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The aim of this study, part of a larger investigation into the performance of natural draught open-flued
domestic gas boiler flues, was to identify building shapes and configurations that might be vulnerable to
potential flow reversal due to the formation of positive pressure fields around and over the building.
Measurements were made of the pressure distribution on and over a number of different model building
configurations in the environmetal wind tunnel at the Building Research Establishment (BRE).
The results show that, under certain wind conditions, the flues installed on many common building forms
will be subjected to large positive pressure fields, which could be sufficient to cause flue flow reversal. The
building forms identified here as being most at risk are single storey flat roof extensions, 'L' shaped
buildings and other roofs with pitch angles of 45" or greater. The findings from this measurement
programme indicate that, in general, and particularly for terminations around the building eaves, that
increasing the flue height (even up to 2 m above the eaves) will probably not reduce the propensity for
potential flue flow reversals to occur.
Other possible causes for concern were low buildings in close proximity to tall buildings or other
obstructions. However, further investigation into the combination of building heights and separations would
be beneficial in understanding the airflow characteristics and potentially vulnerable configurations.
This work has identified several areas of concern where flue flow reversals could occur with high
efficiency, open flued, natural draught boilers with eaves terminations. Possible solutions might be to
specify the use of fanned draught systems or the ridge terminals. In the light of this work, the permitted
terminal positions for open flued, natural draught, high efficiency appliances should be reviewed.
This report and the work it describes were funded by the Health and Safety Executive. Its contents,
including any opinions and/or conclusions expressed, are those of the authors alone and do not
necessarily reflect HSE policy.
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Measurements have been made of the pressure distributions on and over a number of different
model building configurations in the BRE environmental wind tunnel. The work formed a part of a
larger programme investigating the performance of the flues of natural draught open-flued domestic
gas boilers. The steady increase in the efficiency of these boilers has resulted in a lowering of flue
gas temperatures, for many types making them more susceptible to wind induced flue flow reversal.
The aim of this work was to identify building shapes and co gurations that might be vulnerable to
potential flow reversal due to the formation of positive pressure fields around and over the building.
The results show that, under certain wind conditions, the flues installed on many common building
forms will be subjected to large positive pressure fields, which could be sufficient to cause flue flow
reversal. The building forms identified here as being most at risk are single storey flat roof
extensions, "L" shaped buildings and other roofs with pitch angles of 45" or greater. The frndings
from this measurement programme indicate that, in general, and particularly for terminations
around the building eaves, that increasing flue height (even up to heights of 2m above the eaves)
will probably not reduce the propensity for potential flue flow reversals to occur.
Other possible causes for concern were low buildings in close proximity to tall buildings or other
obstructions. However, further investigation into the combination of building heights and
separations would be beneficial in understanding the airflownfi
characteristics and potentially
vulnerable contigurations.
This work has identified several areas of concern where flue flow reversal could occur in domestic
dwellings fitted with high efficiency, open-flued, natural draught appliances with terminations at
eaves level. In such locations, the use of fanned draught systems should be considered or other
options such as the use of ridge termination.
In the light of this work, the permitted terminal positions for open-flued, natural draught, high
efficiency appliances should be reviewed, especially for building configurations other than low
pitch or flat roofs.

This report and the work it describes were funded by the Health and Safety Executive. Its contents,
including any opinions and/or conclusions expressed, are those of the authors alone and do not
necessarily reflect HSE policy.
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INTRODUCTION

In April 1997, the Health and Safety Executive (HSE) commissioned BRE (under HSE Contract
368 1lR41.O89) to investigate the flue performance of domestic gas burning appliances. The need
for the work arose through the changes in the efficiency of natural draught gas appliances that had
occurred over the previous 20 years. Although this has been a continuing process, boiler
manufacturers now have a legal obligation to meet minimum levels of efficiency for their products
as a result of the Boiler Efficiency Regulations, which became effective at the beginning of 1998.
These regulations, which implement a European Directive on the same subject, have had a twofold
impact on boiler technology. Not only have efficiency figures been increased, but figures for partload efficiency (in addition to full-load) are also now stipulated.
The general effect of these changes has been a lowering of flue gas temperatures which can make
flues more prone to spillage and condensation, especially on start-up. It was also thought that there
was a greater risk, particularly with external flues, of wind and temperature induced spillage and
flue reversal. Other work (Lilly and Williams, 1996),had shown that the height of flue terminations
currently specified in British Standards was not always adequate to avoid wind induced reversal on
certain roof pitches and geometries.
HSE required the work to be carried out through three specific Aims:
Aim1 Identify the safety implications arising from the increased efficiency of open flued,
natural draught appliances, particularly in relation to external flues.
Aim 2 Identify the most safety critical roof terrain and geometry for flue terminations and
determine the safe tennination for this geometry.
Aim 3 Identify the benefits of extractive flue terminals for situations other than steeply
pitched roofs.

Aim 1 was investigated through the use of a fully instrumented test house at BRE. Aims 2 & 3 were
investigated through the use of the BRE Environmental and Wind Loading wind tunnels
respectively.
This report covers the work carried out to meet and address the requirements of Aim 2.
Specifically, it reports on the experiments performed in the BRE Environmental Wind Tunnel to
investigate the potential aerodynamic problems that might arise from gas flues sited on a variety of
building configurations.

2

MODEL BUILDINGS

2.1 BUILDING CONFIGURATIONS SELECTED FOR MODEL TESTING

Typical forms of dwellings as well as representative layout configurations were tested in the BRE
Environmental Wind Tunnel. In deciding on the buildings to be modelled, a number of factors
were considered. These included building forms where earlier work, including that of Lilly and
Williams (1996), had indicated or confirmed that potential problems existed eg where flues were
sited on buildings with flat roof extensions or on L shaped buildings. For simplicity, the
experiments were generally conducted on single models, representative of detached houses or
groups of houses. However, since few buildings are completely isolated in this way, tests were
also conducted on some simple arrays of buildings. This was intended to give an indication of
how groups of buildings might affect the flow field and pressure distributions around others
which, in turn, can affect flue performance.
The models used in the wind tunnel measurements were made to a scale of 1 : 60 to fit in with
the wind tunnel scaling simulations (Figures 1 to 7). They were all models of conventional 2storey houses, with the exception of the single storey flat roof extension (which was fitted to the
45" roof model).
The choice and selection of the models to be tested was agreed with the project steering group as
follows:

-

Stage 1 Standard Models

There were four base cases selected for testing, all comprising a terrace of three houses:
1 Flat roof
2 30" dual-pitched roof
3 45" dual-pitched roof
4 60" dual pitched roof.
These were selected as being reasonably representative of many standard blocks of houses.
Although 60" pitch roofs are rare in the UK, the model should help to show the expected trend of
positive pressure fields around the house increasing with roof angle. The 45" pitch model is
typical of many older terraced and semi-detached houses in the UK, and with more modem
prestige developments as well. Most modem houses in the UK are now built with pitch angles of
30 degrees or less.
The 45" pitch model was effectively a model of the test house used in the full scale experiments
under Aim 1 of the overall programme. As part of that programme pressure tappings were
installed to the roof of the house with measurements of wind speed and direction being made
close by. This similarity between the two could then allow some comparisons to be made
between them, helping to validate the findings of the entire research programme.
The 45" pitch model was taken to be the "base case" for most of these experiments, since it is
similar to the test house and is also typical of much of the older UK housing stock, it. As such it
was used in the experiments looking at both the effect of flat roof extensions and the arrays of
other buildings.

Stage 2 - Alternative Roof Designs
Three alternative designs of roof model were tested, comprising blocks of three houses as
follows.
1
2
3

45"dual-pitched hip roof (a building shape occasionally used)
45" dual-pitched roof with flat roof extension to one side (full width)
L shaped building (two blocks of terraces of three houses at right angles to one another) with
30" dual pitched roof.

