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Figure 2.8: SEM image of a carbon composite core subjected
to 210 °C for 120 hrs and virgin sample

Some changes were seen in terms of void growth in matrix of carbon fibers when subjected to
210 °C for 120 hrs. Figure 2.9 shows the change in microstructure due to thermal stress in carbon
composite core.

Figure 2.9: SEM image of a carbon composite core subjected
to 210 °C for 120 hrs and virgin sample

Figure 2.10 shows cracking in a resin of carbon composite core when subjected to 240 °C for 120
hrs.
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Figure 2.10: Cracking in resin of carbon composite when subjected to 240 °C for 120 hrs.

It is important to assess what factors can weaken mechanical strength, quantify the reduction,
understand the mechanisms and determine if these can be addressed satisfactorily.
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3. Calculating the Current-Temperature of Bare Overhead Conductors

3.1 Introduction

Temperature is a factor that affects many conductor characteristics, such as thermal expansion
and conductivity. Consequently, temperature must be considered in the determination of
conductor thermal ratings. Regardless of climatic conditions, overhead lines must deliver power
with maximum efficiency. The continuous current carrying capacity of overhead lines must be
determined for varying weather and loading conditions based on a designated maximum
temperature. This maximum allowable temperature is specified:

1) To limit the reduction of conductor tensile strength due to annealing to 10% or less

over the life of the line and
2) To prevent conductor sag due to thermal elongation from violating predetermined
ground clearances.

The maximum allowable conductor temperature applies to both steady-state thermal ratings and
transient (emergency) thermal ratings. In determining steady-state ratings, a continuous current is
calculated that would yield the maximum allowable conductor temperature for certain weather
assumptions and conductor parameters. Typical, conservative, weather assumptions used in
steady-state ratings allow for considerable increases in current under emergency conditions.
Because conductor temperature indirectly determines allowable conductor current, the factors
that determine it must be studied. Conductor temperature is a function of the heat produced from
the current flowing through the conductor, the thermal properties of the conductor, and the
surrounding ambient conditions. The conductor temperature is raised primarily through heat
input from ohmic losses (I°R), and partially from solar radiation. Ohmic losses are a function of
conductor resistance and current; solar radiation input is dependent on the conductor’s
absorptivity. The conductor temperature is also affected by the cooling caused by heat loss
through convection and conductor radiation. Convection, the major source of heat loss, is a
function of the air temperature, and wind speed and direction. Conductor radiation, having a
lesser effect on conductor temperature, is affected by air temperature and the conductor’s
emissivity.

3.2 Steady-State Heat Balance

In steady state, heat input to the bare overhead conductor from solar radiation and ohmic (I°R)
losses balances the heat lost by convection and radiation cooling. For a unit length of bare
overhead conductor, the steady-state heat balance equation is:

q.+d, =0, +1°R, (3.1)
solving for I,
4. +q, —q,

Tc

= 3.2)

where:
gc = convection heat loss, w/ft
qgr = radiated heat loss, w/ft
gs = heat gain from sun, wi/ft
Rtc = 60 Hz ac resistance of conductor at operating temperature T, Q/ft.
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Solar Heat Gain: Solar heating normally raises the conductor temperature by 5 °C to 10 °C
above the air temperature, and is usually included in thermal rating calculations. The solar heat
gain equation is:

g, =a*Q,*Sin(g)* A (3.3)

where:
Qs = total solar and sky radiated heat flux, W/ft?
0 = effective angle of incidence of the sun’s rays, degrees
A’ = projected area of conductor, square feet per linear foot
The effective angle of incidence, 0, of the sun’s rays is calculated as follows:

6 = cos™*[cos(H, )cos(z, - Z,)] (3.4)

where:

H. = altitude of sun, degrees

Z. = azimuth of sun, degrees

Z; = azimuth of line, degrees.
An average value of the absorptivity of 0.5 is often used when actual conductor surface condition
is unknown. The normal solar heat flux, Qs, at ground level varies with latitude, reaching a
maximum of nearly 100 W/ft? in the summer in the U.S.A. Values of the solar altitude, Hc, and
azimuth of the sun, Zc, are taken from Reference [9]. The azimuth of power lines, Z;, is assumed
to be 0° (or 180°) for North-South lines and 90° (or 270°) for East-West lines.

