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OVERALL OBJECTIVE OF RESEARCH

To troaden the area of knowledge of natural ventilation to
include types of buildings other than dwellings. In particular,
large and more complex (e.g. multicellular) buildings such as
offices.

SUMMARY

In this programme of work, methodologies for determining
infiltration rates of large and complex buildings have been
established. Solutions to this, hitherto, intractable problem
nave been obtained wusing a combination of theoretical and
experimental studies.

Theoretical considerations suggested that comprehensive
information regarding interzonal air movements might be obtained
from experimental techniques using multiple tracer gases. Field
measurements to determine interzonal flows were carried out in
office buildings using automated measurement systems developed
for this purpose.

It was recognised that, in most circumstances, simpler
techniques, which would give less comprehensive but nevertheless
useful information, were needed. Such a simplified technique
has been developed. Theoretical and experimental work showed
that, with this technique, it is probably sufficient to seed
part of a complex bulilding with a single tracer gas in order to
measure the overall infiltration rate to a good approximation.

Prediction models have also been used ¢to determine the
effectiveneas of draughtstripping windows on the energy
consumption of an office building. The predicted infiltration
rates compared well with measured values. Energy calculations
showed that, for +this particular building, draughtstripping
windows has reduced by 21% the seasonal gas consumption.
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CHAPTER 1

INTRODUCTION

i+ PROBLEM OF DETERMINING INFILTRATION RATES 1IN LARGE AND
COMPLEX BUILDINGS

Despite the fact that the majority of buildings, whether for
commercial, public or domestic use, are naturally ventilated,
infiltration and natural ventilation are among the least well
understood aspects of building design. The need to conserve
energy hes provided the stimulus to reduce levels of fresh air
supply to the minimum necessary to ensure health, safety and
comfort. This has led to the demand by designers and building
users for data on ventilation rates in existing buildings, for
the development of methode for assessing the effects of remedial
measures 1in over-ventilated buildings and for improved methods
for predicting natural ventilation rates.

Research effort has consequently concentrated on three main
areas:

-~ The development of experimental techniques for
measuring ventilation rates and leakage characteristics
of buildings.

- Construction of computer-based simulation models.

- The collection of experimental data on ventilation
rates and associated independent variables.

By far the greater part of this effort has, however, been
concentrated on dwellings to the exclusion of larger and more
complex buildings, such as offices. This had lead to a dearth
of experimental data on natural ventilation and infiltration
rates on such builldings. Investigations 1in +these had Dbeen
deterred by problems of s8cale and 1lack of appropriate
measurement techmiques.

The most widely used conventional technique is to disperse a
tracer gas throughout a building and then measure the rate at
which the concentration of the tracer decays. Two conditions
are, however, required to be satisfied before the decay rate
from any measurement is judged to be a valid representation of
the ventilation rate of the building, i.e.,

- the tracer has t¢ be initially dispersed uniformly
throughout the building and,

-~ there must be perfect mixing of tracer and internal air
during the whole of the measuring period. !
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These conditionse <can be fully satisfied in mechanically
ventilated single-celled buildings. Departures from these
conditions occur as,

- the building becomes multicelled,
- the building becomes large in size, and
- the building becomes naturally ventilated.
The problems of using the conventional tracer technique, and the

deviation of the decay rate from representing the ventilation
rate, increase in the following order:

Problems/departures Building Ventilatiocn
""""""""""""" size  Complexity
least ;;;11 ;;;;;;:;;11 mechanical
large single-cell mechanical

small multicell mechanical

small single-cell natural

v large single-cell natural

nost large multicell natural

In buildings which are mechanically ventilated, the air handling
unit can be used to disperse the tracer to a wuniform
concentration throughout the building and then, subsequently, to
keep the tracer well mixed during measurements.

In small, naturally ventilated buildings (such as dwellings),
portable mixing fans can be used to disperse and mix the tracer
gas. This approach becomes impractical, if not imposeibdble, for
logistic reasons when measurements of &a s8imilar nature are
required in large, multicelled, naturally ventilated Dbuildings
like offices.

The difficulties of carrying out s8ingle +tracer gas 1n s8uch
buildinge are therefore significantly greater than those in
dwellings. Thie perhape explains the dearth of reported
measuremente in the litsrature.



2. OBJECTIVES OF THE PRESENT PROGRAMME OF WORK

The overall objective of this work was to broaden the area of
knowledge of natural ventilation to include types of buildings
other than dwellings, in particular, large, complex,
multicellular buildings such as offices.

As steps in achieving this, the following subsidiary objectives
were identified:

- The development and validation of appropriate
measurement techniques.

- The wuese of these to obtain results in typical
buildings.

- The application of results in the context of energy use
in buildings, including the determination of +the
effectiveness of ameliorative measures.

3. POSSIBLE BENEFITS

In 1980, the heating and lighting of public administration and
commercial buildings accounted for 15% of the total primary
energy consumption of the United Kingdom, at a cost of &£3,320M
[1]. Over a quarter of this may be attributed to ventilation
and infiltration emphasising the need for better control of
ventilation and for the reduction of infiltration.

This is further i1llustrated by a report [2] dealing with a
programme of retrofit measures in Government office buildings.
Although a s8ignificant reduction in annual fuel <costs was
achieved over the programme as a whole, particular difficulty
was found in reducing consumption in a number o¢f high energy
using Dbuildings. A common feature of these was that occupants
judged them to be generally cold and draughty, suggesting
excessive ventilation and infiltration. Subsequent calculations
for a typical bullding indicated that a reduction in ventilation
rate from % te 1 air changes per hour (ach) could reduce energy
consumption by 17% and heating plant operating time by 18%. A
field +trial undertaken on a large office building in London
demonstrated a reduction of 22% in energy <consumption by
improving the tightness of windows by weather-stripping.
However, the cost-effectiveness of measures such as this can
cnly be assessod 1if methods are available for determining
existing infiltration and ventilation rates in suchk buildings.
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4. PROGRAMME OF WORK

In order to achieve the objectives satated in Section 2 above,
the work programme was arranged in four overlapping stages.

Stage 1 Carry out a review and feasibility study of techniques
that might be used.

Stage 2 Carry out controlled experimental studies to develop
and prove possible techniques and tc obtain information
cn limits of application, accuracy and reliability,
complexity of installation, cost etc..

Stage 3 Carry out field measurements in offices.

Stage 4 Analyse results, compare with theoretical predictions
and determine contribution of natural ventilation to
energy consumption.

The results of the programme are set out 1in the Repert. Chapter
2 8ets out the theoretical background needed to the measurement
of both ventilation rates and interzonal flowe 1in multicelled
buildings. Appropriate und easily applied experimental methods
are reviewed in Chapter 3. Arising from the considerations set
out in Chapters 2 and 3, four automated systeme were considered
suitable for further examination and Chaptsr 4 describes the
construction, develcpment and operation of these. The resulting
field measurements using these systems are set out in Chapter 5.

As a result of these measurements, the advantages and
disadvantages of each of these systems were identified and the
need for a simpler approach became apparent. Chapters 6 and 7
describe the theoretical and experimental develorment of such a
method. Coneistent with thie approach, Chapter 8 deals with the
development and testing of simpler methods of tracer gas
sampling. This enables analyeis to be <carried out 1in the
laboratory, thereby dispensing with the need to have on site
complex and expensive equipment.

One productive application of the measurement of ventilation
rate in real buildings is to validate computer predictions baned
upon theoretical models. Chapter 9 desoribes a comparison
between prediction and field measurements, made as part of the
programme, in one building &and aleo demonstrates the eunergy
savings achieved by the use of window-draughtstripping 1in
reducing infiltration rates.
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CHAPTER 2

THEORETICAL BASIS FOR MEASURING VENTILATION RATES TN MULTICELLED
BUILDINGS

1« INTRODUCTION

It is not easy *to predict air movement within buildings,
especially if the building 1is large and multicelled. The
movement of air can, however, ©be determined by wusing tracer
gases to map these flows.

The detail to which these flows need to be known will determine
the <choice of measurement technique and the sophistication of
approach. If a broad and overall ventilation rate is required,
then & single tracer gas 'decay' measurement may be sufficiarnt.
If, however, interzonal airflows are required as well, then an
approach involving multiple +tracer gases would need to be
considered.

In this Chapter, we discuss the theoretical basis underlying =&
wide variety of measurement techniques. The detail to which the
airflows will be looked at will range in complexity and will
cover 1interzonal airflows, fresh air infiltration into various
zones and overall infiltration rates.

Section 2 looks at the equations governing tracer ges
concentrations in multicelled buildings. The 'direct' solution
of these equations, 1i.e. the manner in which tracer 1is

dispersed given that the airflowse are known, is considered in
Section 3.

In Section 4, the 'inverse' problem of determining airflows oy
measuring tracer concentrationas within cells is considered. It
is shown that if interzone airflows need to be determined in an
N-zone building, then N-sets of N tracer gas equations need to
be set up and solved. Possible wexperimental =strategies for
constructing these equations are discussed in Section 5.

It doee not matter how +the tracer gas equations are set-up
experimentally ae long ae all the tracer concentration and
ganeration terms are measured. It 1s, however, experimentally
easier to have procedures which fix one or more of these terms
te predetermined values. This can reduce the mathematical
effort needed to solve the various tracer gas equations.

These procedures of 'decay', ‘'constant concentration' and
‘constant injection' =as well &8s 'long term averaging' are
¢iscussed fully in Section 6 in the <context of s mulrniceiled
building. For completeness, the manner in which the tracer gas
equations are simplified for a single cell builaing 18

congsidered in Section 7 together with a brief discussion ecn the
use of the exrerimental procedures for such a building.

= B =



The implications for interpreting tracer gns measurements in a
building when the tracer mixes imperfectly with air in a cell is
discussed in Section 8. Analysis of errors incurred in carrying
out these experimental methods is then discussed in Section 9.

The Chapter concludes with a general summary is drawn and
suggeations for specific experimental procedurese to De
implemented within the present programme of work.

2. GOVERNING EQUATIONS

The basic equations of all tracer gas methods can be derived Dby
considering the genersal equations governing tracer gas
concentratlons in multiple-connected spaces (i.e. cells) using

Tproach similar to that givenm by Sinden [1] and Sherman et

The following assumptions are made:

The building is composed of N cells in which the air
and tracer is perfectly mixed.

Qi' and Qj are the volume flow rates between cells

i*Jand JY"where the two flow rates are not necessarily
equal.

. C'(t) is the concentration of the tracer in the ith

c8ll at time t

« Volume of each cell is Vi

. Production of the tracer in any cell is fi(t).

Suffix 'O' refere to the air space outside the building.

The conservation of the mase of tracer gas gives the following
set of equaticns:

dC'

V., — =g, + g . %
= i C, }Zacu 55

{ —

- (1)
l

for i = 1, 2, ¢ve, N and J = 1, 2, R N. the independent
variabie t has been dropped from C.(t) and fi(t) in the
above equstion for clarity. The Kron-cﬁer delta,



Sij =1 for i = J

and = 0 for 1 A j

The conservation of mass (neglecting small changes in density)
of air gives another set of eauations.

N N
Q,; * ;L:l Qj; (1 - 6;) = Qg+ p> Q; (1 = 6;0) | (2)
(inflow) (outflow)

If S, 1s defined as the ocutflow of air from cell 1 +to the
outalde, then from Equation 2,

By Wl * J?; Qg1 = 6;5) (3)
If

C(t) = C'(t) - C_(t)

then Equation 1 reduces to
1K} - [Q] i {C} (4)

where the elements of column matrix {F} are given by,

k C

1 " VC = £

and those of the square matrix [Q] by

The elements along the prinoipal diagonal of [0] are all

negative. In this matrix, 1f elements in any row or column are
summed, the result is the negative value of eilther QOi or
010 respectively.

o B



3. DIRECT SOLUTION OF THE TRACER GAS EQUATION

Given the initial condition,

{¢ee0 = {c0} b

and knowing the intercell flows [Q], the concentrations {C(t)}
at time t can, in theory, be determined by solving the set of
equations given by Equation 4.

Although not normally needed in ventilation measurements, the

solution to Equation 4 has s8some relevance as it allows
strategies to be developed for dispersing the tracer in
multicelled buildings and subsequently collecting various

samples for analysis.

Pipes and Hovanessian [3] offer the solution,

{C(c)} - e[Q]t.{C(O)} + e{QJt. jt ef[Q]" . £;(c")de! (6)

where the elements in the exponential matrix are formed by

; : : o ;
replacing each element qi in matrix [Q} by e*i}j « This
solution is rather difficuit to evaluate except in very simple
cases.

Sinden [1] has conaidered the case when {f} = 0. Equation 4
then reduces to the form

["] e} - [Q] {c} @

subject to the condition of Equation 5. A basic property of the
system of differential equations given by Equation 7 is that,
for certein special initial concentrationa, the solution has the
simple form

{C(t)} - {C(O)} ok (8)

In general, there are N such special solutions, each with its
own characteristic {or eigen) value of ). The special solutions
can be written as

At At A
{c“’?,‘. of :c(l)} " {C(N-l)}e N-1

t
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where C(k) is the weigen-vector corresponding to eigenvalue
kﬁ. Every other solution is then a combination of these such
that,

{c(t)} - El o {c(")} el"t (9)
k=0

To(ﬁind the eigenvalues A, and the corresponding eigen-vectors
{C Equation 8 has  to Dbe substituted in Equation 7 to

give,

vt} - M{C} (10)

Values of A for which Equation 10 has a solution,

e # {o}

are the eigenvalues of matrix [Q] and the corresponding
solutions of

{cl # 1o}
are the eigenvectors of [Q] corresponding to that particular A.

At the moment, analytical solutions of the form of Equation 9
can be derived only for the =aimplest multicellular flows.
Computer programs using numerical algorithms have nov Dbeen
written 4] which wextends the solutions to problems involving
complex but more realistic flows.

4. INVERSE PROBLEM OF DETERMINING TINTERCELL AIRFLOWS TFROHM
CONCENTRATION MEASUREMENTS

The inverse problem of determining intercellular flows Qi'
from observations of gas conocentrations Ci(t) are encountare&
in ventilation studiesn.

The quantities {c}. [C], [V} and {f} of Equation,4 are either

known or can be measured. There ars, however, (N°=N) unknown
values of Q J and Q.. (for i#3)) together with 2N ugknown
values of ai and .« To determine this total of (N +N)

unknown values, we have at our disposal N equations @sach from
Equaticns 2 and 4.

- 10 -
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By satisfying N unknownse by the N equations of Equation 2, there
are only equations left from Equation 4 to satisfy the
remaining N~ unknowns. The only way these unknown values can
be found is by generating a further (N-1) independent sets
similar to Equation 4.

The gth generated set of Equation 4 can be written as,

0 - [q -

whefe)g = {1, 2, @“hs, N The elements of the <column vector
iKi €/ are given by

k.(S) = v..:._..(S) w f.(S)
1 b B 1

for 1=1q 2% wwy Na

By algebraically manipulating the N2 equations given by
Equation 11, we can write the unknown airflowse Q.. in column
form and the concentration matrix {C} in square fﬂ%m so as to
form a system of equations given by

(1){Y}_[A] . ("{x} (12)

In the expression above, equations relating °to a <cell 1 1is
depoted by the raised prefix i}; where 1 = 1, 2, .., N. the
> (f ement of the column matrix {Y] and element

of I}are given by,

(1) él(i) - g () (13)

=y ]

i !

(1) i) _ _ i
xj - g @ Slslj + le (1 Glj)

and the aij element of aquare matrix [A] by,

(€9)
.ij w Cj (14)
Note that the rai%gd prefix (1) refers to the 'set of equations'

relesting to the 1 cell whilaihthe lowered suffix 1 refers to
a 'quantity' releting to the 1 cell.