Flat roof extensions are very common, especially when older properties are renovated and
extended. Typically, a single storey extension is built and this frequently houses a kitchen andfor
bathroom. The extension is then often used as the site for a wall-mounted gas boiler with a flue
run to the outside. It was felt that this could easily lead to problems of flue flow reversal through
aerodynamic effects when positive pressure fields build around the lower lying extension.
The L shaped building is also a configuration likely to cause problems, especially if flues are
sited towards or in the "crook" of the building. The roof of the L shaped model building was dual
pitched and at an angle of 30" (whereas most of the other building models had 45" pitch roofs).
This change was decided on by the Advisory Panel through prior experience of problems with
such buildings, and the wish to use as low a roof angle as practically possible still likely to
achieve a problematic effect.

Stage 3 - Arrays of Buildings
A few tests were conducted on some simple arrays of buildings, based around the 45" house
model. The test model used was the 45" terrace of 3 houses model with vertical tubes (described
later), the tubes were set at a height of lOmm above the roof surfaces. Other "dummy" house
models were placed in various configurations around the pressure tapped model.
The dummy models all had dual pitched roofs of 45", the same as the test model, to simulate
housing estates consisting of similar dwellings. The majority of the experiments were conducted
with dummy models of height H (the same as that of the test model) with spacings of H and 2H,
to give packing densities for houses typical in the UK of high and medium density estates
respectively. One set of measurements was made with a row of taller houses (of height = 2H)
next to the test terrace.
Three rows of houses were used in these experiments since this number was all that could be
accommodated on the tunnel turntable. Experiments were conducted with the test model at the
centre of the wind tunnel turntable, either in the first or second row of terraces (see Figures Sad).
This allowed the effect of both upwind and downwind houses to be evaluated on the test model
as it was rotated through the full set of test wind angles. Figures 8a-e show the full set arrays
tested (including those of the 2H models) and Figure 9 shows a photograph of one of the arrays
tested.

2.2 SURFACE TAPPED AND VERTICAL TUBE MODELS

The objective was to compare static pressures at and above roof level, to see if the standard
surface tapping measurements could be used as a potential guide to flue siting. No attempt at
modelling actual flues was intended as it is not possible at wind tunnel model scale to achieve the
proper length scaling. Two types of model were investigated - conventional surface tapped
models and some novel models employing small vertical tubes, both protruding through the roof

Conventional surface tapped models have been widely used in the past to measure surface pressure
distributions for determining wind loading forces and are well understood. The measurements made
show the level and direction of the force, ie whether it is under positive pressure or negative
pressure (suction). The pressure measurements were made with a conventional two ringed
Scanivalve system where the tapping ports are accessed and measured sequentially (see Section
3.2).
However, in the present experiments it was also required to make measurements above the roof,
since gas flues usually protrude above the roof of the building to which they are fitted.
Measurement of the true static pressure at all of the positions above the models was considered but
discarded due to the potential difficulties involved and to time constraints. This is because normal
static pressure probes are generally too large to enable detailed measurements to be made around
small scale models, and must align quite accurately with the direction of the airflow. To do this with
a single probe for all the models, measuring positions and wind angles was not feasible. After some
initial experimentation with different forms of monitoeg equipment, small, squarely ended vertical
tubes were used as indicators of the static pressure around the model. These protruded at various
heights above the models.
The static tubes passed vertically through the model roofs, set at various heights, so that the
pressure field could be measured in a number of different planes. A Scanivalve Hyscan system was
used to make the pressure measurements, see Section 3.3. This reads the pressures at all of the
sampling positions simultaneously and also records the true time history of all of the measurements,
rather than just the mean pressure. As such it can show the fluctuation in pressure at each point
during the measurement period. Although the measurements obtained from the vertical tubes were
not true static pressures, it was possible (through the time histories recorded at each point) to
determine the proportion of the time that each tube was subject to positive pressure. This would
then give an indication of when a flue might be exposed to a possible positive pressure field around
a building, leading to potential flow reversal in the flue.
Measurements were made at four heights of 33.3,25,16.7 and lOmm above the model building
roof (at the model scale of 1:60 the tube heights equated to 2m, lSm, l m and the current minimum
permitted discharge height of 600mm above the eaves respectively). These measurements were
designed to show any potential beneficial effect of raising the flue terminal height. Since once the
flue height reaches a level where it is in the free stream or is within a separation wind flow over the
house, a negative pressure will be experienced, which will then help to drive the exhaust gas flow
through the flue as required.
2.2.1

Surface Tapped Models

The models were made from 6mm perspex sheet. The pressure tappings took the form of lmm
diameter holes drilled through the perspex. On the inside of the models the perspex was partially
counter-bored to 2mm diameter so that small pieces of brass tubing could be inserted and glued into
place. Small-bore pvc tubing was used to connect to the Scanivalve pressure measuring system,
with each line fitted with a small piece of partially flattened brass tube to act as a flow restrictor.
Normally a quarter of the model roof surface was surface tapped. This allowed the surface tappings
to be quite closely packed together. Due to symmetry, this allowed the effective mapping of the
complete roof areas. The exception was for the "L" shaped building where tappings were
positioned on one side of the "crook" of the building (with effectively the rest of the building being
similar to the ordinary 30 degree house model). The models were tested at wind directions over 360
degrees (in steps of 30 degrees).

The tappings were always positioned with rows 3mm in from the eaves and any ridges on the
model, with a further row at lOmm in from the eaves. The intervening area was then filled with
tappings in equi-spaced rows. These given tapping positions all refer to plan views of the models.
Table1 gives the number of tappings made on each model.
Table 1 Number of surface tappings on the various model building configurations
Model building codiguration
3 House Terrace - Flat Roof
3 House Terrace - 30' Dual Pitch Roof
3 House Terrace - 45' Dual Pitch Roof
3 House Terrace - 60' Dual Pitch Roof
3 House Terrace - 45' Dual Pitch Hip Roof
3 House Terrace - Single Storey Flat Roof
Extension to 45' Dual Pitch Roof Model
2x 3 House Terrace - in "L" Shape
30' Dual Pitch Roof
2.2.2

Number of surface tappings
54
54
54
54
63
54
76

Vertical Tube Models

The models were again made from 6mm perspex sheet. The vertical tubes were made from 2mm
brass tubing. The models were jig drilled so that the tubes were always exactly vertical, independent
of the roof angle. Small-bore pvc tubing was used to connect to the Scanivalve Hyscan pressure
measuring system.
Normally one half of the model roof was fitted with the vertical tubes. Rotating the model through
180 degrees (in steps of 30 degrees) and the use of symmetry, allowed the effective mapping of the
complete roof areas. Once again, the arrangement of tappings on the "L" shaped building was
slightly different. Most of one half of the "L" was fitted with vertical tubes, with a few extra tubes
fitted around the "joint" of the building.
The vertical tubes were always positioned with rows lOmm in from the eaves and from any ridges
on the model. The intervening area was then filled with equi-spaced rows of the vertical tubes.
These given vertical tube positions all refer to plan views of the models.
In addition to the tubes fitted directly through the model roofs, tubes were always set outside of the
model buildings. These were positioned lOmm away from the nearest wall. These tubes were to
simulate externallyrun flues, which are usually fixed externally to the outside walls to discharge
above the building eaves and are frequently the most vulnerable to positive pressure fields around
buildings. In these experiments, the heights of these external tubes were always set referenced to
the eaves of the model building. In the experiments on the arrays of buildings the tubes external to
the building could only be used on the long face of the model (as additional blocks were fitted to
each end to form a terrace).

The number of vertical tubes fitted to each model configuration is given in Table 2.

Table 2. Number of vertical tubes fitted to the various model building configurations
Model building configuration
3 House Terrace - Flat Roof
3 House Terrace - 30' Dual Pitch Roof
3 House Terrace - 45O Dual Pitch Roof
3 House Terrace - 60° Dual Pitch Roof
3 House Terrace - 45' Dual Pitch Hip Roof
3 House Terrace - Single Storey Flat Roof
Extension to 45' Dual Pitch Roof Model
2x 3 House Terrace - in "L" Shape
30' Dual Pitch Roof
Arrays - using 45' models

Number of vertical tubes
34
34
34
34
38
43*

39
28

* 36 tubes were on the flat roof extension, with a further 7 tubes measuring on the main
house model as well.

