off of SFO that result from “upwelling” produce T, values
colder than those at BOS (reversed from average-day values). The SFO

sea breeze effect is only visible in the relatively flat daytime T, values.

DOE recognized the impracticability of conducting detailed cost-
efficiency analyses for each of the 73 NEMA liquid-immersed and dry-
type DTs (DTREA 2001). DOE (2001) thus grouped them into 13 design
lines based on similarities in design and construction. The current an-
alysis used one of the most common liquid-immersed DT design from the
13 design lines in four representative sizes (15, 50, 250, and 833 kVA)

and the large 28 000 kVA DT used in IEEE95 test case.

Gray-painted cylindrical-shaped DTs with heights twice as large as
diameters were assumed, as were copper windings and oil coolants.
Characteristics, such as physical size and performance, for the 50 kVA
DT were taken from DOE (2001), while 28 000 kVA characteristics came
from the IEEE95 test case. A “0.75 scaling rule” was used to estimate
performance, dimensions, and losses for the 15, 250, and 833 kVA DTs,
based on known input value for 50 kVA DT. The scaling rule is as fol-

lowing: losses for a 250 kVA DT are estimated as (250/50)°975 times los-
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ses for a 50 kVA DT. DT input parameters, constants, and exponents

are shown in Tables 1-3, respectively.

Annual electric utility loads for the three selected stations were ob-
tained from the hourly-load simulations carried out by LBNL (2002) with
the DOE-2.1E model. The model estimated cooling, heating, ventilation,
interior lighting, and equipment end-uses by use of TMY2 weather data.
It also used previously developed commercial 14 building proto-types
from the 1184 buildings listed in CBECS (1995) that used unitary heat
pumps as the primary cooling/heating equipment. Hourly input L values
for the current application are averages of simulated annual loads for the
following sample DTs for each selected city: 31 for SFO, 13 for BOS, and

12 for PHX.

Diurnal variations of annual average-day input normalized L val-
ues at all three study sites again show expected daytime maxima and
nighttime minima (Fig. 7a), are relatively smooth, and show only small
inter-city differences. Daytime hourly “hot-spot day” values (Fig. 7b) are
almost doubled (as expected) their average-day values, while nighttime

values are closer to average-day values.

Annual-peak-hour fractional-load Lmax (1.0, by definition) at each

site was increased to 1.1, so that the current simulations would have a
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similar effect as in the validation case, which used that value for six con-
secutive hours. These conditions reproduce the industry practice of
overloading DTs for short periods (IEEE 1981). Resulting Lumax spikes at
1600 LST (local standard time for each respective time zone) at PHX, and
2 and 6 h earlier at SFO and BOS, respectively, correspond to the semi-

random “turn-on and -off” behavior of building cooling equipment.
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3. Results

Results are presented from 16 simulations (Table 4) that investigate

effects on DT heat losses and temperatures due to changes in input:

» DT parameters, i.e., kVA rating and cooling mode

» climatic parameters, i.e., ambient air temperature, solar radiation,

and wind speed.
A. LBNLO3 validation simulation

This 24 h simulation compared DT thermal-performance by use of the
FORTRAN-based LBNLO3 and BASIC-based IEEE95 models for a large
US 28 000 kVA transformer in FA cooling mode for a summer day.
Hourly IEEE (1995) input values of T, and fractional electrical load L
(which drives internal DT heat generation) are shown in the first two col-
umns of Table 5 and in Fig. 4. While T, peaks at 1430 LST, overload
conditions are specified during six midday hours, with an Lmax of 1.1 at

1500 and 1600 LST.

Diurnal variations of the four published IEEE95 predicted DT temper-
atures (Tn, Tp, Ta, and Tg) are identically matched by those from LBNLO3
(Table 5), with all eight predicted LBNLO3 temperatures generally sinu-

soidal (Fig. 8a). As generated heat moves from the DT interior to its ex-
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terior, peak temperatures lag Lmax due to the high thermal inertia of in-

terior DT metallic components and insulating oil. Coil hot-spot T}, and

nearby oil temperatures T thus both peak after 1600 LST, while bottom

oil temperature T, peaks an hour later.

Predicted LBNLO3 DT total interior heat generation rate ¢ 4 and total
heat loss rate to surrounding atmosphere qo (both in W) values are nor-
malized by Pa (also in W) to produce (normalized) ¢ A and Qo values (Fig.

8b). Both lag Lmax, with a 2 h delay between the peak g at 1530 LST
and peak g, at 1730 LST, again due to the high DT thermal inertia.

Comparison with IEEE95 heat fluxes is not possible, as their values were

not published.

The FORTRAN-mode LNBLO3 thus exactly replicates all published re-
sults from the BASIC-mode IEEE95 model under the no-wind conditions
in IEEE95. New simulations were thus carried out by an expanded ver-
sion of LNBLO3 (called LBNLO3wx) that also includes both wind and solar

radiation effects.
B. LBNLO3wx base simulations

A typical US small DT was simulated (250 kVA, FA cooling-mode) in

the moderate-climate SFO site. As the critical Co value is always reached
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when Re is 0.7x105, for a 250 kVA DT it is reached when U is 2 m s-!. All
speeds less than this value should thus be considered as calm. While
this was not considered in the current simulations, most speeds in Fig. 5

are > 2 m s’!,

As diurnal DT average-day interior coil-Th values (Fig. 9a) show that,
relative to the old IEEE95 temperature-only formulation, LBNLO3wx val-
ues are: (a) increased by solar radiation due to DT warming from surface
absorption and (b) decreased by wind due to DT cooling from turbulent
heat loss to the atmosphere. For all cases, Th peaks near 1500 LST, as it
is driven by internal heat generation from the load L. On the other hand,
To (Fig. 9b) peaks at 1700 LST for the two calm cases, but peaks an hour

earlier in the two windy cases due to increased DT turbulent heat loss.

