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ABSTRACT

The sensitivity of the convective heat transfer
correlations to air movements related to the normal
use of a room were studied as part of the recent
ASHRAE RP 1416. The results are summarized here
and their impact on the overall calculations is
discussed in this paper. Furthermore, this paper
discusses the parameters that should be taken into
account in a selection algorithm for the appropriate
convective heat transfer coefficient correlation during
a building energy simulation calculation. The
parameter selection is motivated based on the
literature and the results of the recent measurement
campaign. The control variables directing the
selection are listed and discussed. Finally, the
publication will discuss the additional research

required to further increase the accuracy of
convective heat transfer in common building
situations.

INTRODUCTION

The sensitivity of building simulation predictions to
the embedded convection correlations has been
thoroughly described. Beausoleil-Morrison performed
several studies (e.g.. Beausoleil-Morrison and
Strachan, 1999) that illustrated the influence of
internal convective heat transfer correlations. He
showed that throughout the International Energy
Agency (IEA) Annex 21/Task 12, predictions of a
room’s heating consumption were highly sensitive to
both convection coefficients and set-point temperature
for heating. Measurements from well insulated test
buildings with radiant heating systems showed an 8%
difference in calculated heating load among
simulations employing various convection
correlations. Also, Beausoleil-Morrison found that
simulation results are more sensitive to convection
calculations and control set points than to other inputs
such as building fabric thermal properties and air
infiltration.

The sensitivity of building simulation predictions to
convective heat transfer modelling was also studied
by Clarke (Clarke, 2001). The building considered in
his study was a heavyweight residential building in
the UK with a greater than average glazing area
facing south. Clarke implemented various convective
heat transfer coefficients, including fixed values,

correlations for natural convection, and correlations
created for rooms with radiators. For the heating
season, both thermal comfort and thermal load were
studied, and the occupants’ thermal comfort was
calculated based on the PMV-PPD model. The
outcome of the study revealed that the choice of
convection model had a significant impact on thermal
comfort predictions. Different correlations produced a
42% range of PPD-values; a difference large enough
to affect design decisions. Large variations in design
loads and predicted energy consumption were also
observed. Maximum variations in peak values and
overall energy consumption were 60% and 58%,
respectively.

For both above mentioned studies, the room model
was a single node well-mixed model. Air movement
due to ventilation, appliances or people movement
was not considered. Fisher and Pederson (Fisher,
Pederson, 1997) experimentally deduced convection
coefficients for rooms with relatively high ventilation
rates. They compared annual cooling loads using their
correlations with loads calculated with simpler natural
convection correlations and found differences in the
order of 10%. Whether this is closer to reality
compared to the models of Beausoleil-Morrison and
Clarke, depends on the ventilation strategy applied
and the deviation of the effective temperature versus
the well-mixed room temperature.

A difference between assumed or modelled air
movements and real air movements is difficult to
generalize. Settings of furniture, location and heat
gains of appliances, the movement of people and
their normal use of the room all affect the air flow.
The number of studies that considered convection in
non-empty zones is limited. Spitler et al. (Spitler et
al., 1991) tested the effect of furniture on air flow in
a room for different settings: one with a table and 6
chairs, and one with 2 cabinets (1.8m x 1.5m x 0.9m)
placed against the walls. They concluded that the
furniture significantly affected the flow in the room.
The volumetric flow rate was kept the same, which
created larger local flow rates in the case with the
two cabinets as their presence affected the available
participating volume of the room. This effect would
not occur in naturally ventilated zones or zones with
open windows due to natural pressure balancing. In
their study Spitler et al. did not calculate the
convective heat transfer coefficients, but it can be
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expected that their value is higher compared to the
empty zone, due to the increased air flow velocities.
Wallenten (Wallenten, 2001) studied convective heat
transfer in a full-scale room with and without
furniture and ventilation. The room contained a desk,
two chairs and a small chest. The window had a sill,
and the room was occupied (a person worked on a
computer) during 2 of the 7 days of measurements. It
should be noted that long-wave radiation was not
correctly calculated in the case with furniture. They
showed that convective heat transfer along the
window and wall around the window was not
significantly affected by the presence of the furniture.
As in the empty room experiments, convection was
mainly driven by the radiator’s thermal plume. Flow
disturbances in the room were somewhat isolated
from the window and wall by the thermal plume.
These studies illustrate the impact of convection
modelling on different aspects of building design and
show proper choice of convection correlation is very
important for accurate load calculation and energy
simulation. Furthermore, it is shown that limited
research has been conducted to estimate the effect of
normal use of a room on the convective heat transfer
values. These facts have motivated the current paper,
which sets out to provide a sensitivity analysis on
common effects in occupied rooms and uses that as a
background to determine the parameters that should
be considered when determining the appropriate
convection coefficient correlation. The selection is
compared to the approach embedded in two building
simulation codes. Finally, this publication will
discuss the additional research required to further
increase the knowledge of convective heat transfer in
common indoor situations.