3 WlND TUNNEL AND EXPERIMENTAL METHODS
3.1 WlND TUNNEL
The wind tunnel used for these experiments was the BRE Environmental wind tunnel, which is used
primarily for studies into wind flow around buildings or groups of buildings. It is an open-jet tunnel
with the air being drawn through by two fans powered by 55kW motors. The working area is in the
open-jet, which is completely enclosed by a control room, a diagram of the tunnel is given in
Figurel2. This means that the control room and the working area are at the same pressure, allowing
the operator access to the models and equipment while it is running. The working area of the tunnel
is nominally 2m wide and 1.5m high. It has a 1.75m diameter turntable on to which the models are
mounted.
A suitably scaled boundary layer has to be generated for the models under test in the wind tunnel.
This is achieved using a combination of grids, fences and roughness blocks in the 7m long
simulation development section between the inlet and the working section (known as the fetch). The
grids, fences and roughness block size and distribution can be selected to reproduce a boundary
layer appropriate to the terrain upwind of the test site and to the scale of the model, in the present
case a simulation of a suburban 1 urban area was required. The boundary layer simulation section of
the tunnel was set up to produce the required conditions before velocity profiles and turbulence
spectra were measured at the centre of the tunnel turntable, where the test models were to be
installed.
The aerodynamic surface roughness parameter (20)produced from the tunnel set-up used in these
experiments was -6mm in the tunnel. At a linear scale of 1:60, this equates to a full-scale zo of
around 0.36m which is typical for sub-urban areas (Table 13.1 ESDU Data Sheet No:82026
(1993)).

L
, was determined using spectral analysis. The
The along-wind turbulence length scale '
measurement location was 90mm above the tunnel floor (the eaves height of the models tested).
The value measured was 0.303m (tunnel), equating to a full-scale value of 18.2m (again using a
linear scale of 1:60). This value of '
L
, corresponds to the value of the Meteorological Standard
Windspeed (10m above open level countryside) (Vlk) of 5 m" (ESDU Data Sheet No:85020
(1993)). The value obtained of 5 ms-' being close to the mean wind speed expected for this part of
the UK of typically 3 m" .

-

Broad comparisons of the results from the pressure distribution measurements are made later with
other work by Lilly and Williarns (1996) and de Gids and den Outen (1974). Detailed comparisons
are not made as neither of these two papers report the boundary layer conditions generated in their
experiments.

3.2 SCANIVALVE PRESSURE MEASUREMENTS

- SURFACE TAPPED MODELS

For the surface tapped models, standard Scanivalve systems were used. Two complete scanivalve
ring systems were used in parallel to reduce the overall measurement time for each test, with the
individual pressure tappings on the models being addressed sequentially for each of the test wind
angles. The model pressure tappings were connected to the scanivalve using small bore pvc tubes of
all the same length, each line was fitted with a partially flattened piece of brass tubing to act as a
flow restrictor.
The pressure transducers in each valve ring were calibrated against a digital micromanometer on
each day of their usage prior to running the experiments (the micromanometer itself having been
calibrated against a transducer traceable to national standards).

A conventional pitot-static probe was used as a reference to measure the tunnel static and total
pressures. It was placed in a fixed position 325mm to the side of the centre of the turntable, level
with the test model, at a height of 90mm (the eaves height of all of the models). The first and
second ports of each scanivalve ring were connected to the static and total tappings of the reference
pitot-static probe respectively.
The entire measurement process was computer controlled for each test run,with all of the pressure
tapping positions being measured and the results stored automatically. The measurements were first
corrected for the static pressure, then the total pressure was used in the calculation of pressure
coefficients for each position.
3.3 HYSCAN PRESSURE MEASUREMENTS

- VERTICAL TUBE MODELS

For the vertical tube models, a Scanivalve Hyscan instrument was used. The advantage of this
instrument is that it allows simultaneous pressure measurements to be made at up to 32 pressure
tappings and has two channels of measurement (so up to 64 tappings on models can be connected
to its transducers at any one time). It also records the N I time histories of the measurements, rather
than just mean pressures or coefficients. The vertical brass tubes on and around the model were
connected to the Hyscan instrument using small bore pvc tubes of all the same length.
All of the pressure transducers in the Hyscan instrument were calibrated against a digital
micromanometer on each day of their usage prior to running the experiments (the micromanometer
itself having been c brated against a transducer traceable to national standards).
The same conventional pitot-static probe was used as a reference to measure the tunnel static and
total pressures as for the surface tapped models. Normally it was placed in a fixed position 325mm
to the side of the centre of the turntable, level with the test model, at a height of 90mm (the eaves
height of all of the models). Once again the first and second ports of each Hyscan channel (either A
or B) were connected to the static and total tappings of the reference pitot-static probe respectively.
The exception was for the tests where the effect of arrays of buildings was investigated. In these
tests the reference pitot-static probe had to be repositioned as it would have been too close to the
other buildings placed on to the tunnel turntable. The probe was repositioned for the array
experiments so that it was away from the other buildings. Comparative measurements were made
for the two positions of reference probe so that a correction factor could be applied to the array
measurements to make them similar to the rest of the gathered data for the other models.

Data for the pressures measured at each vertical tube position was collected and stored
automatically for each wind direction. The model was then rotated to its next measurement position
of wind angle. Once the set of measurements was completed, the model was returned to its original
position (0°), the tube heights were set to their next position and the experiments were repeated.
Normally one half of each of the model roofs were pressure tapped. To gather data for the surface
pressures over the entire roof, a total of seven wind directions were investigated for each model
(180" in steps of 30") the rest of the directions being symmetrical. However, for some of the array
experiments and for the "L" shaped building, the experimental set-up was not symmetrical and the
full set of wind angles (360") was investigated.
The stored results were subsequently processed to provide both pressure coefficients and the
proportion of the measurements for which the pressures were positive. The proportion of positive
results being useful in indicating the propensity for flow reversal to occur in a flue situated in that
region of a building.

4

ANALYSIS OF RESULTS

4.1 SURFACE PRESSURE MEASUREMENTS
4.1 .l General

Analysis of the surface pressure measurements showed generally good agreement with other
published data, such as BS 6399 Part 2, Code of Practice for Wind Loads (1997), and the
Designers Guide to Wind Loading and Building Structures (1985). However, most of the published
surface pressure data are intended for use in the design of buildings, and so concentrate on the
short-term peak gust values. Whilst short-term pressure fluctuations can cause short-term flue flow
reversals, it has been found that these do not cause net flue-gas spillage, because any local spillage
is drawn back into the flue at the end of the reversal. For the assessment of flue performance it is
the longer time-averaged pressure fluctuations that are of more interest as these tend to establish
periods of flow reversal resulting in net flue gas spillage. In general, wind induced flow reversal is
more likely to occur where the flue terminal is in a region of positive wind pressure. Although, for
reversal to happen, the wind pressure must exceed the discharge pressure of the flue gas, which is
dependent on the thermal input of the appliance, the terminal and flue pipe design, the ambient
temperature, internal room pressure, etc. So, even though a flue might terminate in a region of
positive wind pressure, flow reversal will not necessarily occur.
The mean surface pressure data have been converted into pressure coefficients by normalising
against the mean wind dynamic pressure measured at eaves height. The data has then been analysed
for each model configuration to identify areas of roof where:

1) the surface pressure is always negative;
2) the surface pressure is generally negative;
3) the surface pressure can be largely positive for some wind directions.
The areas over which these pressure zones apply vary from model to model, and also depend on
wind direction. They are more fully explained in the relevant figures (17 - 19) and in Table 3.
This provides a guide to the locations on the roof for flue terminals that will minimise the
possibility of experiencing wind-induced flow reversals. It is likely that this will be conservative for
flue pipes that terminate above the roof surface because, in general, the likelihood of building
generated positive wind pressure reduces with distance from the roof surface. The size of the
various roof pressure zones have been normalised by the building plan dimensions and so can be
applied to most typical sized domestic dwellings.
The measurements made here were on a flat wind tunnel floor, ie similar to level ground conditions
with real dwellings. The presence of any gradients in terrain could easily affect pressure
distributions around buildings, but these were not modelled here. Similarly, the presence of nearby
buildings could also affect pressure distributions, some measurements were made to simulate these
effect in he experiments using arrays of models.
Diagrams showing the positions of the surface tappings on the models investigated are given in
Figures 13 to 16, while the data for the pressure coefficients for each individual tapping can be
found in the relevant Table in Annex 1 if required.