During nighttime, wind effects dominate those from solar radiation, as
only a small residual persists from previous daytime solar heating. The
daytime increase of solar energy causes the Th values of LBNLO3wx to
rise up to the corresponding temperature-only values at 0900 LST (Fig.
9a). The early morning Th values of LBNLO3wx are initially low because
turbulent heat loss is stronger than solar heating. For the nine daytime
hours after 0900 LST both effects approximately cancel, but after 1800

LST turbulent cooling eventually dominates.
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Similar differences due to weather effects occur with the average oil T,
values (Fig. 9b). With respect to Ty values, they are smoother and cool-
er, have smaller diurnal variations, have larger wind and solar effects,
and have peak values 2 h later. All of these are expected, given that T, is
also assumed as the DT metallic outer skin-temperature, as it is away
from internal-coil heat-sources. With wind and solar effects, the daytime
increase of T, values to their corresponding temperature-only values (at
1300 LST) is 4 h later than the more rapid Th increase. This lag arises as

turbulent heat loss is stronger at the DT skin than at its interior.

These diurnal weather impacts on Ty are more deeply illustrated by
the temperature-difference between the various weather cases (F ig. 10a).
The two wind-impact differences-curves (t-tw and ts-tsw) have larger val-
ues throughout most of the day than do the two solar-impact curves (ts-t
and tsw-tw), while during midday hours the wind- and solar- impact cur-
ves have similar values. These effects are expected, given both the lack
of nocturnal solar heating and its midday peak. Peak solar-impact differ-
ences occur 4-5 h earlier (1500-1600 LST) than do peak wind-impact dif-

ferences, which occur at the time of peak SFO wind speeds.

The windy solar heating case (curve ts-tsw) has a higher T, difference
than without solar heating (t-tw), as solar heating produces higher tem-

peratures, with thus a greater possibility for turbulent cooling. Wind ef-
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fects peak in late afternoon due to sea breeze induced peak speeds, al-
though peak cooling lags the sea breeze because of the high DT thermal

inertia.

For solar impacts, the largest temperature change is with the calm-
condition case (curve ts-t), because turbulent heat-loss lowers both T,
and the differences between temperatures. Peak T, difference occurs
around 1600 LST, about 4 h after the peak DT heat gain due to solar
radiation. Peak temperature differences occur at 1600 LST because
when afternoon solar absorption decreases; the extra heat loss from the
elevated temperatures becomes bigger than the solar absorption heat

gain.

Differences in internal-core Ty between the different weather cases
(Fig. 10b) are again similar to T, differences, except that they are more
erratic during midday hours when L is maximum and thus the internal
heat source is also maximum. This raises Th, but resulting outward dir-
ected heat fluxes (discussed below) then produce a temporary midday dip

in Th values.

Diurnal average-day temperature gradients between internal Th
and outer skin T, values for different weather cases (Fig. 11) show: (a) ex-

pected (load-driven) large daytime and (low-load) small nighttime internal
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gradients and (b) weather effects smaller during low speed and non-solar
nighttime hours. During daytime hours, the two solar-driven cases pro-
duce larger DT gradients, with the calm-solar case (as expected) produc-
ing the largest differences. A possible explanation for this counter-intu-
itive result is that the higher To values during the solar and/or calm
cases in-creases transformer-core resistance. For a given load L, this
results in increased internal DT heat production, which thus must over-

balance the external solar source and/or reduced calm-case cooling.

The maximum SFO “hot-spot” day (22 July) was, as expected, a mon-
th after the summer solstice radiation maximum. Internal T, values (Fig.
12a) are similar to those for the average-day, except that values are high-
er and the isolated 1-hr input overload (at time of hottest hourly temper-
ature) produces a concurrent isolated peak. While daytime values are

almost 40°C warmer, nighttime values are only about 8°C higher.

Hot-spot day external T, values (Fig. 12b) are similar to average-day
results, except that they are (as expected) warmer than the average day
To results by about 17 and 4°C during daytime and nighttime hours, re-
spectively. No overload-produced peak value exists, however, as T, is not
dominated by internal heat sources (as peak-day Th is), as it is more

dominated by external weather effects. The two solar heating cases pro-
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duce Tu-To difference values only up to a few degrees larger (during mor-
ning hours) than the two cases without this effect (Fig. 13), again due to

increased DT internal electrical resistance at the higher Ty values.

Average-day diurnal DT fractional heat generation rate ¢ 4 (year-long
simulation ¢ y results normalized by Pa) (Fig. 14a) is almost insensitive

to weather elements, although actual generation rates do increase with
solar effects and decrease with wind effects. Maximum values occur dur-
ing mid-afternoon maximum temperature (and load) periods, with small-
er uniform nighttime losses. Solar radiation does slightly increase peak

Qp Values, consistent with the increased electrical-resistances at higher

temperatures discussed above.

Corresponding normalized DT surface heat loss (to the environment)

rates Q, (Fig. 14b) differ from ¢ , rates, as they: (a) are strongly influ-

enced by weather effects (as expected), (b) are not uniform during night-
time hours (especially with solar effects), (c) have strong peaks around
sunset, and (d) have minimum and peak values delayed by several hours.
The temperature-only case shows the smallest Q, diurnal variation, with
a minimum a few hours after sunrise (concurrent with minimum ambi-

ent temperatures). Its sunset maximum at about 1900 LST is due both
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to the large DT thermal inertia (that retards flow of Q to surface, where

it is lost as () and to the then maximum (T, -Ta.) gradient.

Hourly solar and wind variations produce greater hourly ¢ , variations,

e.g., solar heating first (after sunrise) produces an inward directed heat

flux that partly counters the outward-directed ¢ - lt then increases the

fluax by increasing T, during afternoon and nocturnal hours, as the large
DT thermal inertia retards the loss of stored daytime solar energy (as

with urban structures). Minimum ¢, values are thus delayed further

beyond sunrise in both solar heating cases.

Even more significant changes of § result from wind effects, as both

windy-case day-and night-time peak values occur 1 h earlier and are
more extreme, with a cross-over at the time of the maximum ambient
temperature (about 1500 LST). As daytime convective heat loss depends

on wind speed, (is a maximum concurrent with maximum average-day

SFO wind speeds, i.e., during afternoon sea-breeze hours (Fig. 5a). Day-
time convection thus speeds up losses, producing an earlier peak and a

reduced nocturnal ¢ OValue that can more quickly be overcome by sun-

rise solar-heating.
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Maximum hot-spot-day fractional heat generation/loss rates (Figs. 15
a, b) are similar to the average-day results, except that the: (a) daytime

Q,and Q, values are almost doubled (as expected) and (b) assumed
afternoon over-load produces expected peak ( 4 Values. While relative
wind effects on peak-day @, (relative to average-day values) are generally

reduced (as peak temperatures are associated with near-calm condit-
ions), temperature and solar effects are increased (as peak temperatures

are associated with strong solar forcing).