METHODOLOGY

The sensitivity analysis below refers to
measurements conducted in the test chamber of the

Civil, Architectural and Environmental Engineering
Department of the University of Texas at Austin (UT
Austin). It concerns a well-sealed test room of
6mx4.5mx2.7m and equipped with detailed
temperature and velocity measurement equipment.
The test chamber can be equipped with different
ventilation, heating and cooling systems such as floor
or ceiling diffusers. For more details is referred to
Goldstein and Novoselac (Goldstein and Novoselac,
2010).

RESULTS

Sensitivity of convection coefficients related to
real use of the zone.

Unsteady flow

Air movements in a room can be caused by people in
a room, whether they sit still or they move. The
effect of the convective plume they generate depends
amongst others on the temperature difference
between the room air and their skin or clothes in
direct contact with the room air. Unless we are
considering large freezers, and even then, the effect
of the thermal plume of a human body does not
influence the convective heat transfer at the zonal
surfaces. Recent tests at the above mentioned
experimental facilities showed that even people
moving around in the room had little to no influence
(Peeters and Novoselac A., 2011). To produce
stagnant indoor environment typical for a residence
when the air-conditioning is not operating, the floor
diffusers in the test chamber were off while the
chamber surface temperature were controlled to
produce the slow temperature difference induced air
motion. An additional ventilation inlet was located at
the ceiling, mimicking small inflow of outdoor air
typical for infiltration. Also, an additional fan was
positioned in the space to annalize disturbances of
stagnant indoor environment by room fan operation.
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Figure 1. Impact of different air perturbations on temperature field close to a surface; temporal air temperature
profile at floor (T _down at 0.2 m above the floor) and ceiling (T _up at 0.2 m below ceiling) for the case of
natural ventilation.
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Figure 2. Impact of different air perturbations on air velocity close to a surface; temporal air temperature
profile at floor (V_down at 0.2 m above the floor) and ceiling (V_up at 0.2 m below ceiling) for the case of
natural ventilation.

Figure 1 shows the results for the temperature
measured along the window at the bottom (0.2 m
above the floor) and just below the ceiling. Figure 2
shows the velocity measured by omni-directional
velocity meters at the same positions. As can be seen
from those figures, the effect of slamming the door,
located in the wall opposite the window, has no
effect on temperatures or velocities along the
window. An adult walking around in the test cell,
affects the temperature measurements by a value that
is even within the accuracy band. The impact on
velocity shows to be negligible as well. When a fan
in the opposite corner of the room is turned on, the
two measured temperatures get closer to one another.
This is the result of the increased mixing of the air
due to the induced movement by the fan. Calculation
of the Richardson number before and while the fan is
on, shows a drastic decrease from 55.3 to 1.1. This
shows a change from purely natural to mixed
convection. The recuperation with respect to velocity
happens relatively fast (Figure 2). But, as Figure 1
shows, the effect on the temperature profiles remains
for several minutes. The average of both
temperatures, relevant for the calculation of the
average convection coefficient along the window
surface, is recovered in less than 3 minutes.