4.1.2 Flat Roof

The surface pressure coefficient plot for the flat roof is shown in Figure 17 with individual point
pressures included in Table 1 of Annex 1. The whole periphery of the roof is in a zone of highly
negative pressure with pressure coefficients ranging from -1.0 to over -2.0. It can be seen that the
size of the negative pressure zones are governed by the cross-wind dimension of the building and
have dimensions of 0.1L and 0. lB, where L and B are the length and breadth of the building
respectively. The pressures over the central region of the roof are generally negative, except for
winds blowing onto the narrow face where the flow tends to reattach towards the downwind end of
the roof. For this particular model building configuration, which has a length of 300mrn and
breadth of 135mm, approximately 45% of the roof surface is always in a negative pressure region.
4.1.3

30" Dual Pitch Roof

The surface pressure coefficient plot for the 30' dual pitch roof is shown in Figure 17, individual
point pressures are included in Table 1 of Annex 1. There are three zones where the pressures are
always negative on this roof; at both eaves and at the ridge. The eave zones are smaller than those
on the flat roof, being only 0.05L wide. The pressure coefficients in these eave zones vary from just
slightly below zero to -1.0. The negative zone at the ridge is 0.1L wide and has coefficients between
-0.2 and -1.3. The two gable zones are generally negative except for winds blowing onto the narrow
face, where, like the flat roof the flow tends to reattach. In the centre of each roof slope there are
zones where the pressure coefficients are positive for some wind directions. In general these
directions are 30' either side of normal to the ridge. The pressure coefficients in these zones range
from +O.4to -1.2.
4.1.4

45' Dual Pitch Roof

The surface pressure coefficient plot for the 45' dual pitch roof is shown in Figure 17, individual
point pressures are included in Table 1 of Annex 1. There are no zones on this roof where the wind
pressures are always negative. The pressure coefficients along the ridge line are generally negative
for most .wind directions and vary from +O. 1 to -1.3. The small positive pressures occur for wind
directions within about -c30° from normal to the ridge. The pressure coefficients on the roof areas
away from the ridge can be positive over quite large areas and can reach values of +O.9.
4.1.5

60' Dual Pitch Roof

The surface pressure coefficient plot for the 60' dual pitch roof is shown in Figure 17, individual
point pressures are included in Table 1 of Annex 1. As with the 45' pitch roof, there are no zones
where the wind pressure coefficients are always negative. The pressures over the whole windward
roof surface are entirely positive, including the ridge, for wind directions of +.30° and can reach
coefficients of +l .2. The pressures in the ridge zone can vary between +OS and -1.2.

4.1.6

Hip Roofed Model

The surface pressure coefficient plot for the 45' dual pitch hip roof is shown in Figure 18,
individual point pressures are included in Table 2 of Annex 1. The pressure distribution on this roof
is essentially similar to that on the 45" dual pitch roof although the pressures are slightly more
positive. There is no clearly defined eave zone on this roof. The pressure coefficients on the main
roof faces are within the range +l.1 to -1.0 and +0.6 to -1.1 on the hip faces. The pressures in the
ridge zone are generally negative, although they vary between +0.3 and -0.9, where the positive
values occur when the wind is blowing parallel to the ridge.
4.1.7 Flat Roof Extension to House with 4S0 Dual Pitched Roof

Single storey flat roof extensions are probably the most common form of extension to domestic
dwellings. In many cases these extensions house the central heating boiler and often the flue is sited
on the roof of these extensions. There is relatively little known about the pressure fields over the
roofs of these extensions or on appropriate criteria for flue siting. The measurements of surface
pressure from this study show that the roof pressure distribution tends to be generally uniform for
each wind direction, that is, there are no discrete zones of pressure as seen with the other models
tested. For winds blowing directly onto the flat roof extension, ie. wind directions of 60' either side
of O0 (0' +60°), the pressure over the whole roof is essentially positive (except for some individual
pressure taps alone the gable edge). At these directions the surface pressure coefficients can reach
values of +1.0. For winds blowing on to the gable ends, directions 90° and 270°, the surface
pressures are negative except at the downwind end where the flow tends to reattach, giving small
positive values. For all other wind directions where the extension is downwind the surface pressures
are always negative. Table 3 (below) summarises these results while Table 3 of Annex 1 gives a
full listing of the individual surface pressure measurements.
Table 3
Variation of surface pressures with wind direction on the flat roof extension

Wind direction
0°, 30°, 60'
90"
120" to 180'

4.1.7

Mean pressure coefficients
Generally positive up to +l .0, small negative zones at gable up to -0.5
Upwind end negative up to -1.1, downwind end positive up to +0.2
Always negative up to -1.1

L shaped Building with 30° Dual Pitched Roof

The surface pressure coefficient plot for the L shaped building with a 30' roof is shown in Figure
19. The full data set is given in Table 4 of Appendix 1. The pressure taps on this model were
concentrated at the intersection of the two roof sections: around the valley on the inside corner of
the L and the hip ridge on the outside corner of the L. The pressures further away from this
intersection will be similar to those on the 30" dual pitch roof. Unlike the 30° dual pitch roof where
the pressures along both eaves zones and both ridges zones were always negative, on the L-shaped
roof there were only two zones where the pressures were always negative; along the eaves on the
outside corner and along the ridge on the inside corner. The pressures along the ridge of the outside
corner were generally negative and ranged from +0.2 to -0.9. Along the eaves zone of the inside
corner the pressures tended to be more positive and ranged from +0.4 to -0.7. The pressures on the
main body of the roof can be positive from some wind directions and range from +0.5 to -0.9.

4.2 VERTICAL TUBE MODEL PRESSURE MEASUREMENTS

4.2.1 General

Measurements were made at four different heights (10, 16.5,25 and 33.3mm) above the roofs of
each of the single model buildings. For the tests on the arrays of buildings, measurements were
only made using the lOmm high vertical tubes on 45O dual pitch roof models. For each sampling
plane, pressure measurements were made simultaneously at all of the sampling tube positions, with
the time history of the pressure measurements recorded to show the fluctuations in pressure over
the measurement period. As stated earlier, the measurements obtained from the vertical tubes are
not true static pressures, neither are they intended as scaled simulations of real flues - the aim of
this part of the work was to measure positive pressure field distributions, not to try to model flue
performance. However, through the time histories recorded at each point, it was possible to analyse
the results to determine the proportion of the time that the end of each tube was subject to positive
pressure. This could then be used to indicate if a flue might be vulnerable to potential flow reversal
through being sited in a positive pressure field around a building.
The results are shown as contour plots, produced by a commercial graphics package. The
distributions of the percentage of positive pressure readings around and over the models are
normally shown for four wind directions only, the other directions are effectively available through
symmetry. For the non-symmetrical models (ie the L shaped building, all directions are shown).
4.2.2 Flat Roof Model

The contour plots showing the results of the measurements over the flat roof are shown in Figures
20 and 21 for the l Omm and 33mm vertical tubes respectively. For the flat roofed building with the
lOmm high vertical tubes, the percentage of positive pressures measured was found to be low over
nearly all of the roof area. Some higher positive pressure counts were found in areas upwind of the
building when the wind was end on to the model (90°).
For the model building with the 33mm high vertical tubes fitted, the resulting contour plot of
positive pressure percentage readings is similar to that for the lOmm high tubes. There are larger
areas of percentage positive pressure with 33mm tubes at the wind angle of 30°, and smaller areas
of percentage positive pressure at 90'. However, overall, the differences between the lOmm and
33mm high tubes measurements is small, indicating that, within the range tested, the effect of tube
height is not large for this model configuration.
4.2.3 30" Dual Pitch Roof Model