Wind and solar impacts (expressed as differences) on actual average-

day internal DT heat generation rates ¢, (Fig. 16a) shows (as compared

to the fractional impacts of Fig. 14a) that windy solar-heating (curve ts-
tsw) produces larger daytime differences than without solar heating (t-
tw), again due to the electrical-resistance effect discussed above. Peak
differences occur around 1500 to 1700 LST, several hours after the peak
solar radiation. Solar-impacts are again largest with calm conditions (ts-
t), because wind (tsw-tw) lowers DT temperatures due to increased tur-

bulent heat loss, and hence deceased resistances.

Maximum hot-spot-day weather-induced ¢ , differences (Fig. 16b) are
P y q4 g

similar to the average-day results, except that the daytime values are

tripled and the afternoon over-load again produces expected irregular
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peak-differences. Irregular values occur as midday load effects again

produce temporary low values.

C. Parametric studies

The LBNLO3wx model was used in parametric studies to investi-
gate impacts on both DT load-produced heat-generation and internal DT
heat dynamics from changes in: DT kVA rating, cooling mode, and cli-

matic regime.

1) kVA rating

LBNLO3wx simulations were used to investigate impacts on DT
heat-loss rates and temperatures as a function of DT kVA rating. The
following four representative smaller US DT sizes at SFO in FA cooling

mode were considered: 15, 50, 250, and 883 kVA.

Results show no significant dependence of average-day daytime
winding temperature Tr on kVA rating (Fig. 17a), with peak values at
1500 LST (time of peak load) in all cases. During the remaining hours,
Thn values are proportional to kVA rating, with nocturnal differences up to
7°C. Nighttime differences result as internal heat-generation increases

proportionally to DT volume (< D3), while heat loss to the environment

increases only as its surface area (< D2). The high DT thermal inertia
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thus cannot move the additional internal heat in the high kVA cases to

the surface fast enough for it to dissipate by convection during normally
low-speed nocturnal periods. During high-speed daytime hours, strong
convection dissipates almost all generated heat, and thus no significant

Th dependence on DT size exists.

A similar pattern generally occurs with outer-skin oil temperature
To (Fig. 17b), with a maximum nocturnal difference of about 6°C. Im-
pacts (relative to corresponding Th values) include: (a) nighttime (mini-
mum) values about 79C lower, (b) daytime (peak) values up to 259C low-
er, (c) variable peak-value times (1500 LST for smallest versus 1 h later
for three largest), again due to volume to the surface area effect discus-

sed above, and (d) larger midday differences.

Hot-spot day (for both T, and Ty) results (Fig. 18 a, b) are similar to
average-day results, except that diurnal variations are increased (as peak
values are higher. Minimum values are only slightly changed) and the
expected “erratic” T values again arise during the specified over-load
hours. The first change is expected, as peak-loads occur during summer
daytime hours, while nighttime loads are generally unchanged (from their

low values) throughout the year.

43



Average-day fractional internal heat-generation rates (, for all DT

sizes are virtually identical (Fig. 19a), with peaks at 1400 LST (time of
SFO input peak-load). This parameter depends on L and DT resistance,
where resistance depends on winding temperature Ty. As fractional

changes of L overwhelm those for Tw, the diurnal variation of ¢ , is thus

independent of DT kVA rating/size.

Average-day fractional heat-loss rate to the environment ¢, how-

ever, is dependent on DT size (Fig. 19b), with smaller daily variations (via
reduced day-time maximum and increased nighttime minimum values)
for the larger DTs. As weather-factors impact DT surfaces (and not its
volume), its effects are again fractionally greater for small DTs, as dis-

cussed above. The near-zero (, value for the smallest DT at 0900 LST

arises from the low early morning SFO wind speed (Fig. 5a) that produces
a convective loss that just exceeds the then weak solar heating. The heat
loss then increases during the warming period, before it decreases during
the cooling period (1800 to 0900 LST). Peak heat-losses lag max SFO
wind speeds (which peak at 1600 LST, Fig. 5a) due to the high DT ther-

mal inertia, which causes (, to lag L.

Non-normalized average-day internal heat-generation rate ¢ 4 (in

W), however, is a strong function of kVA rating/size (Fig 20a), especially
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during daytime hours, when larger DTs have bigger ¢ 4 values (as ex-
pected). Ratios of daytime max to nighttime min ¢ 4 values for all four

DT sizes are about a factor of three.

All corresponding external heat-loss rate ¢, values (Fig. 20b) also
show higher kVA DTs with larger ¢ , values, as expected. Values dip

around 0900 LST due to the growth in solar-heat gain, but then increase
during afternoon hours due to the dominance of turbulent heat loss. The
time of peak heat loss (1800 LST) is independent of DT size, and lags

both the SFO solar heating and wind speed peaks.

Maximum normalized “hot-spot” day ¢, and ¢, values (Fig. 21 a, b)

are similar to average-day results, except for their expected afternoon
over-load peaks and generally doubled magnitudes. The unexpected
small negative Q. (heat gain) around 0800 LST for the smallest DT (with
its low internal heat generation) results as its turbulent heat loss is less
(as SFO speeds are then zero) than its concurrent large early-morning
“hot-spot day” solar heating. The non-normalized “hot-spot” day 4 4 and
4, results (Fig. 22 a, b) are also similar to average-day results (Fig. 20),

except for its expected: (a) “erratic” g 4 values (again from the specified

over-load) and (b) doubled magnitudes.
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2) Cooling mode

Four DT-radiator cooling-modes (OA, FA, DFOA, and NDFOA) for a
250 kVA DT in SFO were considered. Results showed (as expected) that
Th values were high during the day and low at night (Fig. 23a). The di-
rect forced oil and air (DFOA) mode shows significantly lower values, as
pumps and fans mechanically increase hot-oil mixing towards outer DT

surfaces, thus increasing turbulent heat-loss to the air, as seen in Eq.
(10). Heat transfer from windings to oil Qy, is particularly effective via
Eq. (6) as oil is forced into the windings, thus decreasing Th via Eq. (13]).
Resulting differences with respect to the other cooling-modes are thus
maximum (about 8°C) during noontime hours and minimum during

nighttime hours.

