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A Method for Higher Accuracy Ampacity
Calculation of Rectangular, Universal Angle,

and Integral Web Substation Bus
Joseph Goldenburg , Member, IEEE, and Anthony Pribble , Member, IEEE

Abstract—Substation bus ampacity calculations perform a
steady-state heat transfer analysis on a unit length of bus. In this
analysis, the convective heat transfer coefficients for rectangular,
universal angle bus (UAB), and integral web bus conductor (IWBC)
have historically been calculated by applying flat plane correlations
to the individual bus surfaces. The research presented here will
show that the Nusselt correlations developed for the specific bus,
similar to what is currently used for round bus, increases accuracy
in bus ampacity predictions. Additionally, the correlations are
easier to use and less likely to result in calculation error. This paper
presents natural and forced convection correlations for rectangular,
universal angle bus, and integral web bus.

Index Terms—Ampacity, bus, cooling, heat-transfer,
substation, Temperature, Nusselt-number, rayleigh-number,
forced-convection, natural-convection.

I. INTRODUCTION

SUBSTATION bus ampacity ratings are commonly calcu-
lated by performing an energy balance on a unit length of

bus [1]. Ampacity limits are set to control bus temperature, pre-
vent strength loss from excessive heating, or damage to attached
equipment from thermal conduction. Solving the energy balance
equation accurately helps prevent undesirable effects.

The present substation bus ampacity calculation method used
in IEEE standard 605 appeared in 1976 with the publication
by Prager, Pemberton, Craig, and Bleshman [2]. Their method
involves decomposing bus geometries into a series of flat planes
and calculating the convective heat transfer coefficient from
each plane. The calculated coefficients are summed to find the
total convective heat loss. The method is applicable to common
substation bus geometries such as rectangular, universal angle,
and integral web. This method was adopted by IEEE standard
605 and is still employed today. While the work created an
analytical method for calculating bus ampacity, no experimental
data could be located to support its use.
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Tubular bus, which is not composed of flat planes, uses a
Nusselt correlation developed specifically for round geometries.
A literature search was conducted and one publication was found
that verifies the model for tubular bus [3]. The search showed
much of the present bus ampacity work focuses on predicting
temperatures of busduct systems through Finite Element or nu-
merical analysis methods [4]–[6], leaving a gap in the research.
As North American utilities are required to justify their ampacity
calculation method as ordered in NERC Standard FAC-008-3,
providing experimental data for rectangular, universal angle and
integral web bus will support their efforts for reliable power
delivery.

This work determined the accuracy of the convective portion
of the Prager, Pemberton, Craig, and Bleshman model through
laboratory wind tunnel experiments and computational fluid
dynamic simulations.

Further, an alternative method to calculate the convective heat
transfer coefficient is presented.

Nusselt correlations for 3-Dimensional shapes such as trian-
gular, square, hexagonal, octagon, oval, spherical, and toroidal
exist [8]–[10]. Several of these shapes are candidates for the
flat plane correlation method described previously. While the
flat plane method inherently assumes flow is laminar over all
surfaces and is at a constant velocity, numerous experiments
have shown that the average convective heat transfer coefficient
relates to the true flow regime (e.g., laminar, turbulent, or mixed)
[11]. In contrast, a specifically developed Nusselt correlation
relates the actual flow conditions to the average convective
heat transfer coefficient since the correlation uses the Reynolds
number to characterize the current flow state around the object.
A literature search was conducted in an attempt to locate Nusselt
correlations for commonly used substation bus geometries. One
resource contained correlations for vertically oriented rectangles
in crosswise airflow [9]. No other correlations or geometries
were located.

Nusselt correlations for rectangular, universal angle, and in-
tegral web bus were developed from the collected data. The
accuracy was found and compared to the method from Prager,
Pemberton, Craig, and Bleshman.

II. HEAT TRANSFER METHODOLOGY

For both forced and natural convection, the steady state equa-
tion for heat transfer from a unit length of substation bus at
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constant temperature is:

I2R+Qsolar = Qconvection +Qradiation (1)

A. Forced Convection

Forced convection heat transfer is calculated through:

Qconvection = hAΔT (2)

Where:
h is the heat transfer coefficient, [W/m2 ◦C]
A is the surface area of the bus, [m2]
ΔT is the temperature difference between the bus and environ-

ment, [◦C]

For a given geometry, the forced convection heat transfer co-
efficient h is correlated with air velocity through the relationship
[11]:

Nu =
hL

k
= C(Rem)Pr0.3 (3)

Where:
Nu is the Nusselt number
h is the average heat transfer coefficient, [W/m2 ◦C]
L is the characteristic length for a specific geometry, [m]
k is the thermal conductivity of the fluid, [W/m◦C]
Re is the Reynolds number
Pr is the Prandtl number, typically taken as 0.7 for air.
C and m are empirical constants specific to a geometric shape

and orientation.