Given (l)QY} < iO]. Equation 12 may be regarded as a

?f?-hcmcganeous system of N linear equations in the N unknowns,
i ¢ svatem has & unique solution, and only if, the
Th h q i if d 1 f

- 11-
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determinant of [A] is not equal to zero, i.e.

Al 40 (15)

Thus, knowing

Vl(i) volume of cell 1
Cl time derivative of the acer concentration in
cell 1 during the i generation of the
(1) experiment for i = 1, 2, ..., N th
) fl tracer production in cell 1 during the i
(1) generation for i = 1, 2, .«., N
c tracer concentration in cells j (= 1, 2, «..,N)
J for i (= %, 2, ++.., N) generation of the

experiment

and provided Equation 15 1is seatisfied, the unknown flow
quantities,

sl total outflow/inflow of air into cell 1
le flow from cell J (= 1, 2, «u., N but jJ = 1) to
cell 1

can be calculated by solving Equation 12 for any cell 1 (= 1, 2,
.8y N).

Once the flows S. and Q (excluding j=1) are solved for all
1, the exchange &f air aitvoon any cell 1 and the outside, QOl
and qu' can be oaloulated from Equation 2.

s 5. POSSIBLE STRATEGIES IN CONSTRUCTING N-SETS OF CONSERVATION
OFP TRACER GAS EQUATIONS

N sets of Equation 11 can be generated by any one of three
possible strategies or by a hybrid of these. The sets can be
formed either by,

-
. observing {X] and {c} at N different time points
+ varying the injection rates {f} a total of N times
« using N different tracer gases
5.1 Observing at N different timc pointese
.

S T =



Sinden [1] highlights some of the problems associated with
constructing N sets of Equation 11 nt N different times as
follows;

. Observations of {C(t)} tend to bhe unreliable Dbecause
of their sensitivity to noise.

. The matrix [A] of Equation 12 will be badly determined
if the times t (k = 1, 2, +.., N) are close
together. With wgder intervals, it is doubtful whether
the intercell flows 1in {X] will remain constant over
that period.

. If initial conditions of Equation 5 <coincide with an
eigenvector, then Equation 11 generated at different
times will be +the same, thereby giving only N
independent equations.

Problems of noise cen be minimised by integrating Equation 4
over N time intervals of either fixed or varying periods such

that, €,
r r
Viici(tz) - Ci(tl)] - Lfi(tz) = fi(tl)] - - S{I‘ C, () .dt
: : 4
N £,
+ ;jS.(l - aij).ft C;(t).dt (16)

I

The two other remaining problems can, in theory, be minimised bdy
chocsing appropriate time intervals, ©but the mathematical
approach to do this is still not c¢lear and requires further
thought [1].

5.2. Varying the injection rate {f] a total of N times

By s careful choice of injection rates {f}, it 1is possible to
construct A well-determined concentration matrix |A]|, given in
Equation 12. One possible strategy would be to inject one <cell
at a time whilst maintaining zero injections in the others. The
96t of corresponding equations, Equation 11, can then Dbe
conetructed. This process of injection ie then repeated for the
remeining cells. At each injection sequence, the injection can
be continuous for the duration of each test or, an initial
injecrtion of tracer Dbefore taking measurements may be
sufficient.

The increased length of +this single-gas, multi-injection
procadure <can be prohititive which means that the intercell
flows given by {X] may not remain «constant during the
experiment. If, however, invariancy is assumed, and the

= 1A =
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duration of the complete experiment is not prohibitve, then this
multi-injection procedure is a valid technique to use [51.

53« Injecting N different gases

As Sherman et al [2] point out, it is simpler to use N different
gases to give the required N~ equations for Equation 12 than
the length of the experiment. This reduces operator effort and
ensures that changes in external weather conditions do not
violate too strongly the time invariancy of the inter-cellular
flows, {I]. The main disadvantage of this procedure is that it
requires sophisticated multi-injection and sampling hardware as
well as analytical equipment.

The concentration matrix [A] will be non-singular if each gas is
ff'ected into one, and only, one cell. In this case, element

vy of Equation 13 is modified to

(n > KL¥ (1)
Yg =Ny G =R Oy i

6. EXPERIMENTAL IMPLEMENTATION OF TRACER EQUATIONS

It does not matter how the tracer gas @aquations are set-up
experimentally as long as all the +tracer concentration and
generation terms in Equation 12 can be measured. It is,
however, easier experimentally to have procedures which fix one
or more of these terms to predetermined values. This can reduce
the mathematical effort needed to solve the various tracer gas
equations so as to determine intercell airflows.

Three techniquee utilising tracer gas &ere commonly wused to
determine ventilation rates and airflowse within =single- or

multicelled buildinge. Theee are techniquee of 'decay’,
‘conetant concentration' and 'constant flow'. A fourth
technique, of recent origin and still not in widespread use, is

that of 'long term' averaging.

6.1. Tracer decay

In thie technique, quantities of the tracer gas are rTeleased
within each %fteast space, mixed as thoroughly as possible with the
internal air and is then allowed to decay Dby intarc?g9ge wizth

the other spaces and the outside air. The element fl can
then be dropped from Equation 1% whioch then reduces tTx.
My wv,.6,W® (18)

o
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6.2, Constant concentration

In this caae, the concentration of a tracer gas 13 hseld constant
in each cell. If N different tracer gesses are used, and the
injection is one gas to each cell, th?lsector matrix §C} drops
out of Equation 12 reducing the term yiin Equation 13 to

(1) (i)

The direct infiltration rates, QO (1 Vor @% wwey W] Trow Ehe
outside to the 1 <cells can %e found from only one set of
Equation 12 by carrying out a special experimental procedure.
This is done by using one gas as the tracer and keeping the
concentration of this gas at a constant value C in all cells.
Equation 12 then reducee to the set of equations,

N

o AL z[— 8, 513‘ + leu - 515’] (20)
f=i

for cells 1 = 1, 2, ..., N. The raised suffix (i) is dropped

since only one tracer is used.

Substituting Equations 2 and 3 in Equation 20, we have

Q= £,/8 (21)

forl = 1' 2' ...’ Nl

The overall infiltration rate into the building ie then simply,

N
1‘?1 0, (22)
6.3 Constant flow

The essence of this technique is to inject, at a constant flow
rate, & tracer 1into each cell. This is &a simpler experiment
than that of constant concentration but it 8till requires the
solution of N sets of Eguation i1. This means that N different
tracer geses must be used with each being injected into only one
cell a% a time.

1f injectiors are continued until equilibrium con:entrattggs are
reached, the elements (given by Equation 13) of matrix iy}

in Equatinn 12 are simplified to
1 I
(.)yi “ - {i) (23)

T

=15 =
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where F is the constant injection rate. A disadvantage is the
long time needed before equilibrium concentrations are reached
as no allowance is made 1in the <conservation wegquationas for
changes in the airflow rates [Q) during the test period.

6.4. Long term averaging

In some circumstances, it may be necessary to determine the long
term averages of airflows in a building where the averaging
period is about a month. Sherman et al [2] point out that, in
principle, the three techniques considered above could be used
over this period but that this would tie-up equipment which are
both expensive and complex, A Bsimpler system, which could
determine the averaged terms of the corresponding equations in a
straightforvard manner, would be preferable.

If the long-term averages are denoted by an overbar, Equation 11
can be mimplified to

" {;}(s) . [Q] . {5}(3) o

7. SINGLE CELL BUILDINGS

If all cells in a multicell building are connected to form a
single space and a tracer gas is mixed perfectly with the air
within that space, then the two governings Equations 1 and 2
reduce to

v C(t) = £(£) - Q_.C(¢) (25)

where QO is the freah air infiltration.

Tala Tracer decay

In the tracer decay mode

f(t) = 0 for t >0

and Equa“icon 25 reduces to

¢ C(t) = - Q,.C(t) (26)
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which can be solved to give

C(t) = c(0). e (Q/V) t (27)

The fresh air infiltration I defined by,

I=Q/V .(28)

can then be determined graphically by fitting a straight line to
the decay curve of Equation 27 plotted in the form of 1n(C)
versus elapsed time t. If ¢t is in hours, the units of I are in
air change per hour (ach).

Alternatively, I can be detemined on a point by point Dbasis so
that,

I- [m(cl/cz)]/(r_z - t}) (29)

where C, and C are the concentrations corresponding teo
times t1 and t2 respectively.

7.2. Constant concentration

If a constant concentration T is maintained in the single cell
building, Equation 25 reduces to

£(t) = Q c (30)

from which the infiltration rate I can be determined.

T B Constant flow

If F s the <c¢onstant flowrate at which +the tracer gas 1is
injected 1into +the 8ingle c¢ell building, then Equation 25 is
modified to

V.C(t) = - Qq.C(t) + F (31)

which. given the initial condition C{0)=0, can be sclved tc give

Clc) = (F/QO). | - e (32)

- 17 -



- Ch. 2 =~

Equation 32 shows that the time taken to approach steady state
concentration is inversely proportional to the infiltration
rate, I. For example, at 2 ach, it takes 2.3 hours to reach 99%
of the final concentration. If the infiltration rate is reduced
to 1 ach, the time is doubled to 4.6 hours.

7.4. Long term averaging

For long term averaging, Equation 25 can be rewritten as.

(V/Qy) .C(t) + C(t) = £(£)/Q, (33)
where the overbar denotes time averaged values.
If the tracer flow is kept constant at F and the averaging

interval 1ie long (mso that +the concentration reaches an
equilibrium value), then Equation 33 reduces to

(l/Qo) = C/F (34)
According to Sherman et al [2], if the infiltration Qo(t) is
not conastant over the long term, then

(17Qg) = k/3, (35)

where the correction factor
2
k= 1 + 20 (36)

containe the fractional standard deviation &, of either the
infiltration or the inverse infiltration. By analysing a large
data set relating to dwellings, they found that

k = |

Hence the average infiltration rate from Equation 34 is simply,

Q. = F / ¢C i

0

& 18 =
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8. PROBLEMS OF IMPERFECT MIXING IN CELLY

One of the main problems that can arise during air change
messurements is imperfect mixing between tracer and internal
air. Even with perfect initial mixing, with the wuse of fans,
there is no guarantee that this will persist during measurement.
In all cases of imperfect mixing, the location of the sampling
points will determine the air change rates that are measured.

Hunt[&} describes three extreme cases in which the tracer does
not mix perfectly with the room air. In the first case, some of
the air in the test space stagnates even after initial perfect
mixing of the tracer. For exanmnple. if the air in the lower
half of the chamber is stagnant whilst air is passed through the
upper half at 2 ach, then the overall average airchange is 1
ach., If the sampling is averaged over the whole volume, the
poor mixing would destroy the expected logarithmic decay and the
resulting logarithmic graph would be curved upwards.

In the second case, the space behaves as two separate parts with
different airchange rates. If the air in the two chambers were
sampled independently and then blended together, the logarithmic
curve would show a slight downward curvature. Air change rate
evaluated from this curve would be about 3 to 4% less than the
expected avercge valus.

The third case of imperfect mixing occurs when entering air
displaces the air already present without mixing with it. The
concentration of the sample which is obtained by Dblending
together samples from the entire chamber would then give a
non=linear logarithmic curve. Thie would curve downwards and
the severity of the curvatures would depend on the flow rate of
air entering the chamber.

Poor mixing affects the tracer gas equations insofar that the
fliow matrix [A] will give incorrect values of intercell flow
ratee 1if measured values of {C] and ib} are used. The only
reccurse then open [2)] is not to assume that [v] represents the
diagonal matrix with the measured volumes of the <cells as 1its
elemenrte but that it is yet another unknown matrix containing
cff-diagonel elements &8s well,

9. ERRCR ANALYSIS

The totval error in any measurement can be made made up from
errors of accuracy and precision. Precision errors are defined
as the standard deviation of results from repeated trials under
identical conditions whilst wsccuracy relates to the expected
value 0f the measurement from the true valve.

- 19 -
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Standard techniques of error analysis can he used to estimate
the werrors 1involved 1in determining airflow rates in multicell
ventilation measurements.

9.1. Multicell airflows

IfAx, and Aa are the absolute standard errors of x, and
‘ij in Equ;ti%ﬁ 12, then

N N
byi 22 85 axj + E Mij “j (38)

j-]_ j-[
where Ayij are the corresponding errorse in ¥i

Equation 38 can be put into matrix notation, from which

{Aj(} - [A]"' {M} - [A]" lm] {x} (39)

The elements in the error matrices {4Y} and {8A] are given by

aY, = Wél(“ avp? + (v, 06, )2 4 an)? (40)
where
age \/mci sachee o 6c Jacf + bty /(6e)2 (41)
in which
6t - t, -t
ic R (42)
aij @ ch

Por large values of St. Equation 41 reduces to

2
AC & {cz + cf /8t (43)

9.2, Single sell airflow

The infiliration rate, I, in a single cell building can be found
bty determinring the 8lope of the tracer decay curve writven in
the feorm

1n{cm} = In(Cy) = (Qy/V).t (44a)

20 -
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which represents a linear equation of the form

y = ag + 8 .x (44b)

The problem then is to calculate the values of a, and a to
give a best straight line fit through the N sets of experimental
data points of ln.C(t). &and t corresponding to y and x 1in
Equation 44b. To resolve this, techniques of linear regression
are used.

According to Chatfield [7], the best estimates of a., and a
can be determined using the linear regression metgod of '1east
squares' which gives

A = .0 0= (45)
8y =y -a x

and
A N - N 2
i=] i=]
where
- N
X = z: x; /N
ol
If % is the value of the Student-t distribution for

(N
(N—2r/2d grsgs of freedom at the 100(1 -~ &/2) percentage point,
then the 100(1 - &) confidence interval for a8, is given by

for a, by

; -2
i * Ca/2; N-2)° Sylx/ (x; = %) (47)

and for the straight line
Yo" 8 * & %

by

3+ 8, X 2t Mgy Sylx{“’m’ (xg - D2Ex; - 0° (48)

'
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In the above equations, 32 - is the wunbiased estimate of
the residual variance and Eé given by

A A
82 ? - ﬂ} y. - a

49
ylx i i 1 ’iyi (4%)

where the summation in Equations 46 to 49 are carried out for
all 4 (= 1; 2; weos W)

Note that the confidence interval for Yo given in Equation 48
is smallest when

" g

This meanse that in the linear portion of the decay curve, it 1is
better to take more observatione at the ends and reduce those in
the middle. As Chatf&eld [7] points out, this will increase the
value of (x. - ?) and so decrease the standard error of

all the above &stimates.

An important statistcal parameter which must ©be given in &all
linear regression =&analysis is the correlation coefficient, r,
given by

reTix - D@, - N/ inxi - E)ZZI [chi = sr')z]j (50)

which measures the degree of <correlation Dbetwgen the two
variavples x and y. It c¢an be ahown [T] that r gives the
ratic of the variation of the points §. from the regression
line tou that of the total_ variation ot y. from the mean value

« The remaining (1 = rz) then 4indicdtes the amount of
variation unaccounted by any linear dependence of x on y.

10. CONCLUBIONS

In thie Chaprer, we have wexamined the theoretical Thackground
underlying the measurement of airflows in multicelled buildings.

The aquationes governing the dispersion of tracer gas in
multicelled &buildings has been set out. It has been shown that
these equations form a s8set of simultaneous differential
equations. There are two apprcaches to solving these. The
first of these would give the ‘'direct' solution whereby the
movement and concentration level of the tracer c¢sn ha predicred
once the airflow pattern within the building was known. This

vas not, however, what is required in the present context since
vhat we neal is the 'inverse' solution wherebdy the airflows can
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be determined by measuring concentration levels of the tracer.