The contour plots showing the results of the measurements over the 30' dual pitch roof model are
shown in Figures 22 and 23 for the lOmm and 33mm vertical tubes respectively.
For the 30° roofed building with the lOmm high vertical tubes, the regions of highest positive
readings are always at the upwind edge on or around the building for any of the wind directions.
The highest percentage readings (60% to 80% positive) are close to the building edge. The region
around the ridge of the building is never in positive pressure.
For the model building with the 33mm high vertical tubes fitted, the resulting contour plot of
positive pressure percentage readings is very similar to that for the 10mmhigh tubes. The
percentage of positive readings is slightly lower for the 33mm high tubes, as would be intuitively
expected. However, overall, the differences between the lOmm and 33mm high tubes measurements
is small, indicating that, within the range tested, the effect of tube height is not large for this model
co guration.
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4.2.4 45" Dual Pitch Roof Model
The contour plots showing the results of the measurements over the 45" dual pitch roof model are
shown in Figures 24 and 25 for the lOmm and 33mm vertical tubes respectively.
For the 45" roofed building with the lOmm high vertical tubes, the regions of highest positive
readings are again always at the upwind edge on or around the building for any of the wind
directions. The highest percentage readings (large areas are 80% positive) are found when the wind
is mostly face on to the building ie at 0" or 30". With the wind at 0" the 80% positive readings area
extends over a large area of the roof. For wind directions other than 0" and 30" the region around
the ridge of the building is not normally in positive pressure. When the wind is face on to the
building (0" and 30") the percentage of positive pressures extends upwards towards the ridge.
For the model building with the 33mm high vertical tubes fitted, the resulting contour plot of
positive pressure percentage readings is very similar to that for the lOmm high tubes, especially at
the 0" and 30" wind angles. At 60" there is an increased positive area near to the ridge, about three
quarters of the way along the roof. It is possible that the air flow at this skewed angle generates a
trailing vortex from the pitch of the roof and the 33mm tubes are either tall enough to reach into a
positive pressure region or the wind flow is downwards on to the end of the tube at this point.
However, overall, the differences between the lOmm and 33mm high tubes measurements is small,
indicating that, within the range tested, the effect of tube height is not large for this model
configuration.

4.2.5 60" Dual Pitch Roof Model
The contour plots showing the results of the measurements over the 60" dual pitch roof model are
shown in Figures 26 and 27 for the lOmm and 33mm vertical tubes respectively.
For the 60" roofed building with the lOmm high vertical tubes, the regions of highest positive
readings are again always at the upwind edge on or around the building for any of the wind
directions. However, for this model the extent of the positive pressure regions is much larger than
for the less angled roofs, with positive pressures extending over most of the roof areas for all of the
wind directions. The highest percentage readings (some areas are 100% positive) are again found
when the wind is mostly face on to the building ie at 0" or 30°, although some do occur at the gable
end of the building with the wind at 90". With the wind at 0" the positive readings in excess of 80%
cover nearly all of the upwind roof area. At these two angles the ridge area is also very often in
positive pressure. For the wind directions of 60" and 90" the region around the ridge of the building
is not normally in positive pressure.
The full-scale equivalent height of the lOmm tubes would equate to a 600mm high flue, which is
not currently permitted in BS 5440 Part 1 (1990) for a building with a roof in excess of 45".
However, it is still useful to have the data for the lOmm high tubes for this model to compare with
the other data.
For the model building with the 33mm high vertical tubes fitted, the resulting contour plot of
positive pressure percentage readings is very similar to that for the lOmm high tubes. The
percentage of positive readings is slightly lower for the 33mm high tubes, as would be intuitively
expected. However, overall, the differences between the lOmm and 33mm high tubes measurements
is small, indicating that, within the range tested, the effect of tube height is again not large for this
model co guration.

4.2.6 Hip Roofed Model

The contour plots showing the results of the measurements over the hip roof model are shown in
Figures 28 and 29 for the lOmm and 33mm vertical tubes respectively.
The results for the hip roofed model are broadly similar to those for the plain 45O model which it
closely resembles. For the hip roofed building with the lOmm high vertical tubes, the regions of
highest positive readings are again always at the upwind edge on or around the building for any of
the wind directions. The highest percentage of positive readings (quite large areas are 6040%
positive) are found when the wind is mostly face on to the building ie at O0 or 30°. With the wind at
0" the 6040% positive readings area extends over a large area of the upwind facing roof, but not
over the hipped end. Large positive percentage readings, of the order 6040% are found on the
hipped end of the building when the wind is from the 60" and 90' directions. The main ridge of the
roof is not normally in positive pressure.
For the model building with the 33mm high vertical tubes fitted, the resulting contour plot of
positive pressure percentage readings is very similar to that for the lOmm high tubes. The
percentage of positive readings is slightly lower for the 33mm high tubes, as would be intuitively
expected. However, overall, the differences between the lOmm and 33mm high tubes measurements
is small, indicating that, within the range tested, the effect of tube height is again not large for this
model configuration.
4.2.7 Flat Roof Extension to House with 45" Dual Pitched Roof Model

The contour plots showing the results of the measurements over the model of the Flat Roof
Extension to a House with 45' Dual Pitched Roof are shown in Figures 30a-b and 3 1a-b for the
lOmm and 33mm vertical tubes respectively. For the lOmm high vertical tubes, with the extension
sited at the windward side of the house (0° and 30') it can be seen that nearly all of the roof area is
in positive pressure, often for 80-100% of the time. This would indicate that flues terminating
anywhere in this area would be potentially vulnerable to wind induced flow reversal. Winds from
the 60' direction show a quite high level of positive percentage readings at the upwind edge of the
extension. For all other directions the positive pressure regions are small.
For the model building with the 33mm high vertical tubes fitted, the resulting contour plots of
positive pressure percentage readings are very similar to those for the lOrnrn high tubes. The
percentage of positive readings is slightly lower for the 33mm high tubes, as would be intuitively
expected. However, overall, the differences between the lOmm and 33mm high tubes measurements
is small, indicating that, within the range tested, the effect of tube height is again not large for this
model configuration.
4.2.8 L Shaped Building with 30" Dual Pitched Roof Model

The contour plots showing the results of the measurements over the L Shaped Building with a 30°
Dual Pitched Roof are shown in Figures 32a-c and 33a-c for the 10mm and 33mm vertical tubes
respectively. For the 10mmhigh vertical tubes it can be seen that the pattern of distribution of
positive pressures is more varied for this building than for some of the preceding simpler shapes.
Positive pressure regions are usually found at the immediate upwind edge of the building, and are
typically 40-80% positive. Other regions of positive pressure appear above the building, reflecting
the more complicated nature of the flow above this particular model. For example, there is often a
positive pressure region found in the roof "valley where the buildings join. This positive pressure
region appears for a number of different wind directions. Lilly and Williams (1996) reported a
similar distribution of positive pressures in this type of building region, although their results were
from computational fluid dynamics models.
yy
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Most of the ridge areas of the L Shaped building are rarely exposed to positive pressures.
For the model building with the 33mm high vertical tubes fitted, the resulting contour plots of
positive pressure percentage readings are again very similar to those for the lOmm high tubes for
the wind angles O0 to 90° and 240° to 330°. However, for the wind angles of 120° to 210" there are
some differences visible between the plots for the lOmm and 33mm vertical tubes. These
differences mainly occur on the roof faces downwind of the ridge and could be the result of the
higher tubes being contacted by the descending wind shear layer resulting from a separation bubble
formed over the upwind part of the building and the ridge.

4.2.9 Arrays of Buildings - Arrangement # l
The contour plots showing the results of the measurements over the first array of buildings are
shown in Figures 34a-b for the lOmrn vertical tubes. Array 1 had a spacing of one building height
between the terraces, with the model containing the pressure measuring vertical tubes positioned as
part of one of the outer rows of buildings (see Figure 8a).
The plots for the first three wind angles (0°, 30° and 60") show large areas of positive pressure
readings over the upwind section of roof. The plots for O0 and 30" are quite similar to those for the
free standing model building (Figure 24), except that the positive pressure regions extend further
across the upwind edge of the model when it is in the middle of a terrace, as would be expected.
At the 90' angle the positive pressure readings for the model within the array are distributed
unevenly across the whole model roof, but are not, in general, of excessively high value. For the
free-standing model at 90° there are no positive readings apart from at the gable end. This reflects
the more complex flow with the array of models arising from the flow over the upwind buildings.
For the remaining wind angles for Array 1 (120°, 150" and 180°) the percentage of positive
readings found were again distributed unevenly across the whole model roof, but were not, in
general, of excessively high value. Most of the positive readings were found on the upwind facing
roof sections, but the distributions indicate the complex wind patterns generated from the flow over
the upwind buildings.