Note also that:

Re =
VL

ν
(4)

Where:
Re is the Reynolds number
V is the velocity of the fluid [m/s]
L is the characteristic length for a specific geometry, [m]
υ is the kinematic viscosity of the fluid, [m2/s]

Research performed by numerous authors have shown that
Nusselt correlations for forced flow conditions follow the gen-
eral form in (3) [8]–[11]. The work of Prager, Pemberton, Craig,
and Bleshman makes use of the correlation developed by other
researchers [11] for a horizontal plane, where C in (3) equals
0.664 and m equals ½. It is applied to each surface of the bus
independently and regardless of orientation. The convective heat
transfer coefficients calculated for a vertical surface therefore are
the same as that of a horizontal surface of equivalent length. This
implies the flow field around a bus does not depend on orienta-
tion, which is likely incorrect. This also means the method does
not characterize forced convective heat transfer for a complex
bus geometry, such as integral web, with a set of specific C and
m values.

In this work, new Nusselt correlations are developed from
experimental and simulation data for typical substation bus
geometries and orientations. In other words, the constants C and

Fig. 1. Log-log plot of experimental data.

m in (3) are determined by experiment, enabling a calculation
for h from a single equation.

To achieve this, a bus sample is heated until it reaches a steady
state temperature where the energy balance in (1) applies. The
recorded data is used to calculate Nu, Re, and Pr. After several
trials varying fluid velocity, temperatures, and geometry size, a
plot of ln(Nu/Pr0.3) vs. ln(Re) is created. Fig. 1 is an example of
such a plot. A linear trend line is fit to the data. The coefficient
m is the slope of the trend line and C is found by taking the
exponential of the intercept term. Once found, (3) is used to
calculate the convective heat transfer coefficient, h. Notice C
and m are valid over a specific Reynolds range as points outside
the range may have different constants. Flow transition, such
as laminar to turbulent, will cause the coefficients to change
and affect the Nusselt correlation. This was accounted for in the
experimental design.

Standard bus sizes were taken from a common substation bus
manufacturer’s catalog. The smallest standard bus size for each
geometry with an assumed 0.6 m/s (2 ft/s) air velocity was used
to calculate a lower target Reynolds number. The upper target
took the largest standard bus size and an assumed 2 m/s (6.6 ft/s)
air velocity. The Nusselt correlations developed and presented
in Section IV are therefore valid for all standard bus sizes at the
industry standard assumption of 0.6 m/s (2 ft/s) air velocity.

B. Natural Convection

Heat transfer via natural convection is calculated the same as
in (2). For a given geometry, the natural convection heat transfer
coefficient h can be found by correlating the Nusselt number
with the Rayleigh number through the relationship:

Nu =
hL

k
= C(Ram) (5)

Where:
Nu is the Nusselt number
h is the average heat transfer coefficient, [W/m2 ◦C]
L is the characteristic length for a specific geometry, [m]
k is the thermal conductivity of the fluid, [W/m◦C]
Ra is the Rayleigh number
C and m are empirical constants specific to a geometric shape

and orientation.
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Fig. 2. Wind tunnel for forced convection experiments.

Note also that:

Ra =
Cpρ

2gβΔTL3

μk
(6)

Where:
Ra is the Rayleigh number
Cp is the specific heat capacity of the fluid at constant

pressure, [J/kg ◦C]
L is the characteristic length for a specific geometry, [m]
μ is the dynamic viscosity of the fluid, [kg/ms]
g is the gravitational constant, [m/s2]
ρ is the density of the fluid, [kg/m3]
k is the thermal conductivity of fluid, [W/m◦C]
β is the volumetric thermal expansion coefficient of the

fluid, taken as the reciprocal of the film temperature for
ideal gases, [1/◦C]

The natural convection portion of Prager, Pemberton, Craig,
and Bleshman is similar to that of forced convection, except two
flat plane correlations are employed; one for vertical and upward
facing surfaces, the other for downward facing surfaces. This
change results in ampacities that are orientation discriminant.
However, this does not capture the true dynamic effects of
airflow around a real body.