The 'direct' solution is, however, relevant as it provides a
powerful tool with which to determine strategies for both

dispersing and sampling tracer gas in complex, multicelled
buildings. It has ©been shown that an analytical solution is
very difficult for +this case. A computer program using

numerical algorithms has, therefore, been written to provide
'direct' solutions. This has been used extensively in Chapter 7
to develop a 'simplified' technique.

For the present, however, the 'inverse' solution is of immediate
importance. It haes ©been shown that the number of equations
generated by a single tracer gas are insufficient to determine
in full the air movement between cells. ©Posesible strategies for
constructing these additional equations have ©been <considered.
Three approaches were examined and, arising frcem these, it was
shown that a strategy involving multiple tracer gases should be
the most effective and appropriate.

In such an approach, complete intercellular flows can be
determined by ®seeding each cell with a different tracer. If,
however, certain neighbouring cells can be assumed to behave in
a similar manner then they can be grouped together to form =
zone. The number of tracers can then be reduced.

The manner in which this ‘'multiple tracer' approach can be
implemented experimentally has been discussed as have the the
techniques of 'decay', 'constant concentration', 'constant flow'
and 'long term averaging' in the context of multicelled
buildings. As an ad junct to the item on ‘constant
concentration', it hae Dbeen shown that if only the fresh air
infiltration into each cell that 1s required, then a single
tracer gas is sufficient.

With regard to the experimental work necessary for the present
programme of work 1in multicelled ©buildings, this Chapter
indicated that the most appropriate approach would be to wuse
multiple tracera in the ‘'decay' mcde to determine interzonal air

movementis. This Chapter &lso showed that the technique
invclving a eingle tracer gas &nd operating in a 'constant
concentration' mode will also provide valuable information

regarding fresh air infiltration 1into cells of a multicelled
building.
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CHAPTER 3

REVIEW OF EXPERIMENTAL TECHNIQUES

1. INTRODUCTION

This Chapter reviews wexisting wexperimental techniques for
measuring infiltration rates <considered &as being of direct
interest to the present work. Those of a more general nature
can be found in References 1 and 2.

Infiltration rates can be determined either measured directly or

indirectly. In techniques involving an 'indirect' approach, as
in the 'pressurisation’ technique, a parameter such as the
'leakiness' of the building is measured. A ventilation rate is

obtained by using these leakiness characteristics, together with
parameters such as building type and external surface pressure
coefficients, in prediction algorithms.

In <contrast to the 'indirect' method, we are concerned
exclusively in this Chapter with those methods which use tracer
gases to give a direct measure of the infiltration rates and
interzons. airflows.

Section 2 ©begins the review by discussing the ©properties
required from an ideal tracer from both +the viewpoints of
necessity and desirability.

Attention is then focussed in Section 3 on analytical methods
wvhich we deem suitable for our programme of work. These have
beern chosen on the basis of previous experience, ease of use
both in the laboratory and in the field and the capability of
messuring {tc the accuracy we require) the tracer gases that are
tc be of use to us. Within each of the analytical methods, the
tracers that could be used are also discussed.

In Section 4, discussion will be centred on those tracer gases
which are, in practice, used 1in ventilation measurements.
Attention will bea focussed on two aspects of the physical
characteristics of these tracers which may affect ventilation
measurements.

Section 5 concerns itself with 55 s line’ measurement
technigques. In the present context, 'off line' measurements are
those which do not tie up complex, automated systems during +the
course of the experiment. '0Off line' techniques usually involve
manual dispersion of the tracer and their subsequent <2ollection
in suitable containers for subsequent analysis in the
laboratory. Variations to these can occur as, for example, an
enalyser being set up to meassure the tracer concentration at =a
fixed point during the course of the experiment with the output
being wriiten onto e Y-t (i.se. output versus time) chart
recorder.

- 25 -
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The previous Chapter came to the conclusion that multiple *traccr
gas measurements are necessary if interzonal flows in compliey,
multicelled buildings are to be measured. It also came to th=

conclusion that if information regarding fresh air infiltratic~
is only needed, then an experimenlal procedure involving the
'constant concentration' method would be the most appropriste.

Experiments involving multiple tracers require each zone to be
scanned and concentrations of all gases in each of these zones
to be measured. Similarly, the single tracer 'constant
concentration' technique requires the tracer concentration o¢f
each cell to be maintained at a fixed value.

In both of these experimental methods, it is very difficul:t (aE
not impossible) to manually carry these operations and, as such,

requires suitaeble automated systems to do these operations. In
Section- 6, automated wsystems built prior to our programme of
work are discussed. These do not, however, necessariiy

incorporate features that we @are looking for in our werk hut
gives an indication of what is possitle.

Section 7 then concludes this Chapter with a brief{ summary &and
suggests lines of experimental technique which would be useful
to our programmc of work.

2. REQUIRED PROPERTIES OF TRACER GASES

Gases as tracers are preferred to particulate and 1iq
ae@roscls beceuse of the relative ease of dispersion, collect
snd analysie (3]. Many authors [1,3,4,5] have set ous I
properties required of an ideal tracer, but no single g=ss o
satisty mll these. A compromise has to be made by choosirnzs |
moet suitable for any particular application. In genersl, sana
if possible, a tracer gas should have properties which are bail
necessary and deszirable.

-

€.1. HNecessary properties
The fcocllowing properties of a tracer gas are regeaszary:

i. For compatability with the theoretical basis of tracer ras
technigues:

YRy

should be available to measure vuitsile levels
* concentrations.

&1

ne “‘raucetr should not be created i
Aey #“ithir a space (e.z. radon i
cartsn Z2ioxide, CV2, from o2ccupant

n o W o (B O TR R B
3

I
a or comhuition may



be quantified).

- It should not be removed from the space except by air
movement (i.e. not by absorption or chemical change).

- Its presence in the ambient air should be known and/or
be in measurable concentrations.

- It should be capable of mixing readily with air.

ii. For operational reasons:
- Methods should be available for determining its
concentration free from interference by other
constituents of the air from which it can be separated.

- It shall not damage health or cause discomfort (ecgs
irritation or odour) to occupants or operators.

- It should be non-flammable.

2.2. Desirable properties
The following properties are desirable in a tracer gas:

- Tracer gas and measuring equipment should be
inexpensive.

- Equipment and gas containers should be readily
portable.

- It should be possible to easily disperse the tracer gas
at a measured rate.

-~ It should be possible to accurately measure the tracer
at very low levels of concentration.

- The tracer should have approximately the same molecular
weight as &ir. This is less important if convection
plays a bigger role than molecular diffusiocon [4] and if
the tracer is initially well diluted with air.
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2., ANALYTICAL METHODS FOR DETERMINING TRACER GAS CONCENTRATIONE

References 2 and 6 give a comprehensive liat of gnses, as  well
as methods of detection and analyses which have been used t.
trace air movement and air exchange. In this Section, gases ann
methods of analyses which are relevant to the present context
are discussed. We shall primarily discuss two types o
analysis, namely infrared and electron-cuapture, and the tracer
gases that could be used with them.

3.1. Nondispersive infrared analysers

The basic principle of infrared (IR) analysis 1is that of a
source emitting IR radiation which is measured by an appropriate
detector. When an IR absorbent gas flows between the source and
the detector, radiation reaching the detector is reduced. The
size of reduction is determined primarily by the concentration
of the gas in air.

Most common gases and organic vapours can be detected wusing IR
analysers. The exception +to these are the simple nonpolar
diatomics (e.g. oxygen, hydrogen, nilrogen) and the inert
gases. The absorption spectra of detectable gases show peaks at
well defined wavelengths. Absorption date and the wavelength
locations of the strongest peak for over 400 gasea can be
obtained from Reference 7. Absorption spectra for a wide range
of gases are also presented in Reference 8.

The IR absorption is proportional to both the <concentration of
the gas being measured and to the pathlength of the sample cell.
This pathlength can be varied by,

- physically varying the distance between the source and
the detector, or

- by varying the optical pathlength of the IR ©beam and
also by a system of multiple reflections.

In +this way, detection range <can be varied to suit the
concentration of gas to be measured. In general, IR analysis is
suitable for tracers operating in the ppm range.

Two tracers, widely used in ventilation work with IR analysers,

are sulphur hexafluoride (SF6) and nitrous oxide (N20). 1In
occupied premises and in situations requiring long term
exposures, however, K20 is now less frequently used as a tracer
because ¢f possible health hazards [9]. In the USA, the
reccmmended threshold limit value, TLV, ia 50 paris per millicon
(ppm) but, in general, a 1limit of 25 oppra i applied.

Nevertlel=2ss, this tracer can still be used, with dizcretion, in
unoaccupied areas.
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Sulphur hexafluoride, SF6, is emerging as the most useful tracer
gas four ventilation measurement studies. It is odourless,
non-flammable and has a threshold limit value (TLV) of 1000 pPpm;
Commercially available analysers can be set up to detect this
gas in the 5 to 200 ppm range. In certain circumstances, this
IR detectable range can be lowered down to 1 ppm.

3.2. Electron capture detection with gas chromatography

Electron capture (EC) detection is probably one of the most
sensitive and specific gas analysis techniques [3] and works
with gases and vapours which absorb =electrons. In general,
these are molecules which contain electronegative atoms like
bromine (Br), chlorine (Cl1l), fluorine (F), iodine (I) and oxygen
(02).

The principle of coperation [10] is to inject air containing the
tracer into a flowing stream of some inert carrier gas such as
argon. A chromatographic column is then used to separate tracer
material from the oxygen and other electron-attaching substances
in the air. The isolated tracer, diluted 1in <carrier gas, is
then presented to the detector.

In the devector, a small DC voltage applied across the cell
inducee a radioactive foil +to irradiate the carrier gas with
weak beta radiation., Ionisation of the carrier gas produces a
oonstant ourrent, and when +the voltage across the cell is
gradually inocrease, the ionisation ourrent also increases up to
A constant saturated value, All available electrons in the cell
are ncw discharged at the anode and if the tracer is introduced,
it reacts rapidly with the gaseous electrons and the saturation
current decreases. This deorease is a sensitive indicator of
the tracer concentration.

Clemone and Altshuller [11] measured the response (Table 1) of
many halogensated esubstances to electron capture. They noted
that the response of the detector, and hence the senaitivity of
detection., increasezed in the ordery

fluorine, chlorine, bromine, iodine
as well as the number of these atoms in the molecule of the
substanoe.

Eleotron-capturing halogenated traoceres were originally used in
metecrology for 1long distance dispersion experiments. Collins
et al [3) used SF6 and TFreon 12 (diohloro difluorc methans,
cCl2F2). In addition to SF6, Salteman et al (Ref 12) umed two
other flucrooarbons, Freon 1%B1 (bromo trifluoro methane, CBrr3)
and Freon (313 (ocotafluoro oyolobutane). 1In these experiments,
SF6 was measured down to ooncentrations of 0.01 ppd (limit wset
by background level) whilst the Freons were measured down to 0.3
ppb. SF6 and the Freons discussed here are inert, non toxioc,
odourless, non flammable and non corrosive. They oan also bte
liquified 2% room temperature for ease of storage.

- 20 =
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More recently, Loveluck and lerber [10] have discussed the use
of perfluorocarbons as atmoaph?gic tracers since they can be
detected at concentrations of 10~ parts per volume (ppv).

Ferber [13] has alao showed that these tracers may be collected
and cuncentrated by a factor o 1000 thereby 1increasing the

sensitivity of detection to 10-flj PPV

The perfluorcocarbons are derivatives of parent fluorocarbons
which contain only carbon and fluorine. It has been shown [10]
that the reactivity of these tracers to =electron capture
increases with

- increasing molecular weight, and

- linking structure of carbon atoms.

That is, at a given molecular weight, compounds with at least
one carbon atom linked directly to three or more carbon artoms,
or alternatively with carbon atoms linked by double or triple
bonds forming part of aromatic ring systems, are better as
sources of potential tracer compounds than those with their
carbun atoms linked in a simple <chain or <closed ring.
Reactivity of the compound is drastically reduced it any oxygen
or nitrogen atoms are included within the fluorinated compound.

According to Lovelock and Ferber [10]. the perfluorocarbons are
some of the very few tracers which do not readily attach to
solid surfaces nor are absorbed by water. They are in 1liquid
form at room_ ‘temperature but c¢an be disperaed either Dby
flash-heating [14} or by allowing them %o diffuse fromw an
impregnated fluoroelastomer source [15]. Suitable
perfluorcarbons are included in the list of tracers in Table 2.

It shouid be impressed that their present low ambient background
level (see Table 2) requires these tracers to be used carefully
and discrimineatly so as not to raise significantly (%4 e
contaminate) this level.

4. CHARACTERISTICS OF TRACERS WHICH MAY AFFECT VENTILATION
MEASUREMENTS

Two important characteristics required of a tracer are,

- it should mix evenly throughout the space without
stratification and,

- it ahauld not be either adsorbed noer ehrsorhed by the
svrrceunding surfecesn.



These are cunsidered 1in more detail in the following
subsections.

4.1. Intercomparison of +tracers with different molecular
weights

Shaw [16] carried out tracer ‘'decay’' measurements in a tightly
sealed room in whiech the air leakage rate was maintained at =a
constant rate with an exhaust fan. He compared methane (CH4),
carbon monoxide (CO), carbon dioxide (C02), nitrous oxide (N20)
and sulphur hexafluoride (SF6) as the tracers. With +the
exception of SF6, which was measured at ppb levels, all the
tracers were used at ppm concentration levels.

In this experiment. a flame-ionisation detector was used fto
measure CH4 whilst CO, N20 and C02 were all measured with
infrered analysasers. An electron capture detector coupled to =a

gas chrumatograph was used to determine the SF6 concentrations.

No conclusive, systematic difference was found between the air
change ratee measured using the different gases. The SF6
measuremsnte underpredicted the air change rate by about 10% but
was nov significantly different to the general observed scatter
of the measurements,

An experiment to compare directly the tracers SF6, CH4 and N20
in measuring air infiltration rates in buildings was reported by
Grimsrud et al [5]. It was concluded that the air change rates
measured using & heavier gas are generally slightly higher than
those measured using a lighter gas. The differences were,
however, found to be esmall and were contained within the 5 to
104 range of uncertainity expected in any tracer gas

measurement. They further note that even if these differences
are real and can be accounted for by a mechaniem not yet
determined, it s8hould not preclude the use of one gas in

preference to another when choosing a tracer.

4.2. Adscorption or absorption of tracer gaa

Adsorption or absorption of a tracer gas by the =surrounding
surfaces can premsent a problem in ventilation measurementa. In
adevrption, the tracer adheres thinly to the surface of a s8o0lid
substance with whioh 1t 18 in oontact. Absorption, however,
allows the tracer to permeate into the substance.

Hertmann et al [17] investigated the absorption of nitrous oxide
(N20) by wsurfaces such as woodboard, gypsum board, wallpaper,
oarpet, paint, plastio surfaces of various kinds and plastic
tubes used for tracer sampling but found them to Dbe
ineignificant. Gale [18) suggests that N20 can be absorbed to &
oertain degree by soft furnishings such as beddinge and curtains

. B o
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but offers no direct evidence. Grimsrud et al [5] fourg
insignificant absorption of N20 Dby water vapour during their
measurements in an unoccupied dwelling.

Saltzman et al [12] stored SF6, Freon 13B{ and the heavier
molecule Freon C-318 in Teflon, Mylar and Saran bags over a
period of a few days. Before and after measurements indicated
very small changes in concentration levels.