-

4.2.10 Arrays of Buildings Arrangement #2
The contour plots showing the results of the measurements over the second array of buildings are
shown in Figures 35a-b for the lOmm vertical tubes. Array 2 had a spacing of one building height
between the terraces, with the model containing the pressure measuring vertical tubes positioned
within the centre row (see Figure 8b).
For all of the measured wind angles for h a y 2, the percentage of positive readings found were
distributed unevenly across the whole model roof, but were not, in general, of excessively high
value. The arrangement of the buildings within this array meant that the test model was always
affected by upwind buildings, as indicated by the resulting distributions of positive readings that
help to show the complex wind patterns generated from the flow over the upwind buildings.

4.2.1 1 Arrays of Buildings

- Arrangement #3

The contour plots showing the results of the measurements over the third array of buildings are
shown in Figures 36a-b for the lOmm vertical tubes. Array 3 had a spacing of two building height
between the terraces, with the model containing the pressure measuring vertical tubes positioned as
part of one of the outer rows of buildings (see Figure 8a).
The results are very similar to those from the tests on Array 2, which had a separation of only one
building height, but which also had the test model at the centre of the array. For all of the measured
wind angles for Array 3, the percentage of positive readings found were distributed unevenly across
the whole model roof, but were not, in general, of excessively high value although some small areas
showed -80% positive readings. The arrangement of the buildings within this array meant that the
test model was always affected by upwind buildings, as indicated by the resulting distributions of
positive readings that help to show the complex wind patterns generated from the flow over the
upwind buildings.
4.2.12 Arrays of Buildings

- Arrangement #4

The contour plots showing the results of the measurements over the fourth array of buildings are
shown in Figures 37a-b for the 10mm vertical tubes. Array 4 had a spacing of two building heights
between the terraces, with the model containing the pressure measuring vertical tubes positioned
within the centre row (see Figure 8d).
The results were quite similar to those from the tests on Array 1, which had a separation of only
one building height, but which also had the test model within one of the outer rows of the array. The
plots for the first three wind angles (0°, 30° and 60') again showed large areas of positive pressure
readings over the upwind section of roof, but this time there were also smaller areas of positive
pressure on the downwind side of the roof as well. The plots for 0" and 30° were once more quite
similar to those found for the free standing model building (Figure 24), except that the positive
pressure regions extended further across the upwind edge of the model when it was in the middle of
a terrace, as would be expected.
At the 90' angle the positive pressure readings for the model within the array were distributed
unevenly across the whole model roof, but were not, in general, of excessively high value although a
few small areas reached 60% positive. For the free-standing model at 90° there were no positive
readings apart from at the gable end. Once more this reflects the more complex wind patterns which
result with the array of models arising from the flow over the upwind buildings.
For the wind angles of 120' and 150° most of the positive readings were found on the upwind
facing roof sections, with some of the areas showing levels of positive readings up to 80%. With
the wind at180° the percentage of positive readings found were distributed fairly unevenly across
the whole model roof, but were not of excessively high value, with most of the positive readings
being found on the upwind facing roof section. These distributions again reflect the complex wind
patterns generated from the flow over the upwind buildings.

4.2.13 Arrays of Buildings

- Arrangement #5

The contour plots showing the results of the measurements over the fifth array of buildings are
shown in Figures 38a-b for the lOmm vertical tubes. Array 5 had only two terraces of model
buildings with a spacing of one building height (of the normal building) between them. One of the
terraces was at the normal height and contained the model fitted with the vertical tubes at its centre.
The other terrace was at a height equivalent to two of the normal building heights (see Figure 8e).
For Array 5 the effect of the taller terrace was very pronounced. When the taller building was
downstream, nearly all of the test model roof was found to have a high percentage of positive
pressure readings. At O0 most of the roof area showed around 80% positive pressure readings, with
similar, but slightly lower results with the wind at 30°. This shows that the taller building caused a
large positive pressure field to form which then extended forwards over the lower terrace and test
model.
At wind angles of 60' and 90° the percentage of positive readings dropped, but was still higher
than for the free-standing model building alone (Figure 24). At 120° there was a further reduction
in the positive pressure region, with it being confined to the downwind roof face. At angles of 150"
and 180" the roof of the smaller terrace was under negative pressure, indicating that it was now
within the wake of the taller terrace. A fuller description of this phenomenon is described by Perera
et al(1993).
These results represent the fmdings from only one combination of different building heights and
separations, whereas in reality the number of possible permutations is almost limitless. The work of
de Gids and den Ouden (1974) investigated more of these possible combinations and showed that
sometimes, with the smaller building downwind of the tall building, the descending separated airflow could re-attach on to the smaller building. Such effects were strongly dependent on the ratio of
the heights of the respective buildings and the separation between them. The work of Lilly and
Williams (1996) also indicated similar effects from adjacent high-rise buildings
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DISCUSSION

Most of the published surface pressure data currently available are intended for use in the design of
buildings, and so concentrate on the short-term peak gust values. Whilst short-term pressure
fluctuations can cause short-term flue flow reversals, it has been found that these do not cause net
flue-gas spillage, because any local spillage is drawn back into the flue at the end of the reversal. In
assessing likely flue performance, it is the longer time-averaged pressure fluctuations that are of
more interest, as these tend to establish periods of flow reversal resulting in net flue gas spillage.
Wind induced flow reversal is more likely to occur where the flue terminal is in a region of positive
wind pressure. Although, for reversal to happen, the wind pressure must exceed the discharge
pressure of the flue gas, which is dependent on many parameters, including: the thermal input of the
appliance, the terminal and flue pipe design, the ambient temperature, internal room pressure, flue
height, available room ventilation etc. So, even though a flue might terminate in a region of positive
wind pressure, flow reversal will not necessarily occur.
5.1 SURFACE PRESSURE MEASUREMENTS

Conventional surface tapped models of a number of building configurations were used in the
measurements reported here to determine surface pressure distributions and wind loading forces.
The measurements made showed the level and nature of the force induced by the wind ie whether
the roof was under positive pressure or negative pressure (suction). The mean surface pressure data
were converted into pressure coefficients by normalising against the mean wind dynamic pressure
measured at eaves height. Analysis of the surface pressure measurements showed generally good
agreement with other published data, such as BS 6399 Part 2, Code of Practice for Wind Loads
(1997), and the Designers Guide to Wind Loading and Building Structures (1985).
The aim was to provide a guide to the locations on the roof for flue terminals that would minimise
the possibility of experiencing wind-induced flow reversals. It is likely that this will be conservative
for flue pipes that terminate above the roof surface because, in general, the likelihood of building
generated positive wind pressure reduces with distance from the roof surface. The size of the
various roof pressure zones were normalised by the building plan dimensions so that they could be
applied to most typical sized domestic dwellings.
The results from the surface tapped models are summarised in Figures 17 to 19, and Table 3.
The amount of roof area under positive pressure and the magnitude of that pressure, increased with
increasing model roof pitch angle, at the tested angles of 0°, 30°, 45' and 60". The hip roof model
gave similar results to the plain 45' roof model, but with lower pressures around the hipped ends.
The L shaped roof model showed positive pressures on the roof faces for some wind directions, but
was generally negative around the eaves and ridge.
The flat roof extension showed quite large positive pressures over most of its roof area, over a wind
arc covering around 120'.

The measurements obtained from the vertical tubes were not true static pressures, neither were they
scaled simulations of real flues (as they did not have suitably scaled terminals fitted to them).
However, through the time histories recorded for each measuring station, it was possible to
determine the proportion of the time that the end of each tube was subject to positive pressure.
When the buildings are in close proximity to taller buildings the differential pressure differences
between the roof locations and those on the walls are the most relevant, in such instances any
positive time histories cannot be taken by themselves to indicate potential flow reversal
vulnerability. For buildings in isolation, this was used to give an indication of when the flue would
be vulnerable to a positive pressure field around the building that could lead to potential flow
reversal in the flue.