The OA and FA modes show similar Ty values (with OA values
slightly greater than FA values) through out the diurnal cycle. While
their oil flows are the same, OA airflow oil cooling is not aided by fans as
is done in the FA mode. Nighttime NDFOA cooling-mode temperatures
are similar to the other forced-oil cooling mode (DFOA), but its daytime
values are higher. They are also higher than OA and FA values from

sunrise to 1700 LST, but are lower at night.
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This difference from the OA and FA patterns is due to the NDFOA
top-oil that bypasses the hot windings, thus allowing rapid DT-core
warming during its peak daytime load period. Its forced oil-flow cooling
(compared to natural OA and FA oil-flow cooling) can ultimately transfer
more core heat after several hours, and thus it cools more rapidly in the

late afternoon than do the other three modes.

Cooling-mode dependence of average-day average-oil temperature
To, one of the most important temperature for DT energy-efficiency cal-
culations, is determined by input heat-transfer exponents. As indicated
in Eq. (33), larger exponents produce lower heat transfers. As the OA
cooling mode has the lowest exponent in Table 3, it has the maximum T,
values in Fig. 23b, while the DFOA mode has the lowest T, values be-
cause it has the largest exponent. Unlike the above Ty values (Fig. 23a),
all T, curves are parallel and show expected daytime maximum and

nighttime minimum values.

Hot-spot day Tn and To (Fig. 24) values are similar to average-day
values, except that both are larger and that a sharp peak exists for T, at
the overload hour (1400 LST). In addition, peak load T, values are the
same for all cooling modes except DFOA, whose slightly higher value is
due to a design-feature that results in both rapid cooling (when L < 1.0)

and warming (during over-load conditions). Both average-day (Fig. 25)
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and hot-spot day (Fig. 26) fractional ¢ 4 and 4, values show almost no

dependence on DT cooling mode, while their non-fractional values (not

shown) would show the dependence seen in the T, values of Fig. 23a.
3) Climate

DT operations are effected by weather parameters, such as am-
bient air temperatures, solar radiation, and wind. In addition, weather
impacts building type and electrical load, and thus affects both DT load-
produced heat-generation and internal DT heat dynamics. Three repre-
sentative US sites (San Francisco, Boston, and Phoenix) were thus con-
sidered for analysis by use of the LBNLO3wx model for a 250 kVA DT in

FA cooling mode.

Average-day DT coil Th and oil T, temperature diurnal variations
were generally similar for all three sites (Fig. 27 a, b). Both parameters
were always maximum at PHX (in a southwest sunny hot climate that re-
quires large air-conditioning driven input-loads) and lowest at BOS (in a
northeast cold climate that requires the smallest input electrical loads).
Minimum interior Th and exterior T, values at all site occur around 0600

and 0700 LST, respectively (as expected).

While maxima Th values occur at 1500 at SFO or 1600 LST at PHX

and BOS, maxima T, values are each delayed by 1 h (as again expected).
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The earlier SFO Th-peak arises from its 1 h earlier (compared to PHX and
BOS) peak-load. The overlap of BOS and SFO internal Ty, values at
0700-0800 LST (Fig. 27a) coincides with a similar overlap in fractional

(and hence actual, as kVA values are the same) load (Fig. 7a).

Summer hot-spot day (different for each site) Ty, and T, values also
show similar patterns (Fig. 28 a, b) to the average-day values, except that
both are much warmer (as expected). In addition, SFO (and not BOS)
has the lowest values, due to the onshore flow over the cold California
coastal ocean current that produces the lowest hot-spot day ambient air

temperatures at SFO (Fig. 7a). PHX and BOS T}, values are 45°C above
their corresponding average-day values, while the SFO difference is 10°C
smaller; all occur at the time of the peak load. Corresponding T, differ-

ences are 259C for PHX and BOS and 13°C for SFO.

In addition, the interior hot-day Ty values show: (a) expected iso-
lated 1 h peak values, each of which coincides with its peak load (Fig.
7b), (b) a morning PHX and BOS overlap (as BOS values increase), and
(c) an evening BOS and SFO overlap (as BOS values decrease). Both
overlaps coincide with overlaps in L values from a large early morning
BOS rise and its large afternoon fall. These effects counteract the cooling

effect of the lower BOS ambient temperatures.
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Average-day fractional heat generation rate (add dot) ¢ 4 (Fig. 29a)

follows the average-day load pattern (Fig. 7a), but as load losses P are
roughly « L2, small L differences are amplified. Peak values occur at
1400 LST for SFO and at an hour later for BOS and PHX, consistent with

peak L times.

Average DT fractional surface rate of heat losses ¢ , to the environ-

ment (Fig. 29b) show: (a) generally similar patterns for all sites, (b) low
values near noon due to DT solar radiation gains, and (c) peak values
during late afternoon hours, as high DT thermal inertia retards the loss
of stored daytime solar energy (as in urban areas). SFO has the largest
early-evening heat loss (at 1800 LST) corresponding to large convective
heat losses from its evening sea breeze. The latter PHX maximum heat
loss arises from its large nighttime L (due to continued air conditioning
usage), which produces a large internal QA (add dot) that must be balan-

ced by a correspondingly large ¢, .

Hot-spot day ¢, and § results (Fig. 30 a, b) are similar to aver-

age-day results, except that: (a) the assumed Lmax conditions produces

isolated peak ¢ A values, (b) values are almost doubled (as expected), (c)
SFO and BOS have higher late-afternoon peak ¢ o Values than PHX (due

to their increased sea breeze wind speeds, Fig. 5b), and (d) different post-
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midnight nocturnal ¢ values SFO and BOS (due to previous daytime in-
puts). Peak ¢, values occur at 1000, 1400, and 1600 LST for BOS,

SFO, and PHX, respectively, in correspondence to peak L values.