A typical example from Saltzmzan et al is a 'storage' test on a
mixture of the three gases being contained in a Teflon bag over
a period of eight days. Before and after concentration
measurements showed the following changes;

- ©SF6 from 8.0 ppb to 7.5 ppd
- Freon 13B1 from 100 ppb to 91.8 ppb, and

- Freon C=318 from 250 ppb to 248 ppb.

These changes, with the exception of Freon 13B1, are however
small and can be assumed to fall within the 1limits of
experimental error. Freon 13B1 indicated a loss rate of about
14 per day. To all intent, however, these measurements offers
no definite conclusion regarding possible loss of tracer through
'sampling’' bags.

They also found that the walls of the container bags in all
cases were not contaminated even with high concentrations of the
tracers, and that these three tracers did not react with water
vapour or with common atmospheric pollutants.

Clemons and Altshuller [11] similarly tfound that SF6 was not
sdsorbed by the inner 1lining of Mylar bags. With the much
heavier tracer, dibromodifluoromethane (CBr2F2), they found that
if they desorbed a bag which had contained 10 ppb of the tracer
then they could detect in the residue approximately 3% of the
original ccncentration.

Polyethylene bottles |3, 19] and sample lines [20} can, however,
adsorb SF6. Gale [18] suggests that SF6 can be absorbed by soft
furnishings to & greater degree than N20 but again cites 1o

evidience. Recent work by Shaw [16], using ©SF& at ppbd
concentration levels, to measure ventilation rates in a
carpetted and an uncarpetted office room have shown no

significant difference between the two sets of measurements.



5« OFF-LINE VENTILATION MEASUREMENT TECHNIQUES

The ensential feature of off-1line measurement procedures 1s the
intermittent nature of tracer sampling and subsegquent off-site
analysis. After the tracer has initially been distributed, air
samples are collected from various locations at various times
using suitable containers. These are then sent or taken back to
a central laboratory for analysis.

This approach givee a broad indication of the magnitude of air
infiltration 1in a single cell building or of local ventilation
rates in different zones of a complex building. It 18 suitabdle
for use Dby relatively unskilled personnel and is particularly
appropriate in energy-audit or retrofit programmes when a large
number of buildings or buildings, say in remote locations, need
to be monitored.

5.1, Distributing the tracer

The tracer can initially be distributed straight from the gas
cylinders, or from pre-packed containers. For the latter, a
known quantity of tracer gas is withdrawn from a supply cylinder
and injected 1into <containers for dispatch to the site. These
containers could either be graduated syringes [21] or flexibdle,
polyethylene bottles [22]. The volume of +tracer 1in each
container should be approximately set to a level determined by,

- the volume of the space,
- the expected air change rate, and

-~ the dynamic range of the instruments that will be wused
to analyse the collected samples.

The concentration in each container does not need to be known
with great accuracy nor do they need to be precimsely equal to
one another because the aim is to measure only the relative
concentrations whioh occur during collection of samples.

According to Grot [21] the traocer can be distributed by walking
alowly around the building and 1injecting into each separate
apace an amount of tracer proportional to that volume.
Mecheanical ventilation systems, when available, should either be
switched on for a short while to provide initial mixing or run
at full recirculation throughout the test. Otherwise, small
table fans placed on the floor are useful. Grot [21] suggests
tnat helf te one hour is required for adequate mixing to take
piace,
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5.2. 'Grab' sampling

'Grab' samples are those taken in suitable containers during
filed measurements for osubsequent off-line &analysia in ihe
laboratory. These containers can be purpose-buillt sample begs
made from FEP Teflon, Saran or Mylar [11, 12]. They can be
filled with the sampled air by using either a hand pump or a
small battery-powered pump. As an inexpensive alternative,
polyethylene bottles could be used. Ten successive 8squeezes,
each yielding 50% contraction in volume, of 500 ml polyethylene
bottles provide a valid sample of the tracer concentration in =a
sampled space [ 12]. According to Drivas et al [19], SF6 can
remain up to two weeks in polyethylene without any appreciable
loss.

Recently, Tamura and Evans [23] have reported the use of 20 ml
evacuated glass +tubes, etopped by butyl rubber septa, for
sampling SF6 in the ppb range. The procedure 18 to take =&
tracer eample from the indocr air with a 60 ml plastic syringe
and transferring 40 ml of ite contents to the tube by inserting
the needle of the syringe into the septum. The tube will then
be about one atmosphere above ambilient pressure. A asyringe
neadle attached to the inlet port of a gas chromatograph allows
the transfer the of the sample gas under pressure 1in the gleass
tube to the sampling loop of the instrument. An EC detector is
used to measure the concentrations.

A large number of samples can be collected if decay curves are
to be plotted, but if this 1is not possible and reduced accuracy
is acceptable, it is suggested that an initial and a finel
sample container may be enough provided the space is well mixed.
Time intervale munst, however, be known. The numbter of sampies
taken will affect the s8tandard error of estimata of any
'best-fit' to the exponential decay.

Harrje et ml [22] notea tha%t 1in houses with good interns?’
circulation, sampling at one central location is adequats, In
larger buildings, or buildinges where internal mixing is limited,
multi-point eampling ehould ©be oarried out as airchange rates
will vary from one zone to another [24].

5.3%. Long-term averaged sampling

Sherman et al [28] describes an 4inexpensive system which is
designed to determine 1long-term airchange rates in dwellings.
Jt consists of two 8small suitcases with each containing a
solenoid pump puleed by an interval timer. One system 18 Bet up
to empty a bag containing tracer ges and the other 13 used %o
inflate, with room air, an initially empty bag. The equirmen:
can be left wunattended on wsite for the duraticn 97 the
experiment and then brought back %to the laboratory [or enalysis.
As Chapter 2 showa, the average air <change rate «can then be
calculsted by measuring the concentration of the tracer in the

s R -
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sample bag, the volume of gas injected and the time period over
which the experiment was carried out.

The perfluorocarbon tracer technique developed by Dietz et al
L}?] 1s also suitable for long term measurements of the average
ailr change rate in a space. The tracer source 1is a diffusion
tube consisting of a fluoroelastomer plug impregnated with a
known mass of the perfluorocarbon and crimped within a metal
shell. The perfluorocarbon tracer diffuses from the tube at a
known rate. According to Dietz et al, these sources have useful
lifetimes of about five to ten years. A battery operated pump
is then used to draw air through an adsorpiion tube, placed at
any location, over the required period. If an EC detector is
used for subsequent analysis of the sample, Dietz et al claim
that the wilde dynamic range of +the detector would allow an
effective sample period from one to hundred of days.

6. AUTOMATED SYSTENS

Any wart or all of +the 1injection, sampling and analysis
procedures carried out 1n ventilation measurements can Dbe
automated. This has become easier with the recent developments
in microprocessor technology. Automated systems can carry out
conmplicated tamks which are beyond the scope of manual control
and allow additional information to be obtained.

As Chapter 2 describes, two such techniques which require
automated systems are those of 'constant concentration' so as to
determine infiltration and, multiple tracer measurements 80 as
to determine internal air movement as well as the infiltration
rates.

Irn this Seoction, automated systems that have been built
elsewhere are discussed. Most of these are concerned with
systems using single tracers. They have been subdivided into
theae designed to measure fresh air infiltration using the

‘constant concentration' or 'conatant flow' technique and those
seystens built to measure deoay rates.

The final subsection looke at varicus attempta to determine
interzonal air movements using multiple trazer gases. The
systems umed in those measurements, which were not necessarily
fuily sutomated, are also discussed.

6.1 Infiltration rate
The 'Autovant' system [25] designed by British Gas uses the
"aonatunt conceniration' ‘%teohnique, described in Chapter 2, to
determine infiltration into any cell of a multicelled building.
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In the Autovent system, a microcomputer controls two sets of
solenoid valves. One set controls sample lines whilst the other
controls the injection of the tracer gas. Each line 1s esampled
in turn and the amount of tracer needed to mainiain
concentration to a preset value 1s <calculated. This 41s <hen
converted 1into a time interval during which the relevant preset
injection valve 18 opened to deliver +the required amount of
tracer. Mixing Dbetween the tracer and the room air is allowed
for by,

- ceasing to inject tracer into the room for six seconds
before 1t 1s scheduled to be sampled,

- using a purge pump on the sample line,and

-~ terminating the injection 1lines 1in areas where air.
movement is being generated, for instance near
radiators or small mixing fans.

Collet [26] describes a similar system. This differs in the use
of fixed Jets 1n fthe 1njection lines rather than the stable
pressure regulators used in the Autovent aystem. These jets
uses & 'choked' nozzle to maintain a constant flow rate.

Condon et al [27] have developed a system which uses two
calibrated dump volumes to deliver a known amount of tracer gas
to the teat apace. The filling of these volumes and the
consequent injection is carried out Dby energising and
de-energising solenoids under the contrecl of a microcomputer.

In contrast to these 'constant concentration' systems, Sherman
et al [28] describe a 'continuous injection' system. In this, a
microcemputer in the system controles the injeotion of the tracer
and a mass flow controller holds the flow rate constant. The
gag 1s inj)eoted in 30 minute cycles and the tracer flow rate Ior
eny c¢ycle 1is wsBet equal to the target concentraiion times the
calculated ventilation rate from the previous cycle. Within a
cycle, the computer selects the sampling port used during *that
cycle and concentration data i1a ccllected at regular intervals
from the gas analyser and retained by the computer 3¢ thati, atl
the end of a e¢yole, the airchange rate can be «calculated and
stored on computer discs,.

The systems so far reviewed have used infrared detectors To
measure oonoentration levels. Other systems have been developed
with electron-capture (EC) detectors coupled to gas
chromatographs.

Of these, Kumar et al [29] describe an automated =exystsm whiah
could be used either for decay or constan: concensretiou
experimente. This system wuaea o Hoewlott Packard QR1RA
programmable desk-top calculator which througn & specilally

demigned interface can handle one injection and ene sample line.
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Under control of the computer, the tracer gas (in this case,
SF6) 1s discharged by trapping a volume of the tracer between
two solenoid-operated gas valves end then releasing one of the
valves. An interval timer 1in the interface unit can then be
triggered to sample the gas concentration. The EC detector,
modified by the replacement of the manually operated sampling
valve with an electro-pneumatically operated valve, is triggered
from the calculator. The signal from the analyser is digitised
and the SF6 peak 1solated and retained for subsequent analysis.

6.2. Decay rates

Hartmann and Muhlebach [17] describe a simpler automated system
for measuring ventilation rates using the <tracer decay
technique. In this system, a purpose-built controller 1s used
to 41inject and then +to sample nitrous oxide which 1is then
measured with an infrared analyser.

The application of the systeme described above has been confined
to s8mall, residential buildings. In the USA, howeger, studies
have been carried out on the seven-storey (37,000 m”) Norris
Cgtton building in New Hampshire [50 , the 11-storey (28,000
n’) Administration building at the National Bureau of
Standards, Washington [31] and the seven-storey Administration
building at Princeton University [24].

In each of these large bullding investigatione, the systems used
were semli-automated and the tracer was injected manually into
the ventilation systeme. The ventilation fans were then used to
mix +the tracer gae with th internal air. To determine tracer
concentrations, samples from various locations were
sutomatically aoccessed in sequence at regular intervals so that
the corresponding decay curves could be determined. The samples
were analysed with EC detectoras and the resulting data stored on
magnetic tares for subseguent off-line computation.

Grot st al [32] describe a fully automated and sophisticated
syateam for measuring airchange rates, using the dec%y technique,
in two large buildings; the four-storey (68,000 m”) ollins
building near Glassgow, UK and the 26-storey (450,000 m”) Park
Plaza Building 1in Newark, USA. The key components of the system
include a microcomputer, an EC detector/GC, a ten-port sampling
manifold and five injection unite.

6.%. Internsl air movement

Frord and Lidwell [3}] carried out some of the early work on
measuring i1nterzone ailr movement using multiple tracer gases.
Following on from this work, I'Anson et &l 34] used three
tracers, Freon 12, Freon 114 and BCF to determine internal air
movement in & small house. The concentrations were determined
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using an EC detector —coupled to a GC. The whole process was
labour intensive and took about two to three hours to complete.
The variability of weather conditions over this long time pericd
added uncertainity to the determination of these 1interzone =&ir
exchange rates and the authors quoted an accuracy of 20%.
Recent improvements to the methed of tracer gas analysis have
been reported [35] thuse allowing the time for carrying out a
test to be reduced.

Prior et al [36] describe a multiple <tracer <technique using
perfluorcarbons to detect air mevement i1in buildings. Their
work, which derives from the earlier work of Dietz et al [37].
involves releasing up to fecur of the tracer gases within the
building by flash heating the perfluorocarbons. The mixture of
gases 18 then sampled at various positions in the buillding as a

function of time by using adsorbent tubes. These are then
thermally desorbed and analysed using flame ionisation detector
coupled to a gas chromatograph. Though +the movement of «&ir

between spaces could (in principle} be detected, no magnitudes
have yet been determined.

7. DISCUSSION

Thise Chapter reviewed existing experimental techniques that
could be usefully considered in our programme of work.

In Section 2, various properties of tracer gases which are
required for ventilation measurements were discussed. This was
followed in Section 3 by a discussion on two of :ne methods of
analysis, namely 1infrared (IR) and electron capture (EC), and
the tracer gases which are relevant to the present contexf. The
following points emerged from this:

~ Perts per million (ppm) detection is well <carried out
with IR analysers whilst EC detection is required for
parts per billion (ppb) measurements.

- IR measurements can be continuous whilst those from EC
analyasis are discretn. This 1s becruse EC detection
requires gas chramntography to separate the tracar from
other ‘electron capturing' gases, like oxygen, which
are commonly found in air.

- Even though both N2C and SF6 can be detected wusing IR
ans lysers, possible health hazaarde from N20 precludes
ite use in occupied apaces.

- SFH in safe and cau bs detlected both at ppm and pph
Jevels using IR and EZ detecticn reespectively.

38 -~



- The Freon gases, which <can be detected with IR
analysers, can also be 'separated’ using gas
chromatography and dectected at ppb levels with EC
detection.

- The perfluorocarbon form a group of very sensitive
tracers which are detectable at concentrations of parts

per trillion with EC analysers. These tracers are,
unfortunately, liquid at room temperature and requires
conversions to the vapour phase when used for

ventilation measurements.

Some of the characteristics of +these gases which may affect
ventilation measurements were considered in Section 4. It was
shown that there was no direct evidence to suggest that
ventilation measurements would be affected by the choice of
tracer gases with different molecular weights.

It was also shown that there was no direct evidence to suggest
that either N20 or ©SF6 would suffer from absorption by their
surroundings. There is some evidence, however, which says that
polyethylene sampling Dbottles and nylon 'sampling' tubes can
adsorb SF6. ‘Customised' sampling bag, however, such as those
made from Mylar, Teflon or Saran, do not appear to adsorbd
significantly either SF6 or halocarbons such as Freons.

Experimental procedures which do not require complex, automated
systeme were discussed in Section 5. The discussion centered on
manual methods for dispersing and sampling the tracer gas.
Inexpensive systems, designed to determine long-term air change
rates, were also considered.

The studies discussed in Section 4 were mainly carried out in
dwellings. From the point of our work on large, multicelled
buildings the following points are of interest:

- Tracer could be distributed manually by using syringes
or flexible, polyethylene bottles filled with the gas.

~ There are many containers which are suitable for taking
and holding tracer samples for subsequent 'off line'
analyseis. These containers range from 1inexpensive
polyethylens Dbottles and 'vacutainers' to the more
specialised 'sampling' bags.