Obstructions within the zone

Besides the movement of people or their use of fans,
also more structural obstructions as furniture,
windowsills, blinds and decoration influence the
airflow pattern. In order to estimate their impact on
the convective heat transfer along a zonal wall, the
same test facility at the UT Austin has been used.

The obstacle used was a gypsum plate of 2.4m width
and 0.6 m height (Figure 3). The convection
coefficients were calculated taking into account
radiant heat exchange for which viewfactors were
calculated based on a Monte Carlo method. The

effect of the plate on the convection coefficient of the
wall-width warm window was negligible, as can be
seen in Figure 4. Also the exact positioning of the
plate, its distance from the window and position
compared to the floor, had little to no influence.
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Figure 3: Geometry of used obstruction [Peeters
etal, 2011].
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Figure 4: Impact of obstruction on natural
convection coefficients at right vertical surface
[Peeters et al., 2011]

Furthermore, as part of the ASHRAE1416, tests have
been conducted on the influence of blinds. Extended
result reporting can be found in (Goldstein and
Novoselac, 2010; Peeters and Novoselac, 2011,
Clark, 2010). The main results are summarized below
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for the specific case of natural convection and blinds
at a distance of 2.5 cm from the window. Figure 5
shows the convection coefficients for the cases of no
blinds, blinds at an angle of 45°, open blinds and
blinds at -45°. The angle is defined as positive
moving clockwise from the windowpane to the inside
of the room.
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Figure 5: Impact of blinds on convection
coefficient along windowpane (AT,s,,= average
window surface temperature — average room air

temperature).

The results show a higher convection coefficient in
the absence of blinds. This is to be expected as the
flow gets all required space to develop from laminar
to turbulent. The best fit for the correlation along the
whole window has a 1/3™ exponent for the
temperature difference, indicating the transition to
turbulence occurs at low heights and the majority of
the flow along the window is turbulent. The impact
of the blinds, independent of their angle, is a
reduction in the exponent from 1/3™ to 1/4™,
indicating the flow is laminar. This is due to the
active role of the blinds in the heat transfer process:
the distance between the window and the nearest tip
of the slats is such that the boundary layer is never
able to grow past a certain thickness, and thus eddies
cannot develop and the flow never reaches turbulence
(Clark, et al, 2011). The Ilowest convection
coefficients were calculated for the 45°-case. This is
to be expected as the slats are oriented such that the
small distance between window and blinds has
openings in the direction of the flow; part of the air
will participate in the convective flow along the slats
and ‘disappear’ from the cavity between window and
slats. With slats in the opposite direction, this effect
appears in the other direction: the openings are
oriented such that they allow room air heated up by
slats to participate in the processes along the
windowpane. This indirectly explains the average
value for the case the blind slats are positioned
horizontally.

Internal gains

Numerous profiles for indoor heat gains can be
developed, all strongly dependent on the building’s
thermal mass, climate, HVAC and appliances. In
buildings simulation, tools are embedded to account
for the effect of internal heat gains due to occupants
and appliances, the effect of thermal mass is
considered in the heat balance of the zonal surfaces,
and methods have been set up to account for solar
radiation [Clark J., 2001]. In the heat balance of a
single surface, the convection coefficient is one of
the determining parameters. However different
researchers (Khaliffa, 1989; Awbi and Hatton, 1999)
have set up correlations for multiple zonal surfaces in
case of one specific active HVAC condition, a simple
temperature difference that occurs in the absence of
any active HVAC system could interrupt the room air
flow patterns as well. To estimate the effect, the test
facility at UTAustin was equipped with a floor
diffuser providing a cold jet along a heated wall
(mimicking the window). The impact of the heated
remaining surfaces on the convection coefficient was
calculated. They were heated such as to mimic the
influence of solar patches or stored heat, i.e. with a
maximum temperature difference between local
surface and room air of 3.8°C.
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Figure 6: Convection coefficients for window
versus air flow from floor diffuser providing a
cold jet. Small and large AT indicates
temperature difference of supply and return air
of 4°C and 10°C respectively.