Peak-hour T, and Th average and hot-spot day results for each
LBNLO3 model (ts, tw, and wx), site, and kVA value (but not 28 000 kVA)
aare shown as deviations (LBNLO3 minus IEEE95) in Table 6. Results
not previously discussed consist of those for BOS and PHX for DTs other
than 250 kVA. In general, weather impacts for peak-hour temperatures
are similar to those from the SFO kVA parametric study as: (a) impacts
decrease with increasing kVA (due to the higher surface area to volume
ratios for small DTs), (2) solar effects increase values, with max impacts
in sunny PHX, (c) wind effects decrease values, with max impacts in BOS
(has strongest peak-load hour winds), and (d) wind dominates solar (ex-
cept in sunny PHX), with max net effects in BOS. Net differences are not
simply the difference between the two individual effects, due to nonlinear
interactions inherent in factor analysis techniques (Alpert and Stein

1992).
4) Aging factor

Weather impacts on DT equivalent annual aging-time Ea for each

LBNLO3 model, site, and kVA value are shown in Table 7a. All DT aging
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times are small (i.e., slow DT deterioration) compared to the above men-
tioned annual design value of 6000 h, indicating that DT loads are gen-
erally low. Weather-induced impacts show PHX with the largest impacts
(up to 1713 h). Solar-induced calm-wind deteriorations are: (a) increased
over temperature-only values, (b) larger than wind-only times, and (c) de-
creased with DT size. Windy-condition (without solar-heating) results
show: (a} Ea values less than temperature-only times and (b) impacts (de-
viations from IEEE95 values) that decrease with increasing DT size.

With both wind and solar effects, the former dominates. The above val-
ues were used to calculate percent-changes from corresponding IEEE95
impacts, and results (Table 7b) show how much solar impacts dominate

wind effects.
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5. Conclusion

The objective of this research was estimation of electrical DT heat
losses with and without consideration of weather effects. The IEEE95
model was thus first translated from BASIC to F ORTRAN producing the
new LBNLO3 model. Simulated DT temperatures from the new model for
a 28 000 kVA DT validation test case were identical to those from the
published IEEE95 study. Turbulent DT heat losses due to wind effects
and heat gains due to solar radiation effects were then incorporated into

LBNLOS3 to produce the final LBNLO3wx model.

A series of yearlong parametric simulations were carried out with
LBNLO3wx to investigate weather impacts on DT heat energy losses for
five DT kVA ratings/sizes, four DT cooling modes, and a representative
city in each of three different US climatic regions. Input data included
yearlong hourly weather data and corresponding electrical DT electrical
loads from previous LBNL simulations. Eight model output DT temper-
ature components and 13 heat fluxes rates were calculated, but the anal-
ysis focused on two important (winding hot-spot and average oil) temper-
atures and heat fluxes (total internal heat generation and DT surface loss

to the surrounding environment).
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Important results included:

» The new FORTRAN version is exact.

> Interior electrical-load impacts on DT internal heat fluxes and
temperatures are more significant than on corresponding outer-

skin parameters.

> High DT thermal inertial produces lags between times of (maxi-
mum and minimum) interior DT load values and their correspond-
ing impacts on DT temperatures and fluxes. Such lags are close to
zero for interior DT parameters, but large for corresponding outer-

skin parameters.

> Internal-load variations are stronger than external weather varia-
tions, and thus internal and interior DT temperatures and fluxes
have larger diurnal variations than do corresponding exterior para-

meters.

» Solar energy absorption produces increased DT temperatures and
fluxes, with maximum effects during daytime hours and with low

wind speeds.

» Convective cooling effects on DT temperatures and fluxes are maxi-

mum with high daytime wind speeds. During nighttime hours,
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however, they dominate solar radiation effects, which exist only as

small residuals from the previous daytime solar heating.

San Francisco convective cooling peaks in late afternoon in con-

junction with its late afternoon sea-breeze wind peak.

Weather impacts on DT internal heat fluxes and temperatures are

less significant than on corresponding outer-skin parameters.

Windy solar-heating cases produce larger DT convective cooling ef-
fects than calm solar-heating cases, as heating produces higher

temperatures and thus greater cooling rates.

High DT thermal inertial produces lags between times of (maxi-
mum and minimum) external weather parameters and (maximum
and minimum) impacts on DT temperatures and fluxes. Such lags
are larger for interior DT parameters than for corresponding outer-

skin parameters.

Hot-spot day interior and outer-skin temperatures and fluxes are

larger than corresponding average-day values.

No significant dependence of interior and outer-skin DT temper-

atures on DT size exists during peak-load daytime hours due to

convective cooling.
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DT internal heat-generation is proportional to DT volume, while
heat loss to the environment is only proportional to DT surface
area, and thus “volume to area ratio” explains the direct and in-

direct dependences mentioned below.

Nocturnal internal and outer-skin average-day and hot-spot day

DT temperatures increase with increased DT size.

Fractional internal average-day and hot-spot day DT heat-gener-
ation rates are not dependent on DT size, although actual values

increase with increased DT size.

Fractional internal average-day and hot-spot day DT heat-loss

rates to the environment decrease with increased DT size.

Average-day and hot-spot day actual DT heat-loss rates to the en-

vironment increase with DT size.

Average-day and hot-spot day fractional heat-loss rates to the en-

vironment are inversely proportional to DT size.

Average-day daytime internal DT temperatures are strongly depen-
dent on cooling mode. DFOA mode DTs produce the lowest values,

with almost no differences during low-load nighttime hours.
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Average-day and hot-spot day outer-skin DT temperatures are only

weakly dependent on cooling mode.

Hot-spot day internal DT temperatures are not dependent on cool-

ing mode.

Internal fractional DT internal heat-generation and fractional heat-

loss rates to the environment are not dependent on cooling mode.

Average-day and hot-spot day DT internal and outer-skin tempera-

tures are maximum in hot climates and minimum in cold climates.

Average-day and hot-spot day DT fractional convective heat losses
were low near noon at all sites due to DT solar radiation gains and
losses peak during early-evening, as high DT thermal inertia re-

tards the loss of stored heat energy at peak load hours.

SFO had the largest early-evening heat loss, corresponding to large

convective heat losses from its evening sea breeze.

Aging rates for all DTs are low, as solar-heating effects are com-

pensated by turbulent wind cooling.

Weather impacts on aging are particularly large for small DTs.
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> Increased aging caused by solar heat indicate that painting trans-

formers light colors may be important for small DTs.