Convection Heat Loss: The major heat loss of an overhead conductor occurs through
convection and is typically three to four times as large as the radiated heat loss. Forced
convection heat loss occurs in non-still air and is proportional to the conductor temperature
differential with the air temperature, conductor diameter, and wind speed. In still air, natural
convection occurs and is equivalent to forced convection with a wind speed of approximately 0.5
ft/s.

Forced Convection Heat Loss: In an attempt to find an accurate model of convection heat loss
over the whole range of possible wind speeds, forced convection heat loss is represented by two
separate calculations:

q91=[1.01+o.371[Dp*VWJ ]kf(Tc—Ta) (3:5)
uy
and
qczzo.lﬁgs[m] k,(T.-T,) (3.6)
“,
where:

gc = convection heat loss, W/ft

s = absolute viscosity of air temperature Ty, Ibs/ft-hr
pt = density of air temperature T, W/ft-°C

D = conductor diameter, in
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Vi = wind speed, ft/hr
T. = conductor temperature, °C
T, = ambient temperature, °C.

T, :(Tc ;Tj (37)

The first equation, gc1, applies at low winds, but gives convective heat losses that are too low at
high speeds. The second equation, qc,, applies at high wind speeds and predicts heat losses that
are too low at low wind speeds. At any wind speed, convective heat loss is calculated using both
equations. The larger of the two is conservatively chosen for thermal rating calculations. If the
wind is not perpendicular to the conductor, then the convective cooling term is multiplied by the
wind direction factor, Kangle, as defined below.

K. =1.194 —cos(¢)+0.194cos(2¢)+0.368sin(2¢) (3.8)

angle

where:

@ = angle between wind and axis of the conductor, degrees.
Use of this equation suggests wind blowing parallel to a line can result in approximately 60%
lower convective heat loss than a wind of the same speed blowing perpendicular to the line.

Natural Convection Heat Loss: With zero wind speed, the forced convection goes to zero, but
natural convection due to rising hot air still occurs. The natural convection heat loss can be
calculated by:

_ 05 0.75( )1.25
q, =0.283p 2D T (3.9)

where:

pt = density of air, Ibs/ft*

D = conductor diameter, in.
The conservative IEEE method [9] uses the larger of the forced and natural convection heat
losses at low wind speeds. The computer program developed in MATLAB also implements this
approach. The values of air density, air viscosity, and the coefficient of thermal conductivity of
air, are taken from [9].

Radiation Heat Loss: The radiated heat loss per unit length of conductor is approximately equal
to the convective heat loss under still air conditions and is negligible at wind speeds above 10
mph. The radiated heat loss is dependent upon the conductor diameter, emissivity and conductor
temperature rise above ambient and can be determined by using the following equation:

K.Y (K.Y
qr—0.138DgK1ooj (_mon (3.10)
where:

gr = radiated heat loss, W/ft
€ = emissivity
D = diameter of conductor, in
« = temperature of conductor, °K
K, = ambient temperature, °K.
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Emissivity value of 0.5 has been used in the computer program since actual conductor surface
condition is unknown.

Conductor Ohmic Loss: The ohmic, or I’R, loss per unit length of conductor is equal to the
conductor resistance in ohms per unit length times the square of the rms electrical current in
amperes. The 60 Hz ac resistance of a bare, stranded conductor varies with metal conductivity,
frequency, average current density, and temperature. To determine thermal ratings at temperature
for which no resistance values are listed, the resistance at the desired temperature may be
calculated with the following linear equation:

Ry — Ry

R.=R, { e }(TC -T.) (3.11)

H L

where:
Rrc = resistance calculated at temperature T, Q
R =60 Hz ac resistance at temperature T, Q
Rty = 60 Hz ac resistance at temperature Ty, Q
T, = conductor temperature at which the resistance Ry is specified, °C
Ty = conductor temperature at which the resistance Ry is specified, °C
Tc = conductor temperature at which new 60 Hz resistance is desired, °C.