- An  ‘'active' or ‘'passive'  approach, utilising the
"constant flow' technique, was possible for determining
loneg-term averaged aizchange rate.

ir the active method, sanpling bage and pumps would Dbe

nsed whilst the paasive method would be based on
diffusiun tubes.

-~ 39 w
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Finally, in Section 6, the discussion was centred on automai=d
eystems, These were subdivided into those designed to measure;

- fresh air infiltration rates in multicelled buildings
using the 'constant concentration' technique,

- decay rates from tracer 'decay' concentration profiles,
and

- 1interzone air movement using multiple tracer gases.

The review showed that all these three methods could be used 1in
small buildings. Extension to large, multicelled buildings had
only been carried out with eingle tracer 'decay' measurements
and, even then, only in those buildings which were mechanically
ventilated.

In addition, the multiple tracer work had concentrsied on
analytical +techniques involving gas chrocmatography. Thils was a
consequence of not being able +to decode 'cross absorpticn'
information which would have come out from infrared analysis.

The 'discrete' nature of gas chromatography thus 1limited the
amount of measurement points possible in any test, and thereby,
the validity of the interzone air flows deciphered from the
measurements.

8. CONCLUSIONS

Prom the foregoing review, the following points were noted, and
implemented, in our programme of work:

+

- The best available tracer tc use would be SF6 since it
could be measured over a wide dynamiec range.

~ Appropriate Freon gases shonld be coupled with SFE for
multiple tracer measurements.

- N20 could te used but enly for thocese testas idinvolving
ppm measurements and unoccupied premises.

- Containers such as polyethylene bottles, ‘'vacutainers’
and ‘gampling’ bags should be tested, and 1if
appropriate, used in 'gradb' sampling.

- A 'oonotant ovncentration' sutomated myatem ahould
developed %o deterwmine fresh air infiliration into
rooma of a multicelled building.
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Finally, effort should be expended to develop a
'multiple tracer' automated system using 1infrared
analysers so as to determine interzone air movement.
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CHAPTER 4

DEVELOPMERT OF AUTOMATED SYSTEMS TO MEASURE AIRFLOWS

1. INTRODUCTION

One of the main conclusions from the previous Chapter was that
two automated systems should be developed. One system would be
dedicated to measuring fresh air infiltration in a multicellular
building using the ‘'constant concentration' technique. The
other would use multiple tracer gases to determine interzonal
air movement in complex buildings. The multiple tracers wculd
be detected with infrared analysis.

In practice, however, four systems were developed and built.
Two were built for use with multiple tracers, one was built to
be used with the 'constant concentration' approach and the
fourth was <constructed to carry out the 'constant injection'
technique for use in very specific circumstances. This Chapter
describes all these s8syestems. The field measurements in which
these were used are described later in Chapter 5.

Once it was decided that a multiple tracer system using infrared
analysis was necessary, many options of how best to develop such
a system were considered.

The obvious cholce was to use a ncvel mnulticomponent infrared
gas analyser which had Just come onto the market. This Miran
980 analyser had, however, tc ©be imported from the USA and
delays regarding shipment and USA trade clearance were expected
to be considerable. The analyser was & 'stand alcne' inoirument

and since 1t was ‘'new', there was no previous experiance
available to us on how this instrument «could be incorporatecd
into a computer-automated system. We therefore a&assuimed

(correctly as subsequent events showed) that it would take
considerable time and effort to integrate snd interface this
unit to a2 multiple tracer system that we would design.

It was thus decided that, as an interim measure, a simpler Mar:
I s8ystem should be designed and built using readily available
equipment. Though the performance of such a system would Dbe
cirecumacribed by the limitation of the equipment used, it wan
considered that it would still provide informetion regarding the
validity of the multiple tracer approach and the problems which
may &arise. Experience gained and 1lessons learnt from this
system was therefore expected to benefit the development and
construction of the more powerful and sophisticated Mark II
system incorporating the Miran 980 analyser.

The first syatem, denoted us Mk 1, used dedicated and wseparets
infrared {(IR) analysers to discriminate between chosen gases.
The Mk II systsm, however, incorporated the novel multicompunent
IR analyser which was capable of determining the individual



concentration from & mixture of upto ten gases.

In this Chapter, the two Sections on the multiple tracer systems
are followed by & Section on the ‘'constant concentration'
system. The final system, designed to mike use of the 'constant
injection' technique, is then presented in another Section.

The reason for developing this final sBystem was that it was not
going to be as sophisticated nor complex as the others and that,

in certain circumstances, such a ‘'simpls' system would prove
useful. A full justification, and a discussion on situations
where this system would prove useful, is given in the

appropriate Section.

2. STRUCTURE OF AN AUTOMATED SYSTEM

The advent of relatively cheap microprocessor controllers has
opened np new possibilities for developing and extending
techniques of ventilation measurement. Automated systems based
on microprocessors provide the ability to control accurately =a
complicated sequence involving injection of tracer and
extraction of &air samples from several locations. They also
allow the resulting large quantity of raw data to be recorded in
an ordered and structured form during the experiment. These
tasks would generelly be too difficult, or even impossible, to
perform manually. It is also often possible, just by changing
the control algorithm, to use just one system to cover a wide
range of measurement tasks.

The main ccmponents common to moet automated systems are:

- A micreprocessor which <controls an arrangement of
solenoid valves 8c as to inject tracer gas and to
direct air samples to a gas analyser.

- An anslyser which gives a ccntinucus output or makes
discrete measuremente through commends frem the
microprocessor.

- A data logging device which may he either;

controllable by the microprocessor, g a
discdrive, or

i passive, e.g- a seglf-triggering cas:zette-based
digital data recorder, or

i recoréing directly from the enalyser, ¢ g. a chart
recorder-

= AL =



In addition, it is desirable to have available a computer sys
to read, process and plot the resulting data.

3. MK. I MULTIPLE TRACER SYSTEM
3.1. Outline of system and hardware

Figure 1! shows the various elements of the system. At the heart
of it is an ITT Director microprocessor controller. This
monitors signals from Leybold-Heraeus infrared gas analysers and
controls an arrangement of solenoid valves and a Microdata data
logger. For this particular application, analysers capable of
detecting ©SF6, N20 and €02 were wused. A photograph of tre
complete system is shown in Figure 2.

The solenoid valves are used both to automatically inject tracer
gas (if so desired) for a measured time into test spaces and/or
to direct air samples from the test spaces to +the analysers.
The valves «can also be used to periodically direct calibration
gases to the analysers.

During the experiment, the analogue signals from the analysers
are digitised and recorded on tape cassettes. These tapes are
eventually tranecribed and stored in a mainframe computer for
subsequent analyses.

3.2, Tracer sampling

The system is capable of taking samples from wupto s8ix poinrts
using 6.4 mm (outside diameter) nylon tubing. Six solenoidé
valves, one to sach line, are connected to the sample lines at
the exit peints. Under command from the ITT, each line 1is
switched in turn to the Leybold Heraeus infrared analyssrs. To
minimise the delay in obteaining a fresh sample at the analyser
each time, a pump 'pre-purges' continuously all sample lines
except the one currently being usecd.

The internal pumps of the analysers draws on the currently oren
sample line. To flush the previous sample from the cells of the
analysers and repluce it with the new sample, approximately 12
seccnds is allowed during operation of any sampling cycle.



G TS Automated operating sequence

The sample time on each line and the number of <cycles through
the 8ix lines are set at the sBtart of the measurement period by
altering the program 'code' within the ITT.

At an sppropriate point in the sample sequence, and on command
from the ITT, the analogue signals from each analyser is
separately digitised by the Microdata 1logger. The digitised
values are then written onto cassette tapes.

3.4. Data transcription

The data cassettes are read on a Microdata reader device
connected to an LSI microcomputer. The computer communications
network, NAARC, at BRE can then be used to send the data to any

selected mainframe computer from which subsequent processing and
analysis can be carried out.

3.5, System advantages
The system offers the focllowing advantages:

- It 1is robust, modular and uses easily available
components.

- Hardware faulte can be identified easily.

L}

- Once programed, the system can be used in a 'turn key
mode.

Provided the analogue signal level is within the range

of the A to D converter, the system is not specific to
any particular analyser.

T b System disadvantages

The system suffers from the following disadvantages:
- Bach tracer requires a separate snalyser.
- The A tc I ccnvergion resolution is limitsad c¢o + 5 mV.
- The ITT Director is programmed in an unsophisticated

snd irflexibhle numeric "code’ rather than in &
high-level lariguage like BASIC.
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4. MK . II MULTIPLE TRACER SYSTEM
4.1, Introduction
The Mk II system (Fig 3) was built around three main units:

- A gas line sampler (GLS) wunit to draw samples from
selected zones and present them to an analyser.

- A Miran 980 multicomponent infrared analyser to form
the heart of the system.

- A microcomputer to be in overall control of both the
GLS and the Miran 980.

The system was expected to carry out the following sequence of
operations:

- Draw a fresh gas/air sample from a given =uzone to the
analyser.

- Activate the Miran 980 enalysis cycle.

-~ Store resulting ccncentrations of the component tracer
gases in computer 'store' files for subseguent
analyses.

This process must then be repeated for the duration of the
menitoring period and, during this period, each zone should be
sequentially scanned.

4.2, Miran 980 multicomponent infrared analyser

With the exception of inert gases &and symmetrical diatomics
(e.g. N2, 02, Cl12), all gasee absorb infrared (IR) radistion at
gpecific characteristic wavelengthas. A wavelength which gives
the s8trongest absorption is usually chosen as the 'analytical’
wavelength for that substance.

Although IR absorption spectra are quite <characteristic, two
componentes of aAan air sample will often have some contribution to
the observed absorbance at one or both of their analytical
wavelengthse. This 'cross absorption' interference might be
avoided by choosing different analytical wavelengths. Failing
this, it may be necessary to treat the interfering absorber as a
component and compensate for its presence.

Thie ies the approach which 1s wuwsed by the Miran 9QaeG,. Thie
analyser is a single beam infrared spectrometer with & 20 m path
length gas cell of 5.64 litre volume. The wholse dinstrument is
controlled Yy an INTEL 8085 microprocessor. The Miran Y80

- [P -
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determines the concentration of each constituent of a
multicomponent gas mixture in the following manner:

- The analytical wavelengths of all components are first
determined by observing their infrared signatures.

- The cross absorptions at these analytical wavelength
are measured for each individual component. These
values are then stored within the microprocessor.

-~ When the concentration of each constituent is required
from &a mixture of these gases, the absorption at each
analytical wavelength is first determined. Then, using
the 'calibrated' data stored within it, the INTEL 8085
decodes the absorption information to give
concentration values of the components.

The analyser is capable of determining concentrations in a

mixture of upto ten substances. The manufacturer, Foxboro
Analytical, claim that the instrument typically takes 15 seconds
to analyse and print concentrations for a one-component

analysis, 40 seconds for five components and 70 seconds for ten
components.

4.3. Sampling and Gas Line Sampler

Air samples are brought 1into the Miran wusing 10 mm inner
diameter polyethylene tubing. This large diameter was necessary
in order to ensure an adequate volume flow rate to the cell of
the Miran analyser.

The tubing terminates in the Gas Line Sampler (GLS). This
consists of two trays of instrumentation with one containing 16
three-way M.A.C. solencids. Figure 4 shows a schematic diagram
of the pneumatic connections between these valves. Two versions
of this tray has been built. One contains 6.4 mm inlet valves,
whilst the other wuses 12.7 mm valves for the occasions when
greater throughflow is required.

The second tray contains relay control units required to operate
the valves. The relays are in turn controlled by a CBM 4032
microcomputer. Both this tray and the 'valve' tray when
mechanically connected make electrical contact though a plug and
socket assembly.

4.4, ‘'Interfacing' the aystem

The computer, its peripherals (e.g. disc drives) and the GLS
all ccmnunicste through an IEEE 488 standard interface bus. The
Miran, however, uses an RS232C interface. Since these interface

- B



standards are incompatible, both physically and conceptually, an
IEEE/RS2%2C converter was used to link up the Miran to the rest
of the system. The electronics was configured so that for most
of the time the RS232C was acting as a 'listener'  whilisat
awaiting instructions from the computer. On command from ‘he
computer, the RS232C configured Miran becomes a 'talker' and
after analysing a sample sends a report of the data back to the
computer. The data are then archived on computer disc.

4.5. Operating the system

In general, the system uses BASIC as its high 1level operating
program with additional assembly routines to operate the
standard peripherals. The CBM contains a somewhat non-standard
character code set. Thise presents a difficulty when operating
with the Miran which uses a different s8tandard character set.
For example. the Miran recognises 'ESCAPE' as a task terminator
but this key is not included on the CBM. To overcome tanis
problem, the <character key '!' was used to terminate the task
and the 'bit' pattern for 'ESCAPE' transmitted to the Miran when
the character key waa pressed. These, and other anomalies, were
resolved within the software.

The software program not only controls theé devices in the system
but also provides essential timing delays and Figure 5 shows the

sequence of operation. When the program is running, the
operator 1is initially prompted Dby the program to insert some
essential information , e.g. time delays, =zones requiring

sampling.

During operation, the analysis of a gas/air sample from a
particular zone is initiated by operating the zone valve, V).
Using a vacuum pump, the analysis line is evacuated for a period
of t1 seconds before the Bample is exposed to the analyser. The
sample is then flushed through the cell of the anelyser for e
further period t2. Valve V(15) is then closed and a brief delay
of t3 is imposed during which the pressures on the 1line are
allowed to wequilibriate. Valve V(13) is then closed so as to
hold the sample within the cell of the asnalyser.

A command to commence analysis is then issued by the computer.
At the end of the analysis period, which lasts for ahnout 30
seconds for a three-component mixture, the cenecentration
readings are output throughk the RS232C to the computer and
archived on disc files.

Valve V(n) is then opened and the sample lines thoroughly purgend

before selection of the mnext valve, Vin+1). Trhe proredure
detailed above is then repeated for this (n+l) sample zone.
After =81l =zcnss are asampiecd, the whole cycle ia continuounly

repeated for the desired number of cycles.
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4.6. Necessary precautions

The system, has obviously, to be used with some cnre since all
units within it interact considerably with each other. There
are, however, two necessary precautions that must be taken:

- The two trays of the GLS should never be physically
disconnected from one another when the GLS is switched
on. Any such disconnection will result in the complete
electronic breakdown of the GLS.

-~ There is a design fault within the analyser which
allows part of the IR beam to be exposed to the air
within the analyser enclosure. This is a source of
potential error when analysing sample components since
they may be present in the air local to the analyser as
the enclosure housing is not airtight. Extensive tests
showed that the influence of this leakiness on measured
values was significant. To negate this, it was shown
that, in such instances, the housing requires to be
purged with compressed air throughout the measuring
period.

4.7. Advantages of the system
The main advantages of this system are;

- Up to ten tracers, in any combination, can in principle
be used. In comparison with the simpler Mk I system,
only one analyser is required and errors due to cross
absorption can be eliminated much more easily.

- The mode of operation is very flexible since ccntrol is
carried out by software written in the high-level
language BASIC.

- Once programed and calibrated, the system can te used
in a "turn key' mode.

4.8, Disadvantages of the system
The mein disadvantagee are;

. Tne snalyser has to be calibrated for each <comhination
cf tracers and for the required measuring ranges.

- Eack time the eanalyser 1is moved to a different
location, = mnew callbration ias requir=d. This 1is
because tne 'optics’' within the analyser are sensitive
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to movement.
- Hardware circuit faults are less easy to detect.

- Since it cannot be fully sealed, the analyser housing
needs to be continuously purged if the analyser is
located within an area containing the tracers.