With the case ‘window only heated’ as a reference,
the decrease in convection coefficient for the case
some or all surfaces are heated is 60%, independent
of the flow rate. Given the calculated amount of
convection was around 50% of the total heat
exchange between window and zone, this deviation
results in a significant error on the heat balance of the
window.
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Sensitivity of convection coefficient correlations to
selection of parameters

The discussion above was on the sensitivity of the
convection coefficients to effects in the zone.
However, convection coefficient correlations are set
up such that they vary with a limited amount of
parameters; i.e. characteristic length, flow rate or
temperatures of air and surface. The most appropriate
selection of the parameters might be based on values
that are not calculated within building simulation
codes or is generally not directly used for heat
balances. While some researchers developed
correlations considering the information available in
building simulation (Khalifa, 1989), others selected
the parameter that lead to the most accurate
correlation (Awbi and Hatton, 1999).

Reference temperature

The impact of the selection of the reference
temperature can be up to 48% for the simple
situations tested at the facilities at UTAustin. The
results are shown in Figure 7 for the case of forced
convection, with data for 2ACH, 4ACH, 6 ACH and
9 ACH.
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Figure 7: Impact reference temperature
selection on convection coefficient along
windowpane for the case of forced convection
with a cold jet along a warm window.

The small flow rates show a limited difference in the
calculated convection coefficients. Increasing the
flow rate, however, results in an increasing difference
between the values based on temperatures of room
air and exhaust air compared to the local temperature.
The agreement between the first is to be expected, as
for high flow rates the mixing is more effective. The
local temperature, i.e. at a distance of 10 cm from the
wall, is influenced by the thermal boundary layer and
therefore results in a different temperature compared
to the well-mixed cases. Increasing flow rate with the
floor diffuser at 21 ¢cm from the window, results in an
increasing impact on the local temperature: the cold
jet along the warm window decreases the local

temperature, increasing the difference between
window surface and local air temperature and thus
resulting in a lower convection coefficient.

Characteristic length

The reference temperature in the calculation of the
convection coefficient is one of the main variables.
The characteristic dimension is another one. Awbi
(Awbi, 1998) already indicated that for partly heated
surfaces, the characteristic length to be used depends
on the orientation of the surface. In order to test the
effect of the characteristic length on the convection
coefficient, the window of the UT test facility has
been used in three different geometries: a full
window, half a window above and a wall below it,
and half a window below and a wall above it. The
half window had a height of 1.35 meter compared to
a wall of 1.05m. Convection coefficients have been
calculated for the window and wall separately in the
configurations with half window. Figure 8 below
shows these results. In case the window is above, the
temperature difference surface — air is lower
compared to the window below case, as the cold
supply air has been in contact with the wall. The
results therefore show high convection coefficients
for the wall below the window and for the window
below the wall compared to their opposite cases wall
above window and window above wall respectively.
The difference for each being around 30%.
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Figure 8: Impact characteristic length selection
on convection coefficient along windowpane for

the case of forced convection with a cold jet
along a warm window.

Surface-averaging the window and wall convection
coefficients for each case (window below or window
above) results in values that come close to the full
window (no wall) situation. The convection
coefficients for each of the averaged cases and the
full window case differ by a maximum of 10%.
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DISCUSSION

Parameters for convection coefficient algorithm in
building simulation

A range of parameters is obvious to be taken into
account due to the nature of convection. For natural
convection, the density change due to temperature
difference surface — room air results in a re-
organisation based on gravity. As gravity is a vector,
the orientation of the surface is important.
Concerning the nature of the flow, it further depends
on the length it gets to develop. This development
can be hindered by the absence of surfaces in the
vicinity. Therefore, a geometrical parameter being at
least the length or even the hydraulic perimeter
should be considered. For forced convection the
velocity of the air flow compared to the surface
further determines the effectiveness of the heat
transfer. When both forced and natural convection
appear, the resulting forces are determined by the
Grashoff (and thus temperature difference) and
Reynolds (and thus velocity) numbers and by the
direction of one flow compared to the other.