Future studies could consider additional DT designs and loads; a
wider range of geographic/weather conditions; and micro-climatic effects
(not rely solely on NWS sites). Other weather effects to be studied in-
clude humidity, cloud, precipitation, and incoming infrared DT absorp-

tion.

With the improved LBNLO3wx model for calculation of DT tempera-
tures, fluxes, and aging rates, and given the large geographic variability
of weather impacts, future applications should aid DOE in development
of feasible DT efficiency standards. Various DT model input and output
parameters, e.g., aging rates, temperatures, maximum load rates, and
energy losses, are also important in DT economic analyses. Future ef-
forts should thus use the new model to determine more cost-effective

uses of electrical-distribution transformers.
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Appendix A. List of Symbols

Transformer surface area [m?2]

Cylindrical transformer top and side surface area [m2]
Equivalent aging acceleration factor [dimensionless]
Aging acceleration factor [dimensionless]

Constant in viscosity calculation [dimensionless]
Transformer heat capacity [J K-!]

Convection heat transfer coefficient [W m-2 K-1]
Specific heat [J kg1 K-1]

Cylindrical transformer diameter [m]

Fractional I2R losses [dimensionless]

Equivalent aging time [dimensionless]

Constant for viscosity calculation [dimensionless]
Transformer height [m]

Winding height to hot spot location [dimensionless]
Electric current [A]

Fractional hourly load [dimensionless]

Peak fractional hourly load [dimensionless]

Mass [kg]

Number of day in year [dimensionless]

Nusselt number [dimensionless]

Heat loss at unit load [W]
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R4
Re

R:

To

Tk

List of Symbols (continued)

Heat absorbed by tank, core, and oil [W s]

Diffuse solar transformer heat gain rate [W]

Direct solar transformer heat gain rate [W]
Heat generation [W s]

Heat lost [W s]

Convective heat lost [W s]

Normalized (by Pa) heat generation/loss rate [dimensionless]

Heat generation/loss rate [W]

Diffuse horizontal solar radiation [W m-2]

Reynolds number [dimensionless]

Direct normal solar radiation [W m—2]

Temperature [°C]

Base temperature for losses [°C]

Resistance temperature correction: 234.5 °C for Copper and
225.0 °C for aluminum)

Temperature of oil adjacent to winding hot spot [°C]

Time [s]
Wind speed [m s-!]

Voltage [V]
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Vo

Xn

ATga
ATps

AT hp

List of Symbols (continued)
Oil volume [m?3]
Exponent in equation for temperature rise of oil at top of
duct over bottom oil temperature [dimensionless]
Exponent in equation of total loss versus average oil rise over
ambient [dimensionless]
Zenith angle [deg]
Exponent in temperature difference of oil from top to bottom
of radiator (0.5 for OA and FA; 1.0 for NDFOA and DFOA; di-
mensionless]
Albedo [dimensionless]
Fractional temperature correction for heat losses (dimension-
less]
Ratio of temperature difference between windings and fluid
in cooling ducts to rated difference [dimensionless].

Ratio of temperature difference between maximum of wind-
ings and of adjacent oil, to rated difference [dimensionless]
Atmospheric thermal conductivity [W m! K-!]

Dynamic viscosity coefficient [N s m-2]

Air density [kg m-3]

Bottom oil temperature rise over ambient [°C]

Winding duct oil temperature rise over bottom oil [°C]

Winding hottest spot rise over oil at hottest spot location [°C]
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AThr
AToa

AT pg
ATta

AT

ATwa

At

Tw

( )n
( )o

List of Symbols (continued)

Hot-spot winding temperature rise over ambient [°C]

Average-oil temperature rise over ambient air [°C]

Oil temperatures rise at winding hottest spot location over
Top-oil temperature rise over ambient air temperature [°C]

Oil temperatures difference from radiator top to bottom [°C]

bottom oil [°C]

Winding temperature rise over ambient air temperature [°C]

Time increment [s]

Winding time constant [s]

Latitude angle [degree]
Solar declination angle [degree]

Hour angle [degree]

Time step

Total

Atmosphere

Bottom oil

Core

Duct oil top

Average cooling duct
Eddy effect

Hot spot

Oil
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()
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( )

)
( )X

()

()

List of Symbols (continued)
Radiation
Stray effects
Top oil
Tank
Winding
Rated

Over-excitation state

Heat generation/loss rate

Correction term
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ANSI

ASHRAE

BOS
CBECS
DOE
DT
DTREA
EIA
IR
IREQ
IEEE
kVA
LBNL
NSRDB
NEMA
PHX

SFO

Appendix B. Acronyms

American National Institute of Standards

American Society of Heating, Refrigeration and Air-Con-
ditioning

Boston

Commercial Building Energy Consumption Survey
Department of Energy

Distribution transformers

Distribution Transformers Rulemaking Engineering Analysis
Energy Information Administration

Infrared radiation

Institute de Recherché d’Hydrio-Quebec

Institute of Electrical and Electronics Engineers
Kilo-volt ampere

Lawrence Berkeley National Laboratory

National Solar Radiation Data Base

National Electrical Manufacturers Association

Phoenix

San Francisco
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Fig. 5. Wind speed input values for SFO, PHX, and BOS for:

(a) average-day and (b) hot-spot day.
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Fig 7. Fractional electrical input load values for SFO, PHX,

and BOS for: (a) average-day and (b) hot-spot day.
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a) To and b) Th.
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Fig. 11. Average-day temperature difference between Th and To for

250 kVA DT in FA cooling mode at SFO as function of

weather effects.
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cooling mode at SFO as a function of weather effect for:

a) To and b) Th.
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Fig. 13. Hot-spot day Temperature difference between Th and T, for
250 kVA DT in FA cooling mode at SFO as function of

weather effects.
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Fig. 16. Heat generation rate (q, ) difference for 250 kVA DT in FA

cooling mode at SFO as function of weather effects for:

(a) average-day and (b) hot-spot day.
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Fig. 17. LBNLO3wx average-day temperatures for 15, 50, 250, and

833 kVA DTs in FA cooling mode at SFO for: (a) Th and (b) To.
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Fig. 18. LBNLO3wx hot-spot day temperatures for 15, 50, 250, and