- The vacuum pump is noisy and cannot be wused 1in an
occupied room (other than by the operators of the
system).

5. "CONSTANT CONCENTRATION' SYSTEM

5.1. Overview of the systenm

Figure 6 shows a block diagram of the system instrumentation. A
mnicrocomputer controls a Llrucer sawpling and injection device
through an interface unit. Analysers connected to the sampling
device transmit analogue s8ignals, corresponding to the trace
concentration, through to the interface unit where the =signals
are digitised. The resulting data is then sent to the computer
where the are archived in disc store. Figure 7 shows the systen
as s8set wup. The following subsections give a brief description
of the system and the way in which it functions.

5.2. Computer and peripherails

A CBM 4032 microcomputer is used 8nes the <controlling computer
because it 18 easy to use, relatively inexpensive and uses BAJIC
as its high-level language. CBM Model 4040 'twin disc' drive
units are used for program and data storage. A CBM 4022 printer
is used to obtain printed outrut.

R Interface unit

An interface unit was 'custom' built, to BRE specifications, by
3D Digital Design Inlab. This wunit is 1linked to ‘the
microcorruter through an IEEE bus, The unit consists of the

following rack mounted cards:
- 1IPEF interfacing card

The functicn of this was to configure the IEEL bus of
the <computer to the internal bus structure of the 3D
uni .
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- An analogue to digital (A to D) converter

This card integrates a O to 1! V analogue signal over
many milliseconds to improve the signal to noise ratio.
A 12-bit digitisation is then carried out at a rate of
about 5 samples per second.

- Multiplexer card

The multiplexer allows wupto four signals to be
digitised by the one A to D converter.

- Thermocouple conditioning card

This 18 a Signatrol TC 5021 therocouple input
conditioning card consisting of a i6-channel
multiplexed thermocouple amplifier. Though hardwired
linearisation has been added as an optional extra this
is not used because of poor accuracy. The thermocouple
output are therefore linearised (over the =10 to 40
degC range) in software.

- HRelay cards

There are two relay cards with each <cerd containing
eight separately latched single-pole single-throw reed
relays. The relays are rated at 100 V, 0.5 A, 10W.
The relay contacts are brought out through two 26-way

ribbon cables to the inject and sample Dbox. These
cables also carry signals for the LEDs indicating relay
state (i.e. ‘'on' or 'off') above each outlet connector

on the sample and inject box.

5.4. Sample and inject unit

Thies unit was Dbuilt 'in-house' at BRE and ~ontains three
detachable modules; namely, a ‘'sampling' module, & 'control'
module and an 'inject' mcdule.

The 'sample' module houses a samplivalve (i.e. a rotary valve)
which, when wenergised, can sequentially connect upto twelve
sample lines tu a gas analyser. It is controlled through two
relays housed in the 'control' unit. These relays are switched
on or ofi by the computer. The samplivalve <can also be
'stepped’' and 'homed' manually using switches on the front panel
of the control unit.

The 'injwezt' module ccntains 14 three-way micro-solenoid
switches supplied by Lee Products Ltd. These Bolenoids are
small, have a low power consumption (270 mW) and a rapid (3 ma)
responege time. A short response time is especially important so
that 8 steady flow rate is quickly achieved when short injection
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times are encountered. The disadvantages arising from their
smnall siege are that,

- only a 1limited flow rate (7 1/s at 100 kPa) 1is
obtained, and

- it is difficult to connect their very small outlets to
the 6.35 mm OD tubing used in most of our work.

The relays are operated through the control module. When =&
relay 1is closed, the appropriate solenoid is disconnected from
the purge pump and the 8solenoid directs tracer gas ‘to the
outlet. When 'off' (relay contacts open), the outlets of the
solenoids are connected to a 'purge' pump 8o as to push any
tracer left in the tube to the test space and prevent any tracer
remaining within the tubing.

5.5. Operating procedure

The basic procedure when carrying out a 'conslanl concentration'
experiment is as follows:

- Set a target level at which tracer gas concentrations
should be maintainsed within the test spaces.

- Sample one space at a time and determine the
concentration within that space.

- If concentration is belew 'target', calculate the time
period during which the appropriate injection valve
should be kept open and open valve.

- Check whether any other injection valves are open. If
8¢, determine how long they have been kept opened. If
they have exceeded the <calculated injection period,
close valve and record time period during which the
injection had tasken place.

- Step the scanivalve to next space, determine
concentration level and carry out procedure as detailed
above.

- Continue to carry out this sequence cycle as long as is
desired.

The injectiorn timse for any zone can be summed over a suitable
period (say, one hour) and *he fresh air infiltratioir ianto thet
space during thet period can then be determined.
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5.6. Necessary precautions

The injection flow rates need to be accurately known and
maintained during the measuring period. It is therefore
essential that,

- suitable gas regulators should be used between the gas
supply (usually kept in high pressure cylinders) and
the manifold leading to the solenoids and,

- the flow rates through the tubes are measured (perhaps

with a 'soap bubble' meter) as often as possible.

It is also necessary to keep the gas supplies as far away from
the test area as possible to prevent any leaks contaminating the
measurement procedure.

6. "CONSTANT INJECTION' SYSTEM

The 'constant injection' technique <can be wused in buildings

whi'ch have good internal mixing. This is because the method
depends on 'continuously injected' tracer mixing rapidly with
the internal air to reach an equilibrium steady-state

concentration.

In mechanically ventilated buildings, where an air handling unit
is available +to disperse the tracer throughout the building,
this technique provides a simple method by which to measure the
overall ventilation rate.

In buildings such as these, it 1s sometimes useful to obtain an
‘averaged' infiltration rate over some appreciable period of
time, say over one day. To make such measurements, & simple
'automated’' asystem was built.

This system containes two identical units (Fig 8). Each unit
consists of a Vatson-Marlowe peristaltic pump connected to a
Tedlar 'sampling' bag through some tubing.

Peristaltic pumps were used because the flow rate through them
could be set and accurately controlled. Before a test, the bag
in the 'supply' unit is filled with the tracer at a known
concentraticen although, in practice, it is usually undiluted
neat tracer.

During a test, the peristaltic pump releases, at a known rate,
the tracer into the test apace. After a suitable time interval,
during which the tracer concentration i1n the space has nominally
become constant, the second 'extract' unit is started. The pump
in this urnit is set to extract the gas/air mixture from the test
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space at a known rate and fill wup an initielly empty bag.
Subsequently analysing the tracer concentration in the ‘'extrsct'
bag and by knowing the supply flow rate, the infiltration fiow
rate (averaged over the period over which the bag was filled)
for that space is determined.

When using this system, accurate calibration of the injection
flow rate 1is essential. The concentration of the tracer, both
in the supply and extract bags, aleo requires to be determined
to high accuracy.

To minimise potential sample 1loss or contamination by the
peristaltic tubing, care must be taken to site the injection and
sample pumps in the environment in which they are to be used.
The system is inexpensive, robust, simple to use and reliable.

7. CONCLUSIOKNS

In this Chapter, four automated systems (built as part of the
this present programme of work) were discussed. Of these, two
were developed for multiple tracer measurements, one was Dbuilt
to be used for ‘constant concentration' work whilst the fourth
was set up for the 'constant injection' method.

The Mk I multiple tracer system was built as an interim measure
whilst the more powerful and sophisticated Mk II syetem was
being developed and Dbuilt. An additional factor was the
inordinate delay in obtaining, from the USA, the analyser
required for the Mk II syatem.

The simpler system used existing equipment and analysers. This
system was limited to the extent that,

- &a number of existing single-tracer analysers had to Dbe
used,

- the choice and number of tracer gaees that could Dbe
used were restricted,

- the number of B8paces that could be sampled wasg
constrained to a maximum of six, and

- the controlling microprocesasor was relatively
unsophisticated and inflexible.

On the credit =gide. “owever, this system was rchust and could be
Y

used in a 'turn key' mode. It was also constructed reasonably

quickly Bo that it covid be used in the preliminsary ‘'multiple

tracer’ fisld measurements that were made (Chaptor 5 i



Developing the Mk II system was a technical
Interfacing the Miran 980 to a microcomputer was
task since it had not been ever done before. To
the power of the Miran with the flexibility of
microcomputer gave a system with the potential to
multiple tracer experiments
includes the use of up to ten tracer
choice of tracer gas combinations.

gases, and

The 'constant concentration'
compact and modular. Preliminary
works according to specification.
'constant injection' systenm.

testing

The complexity of the four systems for various

can be classified as follows:

Conatruction

Development

- -

Complexity

- -

Least complex Constant=~ Constant=-

injection injection
Mk I multiple- Mk I
tracer
Constant- Mk II
1 concentration
r
Most complex Mk II multiple Constant-

tracer concentration

The hardware coests for

in the most optimum manner.

Mk

breakthrough.
a considerable
put together
control of the
carry out many
This

an unlimited

system was designed and built to be
has shown that it
Similar comments apply to the

characteristics

Ease-of-use

Constant-
injection

I

Constant~-
concentration

Mk II

each system can be itemised as follows:

System Solenoid-valve Analyser(s) Computer and Total
unit (¢ ) (t) peripherals (%) (%)

Mk I 600 16,000 5,000 21,600

Mk TI 1,800 15,400 2,200 19,400

Constante- 2,800 8,200 2,200 1%,200

concentration

Constant- 1,300 N/A N/A 1,300

injection

The analyser cost of
cnost of two double-component analysers uaed.
noted that the ¥k I syster was built fromn
available within ERE.

= B =

$ 16,000 for the Mk I system reflects
It should also be
equipment

the

already
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It should be once again emphasised that the Mk II is wmore
powerful and has &a greater potential for multiple tracer
ventilation measurements than the Mk I system.
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FIGURES

:

2.

Block diagram of the Mk T automated system
Photograph of the Mk I system

Block diagram of the Mk II system and a photograph of
the system in use

Pneumatic connections of the sclenoid valve unit
Operating sequence of the Mk II system

Block diagram of the 'constant concentration' systenm
Photograph of the 'constant concentration' esystenm

The 'conetant injection' system in use.
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CHAPTER 5

FIELD MEASUREMENTS USING AUTOMATED SYSTEMS

1. INTRODUCTION

This Chapter describes field measurements carried out using the
autcmated systems outlined 1in the previous Chapter. Three
buildings, designated B10, B18 and B9 on-site at BRE were used.
A full description of each building is given in Appendix I. The
numerical coding for these builldings reflects the designatiion
used at BRE.

Building B10 is a naturally ventilated, two storey office bleock.
Section 2 describes measurements of interzone airflows within
this building using the Mk I multiple +tracer system. Nitrcus
oxide (N20), sulphur hexafluoride (SF6) and carbon dicxide (CC2)
were used as the tracers.

The Mk II system, incorporating the Miran 980 multicomponent
analyser, was used to carry out a series of interzone airflow
measurements in building Bi18. This 1s & thres storey ~ffice and
incorporates an air handling unit which allows a variasble amount
of fresh air to be drawn into +the Dbuilding. Measurements,
described in Section 3, were <carried out wusing sulphur
hexafluoride, Freon 13B1 and Freon 114 as the tracer gases.

Section 4 describes the use of the 'constant concentration'
system to measure the changes in infiltration rate over a pericd
of +time 1n a single room 1in building B9  using sulphur
hexafluoride as the tracer gas. The 'oconstant injection' system
was used (Section 5) in building B18 to obtain an overall
ventilation rate for the building.

2. INTERZONE ATIRFLOWS IN BUILDING B10 USING THE MK I SYSTEM

2 Introduction

The objective of +the measurements described here werse to
determine the interzone airflows in bdbuiliding B10, and to assess
the effectiveness of the theoretical approach to <decoding
multiple tracer measuroments.

= s



&P Zoning the building

Fer uwne purposes ¢f this experiment, the building was noticnally
diviced into the following zones:

Zcne Volume Description

w3

G 783 major portion of the ground floor

F 783 major portion of the first floor

S 587 stairwell and southern end of each of the

two floors

b Test conditions

Durisg the test, the building was unoccupilied and all invernai
docrs were kept open. The wind (monitored at a height c¢f 10 w
at a nearby open Bite) and temperature parameters were,
0

Internal temperature = 16° C

Exvernal temperature = ad™® C

diné speed = 2 méa

Wind direction = 225°X

2+4. Tracer gases and injection levels

Three Leybold Herameus infrared gas analysers, dedicatea
respectively to measuring sulphur hexafluoride (SF6), nitrous
oxide (N20) and carbon dioxide (C02) were used.

ke three tracer gases were injected manually, one to each zone,
in sufficient quantity to give (as near as possible) the
foilewing target concentrations:

Lone Tracer Concentration (ppm)
£ N20O 200
F SF6 200
3 cc2 2000

Turing injection, desk-top fans were used to provide mixing.

I
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295 Tracer sampling and analysis

Single-point and blended multi-point samples were taken fron
each =zone wusing equal-length 6 mm ID polyethylene tubes. A
sample line wes also placed outside the test building in order
to provide reference ambient concentratione of the test gases.
All tubes were then brought back to individual solenoid valves
on the Mk I system.

Air samples were taken sequentially from each =zone. The
concentration of each tracer in these samples was then
determined by the infrared analysers, and the values obtained
were then logged onto cassette for subsequent retrieval and
analysis.

2.6. Date processing and results

Figure 1 shows N20 concentration as a function of time for eacth
of the three zones. Similar results were obtained for the other
two gases giving in all a total of nine concentration profiles.
In the case of (€02, the outside background concentration has
been subtracted trom the raw data.

The mathematical technique describded in Section 4 of Chapter 2
wasa used to derive the interzonal airflows from the tracer gas
concentrations. For each of the nine concentration profiles, a
smoothed curve was drawn over a small portion of the
experimental points. These smoothed curves were centred at time
t = 7.5 minutes and were drawn to cover a time range of about
five minutes. Tangente were drawn at t = 7.5 minutes ana th=
gradients determined. Using the values of the gradiients and the
concentrations at these points, the 1interzone airflows were
determined. These are shown in Figure 2.a.

It will be noticed that m®some of the airflows are negative.
Original definitions of these airflowse, as derived in Chapter 2,
preclude any physicel meaning for negative airflows. The
results therefore 1indicate that experimental errors, possibply
arising from imperfect initiel mixing, heve contrituted to theun=s
negative values.

To avoid these negative quantities, a method of analysis
advocated by Penmsn and FKashid [1] has been used. Since the
airflows are calculated from a 86t of simultaneoua linear
equations, the solution can be constrained in the least-squares
sense to have positive values. Using a computer program given
by Lawson and Hanson [2}, the constrained solutions were
evaluated end are shown in Figure 2.D.

74



Discussion

is & cneck on the validity of these results, a computer program
uiilising the Runge~Kutta-Merson routine from the NAG library
.7} was written. Knowing the interzone airflow quantities and
initial cencentrations, the time-histories of tracer
concentrations in 8 multizone environment can be predicted.

T2 calculated &airflows were used to obtain predicted
concentration profiles. As an example, Figure 1 shows the
predicted curves superimposed over the experimental data points
cittained for the N20 +tracer. The matching between the data

points and predictions is seen to be good.

©¢ ensure that no drastic change had occurred in constreining
the airflows to be positive, predicted curves with and without
cuensvrsints were evaluated and are shown in Figure 3. This
“uwe  there is only a marginal difference ©between the two
anecaniration profiles.

With regard to the performance of the building for this test,
the following results were obtained:

o ‘'ne total fresh air infiltration rate was 0.76 ach.

2. The infiltration rate to the first floor zone was only
0.46 ach compared to 0.99 and 0.84 ach for the ground
floor and stairwell zones respectively.