As is the case for forced convection, new natural convection
Nusselt correlations were developed for typical substation bus
geometries and orientations. Plots of ln(Nu) vs. ln(Ra) from
experimental and simulated data are used to find the constants
C and m of (5). The correlations are accurate over the specified
Rayleigh range as the largest and smallest standard bus sizes
were again used to create target ranges.

III. EXPERIMENTS AND SIMULATION METHODOLOGY

A. Forced Convection Experiments and Simulations

A wind tunnel was constructed to create controlled, uniform
laminar air velocity, as shown in Fig. 2. Air velocity was mea-
sured and checked for uniformity at the beginning and end of
each test by a hand-held hot wire anemometer. It was inserted
approximately 1-foot in front of the leading edge of the bus into

the sample chamber. Three (3) air velocity measurements were
taken at points corresponding to 0.25, 0.5, and 0.75 of the sample
bus length.

Wind tunnel experiments were performed on five different
bus shapes and orientations: Horizontal rectangular, vertical
rectangular, UAB open, UAB closed, and IWBC. The buses
were painted to create a surface of known emissivity (ε= 0.95)
as measured at room temperature by Surface Optic’s ET100
emissometer. Nine thermocouples were inserted along the full
bus length that monitored temperature to ensure no thermal
gradients existed across a 2-feet sample length. A known DC
current was then applied to the bus and held until a steady state
temperature was achieved. The voltage drop across the sample
length was measured and the heat generated in the length found
using the equation:

Qheat generated = VI (7)

Where:
Qheat generation is the heat generated in the bus, [J/m3]
V is the voltage drop across the length, [V]
I is the current through the length, [A]

The tunnel air velocity and applied current were varied to
create a data set over the target Reynolds range. Equation (1) was
then solved and the Nusselt and Reynolds numbers calculated.
The C and m coefficients were found from the data.

Computational Fluid Dynamic (CFD) simulations were also
run to confirm the results collected in forced convection ex-
periments. A 2D cross section of the sample and surroundings
was constructed in ANSYS Fluent R15.0 Academic for steady
state simulations. The ambient temperature, surface emissivities,
surface temperatures, air velocity, local atmospheric pressure,
and heat generation density were input. The solver ran until
it converged on a solution. The heat lost via convection and
radiation was recorded and compared to expected values from
solving (1) with experimental data. The simulated bus tem-
peratures fell within approximately ±5 °C of the measured
bus temperatures, validating the experimental data. A total of
103 experiments and 64 simulations were performed. Table I
compares the results of selected experiments and simulations.
Fig. 3 is a static temperature plot of universal angle bus in the
closed configuration. Fig. 5 provides the geometries tested.

B. Natural Convection Experiments and Simulations

Buses of each geometry and orientation were placed in a draft-
free enclosure, as shown in Fig. 4. A hot-wire anemometer was
used to verify still-air conditions existed within the enclosure at
the start of the test. The buses were painted to create a surface
of known emissivity. Nine thermocouples were inserted along
its full length and bus temperature was monitored to ensure
that no thermal gradients existed across the sample length.
A known DC current was then applied to the bus and held until a
steady state temperature was achieved. The voltage drop across
a unit length of bus was measured and the heat generated found
using (7).
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TABLE I
SELECTED FORCED CONVECTION EXPERIMENTS

AND SIMULATION COMPARISON

Air Velocity: a0.6 m/s, b1 m/s, c2 m/s

Fig. 3. Static temperature plot of UAB closed in forced convection.

In forced convection, the required range was achieved by pri-
marily varying air velocity within the experimental set up. How-
ever, in natural convection experiments, the required Rayleigh
ranges cannot be achieved experimentally by changing temper-
ature alone. Instead, multiple bus sizes are needed. As the DC
power supply used did not have the required power capacity to
heat the largest substation bus sizes available, simulations were
used to generate data for larger buses.

Buses of one size were subjected to three experimental tri-
als. Different currents were applied to change the steady state
temperature and the data was used to validate a CFD simulation
model. The bus sizes were then varied in the CFD simulations
to achieve the required Rayleigh range. Once the correlation
was developed, a steel or aluminum bus of a different size was
constructed for physical experiments, and results used to validate
the correlation created from the simulation data. A total of 30
experiments and 69 simulations were performed.

Fig. 4. Draft free enclosure for natural convection experiments.