833 kVA DTs in FA cooling mode at SFO for: (a) Th and (b} To.
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Fig. 19. LBNLO3wx average-day fractional heat generation/loss
rate for 15, 50, 250, and 833 kVA DTs in FA mode at SFO for:
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Fig. 21. LBNLO3wx hot-spot day fractional heat generation/loss

rate for 15, 50, 250, and 833 kVA DTs in FA cooling mode at
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Fig. 23. LBNLO3wx average-day 250 kVA DT temperature for OA, FA,

NDFOA, and DFOA cooling modes at SFO for: (a) Th and (b) To.
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Fig. 25. LBNLO3wx average-day 250 kVA DT heat generation/loss rate for

OA, FA, NDFOA, and DFOA cooling modes at SFO: (a) @, and (b) qQ, -
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Fig. 26. LBNLO3wx hot-spot day 250 kVA DT heat generation/loss rate
for OA, FA, NDFOA, and DFOA cooling modes at SFO for:

(@) g and (b) @, .
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Fig. 27. LBNLO3wx average-day temperatures for 250 kVA DT in FA

cooling mode at BOS, PHX, and SFO for: (a) T and (b) To.



Temperature (0C)

Temperature (0C)

125

105 H

85 A

65

45

25

80

60

a)

—0—SFO

—O—PHX

——-BOS

N
Ny

I/ N
T/ e

L

3 6 9 12 15 18 21 24
Time (LST)

b)

N

40

e T

20

3 6 9 12 15 18 21 24
Time (LST)

Fig. 28. LBNLO3wx hot-spot day temperatures for 250 kVA DT in FA

cooling mode at BOS, PHX, and SFO: (a) Th and (b) To.
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Fig. 29. LBNLO3wx average-day heat generation/loss rate for 250 kVA DT

in FA cooling mode at BOS, PHX, and SFO for: (a) g, and (b) q, -
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DT size (kVA)

Input Parameter 15 50 250 833 | 28000
D [m] 025! 033]| 050 0.67 1.58
To [°C] 85 85 85 85 75
P, [W] 231 570| 1907| 470a| 51690
P, [W] 2.3 58| 194 47.8 0.0
P, [W] 48| 11.8| 393 97| 21078
P, [W] 55| 135 450| 1111 36986
Pex [W] 55| 135 450| 1111| 36986
P, [W] 003| 793| 2417] s5960| 109754
ATwe [°C 65 65 65 65 63
%, [°C] 20 20 20 20 30
7 [min] 3 3 3 3 5
(me + m,,) [kg] 56| 139 464| 1145] 34202
m [kg] 17 42 139 344 | 14243
Vo [m?] 0.08| 021| 069 1.69 18.58

Table 1. Input parameters for five simulations (see Appendix A for

symbol definitions).




Value

Constant

Air density, p [kg m-3] 1.275
Atmospheric thermal conductivity, A [W m! k-1] 2.51 x102
DT surface albedo, o [dimensionless] 0.75
Constant in viscosity equation, B [dimensjonless] 1.3573x103
Constant in viscosity equation, F [dimensionless] 2797.3
Dynamic viscosity coefficient, yu [N s m2] 1.824x105
Winding to hot-spot height ratio, h [dimensionless] 1.0
Resistance-temperature for copper, Tk [°C] 234.5
Rated hot-spot temperature rise, 47,, [°C] 80.0
Rated average winding temperature rise, 47 ,, [°C] 65.0
Rated top-oil temperature rise, 47, [°C] 55.0
Rated bottom-oil temperature, 47, [°C] 25.0

1.0

Time increment, At [h]

Table 2. Input constants.




Cooling Mode
Exponent Oil OA FA NDFOA | DFOA
X Duct 0.5 0.5 0.5 1.0
y Average 0.8 0.9 0.9 1.0
Z Top to 0.5 0.5 1.0 1.0
bottom

Table 3. Exponents in temperature-rise and heat-flux calculations for

various DT oil locations.




Run Model Wind Solar TDT kVA | Cooling Site

No. radiation rating Mode
1 LBNLO3t calm No 28 000 FA Test case
2 LBNLO3t calm no 250 FA SFO
3 LBNLO3ts | calm Yes 250 FA SFO
4 LBNLO3tw | windy no 250 FA SFO
5 LBNLO3wx | windy Yes 250 FA SFO
6 | LBNLO3wx | windy Yes 15 FA SFO
7 | LBNLO3wx | windy Yes 50 FA SFO
8 | LBNLO3wx | windy Yes 250 FA SFO
9 | LBNLO3wx | windy Yes 833 FA SFO
10 | LBNLO3wx | windy Yes 250 FA SFO
11 | LBNLO3wx | windy Yes 250 OA SFO
12 | LBNLO3wx | windy Yes 250 DFOA SFO
13 | LBNLO3wx | windy Yes 250 NDFOA SFO
14 | LBNLO3wx | windy Yes 250 FA SFO
15 | LBNLO3wx | windy Yes 250 FA BOS
16 | LBNLO3wx | windy Yes 250 FA PHX

Table 4. Summary of model runs.