Skin Effect: The skin effect is present for a conductor carrying alternating current and is a
function of the internal flux in a conductor. Alternating current tends to flow near the outside of a
conductor, yielding higher current density on the outer layers and increasing the effective
resistance. If the conductor is made from or contains a ferromagnetic material, such as steel, the
skin effect is increased. For a stranded conductor consisting entirely of aluminum or copper,
experimental studies by Kennelly, et al [11], indicate that skin effect in concentric-lay-stranded
conductor is identical to that of a solid cylindrical conductor having the same dc resistance. The
skin effect is not directly dependent on the magnitude of the current in the conductor [12].

3.3 Computer Program for Thermal Rating

The computer program developed in MATLAB (Appendix A) to calculate the thermal rating
(ampacity) of conductors is based on the IEEE Standard 738 [9]. The computer program can be
used to calculate:
1. Steady-state thermal rating: ratings can be calculated, given a maximum allowable
conductor temperature, weather conditions, and conductor characteristics.
2. Steady-state conductor temperature: can be determined for a given electrical current,
given the weather conditions, and conductor characteristics.

IEEE 738 Steady State Current-Temperature Relationship

The IEEE 738 standard was studied for steady state current temperature relationship of bare
overhead ACSR conductor and a program was written in MATLAB based on the methods
presented herein. The results for various conditions are shown in following section. Case 1 in
Table 2 is considered as a standard condition. Input parameter variations upon this standard
condition are highlighted with table cell shading, and were changed for while keeping the other
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input parameters constant. The output parameters are summarized in Table 3.4 for the cases
presented in Table 3.1 and Table 3.3.

Table 3.1: Case description for Table 3.2
Case description
1* Standard results for ACSR conductor
2* Changing the heat capacity of conductor (mCp) - using the values
of ACCC
1020 kemil / Drake conductor with same conditions as case 1
3* ACCC 2727 kcmil / Bluebird conductor with other conditions kept
as for case 2
4* Change in Sun time, other conditions same as case 3
5* Change in Sun time, other conditions same as case 3

Table 3.2: Inputs for conductor temperature (IEEE Standard 738-2006)

Case Numbers
1 2 3 4 5
Solar Hour (Sun time), Hr 14 14 14 12 18
Conductor Latitude in Deg
(CDRLATDEG), °C 43 43 43 43 43

Input Parameters

Day of the year (NDAY), 161 161| 161 161| 161
Day

Coefficient of Absorption

(ABSORP) 0.5 0.5 0.5 0.5 0.5
Air Clarity Clear(0);

Industrial(1) (A3) 0 0 0 0 0
Angle between wind and

conductor axis in Deg 90 90 90 90 90
(Z1DEQG), °C

%‘r’:d“"tor Diameter (D), 2812 | 2812| 4475| 4475 44.75
Ambient Temperature

(TAMB), °C 40 40 40 40 40
Emissivity (EMIV) 0.5 0.5 0.5 0.5 0.5

Velocity of wind 0.61 0.61 0.61 0.61 0.61

(VWIND), m/s

Conductor Elevation

(CDRELEV) 0 0 0 0 0
AC Resistance at 75 °C 8.69E- | 6.75E-| 2.83E-| 2.83E-| 2.83E-
(RHI), Q/m 05 05 05 05 05
AC Resistance at 25 °C 7.28E-| 5.64E- | 2.46E-| 2.46E-| 2.46E-
(RLO), Q/m 05 05 05 05 05
Heat capacity of conductor | 1066+24

(MCp), Wis 3 756 | 2040.8 | 2040.8 | 2040.8
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Table 3.3: Case description for Table 3.4

Case description

6* Change in day of the year only, other conditions same as case 3

7* Change in day of the year only, other conditions same as case 3

8* Change in wind velocity only, other conditions same as case 3

9* Change in wind velocity only, other conditions same as case 4

Table 3.4: Inputs for conductor temperature (IEEE Standard 738-2006)