5.2.1 Effect of Vertical Tube Height
Measurements were made at 4 tube heights of 33.3,25, 16.7 and lOmm above the model building
roof level (the lOmm tube heights equating to the current minimum permitted discharge height of
600mm above the eaves). The objective was to show any potential beneficial effect of raising the
flue terminal height. Since once the flue height reached a level where it meets the free stream or
separated wind flow over the house, a negative pressure will be induced at the top of the pipe,
which will then help to drive the flue normally.
The results from these experiments indicate that, for the range of tube heights tested here, there is
little to be gained from raising flue heights from lOmm to 33mm (600mm to 2m equivalent full
scale). The percentage positive pressures measured over all of the model configurations tested
showed little variation with tube height. Obviously if the tube heights were raised until they reached
the free-stream there would be an improvement, but this could well lead to flue heights that are both
impractical, in terms of the extra support that would be required, and unsightly.

5.2.2 Comparison with Findings from Other Work
These findings show similarities with the work of de Gids and den Ouden (1974) who showed that
quite large positive pressure fields could be found upwind around the eaves of buildings. Their
work in wind tunnels showed that flues terminating in these regions may have to be extremely tall
to escape the positive pressure region. Similarly, the work of Lilly and Williams (1996), using CFD
modelling, showed that positive pressure fields could extend to quite substantial heights at the
upwind face of buildings.
Further agreement with these findings comes from another part of this current overall work
programme involving the use of a natural draught, open-flued boilers installed in full-scale test
houses (to be published as Upton et al(1999)). Measurements obtained from the test houses have
shown that raising the terminal height from 600mm to 2m has little effect in reducing measured
wind induced flue flow reversals.
This may be seen as contradicting much European experience, where increasing flue height has
reduced flue flow reversals. The investigations reported here refer specifically to the positive
pressure regions determined, rather than to flue flow reversals. However, it is worthwhile noting
that flue reversals did occur in the full scale test house measurements conducted within another part
of this programme (Upton et al(1999)), even when the flue height was increased from 600mm to
2m.

5.3 PROBLEM BUILDING CONFIGURATIONS
5.3.1 Increasing Roof Pitch Angles
Increasing the angle of the pitch of the model roofs from O0 to 60' leads progressively to larger
positive pressures covering greater areas of the roof, particularly on the windward side of the model
buildings.
Current flue installation guidance given in BS5440 states that flues should terminate at the
following minimum heights above the rooflflue intersection:
250mm for a flat roof without a parapet or other structure;
600mm for pitch roofs not exceeding 45"
l m for pitch roofs exceeding 45O.
The findings Erom the model measurements made here indicate that the effect of the flue height,
especially around the eaves of buildings is not great. Increasing tube heights on the models from
full-scale equivalent heights of 600mm to 2m made little overall difference to the positive pressure
fields measured. This is probably due to the large size of the positive pressure fields which can
form in front of buildings, and shown by other work by Lilly and Williams (1996) and De Gids and
den Ouden (1974).
Current building trends for general housing are for lower roof pitch angles, as this primarily saves
on material costs, however, the higher roof pitch angles are still employed both in existing and new
houses. Therefore, for buildings with roof pitch angles of 45' or greater, the installation of openflued, natural draft appliances with flues terminating around eaves level should be carefully
reviewed.
5.3.2 Flat Roof Extensions
Flat roof extensions to existing houses are very common, especially through the modernisation of
older housing stock. Such extensions are frequently used for kitchen and bathrooms and therefore
obvious sites for boiler installation. As such they must be one of the chief areas of concern for
guidance on safe flue installation. The measurements reported here, both from the surface tapped
and vertical tube models, indicate that open-flued, natural draft appliances installed to flat roof
extensions could be highly vulnerable to flue flow reversal. Currently, BS5440 (1990) states that a
on a flat roof a flue has only to be 250mm high if it is greater than 10 flue heights from any nearby
structure, otherwise it should be 600mm high. The current work used tubes simulating 600mm high
flues, and showed that this height was insufficient to avoid potential problems of flue flow reversal,
although we have to be aware that it is differential pressures between the flue outlet and the rest of
the building that determines potential flue flow reversals. However, increasing the flue height to 2m
was also shown to be insufficient to overcome these potential problems. Therefore, the installation
of open-flued, natural draft appliances within flat roofed extensions attached to existing taller
buildings should be carefully reviewed.
5.3.3 L Shaped Buildings
Most of the ridge areas of the L Shaped building are rarely exposed to positive pressures.
Positive pressure regions are usually found at the immediate upwind edges of the building, as with
the standard 30° building. The use of taller flues again shows generally little potential benefit for
this building configuration.

Regions of positive pressure were found in other areas of the building, reflecting the complicated
nature of the airflow around and above this particular model. For example, there was often a
positive pressure region found around the roof "valley" where the buildings join, indicating that
guidance is probably required to avoid the installation of open-flued, natural draft appliances with
flues which might terminate in this or similar areas.

-

5.3.4 The Effect of Adjacent Buildings Buildings of Similar Heights
Four of the five arrays of buildings investigated used additional buildings of the same height (H) as
that of the model fitted with the vertical tubes for measuring pressures. Measurements were made
with separations between the buildings of both H and 2H. For these arrays the distribution of
positive pressure regions (Figs 34-37) was strongly affected by the presence of any upwind
buildings. Where no buildings were present upwind (for certain wind angles, and when the test
model was sited within the (first) upwind row of buildings) the positive pressure distributions were
similar to those found for the free-standing building alone. When the test model had buildings
immediately upwind (depending on the wind angle and array type), the distribution of positive
pressures was often very complicated, reflecting the highly disturbed nature of the airflow over the
array. However, although there were regions of positive pressure present in these situations, they
were generally small both in terms of area and in the percentage of readings that were positive.
These findings are similar to those reported by Hall et al(1999) who investigated the both pressure
and pollutant concentration around different types of urban building array.

-

5.3.5 The Effect of Adjacent Buildings Buildings of Different Heights
The final array investigated used only two rows of models with a separation of one building height
(H) of the standard sized models. However, this time the "dummy" row (ie not containing the test
model) had a building height twice that of the normal test models (2H). For test wind angles where
the taller buildings were downwind of the test model (in particular at 0' and 30° - see Figure 38)
the whole of the test model roof was in strong positive pressure.
Obviously these results represent the findings from only one combination of different building
heights and separations, whereas in reality the number of possible permutations is almost limitless.
The work of de Gids and den Ouden (1974) investigated more of these possible combinations.
Their work showed the effect of the taller buildings was strongly dependent on the ratio of the
heights of the respective buildings and the separation between them. They also showed that the
smaller building was often most strongly affected at certain distances downwind of the taller
building. In such cases any flues on the downwind building could become vulnerable to flue flow
reversal. The work of Lilly and Williams (1996) also showed similar effects to these, from the close
proximity of high-rise buildings.
It is clear that more investigation into the combination of building heights and separations would be
beneficial in understanding the airflow characteristics and potential vulnerable co gurations.

5.4 SUMMARY OF THE EFFECTS OF ADJACENT BUILDINGS
The results of the measurements on the model arrays show that there are two main building
configurations that can lead to the development of large areas of positive pressure, which could lead
to subsequent flow reversal for flues terminating in those regions. The first vulnerable group
consists of buildings that have an undisturbed wind fetch immediately upwind, this could be the
case for single, isolated buildings or for buildings at the edge of housing estates. The second
vulnerable group contains any building that is sited close to larger buildings or similar obstructions
such as banks, hills etc.