Fia Air movement from the stairwell to the first floor
dominated interzonal a2ir movement.

4. There was negligible direct interchange of air Dbetween
the ground and first floor zones.

5. Only 15% of the fresh air entering the ground floor
zone entered the other two zones.

INTERZONE AIRFLOWS IN BUILDING B18 USING THE MK II SYSTEMN
Introduction

vefore, the main objective of the field measurement described
~ie wan to determine the interzone airflows in building B18. A

' three tests were designed for three different settings of
the m1r handling unit. The Mk Il system was available to carry
vrese measurements and preliminary laboratory tests showed that,
with This system, sulphur hexafluoride, Freon 13B1 and Freon 114
could be used as the tracers in three-zone experiments.

I
-
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3.2, Office building

The 'low energy' office building B18 (Appendix I) incorporates &
number of energy saving features. Amongst these is a mechanical
ventilation system which allowe a variable amount of fresh air
to be taken into the building. This value can be varied fronm
nominally zero (complete recirculation) to full (no
recirculation) fresh eair intake depending upon the setting of
the mechanical dampers at its air handling unit (AHU). During
the heating season, it is Bset to about 30% fresh air.

& T Injection and sampling points

The design of the air distribution ducting allowed each floor to
be 1individually seeded with a tracer gas. Polyethylene tubing
(6 mm ID) was laid between a central 'control' room and various
strategic points in the supply side of the ducting.

Samples were taken from suitable points in the wextract ducting
ueing 10 mm ID polyethylene tubing. These larger tubes were
necessary to ensure an adequate volume flow rate to the cell of
the Miran analyser. In each zone, several sampling tubes from
that zone were brought together to a common Junction and
manifolded together. A single tube from each junction then
carried the ©blended semples into +the automated system for
analysis.

i . Test conditions

Three tests are reported here. These were made with all windows
and doors, beth internal and external, closed. The building was
unoccupied during the tests and the heating system was not in
operation. The test conditions were as follows:

setting Internal External Speed Direction
(m/s) (degN)

1 Full 23, 19, 0.8 47
recirculation

2 No 2% 18. A 85
recirculatisn

3 30£ fresh air el 17. 0% 4%



% Ry Tracer gases und injection levels

BEach of the three floors of the Dbuilding was seeded wiin a
different tracer gas using the installed tubing. The gases used
and the target concentrations were;

Zone Tracer Concentration (ppm)
Groundngzgor (G) -EEE-- -----—-;; ----------
First floor (F) Freon=-114 124
Second floor (8) Freon=-13B1 53

This combination of gases was chosen because of their low values
of cross absorption during infrared (IR) analysis. The target
concentrations were set by the linearity and the strengths of
the =<cignals from the Miran 980 analyser for these concentration
TENEES. The accuracy of the concentration measurement of any
one gas in the mixture was better than 1% of the upper value of
its linearised range.

3.6. Data processing and results

Figure 4 shows the concentrations of the tracers as a function
of time in the three zones for the experiment carried out with
full recirculation (Test 1). Similar results were derived for
the other two tests.

The interzone and infiltration airflows were derived as
described earlier. Figure 5 is a schematic drawing of the
results from all these tests. Unlike the results obtained from
the naturally ventilated building, the calculated airflows were
always positive. No least-squares constraint was therefore
imposed on the calculations. The 1lack of negative airflow
vaiues can be regarded as a consequence of +the Dbetter mixing
imposed by the mechanical ventilation system.

In each zone, the fresh air infiltration rate as well as the
total ventilation rate was calculated. The total ventilation
rates were calculated by summing either the airflows into or out
of these zones.

The calculated whole building ventilation rates were compared

witn the 'design' values. This comparison, together with
individual zonal rates, are as follows:

G
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Ventilation rates (ach)

Test Ground-floor First-floor Second-floor Whole-building

! 1-05 3-10 1!02 3!38 0.55 3‘70 0-87 OvO
2 2.33 Yuid2 2.00 3.22 1.95 2.64 2.09 4.0
3 1.81 4.57 1.35 3.00 1.15 3.19 1.44 1.5

BT Discussion

Interzonal airflow information, as supplied by Figure 5, allows
the fresh mir contribution to any zone to be separated from the
total ventilation rate intec that zone or to the building as a
whole. The difference Dbetween the rates can be seen in the
above table.

For this series of measurements, the results tabulated above can
be compared with ‘'design' values which are given in the same
table. There are marked discrepancies. One striking feature is
the amount of fresh air entering the ©building when the
mechanical system is on full recirculation (Test 1) when there
should nominally be no such inflow. It is suggested that this
inflow of fresh air is partly due to infiltration through the
external fabric of the building and partly due to leakineas in
the dampers and ductwork housing the air handling unit.

4, FRESH AIR INFILTRATION INTO A ROOM IN BUILDING BG USING THE
'CONSTANT CONCENTRATION' SYSTEM

4.t Introduction

The main purpoas of the measurements described here were to
determine the fresh =&air entering &8 room of & multicelled
building using the 'constant concentration' asystem. The tests
were carried out in a firet floor room of building B10.

. Test rcom

The test room (Figure %) 18 located c¢n the firat floor of the
four-storey block which 1s &8ligned approximately east-west,
facing south. In the %test office, there is a 'false' —ceiling



which extends over the whole of that gtorey. The height from
floor to false ceiling is 3.02 m. Above this 18 =& void whieh
also extends throughout the zone.

There are no direct openings between this room and the rooms on
either side of 1it. The test room, measuring 4.30 x 2.97 m, has
a well-fitting door which opens onto a common corridor which is
1.77T m wide and 13.34 m long and terminated by fire-doors.

It was considered impractical to maintain a constant
concentration in the extensive void above the false ceiling in
the room. For this reason, all possible airflow routes to the
room except those allowing direct exchange of air with the
cutside and with the corridor were sealed. As & result it was
necessary only to maintain a constant concentration in the room
and the corridor immediately outside the door.

4.3. Injection and sampling locations

The locations of injection and sample points are indicated in
Figure 6. In the room these are both at a height of two metres.
A small fezn was placed in front of the injection line to aid
mixing. In the corridor, the sampling point is at & height of
one metre, and the injection point is at a height of 2.5 metres,
immediately in front of a desk top fan. A second fan was placed
at the same height further down the corridor, again to induce
mixing.

4.4. Injecting tracer and monitoring concentrations

Throughout the tests, sulphur hexafluoride was injected into the
room and the corridor at the appropriate times to maintain both
zones at a targe! concentration of 20 ppm. The'  injection flow
rates were set by needle valves attached tc the ends of the
nylon tubes. The rates were checked wusing a soap-film flow
meter and wers adjusted daily to maintain injection rates of
1000 ce¢/min in the corridor and 50 cc/min in the rcom.

The 'constant concentration' equipment wae 1installed in an
adjacent laboratory. The syetem controlled the full operation
of injection and sampling. Each injection through a 1line was
followed by a short flushing with outside air. Also, preceding
each analysis, a shert purge drew a fresh sample from the
appropriate sample 1line. Samples were analysed using a 50 ppm
full-scale Levbold-Hereeus [R gas analyser. The analyser was
calibrated dsaily.

= FO o



4.5. Monitoring temperature and wind data

Inside and outside air temperatures and wind velocity were
monitored and recorded. The wind speed and dirsction were
measured at a height of 10 m at &a nearby open area. A1
information was recorded in cassette form on a Solartron Orion A
data logger. These were later transcribed to give half-hourly
averages.

4.6, Results

Detailed results are presented for two 24-~hour periods when the
building was 'lightly occupied’' (i.e. non=-working day) end when
it was 'heavily occupied’ (i.e. working day). These two sets
are only a small sample of the total data set but they are
typical and illustrate the major features of the results.

Figure 7 showe the computed airflow rates, into the room and the
corridor, over a period when the building was only very lightly
occupied. During this period, the concentrations generally wers
accurately maintained at the set level, except for disturbances
around 8.00 hr and 16.00 hr. The wind speed, wind direction and
the temperature difference between inside and outside are shown
in Figure 8.

Figure 9 shows the computed airflow rates into the room and
corridor during a working day when the building was heavily
occupied. In this case, the concentrations were maintained at
night but deviated significantly from the set level during
wvorking hours., The wind speed, wind direction and temperature
differentials are shown in Figure 10.

4,7. Discussion of results

Taking the caso of heavy occupation first, +the wind velocity
remained essentially constant throughout the ftest and can
therefore be ruled out as the cause of a daytime ©peak in
infiltration rate. In addition, the temperature differecnces
were also small at this time which would tend to reduce any
temperature-induced infiltration.

The apparent rise in infiltration <courrespond in time to the
arrival of occupants at 8.30 hr, peaking at 14.00 hrs, followed
by a return to night-time 1levels after 18.00 hr when the
cccupants have left. The calculated infiltration in the rooms
follow a pattern similar to that in the corridor, which increase
by an order of magnitude.

i, - is therefore concluded that an increase in the total
ventilation rete in the corridor is caused by ocazcupantes oapening
the corridor doore.



During this period of heavy occupancy, the increase in airflow
rate was too great for a constant tracer concentration to be
maintained by the system. In this situation, air exchanges
tetween room and corridor caused a net loss of tracer (rom the
room thereby precipitating an increase in injection rates 1into
the room. Thus the increase of infiltration in the room may be
largely caused by the loss of control in the adjacent corridor.

¥hen the building was lightly occupied, similar Dbut relatively
smaller <changes in infiltration in the corridor were observed
between 8.00 hr and 16.00 hr. But there is only a very small
correaponding disturbance in the room infiltration. In this
case, there was better control of concentration in the corridor.

Results from the 'light occupancy' period show that the room,
with its windows c¢losed, was very airtight. The infiltration
averages at about 75 litres per hour which is very low.

5. OVERALL VENTILATION RATE IN BUILDING B18 USING THE 'CONSTANT
INJECTION' SYSTEM

Ly [N Introduction

The 'constant injection' system can most wusefully be wused in
buildings having good internal mixing (Section 6 of Chapter 4).
In view of this, it was decided that this system could be used
in building B18 to determine the overall ventilation rate when
the AHU was in normal use.

5.2. Experimental arrangement

The equipment was installed on the roof of the building and next
to the AHU (Figure 8 of Chapter 4). The 'supply' unit was set
up to inject directly into the intake fan in the main duct which
was just downstream of the air intake grille. A 10-litre Tedlar
bag, filled with neat SF6, was used as the reservoir for the
supply unit. The injection rate was set to 132 ml/hr. Assuming
a ventilation rate,of 1 ach, and taking +the volume of the
building as 5280 m”, this injection rate would ensure a steady
target concentration of 25 ppb.

SR Resultes

After a suitable time was allowed for the concentration to

stabilise, 'spot' measurements were taken at various points in
the building. The samples were taken in 100 ml glass syringes
and analysed ueing a gas chromatograph fitted with an

- 81 -
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electron-capture detector. Details of this method of sampling
and of the gas chromatograph equipment are given in Chapter 8.

The resulting concentrations and <calculated air change rates
were as follows:

Sample location Sample concentration Air change rate

(ppd) (per hour)

e - - e o e e o e - -

Corridors:

Ground floor 30 0.83

First floor 29 0.86

Second floor 30 0.83

Rooms:

Ground floor (south 30 0.83
facing)

Second floor (north 28 0.90
facing)

5.4. Additional measurements

Subsequent measurements were carried out to determine the
overall ventilation rate averaged over various time intervals.

These were made by use the 'sampling' unit with a sample tube
inserted 1into the main return duct on the upstream side of the
extract fan. Samples were collected in a five-litre Tedlar bag.
The injection flow rate was increased to 2.2 ml/min.

During the <course of +the sexperiment, 100 ml &esamples were
extracted from the 'sampling' bag at various time foints. At
these times, 'spot' syringe samples were also taken &t various
locations in the building. The concentratione of all these
samples are tabulated as follows:
Time into test Averaged concentration Spot concentration
(hours) in bvag (ppd) at other locations
20 24.7 29.4 ppb in 2nd

floor corridor

40 2B.3 30.7 ppb in ?nd
floor corridor

96 26.0 23.4 ppb in 1st
floor corridor
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23.0 ppb in north
facing room (2nd
floor

Unfortunately, the gas chromatograph was not kept calibrated
during these measurements. Since the absolute values for these
concentrations were suspect, no attempt was made to derive air
change rates from these values.

5«5 Discussion

The results given above showed that, with the AHU turned on, the
overall ventilation rate was averaged at 0.85 ach.

It is unfortunate that no time~averaged airchange rates could be
derived from the bag samples because of calibration problems.
Celibration procedures were subsequently tightened up and
similar problems should not occur in future. It was however
encouraging to note that the time-sveraged concentration in the
bag reflected, even over four days, the concentration of the
tracer in the building.

6. CONCLUSIONS

Three office buildings were investigated wusing the four
automated systems described in Chapter 4. The air movement
within two of these buildings were determined using the multiple
tracer systems. The constant=-concentration system was used in
the third building to determine room fresh air infiltration
whilst the conestant«injection system was used to determine
overall ventilation rates in a building with an AHU.

The Mk I system, built as an 1interim measure, was wused to
determine the interzonal airflows in the naturally ventilated
office building, B10. The tracer gases that could be used with
this system were dependant upon the available analysers. The
measurements showed that, for the particular weather conditions,
the s&airchange rate was 0.76 ach. In addition, a knowledge of
the movement of air air within the buililding was gathered.

Interzonal airflows were measured in bulilding B18 using the Mk
Ii sgystem. The building incorporates an AHU which allows a
variable amount of fresh air to be drawn into the Dbuilding.
Meagurements were made for different settings of this unit.
Marked discrepancies were found between measured and design

values. The overall ventilation rate of the builcéing, with the
AHU set at normal operating condition, was measured as 1.44 ach.
This value is in excess of that measured by the

o B =
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constant-injection system. It seems that further work may te
neceasary to disentangle this discrepancy.

The fresh air infiltration into a rather airtight office room i=x
building B9 was measured wusing the <constant concentration
system. The measurements showed taat the system worxs well wihe.
the control =zones surrounding the test room are not much
disturbed. For this particular roonm, the averaged fresh air
infiltration was low at 75 litres per hour.

The overall infiltration rate in building B18, witn its 4H]]

operating normally, was measured as O0.85 ach Tty using th=e
constant injection system.

7. FUTURE WORK AND APPLICATIONS

The multiple tracer svetems give information regarding
interzonal air movements which no other existing experimenial
system or prediction technique can do. Such information 1is

invaluable if there is A neead,

- to identify the movement of air, and hence contaminants
or heat, from one zone to another and,

- to determine the effectiveness of remedial measures or
to indicate zones where selected remedial measures will
be cost-effective.

It is therefore necessary that a limited amount ¢f fuviner fiald
measurements be carried out wusing the Mk II asystem so as t¢
fully sort out the measurement technique. The complexity of
these two multiple tracer systems precludes them from being used
more widely. Future work should therefore be coniined to
in-depth monitoring of &a few selected office buildings. The
same comments apply to the constant-concentration systen.

Now that the gas chromatograph can be calibrated in & much wmore
reliable manner, the constant-injection system cculd be used to
give time-averaged ventilation rates. The buildings in wiich
this 8system <c¢ould be used will, however, be limited to thooe
with good internal mixing.