Khalifa (Khalifa, 1989) has further shown that the
positioning of a surface compared to the location of
an _active heat source influences the convective flow
substantially. He did his research for a radiator
located in a building zone, but his findings were later
indirectly confirmed by a.o. Novoselac (Novoselac et
al., 2006; Novoselac, 2005). Novoselac further
showed through different experimental research
campaigns that the ventilation-type considered
determines the convection coefficient (Goldstein,
Novoselac, 2010; Novoselac, et al., 2006) . Spitler
(Spitler, et al., 1991) concluded, based on
experimental research, that the location of inlet and
exhaust openings in a room with high ventilation
rates determines the selection of the most appropriate
correlation as well.

The above given discussion on the sensitivity of the
convection coefficient has shown additional
parameters should be taken into account. The study
on the unsteadiness due to the normal use of the
room, showed that normal movements of the human
body are negligible: the effect itself is small and the
action is generally limited in time. However, turning
on additional HVAC-systems as a fan, should be
accounted for. The duration of its influence is limited
to the time of working and a small period afterwards.
The length of this additional period strongly depends
on the fan speed. The question is whether this
recuperation period should be considered in a
building simulation code, as there is already a
statistical error related to the prediction of the use of
a fan.

The presence of obstructions is expected to influence
the flow pattern. However, the above discussed
results showed little to no influence due to a thin
gypsum board in the vicinity of the windowpane. No
research was done or found in the literature

quantifying the impact of voluminous elements or
elements located against or on a zonal surface. Due
to both the absence of this knowledge and the
difficulty in predicting the location and type of
obstructions, it is currently suggested not to consider
this kind of obstructions. As discussed above, the
impact of blinds was substantial. The reason being
twofold: they influence the boundary layer and the
air flow pattern through their position and they take
part in the heat transfer process as the blind slats
themselves heat up through radiation. The
correlations, shown in Figure 5, suggest to not only
consider their presence, but also the angle of the slats
compared to the window surface. The prediction of
the latter could be based on algorithms embedded in
automatic controls of blinds. Based on the
observations for blinds, it is to be expected that
curtains as well have an impact.

Figure 6 showed that the convection coefficient on
one surface is influenced by the thermal condition of
the remaining zonal surfaces. This information is
available in building simulation and could thus be
used to improve the convection prediction.

The experiments at the test facility of UTAustin
further indicated the importance of the selection of
the reference temperature and characteristic length.
The former is embedded in the developed correlation.
It is thus crucial to consider the applicability of a
correlation when setting it up. The use of local
temperature differences might result in the most
accurate correlation, the error will increase
substantially if within the simulation this is replaced
by an available parameter. The selection of the
characteristic length turned out to be determined by
more than the geometrical aspects (Figure 8). The
position of a specific surface area within a zonal
surface significantly affects the value of the
convection coefficient. However this information is
generally available in building simulation models,
current convection coefficient correlations are not set
up to take this into account. As it is impossible to
derive correlations for all potential geometries, the
use of whole surface averaged values is currently the
best available alternative.