Fig. 5. Bus geometries and orientations for forced convection correlations.

Fig. 6. Bus geometries and orientations for natural convection correlations.

IV. RESULTS

The following geometries and orientations shown in Figs. 5
and 6 were investigated. For each case in Fig. 5, incident wind
approaches from the left hand side. In Fig. 6, gravity acts in
the downward direction. The characteristic length used to fit
the correlation is defined for each geometry as L. Note that
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TABLE II
SELECTED NATURAL CONVECTION EXPERIMENTS

AND SIMULATION COMPARISON

TABLE III
FORCED CONVECTION CORRELATION CONSTANTS

TABLE IV
NATURAL CONVECTION CORRELATION CONSTANTS

for UAB, forced and natural convection have different orienta-
tions. Table II compares the results of selected experiments and
simulations.

A. Forced Convection Correlations

Table III provides the forced convection correlation constants
for use in (3) as well as the associated Reynolds range.

B. Natural Convection Correlations

Table IV provides the natural convection correlation constants
for use in (5).

V. DISCUSSION

A. Existing Methodology Accuracy for Convection
Calculations of Flat Planes

Ambient temperature, air velocity, and bus temperature mea-
sured during experiments were used to calculate ampacity with
the method described in [1]. This was compared to the current
applied during the experiment. Results from forced convection
are shown in Table V and natural convection results are shown
in Table VI.

The flat plane correlation method over-predicted ampacity in
12 of the 15 forced convection trials studied. Rectangular bus
oriented horizontally had an average, over-predicted error of
9.2%. Re-orienting the same bus into a vertical position resulted
in under-predicted ampacity with average error of 5.67%. The
flat plane method over-predicted ampacity in all universal angle
bus trials. Similar to rectangular, reorienting the bus from an
open position to a closed position reduced error by 6.84%.
Orientation has a significant impact on the method’s accuracy.
As of now, IEEE 605 and utility engineers use the same ampacity
rating regardless of orientation yet, as shown, orientation is not
a negligible effect.

Further, the flat plane correlation method over-predicted the
ampacity of integral web bus with an average error of 22.3%.
The higher error comes from, one, having more surfaces than
any other geometry evaluated and, two, by treating all inte-
rior surfaces as downward facing surfaces exposed to natural
convection.

Results from natural convection experiments show that, once
again, flat plane correlations over-predict ampacity. However,
the error is less and differences between orientations are reduced.
The factors contributing to this are likely to be the method
already taking surface orientation into account, and the relation
of bus size to Rayleigh number.

Forced convection relates the Reynolds number in (4) to the
Nusselt number while natural convection uses the Rayleigh
number shown in (6). The Reynolds number scales to the first
power with both bus size, as captured in the characteristic length,
and air velocity. By comparison, the Rayleigh number scales
with a ratio of air properties and the cube of characteristic length.
At the temperature ranges substation bus normally operate in,
air properties do not change significantly. Therefore, appreciable
changes in the Rayleigh number come primarily from changes
in bus size. Unlike forced convection, in which air velocity was
controlled while bus size was held constant, natural convection
experiments changed bus temperature and had the same bus size
as a result of power supply limitations. It is possible the flat plane
method accuracy varies with bus size beyond the error shown in
this work.

B. Proposed Methodology Accuracy for Convection
Calculations

In forced convection, the Nusselt correlations developed were
least accurate with IWBC (Average error = 5.2%) and most
accurate with vertical rectangular (Average error = 1.10%).
Except for IWBC, all other geometries and orientations had an
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TABLE V
FORCED CONVECTION FLAT PLANE CORRELATION COMPARED TO PROPOSED NUSSELT CORRELATION

1 Error Reduction = (Existing Ampacity Calculation Error – Proposed Ampacity Calculation Error)/(Existing Ampacity Calculation Error)

TABLE VI
NATURAL CONVECTION FLAT PLANE CORRELATION COMPARED TO PROPOSED NUSSELT CORRELATION

1 Error Reduction = (Existing Ampacity Calculation Error – Proposed Ampacity Calculation Error)/(Existing Ampacity Calculation Error)

average error of less than 5%. In these instances, orientation
does not affect accuracy as each correlation was developed for
a specific geometry and orientation.

Data from natural convection experiments show similar
results. The largest error was once again in IWBC with 8.50%
and the least in UAB down with 1.93%.