Input Parameters

Case Numbers

6 7 8 9
Solar Hour (Sun time), Hr 14 14 14 14
Conductor Latitude in Deg
(CDRLATDEG), °C 43 43 43 43
Day of the year (NDAY), Day 250 365 161 161
Coefficient of Absorption
(ABSORP) 0.5 0.5 0.5 0.5
Air Clarity Clear(0);
Industrial(1) (A3) 0 0 0 0
Angle between wind and
conductor axis in Deg 90 90 90 90
(Z1DEQG), °C
Conductor Diameter (D), mm 44.75 44.75 44.75 44.75
,obémblent Temperature (TAMB), 40 40 40 40
Emissivity (EMIV) 0.5 0.5 0.5 0.5
Velocity of wind (VWIND), 0.61 061 1 0
m/s
Conductor Elevation
(CDRELEV) 0 0 0 0
AC Resistance at 75 °C (RHI), 2.83E-| 2.83E-| 2.83E-| 2.83E-
Q/m 05 05 05 05
AC Resistance at 25 °C (RLO), | 2.46E-| 2.46E-| 246E-| 2.46E-
Q/m 05 05 05 05
Heat capacity of conductor 2040.8 | 2040.8| 2040.8| 2040.8

(mCp), W/s
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Table 3.5: Results for conductor temperature (IEEE Standard 738-2006)

Output Case Numbers
Parameters 1 2 3 4 5
Solar Gain (QS), 12.430 | 12.430 | 19.781 | 22.857 51991
W/m 3 3 6 2| 7
Radiation heat 24.363 | 18.083 | 11.132 | 11.944 7 3863
loss (QR), W/m 1 6 7 1]
ICO”"ec“f’” heat | 1939 | 64.543 | 35.887 | 38.252 | 24.568
0ss (Qcfinal),
5 4 2 2 7

W/m

9.39E- | 7.02E-| 2.72E- | 2.73E- | 2.68E-
(Ric), Ohm/m 05 05 05 05 05
Steady state
conductor current 1000 1000 1000 1000 1000
rating (Is), A
Conductor
temperature rating 100.0 87.1 60.7 62.0 94.1
(TCDR), °C

Table 3.6: Results for conductor temperature (IEEE Standard 738-2006)

Output Case Numbers

Parameters 6 7 8 9
\S/\‘/’/'r"’r‘]r Gain (QS), 0.3545 | 13.0938 | 19.7816 | 19.7816
Radiation heat loss
(QR), W/m 10.7129 9.3938 5.8645 | 13.3384
Convection heat
loss (Qcfinal), 34.6521 30.718 | 40.4684 | 33.9529
W/m
(Rtc), Ohm/m 2.72E-05 | 2.70E+00 | 2.66E-05 | 2.75E-05
Steady state
conductor current 1000 1000 1000 1000
rating (Is), A
Conductor
temperature rating 59.9 57.7 | 51.3702 64.3
(TCDR), °C

Table 3.6 is summarized based on case descriptions in Table 3.1 and Table 3.3.
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3.4 Results
Figure 3.1 shows plot of conductor temperature vs. time for conductor current rating of 1000 A.

Case 1 : Conductor temperature vs. time curve
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Figure 3.1: Conductor temperature vs. time curve for base case 1.

Figure 3.1 is treated as standard curve for comparison with different cases mentioned in Table
3.1 and Table 3.3. Various parameters were changed and their effect on conductor temperature
was studied. Figure 3.2 shows the result for case 3, where diameter of conductor was changed
from 28.12 mm to 44.75. It shows that there is a reduction in temperature compared to standard
case shown in Figure 3.1. In case 4, Sun time is changed from 14 hr to 12 hr and Figure 3.3
shows that there is a decrease in conductor temperature. Figure 3.4 shows further reduction in
conductor temperature if Sun time is changed from 12 hr to 18 hr. Case 6 and 7 shows an effect
of day of the year on conductor temperature. The plots for case 6 and 7 are shown in Figure 3.5
and Figure 3.6. The effect of wind velocity is shown in Figure 3.7 and Figure 3.8.
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Figure 3.2: Conductor temperature vs. time curve for case 3
(change in ac resistance & heat capacity).
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Figure 3.3: Temperature vs. time curve for case 4 (change in sun time 12 hr)
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Conductor temperature vs. time cune
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Figure 3.4: Temperature vs. time curve for case 5 (change in sun time 18hr)
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Figure 3.5: Temperature vs. time curve for case 6 (change in day of the year, NDAY=250)