The list of parameters, based on this and previous
research, is given below.
e  Temperatures of air and surface
Orientation of surface
Geometry of surface
Velocity of air for forced convection
Direction of one flow compared to another
Position of surface compared to HVAC
components
e Absence or presence of blinds or curtains
e Thermal condition of remaining zonal
surfaces
e Selection of reference temperature
e Selection of characteristic length
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Modelling in ESP-r and EnergyPluS

ESP-r

The approach implemented in ESP-r is based on
research of Beausoleil-Morrison  (Beausoleil-
Morrison, 2001). The basic idea is to classify the
possible flow regimes according to their nature and
driving force, consequently a suite of methods is
invoked to calculate the convection coefficients
according to the type of flow. The nature of the flow
is either a natural, forced or mixed convection, while
the driving force can be a temperature difference, a
HVAC component, a fan, Once classified,
convection coefficient correlations assignment is
based on the convection regime to be simulated, on
the surface within the zone and its orientation
compared to the potential HVAC components
(Figure 9). Correlations are assigned for the case a
HVAC-component is on and for the case it is off, as
the flow could be substantially different (see Figures
1 and 2 above). A control is added to select the
appropriate correlations based on a decision variable,
i.e. the on/off of the HVAC equipment.

zone &
time-step

decision
variable

on off
|
convection regime Z

convectionregimes X, Y

for each surface for each surface

surface surface

type? type?

wall or window

ceiling or floor
appropriate
correlation

heat
flow up?

appropriate
correlation

| convection coefficient calculator ‘

Figure 9: Adaptive convection algorithm in
ESP-y.

In order to account for the parameters that were listed
in the previous section, the ESP-r adaptive
convection algorithm should have an additional set of
decision variables; i.e. the absence or presence of
blinds and curtains & the blind angle as well as the
temperature (thermal condition) of the remaining
zonal surfaces.

Furthermore, the ESP-r adaptive convection
algorithm is set up to be used with the single node
zone modelling approach. This implies that
correlations using the local temperature as the
reference temperature could not be calculated
accurately. Variations in the applied characteristic
length, however, can be accounted for calling the
appropriate geometrical information during the
calculation of a specific convection coefficient in the
simulation.

EnergyPlus

The convection algorithm in EnergyPlus is based on
Beausoleil-Morrison’s algorithm (EnergyPlus, 2010).
The major adaptations are done to increase flexibility
for the user and to incorporate new correlations. For
increasing flexibility, the changes are twofold: (1) on
the use of non-implemented correlations and (2) on
the simplifications related to the HVAC-component
locations. For (1), an input mechanism is provided
where the user can implement different correlations
based on a set of parameters. To increase accuracy,
the user is allowed to set his own definition of the
reference length. This option of flexibility allows to
implement correlation that do account for e.g.blinds.
However, there is no EnergyPlus internal code that
allows predicting the blind slat angle. For (2), the
correlations distinguishing surfaces based on their
location compared to specific HVAC-components
has been dropped.

Furthermore, internal convection coefficients for
windows are implemented in more detail based on
ISO standard 15099-2003. This standard takes into
account the window height and applies correlations
based on a calculated film temperature. However, it
calculates all information based on the air
temperature. Using a common single node approach,
this will not account for the impact of the positioning
of the window within the wall (Figure 8 above).

CONCLUSION AND REMARKS

This paper has shown the sensitivity of convection
coefficients to parameters which are seldom
considered in building simulation programs. Multiple
parameters related to the normal use of a building
zone showed an impact on the convection
coefficients.

However a range of improvements can be done by
incorporating information that is available in building
simulation programs, there are parameters that
require the development of statistical models to
predict the use of fans or blinds. Another important
aspect related to the deduction of improved
correlations is the selection of reference temperatures
and lengths that are available in building simulation
programs.

The question, however, is how far to go. If new
correlations are set up, it might be wise to have an
test procedure to check whether these correlations
have a significant influence on the load and size
calculations for HVAC equipment and on the
prediction of indoor thermal comfort. If this is done,
only those correlations that really improve accuracy
can be embedded and there is no unnecessary
increase in computational effort due to correlations of
no impact. This test should incorporate a list of
requirements/type of parameters that can be used for
each level of detail of the building simulation (single
node approach, multiple nodes in a single zone, CFD,
...), and shows immediately the relevance of the new
correlation for a specific coding tool.
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