The error observed in IWBC is likely a result of air leaking
out of the wind tunnel. During the first experiments, it was

discovered that air was transferring out of the wind tunnel by
passing through the channels in the bus. Small stoppers were
inserted into the channel to prevent air transfer. However, they
may not have adequately sealed at higher air velocities.

As shown in Tables V and VI, changing convective heat loss
calculation methods results in sizable error reduction. Error
reduction ranged from 27.0% to 97.1% in forced convection
and 11.3% to 81.0% in natural convection.
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TABLE VII
FORCED CONVECTION HEAT TRANSFER COEFFICIENTS CALCULATED WITH THE PROPOSED METHODOLOGY

TABLE VIII
NATURAL CONVECTION HEAT TRANSFER COEFFICIENTS CALCULATED WITH THE PROPOSED METHODOLOGY

C. Method Comparison and Insights

The Nusselt correlations developed had improved accuracy
over the flat plane method investigated. As demonstrated, chang-
ing bus orientation had a significant effect on error in ampacities
calculated with flat plane correlations. By contrast, each Nusselt
correlation was developed to a specific geometry and orien-
tation. By discriminating between orientations, a study of the
convective heat transfer coefficients can reveal insights previ-
ously unseen.

The convective heat transfer coefficient was calculated for
each geometry using the developed Nusselt correlations. Bus
size and temperature rise were varied. Forced convection
calculations assumed a 2 ft/s air velocity and a 40 °C ambient air
temperature. Table VII provides the results. Table VIII provides
the same results for natural convection conditions.

The convective heat transfer coefficient decreases with
increasing bus size and increasing temperature rise. Convective
heat transfer (Qconvection) however increases as seen in (2).
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In forced convection, reorienting a rectangular bus from
a horizontal orientation to a vertical position increases the
heat transfer coefficient by 31.3% on average. Similarly, the
convective heat transfer coefficient increases by 27.8% when
UAB is placed in the closed position. Therefore, substation
designers wishing to maximize bus ampacity should place rect-
angular bus in the vertical orientation and UAB in the closed
orientation. However, unlike rectangular bus, UAB’s orientation
depends on wind direction, which is not always known or mea-
sured. Designers, engineers, and operators should select UAB
open for conservative estimates in cases where wind direction
is not known.

The same analysis was carried out under natural convection
conditions. Once again, heat transfer is found to favor vertical
orientation in rectangular bus with an average heat transfer
coefficient increase of 68.9% over horizontal orientation. Heat
transfer coefficients were found to be highest in UAB in the up
position with an average percent increase of 9%.

VI. CONCLUSION

Prior to this study, no experimental work quantified the accu-
racy of the flat plane correlation method commonly employed to
calculate substation bus ampacity. Through experiments, it was
shown that the method often over predicts ampacity and varies
with bus orientation. New Nusselt correlations were developed
and shown to improve accuracy as well as account for bus orien-
tation. While this work has improved the ampacity calculation
method, advances can be made in other areas.

As bus orientation is shown to affect heat transfer, situations
where the major bus axis is perpendicular to the ground as op-
posed to parallel need study in low air velocity environments at
and close to natural convection conditions. At higher air velocity,
this is less of a concern as buoyancy effects are dominated by the
fluid’s momentum. Other potential convection studies include a
detailed study of heat transfer with wind direction, particularly
when the flow is parallel to the major axis. The work in this
study and previous work only considered the perpendicular flow
direction.

The progress made by this study has the potential to improve
Section 8 and Annexes B and C of IEEE std. 605.

REFERENCES

[1] IEEE Guide for Bus Design in Air Insulated Substations, IEEE Standard
605, 2008.

[2] M. Prager, D. L. Pemberton, A. G. Craig, and N. A. Bleshman, “Thermal
considerations for outdoor bus conductor design,” IEEE Trans. Power App.
Syst., vol. 95, no. 4, pp. 1361–1368, Jul. 1976.

[3] M. Schmale, R. Puffer, and M. Heidemann, “Dynamic ampacity rating
of conductor bars in highly loaded substations,” in Proc. 22nd Int. Conf.
Exhib. Elect. Distrib., 2013, pp. 1–4.

[4] M. Muhammood, M. Kamarol, D. Ishak, and S. Masri, “Temperature rise
prediction in 3-phase busbar system at 20 °C ambient temperature,” in
Proc. IEEE Int. Conf. Power Energy, 2012, pp. 736–740.

[5] I. C. Popa, A.-I. Dolan, D. Ghindeanu, and C. Boltaşu, “Thermal modeling
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