6 CONCLUSIONS
Measurements have been made of the pressure distributions on and over a number of different
model building configurations in the BRE environmental wind tunnel.
The work formed a part of a larger programme investigating the performance of the flues of natural
draught, open-flued domestic boilers. It arose from the increasing efficiency of gas boilers, which
has in turn led to much weaker flows up the flues, making them more susceptible to wind induced
flue flow reversal. The aim of this part of the work was to identify building configurations that
might be vulnerable to potential flue flow reversal due to the formation of positive pressure fields
around and over the building.
The results show that, under certain wind conditions, the flues installed on many common building
forms will be subjected to large positive pressure fields, which could be sufficient to cause flue flow
reversal. The building forms identified here as being most at risk are single storey flat roof
extensions, "L" shaped buildings and other roofs with pitch angles of 45' or greater. The findings
from this measurement programme indicate that, in general, and particularly for terminations
around the building eaves, that increasing flue height (even up to heights of 2m above the eaves)
will probably not reduce the propensity for potential flue flow reversals to occur.
The practice of installing open flued, natural draft appliances with flues terminating around eaves
level should be carefully reviewed, especially for buildings with steeper roof pitch angles (probably
of greater than 30°),and on any flat roof extensions to existing buildings. Other co gurations that
should be reviewed include "L" shaped buildings (or any similar building where there is a "crook"
in the building or roof valley present). A possible consideration is that, for vulnerable building
types, such appliances might only be permitted to have flues that terminate at ridge level, where the
local roof pressure is expected to be negative (although ridge terminations were not considered as
part of this study, so this assumption requires further validation), with terminations around eaves
level requiring fan assisted systems to be installed.
Nearby taller buildings and other obstructions close to the test building can also lead to potential
problems of flue flow reversal. It should be emphasised that this wind tunnel study addressed an
agreed sample of building types and layout configurations considered to be most typical of the UK
housing stock. However, a better understanding of the combination of building heights and
separations in any future extended study would be able to provide more generalised guidance.
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Table 2
Mean and Gust Pressure Coefficients for Hip Roof Model
S c a n i v a l v e Ring F i l e :
Title:
Subtitle:
Length s c a l e :
Velocity scale:
Time scale:
N d e r cf r i n g s :

Tap

h i p . PRT
H i p roof model

60.0
1.00
60.00
4

Mean P r e s s u r e

Gust Pressure (Ca = 1.0)

Azimuth Angle =

0.0

Annex 1
Table 2 (cont)
Mean + Gust Pressure Coefficients for Hip Roof Model

Azimuth Angle =

330.0

Annex 1
Table 2 (cont)
Mean + Gust Pressure Coefficients for Hip Roof Model

Azimuth Angle =

300.0

Annex 1
Table 2 (cont)
Mean + Gust Pressure Coefficients for Hip Roof Model

Azimuth A n g l e =

Annex 1
Table 2 (cont)
Mean + Gust Pressure Coefficients for Hip Roof Model

Azimuth Angle =
-2.85
-2.86
-2.89
-3.27
-2.75
-2.7 9
-2.56
-2.38
-2.29
-3.34

240.0

Annex 1
Table 2 (cont)
Mean + Gust Pressure Coefficients for Hip Roof Model

Azimuth Angle =

210.0

Annex 1
Table 2 (cont)
Mean + Gust Pressure Coefficients for Hip Roof Model

1.00
-0.64
-0.59
-0.59
-0.58
-0. 56

Azimuth Angle =
- 2.77
- 2.47
- 2 . 50

-3.03
-3.29

180.0
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Table2(cont)
Mean + Gust Pressure Coefficients for Hip Roof Model

Azimuth Angle =

150.0
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Table 2 (cont)
Mean + Gust Pressure Coefficients for Hip Roof Model

Annex 1
Table 2 (cont)
Mean + Gust Pressure Coefficients for Hip Roof Model

Azimuzh Angle =

120.0

Annex 1
Table 2 (cont)
Mean + Gust Pressure Coefficients for Hip Roof Model

Azimuzn Angle =

90.0
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Table 2 (cont)
Mean + Gust Pressure Coefficients for Hip Roof Model

Azimuth Angle =

60.0
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Table 2 (cont)
Mean + Gust Pressure Coefficients for Hip Roof Model

Azimuth Angle =

30.0
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Table 2 (cont)
Mean + Gust Pressure Coefficients for Hip Roof Model
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Table 3 (cont)
Mean + Gust Pressure Coefficients for Flat Roof Extension Model

Azimuth Angle =

330.0
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Table 3 (cont)
Mean + Gust Pressure Coefficients for Flat Roof Extension Model

Azimuth Angle =

300.0
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Table 3 (cont)
Mean + Gust Pressure Coefficients for Flat Roof Extension Model

Azimuth Angle =

270.0
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Table 3 (cont)
Mean + Gust Pressure Coefficients for Flat Roof Extension Model

Azimuth Angle =

Azimuth Angle =

240.0

210.0
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Table 3 (cont)
Mean + Gust Pressure Coefficients for Flat Roof Extension Model

Azimuth Angle =

180.0
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Table 3 (cont)
Mean + Gust Pressure Coefficients for Flat Roof Extension Model

Azimuth Angle =

150.0

Annex 1
Table 3 (cont)
Mean + Gust Pressure Coefficients for Flat Roof Extension Model

Azimuth Angle =

120.0
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Table 3 (cont)
Mean + Gust Pressure Coefficients for Flat Roof Extension Model

Azimuth Angle =

90.0
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Table 3 (cont)
Mean + Gust Pressure Coefficients for Flat Roof Extension Model

Azimuth Angle =

60.0
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Table 3 (cont)
Mean + Gust Pressure Coefficients for Flat Roof Extension Model

1.30
1.04
0.90
0.93
-9.85
C). 82
-1.02
-1.30
1.35
1-25
i.39
1.18
1.02
0.91
-1.00
-1.03
-1.15
1.57
1.50
1-42
1.24
1.22
0.98
0.75
-0.84
-1.44
1.77
1.74
1.44
1.64
1.57
1.16
0.97
-0.80

Azimuzh Angle =
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Table 3 (cant)
Mean + Gust Pressure Coefficients for Flat Roof Extension Model
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Table 4
Mean + Gust Pressure Coefficients for L Shaped Model

Scanivalve Ring File:
Title:
Subtitle:
Length scale:
Velocity scale:
Time scale:
Number of rings:

Tap

flat.PRT
lshape
60.0
1.00
60.00
4

Mean Pressure

Gust Pressure (Ca = 1.0)
Azimuth Angle =

0.0

Annex 1
Table 4 (cont)
Mean + Gust Pressure Coefficients for L Shaped Model

Azimuth Angle =

330.0

Annex 1
Table 4 (cont)
Mean + Gust Pressure Coefficients for L Shaped Model

Azimuth Angle =

300.0

Annex 1
Table 4 (cont)
Mean + Gust Pressure Coefficients for L Shaped Model

Annex 1
Table 4 (cont)
Mean + Gust Pressure Coefficients for L Shaped Model

Azimuth Angle =

270.0

Annex 1
Table 4 (cont)
Mean + Gust Pressure Coefficients for L Shaped Model

Azimuth Angle =

240.0

Annex 1
Table 4 (cont)
Mean + Gust Pressure Coefficients for L Shaped Model

Azimuth Angle = 210.0

Annex. 1
Table 4 (cont)
Mean + Gust Pressure Coefficients for L Shaped Model

Annex 1
Table 4 (cont)
Mean + Gust Pressure Coeicients for L Shaped Model

Azimuth Angle =

180.0

Annex 1
Table 4 (cont)
Mean + Gust Pressure Coefficients for L Shaped Model

Azimuth Angle =

150.0

Annex 1
Table 4 (cont)
Mean + Gust Pressure Coefficients for L Shaped Model

Azimuth Angle =

120

Annex 1
Table 4 (cont)
Mean + Gust Pressure Coefficients for L Shaped Model

Annex 1
Table 4 (cont)
Mean + Gust Pressure Coefficients for L Shaped Model

Azimuth Angle =

90.0

Annex 1 . Table 4 (cont)
Mean + Gust Pressure Coefficients for L Shaped Model

Azimuth Angle =

60.0

Annex 1
Table 4 (cont)
Mean + Gust Pressure Coefficients for L Shaped Model

Azimuth Angle =

30.0

Annex 1
Table 4 (cont)
Mean + Gust Pressure Coefficients for L Shaped Model
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Mean + Gust Pressure Coefficients for L Shaped Model
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