21



Conductor temperature vs. time cune
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Figure 3.6: Temperature vs. time curve for case 7 (change in day of the year, NDAY=365)
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Figure 3.7: Temperature vs. time curve for case 8 (change in velocity of wind, 1 m/s)
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Conductor temperature vs. time cune
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Figure 3.8: Temperature vs. time curve for case 9 (change in velocity of wind, 0 m/s)

3.5 Conclusion

The effect of various conductor parameters was studied for the current-temperature relationship.
The steady-state temperature is dependent on the thermal properties of the entire conductor.
Under short-circuit conditions, due to the momentary nature of the current surge, the core does
not play a role and the temperature is determined by the aluminum strands. The standards permit
short term (0.05-0.33 s) rise in temperature in the 180-340 °C range. For ACSR there is an upper
limit of 645 °C at which the aluminum starts to melt, but the mechanical strength is retained due
to the steel core.
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4. Radial Temperature Distribution in Composite Conductors

4.1 Introduction

An attempt is made to create a mathematical model for the radial temperature gradients within
bare overhead composite core conductors. The radial temperature of the conductor is derived
from the general heat equation as well heat transfer to the outside. The differential equations
were derived, which assures conservation of energy within conductor to obtain a temperature
variation expression. Previously published mathematical models were used for verification of
results on ACSR conductors. After validation of the model, an analysis was done to develop
current-temperature relationship for aluminum conductor carbon composite (ACCC) overhead
conductors. The radial temperature gradient is particularly important for high ampacity
transmission line conductors since they are capable of operating at high temperatures.

4.2 Conduction Equation for Overhead Conductor

The following assumptions were considered for the conduction equation:

The conductor current is steady

There is constant heat generation per unit volume

The temperature of the conductor is only a function of the radial position

Thermal conductivities of the materials are constant

The conductor electrical resistance varies linearly with temperature

The radiation from the conductor takes place to surroundings at the temperature of the
ambient air.

oo wdE

E = emissivity
a= absorptivitv

Al conducting
material
Glass fiber core

material

Carbon core
material

Tse 1y Te

Figure 4.1: Typical composite conductor

Basically, there are two types of materials in the conductor: the conductor layers itself and the
core. The core is further divided into the carbon composite material and a glass fiber layer. Both
materials have different conducting properties. The carbon composite core is a semiconducting
material whereas glass fiber is an insulating material. The results of ACSR conductors are
compared with those of ACCC. The comparison is made with the results published in reference
paper [13] for ACSR.
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The radial temperature of the conductor is derived from the general heat equation. The general
conduction equation for a transmission line conductor in terms of the Laplacian form [14] is

10T
gy, a_1ar |
k oot (41)
10,01, 10T &T g 10T 42)

ror or’ r?od® o k a ot
In a one-dimensional cylindrical conductor, the conduction equation becomes,
10,07, q_1laT
rar(rar)+k_a ot (4.3)
If the temperature is steady and a function of only the radial coordinate, the conduction equation
becomes
1d, 0T, ¢
——(r—)+—-=0
r dr( or ) k (4.4)
The generation term q in a conduction equation is due to electric heating which is a result of I°R

losses.

(4.5)

where:
A = conductor cross sectional area, m?
R = resistance per unit length, Q
| = Total current flowing through conductor, A.
Let,
I; = total current through composite conductor, A
I = current flowing through conductor strands, A
Is = current flowing through conductor core, A.
Then according to current distribution:
| =1 (—
R, +R

RS

=R (4.7)

From equations (4.6) and (4.7), the current distribution in one material of the composite
conductor is a function of the temperature of both materials.