Input IEEE95 LBNLO3t
t L Ta | Th Tp Ta Ts Th Tp Ta Ts
(h} | imon-dim} | [oC] | [oC] [°C] [°C] [°C] [°C] [°C] [°C] [oC]
0 0.73 30.0 89.9 74.1 69.6 48.0 89.9 74.1 69.6 48.0
1 0.64 29.5 82.7 69.6 64.0 45.0 82.7 69.6 64.0 45.0
2 | 062 |202 | 779 | 654 | 605 | 424 | 779 | 654 | 605 | 424
3 0.61 29.0 74.5 62.5 58.1 40.6 74.5 62.5 58.1 40.6
4 0.59 28.7 71.9 60.4 56.2 39.3 71.9 60.4 56.2 39.3
5 0.58 28.5 69.7 58.6 54 .6 38.2 69.7 58.6 54.6 38.2
6 0.56 28.2 67.8 57.2 53.2 37.3 67.8 57.2 53.2 37.3
7 0.62 29.8 68.7 56.6 54.9 37.7 68.7 56.6 54.9 37.7
8 0.71 31.8 73.7 59.3 59.3 39.7 73.7 59.3 59.3 39.7
9 0.79 339 82.4 65.2 65.2 42.9 82.4 65.2 65.2 42.9
10 0.88 35.9 92.3 72.2 72.2 47.1 92.3 72.2 72.2 47.1
11 0.93 37.1 | 100.4 78.4 78.4 51.8 100.4 78.4 78.4 51.3
12 | 098 | 384 | 1080 | 843 | 843 | 554 | 108.0 | 843 | 843 | 554
13 1.03 39.6 | 115.7 90.1 90.1 59.5 115.7 90.1 90.1 59.5
14 1.07 40.0 | 122.3 95.3 95.3 63.1 122.3 95.3 953 63.1
15 1.10 40.0 | 127.7 99.5 99.5 66.1 127.7 99.5 99.5 66.1
16 1.10 39.6 | 130.0 | 101.7 101.7 68.0 130.0 | 101.7 101.7 68.0
17 1.07 38.2 | 128.4 101.1 101.1 68.2 128.4 101.1 101.1 68.2
18 1.04 36.8 | 125.7 99.6 98.9 66.9 125.7 99.6 98.9 66.9
19 0.99 35.4 § 121.0 96.7 94.8 64.6 121.0 96.7 94.8 64.6
20 0.93 33.9 ] 115.1 92.6 89.8 61.3 115.1 92.6 89.8 61.3
21 0.88 32.5 | 108.6 87.9 84.4 57.7 108.6 87.9 84.4 57.7
22 0.83 31.7 | 102.1 83.1 79.2 54.3 102.1 83.1 79.2 54.3
23 0.78 30.8 95.9 78.5 74.3 51.1 95.9 78.5 74.3 51.1
24 0.73 30.0 | 89.9 74.1 69.6 48.0 89.9 74.1 69.6 48.0

Table 5. IEEE95 and LBNLO3t test-case hourly input and

output for a 28 000 kVA DT in FA cooling mode.




LBNLO3ts - LBNLO3tw — LBNLO3wx -
IEEE95 IEEE95 IEEE95

Site DT size
(kVA) Average | Hot-spot | Average | Hot-spot | Average | Hot-spot
SFO 15 13.0 16.5 -7.0 -13.2 -1.1 -6.4
50 9.4 12.2 -6.5 -11.7 -0.8 -4.2
250 6.1 8.1 -4.9 -8.2 -0.3 -2.2
833 4.5 6.0 -3.7 -6.0 -0.1 -1.2
28 000 0.7 0.8 -0.5 -1.3 0.1 -0.2
BOS 15 10.7 16.4 -8.4 -9.4 -3.0 -0.4
50 7.9 12.2 -7.4 -8.0 . -2.3 -1.4
250 5.2 8.2 -5.6 -9.0 -1.5 -1.6
833 3.9 6.1 -4.2 -12.7 -1.9 -1.8
28 000 0.6 0.6 -0.5 -0.4 0.1 0.2
PHX 15 14.7 7.7 -7.0 -15.8 1.4 -7.1
50 10.7 12.7 -5.9 -12.6 1.6 -4.9
250 6.9 8.5 -4.3 -8.8 1.4 -2.7
833 5.1 6.3 -3.2 -6.5 1.2 -1.5
28 000 0.7 0.9 -0.4 -0.9 0.3 -0.1

a)
LBNLO3ts - LBNLO3tw - LBNLO3wx ~
IEEE95 IEEE95 IEEE95

Site DT size
(kVA) Average | Hot-spot | Average | Hot-spot | Average | Hot-spot
SFO 15 11.6 16.2 -9.6 -16.6 -2.8 -7.7
50 8.6 12.0 -8.1 -13.5 -2.1 -5.9
250 5.8 8.0 -5.6 -17.9 -1.1 -4.2
833 4.3 5.9 -4.2 -7.5 -0.6 -2.7
28 000 0.7 0.9 -0.6 -1.2 0.1 -0.3
BOS 15 10.5 16.4 -9.9 -17.6 -4.2 -10.3
50 7.6 12.1 -8.1 -15.6 -3.1 -8.5
250 5.1 8.1 -5.9 -8.7 -1.9 -6.3
833 3.8 6.0 -4.4 -9.5 -1.3 -5.1
28 000 0.4 0.7 -0.6 -0.5 -0.1 0.1
PHX 15 13.3 16.9 -8.3 -15.6 0.9 -7.4
50 9.8 12.6 -6.7 -12.4 0.4 -5.2
250 6.5 8.4 -4.6 -8.6 0.7 -2.5
833 4.7 6.3 -3.4 -6.3 0.8 -1.3
28 000 0.7 0.8 -0.4 -0.9 0.3 -0.1

b)

Table 6. Peak-hour average-day and hot-spot day DT model differences

(°C) due to various weather effect for: a) hot-spot Th and b) oil To.




Site DT Size IEEE95 LBNLOS3ts LBNLO3tw | LBNLO3wx
(kVA)
SFO 15 24.9 142.2 7.6 18.8
50 24.9 89.7 8.7 20.2
250 24.9 58.3 11.4 22.0
833 24.9 46.6 15.8 23.3
28 000 53.3 57.9 46.7 52.9
BOS 15 62.1 310.1 17.0 40.6
50 62.1 203.5 20.4 45.7
250 62.1 137.2 27.8 52.2
833 62.1 111.7 34.2 56.3
28 000 138.8 150.0 127.0 137.1
PHX 15 321.5 1712.7 98.4 292.4
50 321.5 1 109.9 123.0 310.0
250 321.5 737.5 164.6 329.0
833 321.5 595.4 196.7 338.6
28 000 656.4 712.0 613.0 664.0
a)
Site Size (LBNLO3ts-IEEE95) | (LBNLO3tw-IEEE95) | (LBNLO3tsw-IEEE95)
(kV A) /IEEE95 [%] /IEEE95 [%] J/IEEE95 [%]
SFO 15 471 -69 -24
50 260 -65 -19
250 134 -54 -12
833 87 -37 -6
28 000 9 -12 -1
BOS 15 399 -73 -35
50 228 -67 -26
250 121 -55 -16
833 80 -45 -9
28 000 8 -9 -1
PHX 15 433 -69 -9
50 245 -62 -4
250 129 -49 2
833 85 -39 5
28 000 9 -7 1

b)

models and (b) as model differences (% of IEEE95).

Table 7. DT equivalent aging parameter Ea (h): (a) from four
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