) (4.6)

c

When conservation of energy equation (4.4) applied to both materials (core and conducting
strands) the above equations become independent of each other.

kd,  dn, 17 p _ _
. Olr(r " )+ Y Am[1+a5(Ts 293)] =0 (4.8)
kd, dn, I p _ _
rdr(rdr )+ CAm[1+a°(T° 293)]1 =0 (4.9)

where:
p = electrical resistivity at 20 °C
o. = temperature coefficient of resistance
A = cross sectional area including air gaps, m?
Anm = cross sectional area excluding air gaps, m
For composite conductor following boundary conditions applied:
1. T(r)=Tatr=rg Temperature at the surface is imposed
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2. T(r)=Finiteatr=0 Finite temperature at the center of conductor

Ts(ros) = Te(ros) Heat transfer at the interface of core & Al

4. Heat loss due to radiation and convection at the surface of the conductor must be equal to
heat conducted through conductor.

w

The solution to equations (4.8) and (4.9) with boundary conditions mentioned above would be as
follows:

B W P I 1-293p,,
T, =T.IC.J, ((—ksc 2y, 0((—ksc -G (4.10)
T ST [C,* 3,y e *Y«' PO iy (12298p. (4.11)

kK AA, AA, T.a,
By forming series thermal circuit between the two layers of composite core material, the
equation for temperature at the glass fiber material can be calculated as follows:

The glass fiber resistance is connected in series with the resistances of carbon core layer because
the heat must flow consecutively through each material.
(R, +In(r, /1))

ng :Tsc +qcc* 2*”* kg (4'12)

where:

Tsc = Temperature of the carbon material layer in the core, °C

T. = Temperature of the conducting material (conductor surface temperature), °C
Tsg = Temperature of the composite core (carbon + fiber glass), °C
Rsc = Thermal resistance of carbon core material, Q

rsy = Radius of composite core material (carbon + glass fiber) , Q

ros =Radius of composite core carbon material only, Q

kg = Thermal conductivity of fiber glass material

Qec = Heat transfer rate in the glass fiber material

C1, C2, C3 & C4 = Constants of integration

Jo & Yo = the zero order Bessel functions of the first and second kind.

The above equations were solved using the MATLAB program and results are presented in
following section.

4.3 Computer Model

The computer code developed for the temperature distribution within the conductor requires the
input of: the geometric, thermal and electrical properties for both the conducting and supporting
materials and parameters which specify the thermal state of the environment. The geometric and
thermal properties of the conductor which are needed include the outer radius of the supporting
core, the diameter of supporting and conducting strands, the outer radius of the conductor, the
absorptivity and emissivity of the conductor surface, and the effective thermal conductivities of
the supporting core and the conducting layer. The electrical properties of the materials include
the total current, the electrical resistivities and the temperature coefficient of resistance. Required
environmental properties include the ambient temperature, the incident solar radiation, and the
speed and direction of the ambient air. Another input value is an initial temperature estimate of
both the conducting strands and the steel core. These temperature estimates are used to determine
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values for Rq and R and then Equations 4.6 and 4.7 are used to calculate the current distribution
in the conductor. Using the assumption that the current distribution is not significantly influenced
by the temperature difference between the cores and supporting strands, the energy equations for
both materials can then be solved independently. The computer model calculates a temperature
distribution in the conductor based on this assumed current distribution. The model produces the
temperature as a function of radius.

4.4 Analysis of Drake ACSR, ACCR and ACCC conductors

The computer model developed has been applied to Drake type ACSR, ACCR and ACCC
conductors. The impact of the various parameters on the radial temperature distribution within
the conductor was studied. A single input parameter was changed while keeping the other
parameters constant. The typical physical characteristics of such conductors are listed in Table
4.1. The MATLAB program was used to calculate the radial temperature distribution for each of
these conductors. The results for various conditions are presented in this section.
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