This Chapter therefore suggests that the multiple trecer systems
or the constant-concentration system should only be used when
comprehensive information regarding air movemen! is required for
8 building. Otherwiee, simpler techniques whicn will give lass
comprehensive but nevertheless ussful informatiocs snre requivad.
The manner in which we set out to develop such tauchuijues is set

out in the following Chaypters.
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CHAPTER 6

FIELD DEVELOPMENT OF SIMPLIFIET S_/R/TEGILES FOR VENTILATION
MEASUREMENT IN OFFICE BUILDINGS

1. INTRODUCTION

The previous Chapter described possible measurement techniques
that could ©bYbe wused to investigate, in detail, the airflows in
large, multicelled buildings. Such information was, however,
gathered &at the expense of using sophisticated and complex
automated measuring systems.

The cost and complexity, however, of carrying out such detailed
experiments can be prohibitive and in many instances it would be
beneficial to obtain less compreheasive, but nevertheless useful
information using only s single tracer gas.

Large, multicelled and naturally ventilated buildings pose many
inherent difficulties for the measurement of overall
infiltration rates using a single tracer gzas. The most obvious
difficulties are;

- local variations in infiltration,
- imperfect internal mixing of the air, and

- vpractical difficulties in distributing (i.e. seeding)
the tracer gas and subsequently obtaining air samples.

In this Chapter, a2 relatively simple technique which avoids
these problems 1is ©proposed and field experiments to test the
method are described. The technique is first illustrated 1in
Section 2 by analysing the decay of a tracer initially dispersed
in a two-cell model representation of a building.

The eigenvalue solution to this model shows that one of the 1two
eigenvalues will dominate &after a long time period. When the
influence of the other eigenvalue ©becomes negligible, the
dominant eigenvalue is directly related to the decay rate
measured during this period from a semilog plot of the
time-history profile of the tracer concentration.

Conditions under which this dominant value approximates to the
overall infiltration rate are mnext discussed. It is then
suggested that these conditions, which are rather restrictive,
cen be relaxed in real multicelled buildings to help towards
correspondence between the above two values.

The Sections following this describe field measurements designed
to develop an wunderstanding of this proposed new simplified
technique. All measurements were carried out 1in building B18
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(Appendix 1) and details of the Lestn are given in Table 1.

Firld measurements carried out with the building mechanicall;
ventilated are described 1in Section 3. In this building, the
air handling unit connects directly only to the rooms whereas
the corridors and stairwells are not directly ventilated in this
way. Therefore, whilst the internal air was expected to exhibit
good mixing, perfect mixing wae not expected. It was therefore
considered justifiable to test the new technigque with the
building operating under this ventilation mode. Results from
these measurements demonstrated the characteristics predicted by
the theory in the earlier Section.

Section 4 describes field measurements carried out with the
building naturally ventilated. The tests include various tracer
seeding strategjes ranging from whole building seeding through
to s8eeding of individual zones or cells. A zone in the present
context may be a single cell within which nmixing is assumed
perfect or a collection of such cells which can be taken to act
as one aggregate cell. The results, as they reilect on the
gimplified technique, are then discussed.

In Section 5, the concept of local ventilation rates 1is

introduced. Thia value, unlike the more often used decay rate,
can in certain circumstances be used to predict the steady local
concentration of a contaminant which would result from

distributed sources. A more detailed explaination of this local
rate, together with field measurements, are discussed in that
Section.

Finally, in Section 6, conclusions are drawn regarding the work
described 1in this Chapter. The 1implications from these, as
regard to future work, are then diascusaed.

2. THEQRY OF 'SIMPLIFIED' TECHNIQUE
2%y Introduction

In a well=-mixed single cell building, the 8ingle eigenvalue
solution to the tracer decay equation (Equation 3 given below)
represents the air change rate of thoat building. What in
important is, however, whether the eigenvalue solutions obtained
by considering a multicelled building can in any way be used au
a measure of the air change rate of the whole building.

allowed to decay in a multicelled building, thern its

If a tracer gas, at an initial concentration level of {C( }. is
gubseg
behaviour at any later time, t, is governed (Chajprer 2)

b the

3
<

w 1) -
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system of ordinary differential equations

6 =Cv] -[el.lc} (1)

where [V] is the cell=-volume matrix and [Q] describes the
intercell airflows.

In Chapter 2, the unique solutiocn

fe(e)} - S R E {c(o)} (2)

which satisfies Equation 1 1s given.

It was further shown that if the matrix [V]-1.[Q] has distinct
elgenvalues A, then the solution reduces to

fe(ed = (4] Lo ) (3)

where [A] is dependent on {C(O)} but is independent of time t.
It can therefore be seen that each element of §C(t)}) 1is a
linear combination of exponential functions with no polynomial
contributions.

2.2, Two cell model
Let V, and V., be the volumes of two interconnected cells, 1

and 2'and 1e% Q,, be the airflow from cell i (= 0,1,2) to cell
i (= 0,1,2). Tﬁé two eigenvalues are then given by,

Q
gy 201 gy, [Ta¥s . %Y, Qi P2\ [ mVYy)[2
] v v + v + v - v + v - v + J]m1m2 (‘)
1 %2 | 2 1 2 1 2

where m = Q /v for j=1,2
i 1j 1

Taking the negative square root term, the minimum eigenvalue 1is
obtained. The square root *term in the resulting equation
consists of an infiltration tarm,

X=(Q /¥ ) ~-(q /v)
o1 1 02 2

and mixing terms. If the infiltration rates in each <c¢ell are
approximately similar to each other, or if the mixing terms are
large in comparison with X, then the square root term can be
expanded as a Maclaurin series in X for small X.

- 101 =



Therefore bty expressing Equation 4 in terms of a polynomial in X
for small X, and then by

- 2ollecting like terms, and

- replacing m, by considering the airflows intec Cell 1,

2

Equation 4 can be simplified to,

%9 (%0 " %1 " ™Y )2
v v v

2 2 1 2
=X e — +0(X") *+ soue. (5)
min m1v1 y Q%G 001+ m1v1
Vz V1

If the following hold true;

- there is enhanced mixing between cells, i.e. m large,
or

- infiltration balances exfiltration in each cell,

then Equation 5 can be further reduced to

-A = (@ +Q )/ (v+v ) (6)
min 01 02 1 2

= R
where ® 18 the totel infiltration rate.

It might te ccncluded that the conditions, required for the
dominant eigenvalue A to tend towards the infiltraticn rete R,
are rather restrictive. It 1s suggested, however, that ths
two-cell mcdel 1is an extreme simplification of & multicelled
building, and that in & real building two factors help towards
correspondence between A and R; namely

-~ the influence of any one cell 1is reduced =aince there
are many cells, and

- there may be a combination of internal mixing, equal

local infiltration rates and locally balanced
infiltraticn and exfiltration.

These 1deszs ure investigated further in the following field
measurements.,
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3. FIELD MEASUREMENTS WITH BUILDING MECHANICALLY VENTILATED

il ITntroduction

[y

n zests A to E (Table 1), the air handling system was wused +to
seed the whole building with a single tracer gas. The decay in
concentration in the main exhaust duct (Tests A and B), at the
three floor levels (Test C) and at the local levels of rooms and
corridors in the centre-zone of the second floor (Tests D and E)
were measured.

2.2, Measurements at main air handling duct

The twe tests, A and B, were designed toc provide a measurement
of the overall ©building ventilation rate and the tracer decay
cheracteristics as seen at the main return duct of the air
lhandling wunit. In both tests, SF6 was injected directly into
the main supply duct to reach a target concentration of about
200 ppm.

Corncentration decay in the main return duct was measured using a
Leybold Heraeus Binos 200 ppm (full scale) SF6 analyser. Once
the injection was stopped, measurements were made over a period
of about 70 minutes.

The concentration decay curve (Fig 1) for the first test shows,
on a semilog plot, & continuously changing slope which is
tending towards a decay rate of 0.82 per hour. This value can
be detected about 30 minutes after tracer injectlion ceased.

This gradual change in slope suggested that measurements should
have continued for a longer time periocd. This was carried out
in Test B when +the measurement periocd was extended to 150
minutes. The second test (Fig 2) reprcduced the results of the
first with the slope tending towards a value close to 0.80 per
hour. Once again, this slope can be obzerved after about 30
minutes frem the end of injeeftion. During both tests, the wind
was blowing from the south-wes* to the north-west sector.

i Measurements at individual floor levels

In Test C, the Mk II system installed during the multiple tracer
experiments (Chapter 5) was used to rapidly inject the tracer
pwas, Frecn 13B1, to a target concentration of 50 ppm throughout
the dullding. The gas wae 1injected at strategic points into *the
ductwork of the air hardling system through previously installed
nylzr tubing. Injection time was approximately two minntes.

Concentration measurements began immediately after +ithe tracer
injection was completed. The Mk II system was used to draw and
analyse samples from each of the three floors as the
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concentrations deceyed over a gperiod of TS5 miautes. Turins
measurement, the Miran analyser <enclosure waa conbtipnuous!
flushed with outside air using & %7 1/minute Auuten jyump. N-
centinuous prepurge of the sample 1line was carried ocut sines
similar ztests (not reported here) have shown thuat flushing the

line immediately before sampling was adequate.

Figure 3 shows the decay curves measured in each «{ the thres
floors. The curves measured on each floor are similar and all
show a decay rate tending towards 1.! per hour in the long term.
The wind was blowing from the scuth-east sector during this
test.

¢4, Localilsed measurements in centre-zone of the second floor

The two tests described i1In this Section were designed to
investigate the 1local variations in infTiltratior rets wltrnir «
single floor level. In particulsar, ventilation .sates abtains.

in rooms, corridors and stairwells in the centre-vone of the 2rnd
floor of building B18 were examined &nd compared.

For both Tests D and E, SF6 was introduced into tne building 0
reach a target concentration of about 200 ppm. As bdefore,
injection was through tubing installed into the air handling
system.

Once injection had ceased, the Mk I multipoint sampling systenm
was used to draw air samples sequentially from siv pointe as fthe
concentration decayed. The locations at which measuremenls vwere
made are shown in Figure 4. The Leybold Heraeus Biunoa 200 v .=

SF6 infrared analyser wag connacited to the HMark 1 s2reion
(Chapter 4) to determine tracer ocncentrations. Menaurermani
vere made over periods of 90 minuates for Test D &and ever 270

minutes for Test E. During the !‘=uts, the wind wus LIowine Trom
the north~east to the south-east secter.

Figures 5 and 6 show the decay curves obtained at thess
locations from the twe respective tests. The firat dets pointe
plotted were recorded '7 minutee sfter the end of injertison.

In each test, curves correspondinzs to Locations 7 L~ S were very
similar though +trasce 1t {room) and trace 2 (ex‘rasi dust) show
concentration levels slightly lcwer than the othera.

In the first test, the initisal decay rates all give an
approximate rate of 1.05 per hour., Near *the end, the decay

rates were approximately 0.85 per hour for Loecations 1 te ©  and
0.63 per hour fer the stafrwell (Location A}, Tt shoul?l he

noted that the traces flatten 2u® =ai the end of the teni, LU AL
90 minutes, when the air headlins unit was swltohag U7



The initial decay rates for the the second test were not easily
visible on the longer timescale plot. For +this reason,
additional data points on traces 1 and 4 have ©been plotted in
Figure 6.b. The initial decay rates for traces 1 and 2 were
near to a value of 1.2 per hour whilst for the remaining
locations the rate is nearer 0.9 per hour. The final rates were
0.895 per hour for Locations 1 to 5 and 0.57 per hour for
Location 6.

Yaha Discussion

From all these tests, and made at various locations within the
building, two interesting features emerge from the decay curves:

- There are two parts to a decay profile; an 1initial
"transition' region and a final 'dominant' region.

- In the 'dominant' region, the decay rate tends towards
a constant value.

It is very encouraging to note the emergence of the dominant
region as predicted 1in Section 2. As stated in that Section,
the decay rate measured in this regiocn of the curve 1is
equivalent to the dominant eigenvalue.

It was also said that the dominant decay rate in a multicell
building would reflect the overall ventilation rate of the
building. The dominant rate measured during Test C was 1.1 per
hour whilst for Tests A, B, D and E the rates all lie within
0.80 to 0.85 per hour. These values compare favourably with the
rates 0.83 to 0.90 per hour evaluated wusing the 'constant
injection' technique (Section 5.3 of Chapter 5).

4. TIELL MEASUREMENTS WITH BUILDING NATURALLY VENTILATED
dula Introduction

The understanding gained in terms of +the theoretical two=-cell
model representation (Section 2), and the general success cf the
field measurements carried out with the ©building mechanically
ventilated, indicate a favourable basis from which to extend
investigations to the case of natural ventilation.

In this Section, two major series of tests involving +tracer

decay measurements are described. The first series of tests
(Table 2) were carried out without draughtstripping the vindows
in building B18. The second series of measurements (Table 1)

were carried out with the windows draughtstripped as were +the
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meapurements described 1in Section 3 above &nd in Thapier 5
earlier.

The first series (Table 2) of measurements, carried ocui without
draughtstripping the windows, oconsiste of 20 tests desgigned to
measure the overall infiltration rate of the building fer g wii=a
range of &external weather - conditions. Though not directly
related to the line of argument pursued 1in this Chapter, the
results reported here have relevance to the later Chaptaor
dealing with the effect of retrofit measures on the energy
consumption of this building (Chapter 8). For the sake »f
completeness, these measurements are discussed in this Chapie:
in Section 4.2.

The second series (Table 1) of measurements, with the ‘huildiug
naturally ventilated and numbering in all seven.tests (denotecd
by the letters F, G, «..., M but excluding the 1letter 1), are
described 1n the remainder of the Section. Theae tests weic
carried out with all the windows draughtstripped ss were a4 !
other measurements (excluding the specific seriass cf

tabulated in Table 2) relating to building Bi14 deseribe

elsewhere in this Report.

wes

Subsection 4.3, describes Testa ¥ and G carried ouat with the
whole building initially seeded with the tracer witr measurement
periods of seven and four hours reaspectively.

In Tests H, J and K (Subsection 4.4.,), the seeded region 1is
reduced to the centre-zone of the seccnd floor. Tests H end X
are essentially the same but with different tracers and slightly
different seeding technique. During these two tests, all
internal doors within the seeded region were kept clecsed. T
determine the influence of open doors, and hence localilse:l

enhanced mixing, Test J was carried out.

Tests L and M, described in Subaention 4.5., were iesigned
determine the effeet of reducing the seeding region siili
further down to room level. These two were also duai tracer gacs
experiments with +the second tracer seeded in the corridor area
of the sesc¢nd-{loor centre-zone region.

In the second series of tests (Table 1) all mesasursments wvere
localised to the centre~zone of the second floor.

4.2, Overal) infiltraticn rate in building with
non-draughtstripped windows.

Twenty overall infiltration teats were carried out over s period
ctf one month during the SULMET Ir all these Sests, the
following experimental arrangeneantas were maintained:



- All windows and external doors closed.

- All inlet/exhaust openings of the air handling wunit
blanked off.

-~ All internal doors, including 'fire' doors, kept
opened.

- Air handling unit on full recirculation during the
tests.

- Warm air heating system switched off.

Using nylon tubing, the tracer gas, SF6, was injected into the
main supply duct of the ventilation system located on the roof
of the building. The fans of the AHU, on full recirculation,
were used to initially disperse the gas throughout the building
and then, subsequently, to keep the tracer well mixed with the
internal air.

During the measurement periods, the tracer was sampled through a
nylon tube inserted into the main extract duct of the
ventilation system. The gas concentration was measured with a
portavle Analytical Instrument gas chromatograph coupled to an
electron-capture detector. Wind speed and direction during the
tests were monitored at a height of 10 m in an open, i.e.
unsheltered, location within RRE.

The measured overall infiltration rates are tabulated in Table 2
together with weather conditions corresponding to the
measurement periods. It can be seen that, during most of the
tests, the average hLourly wind speed was between 2 to 4 m/s with
the winds blowing mainly from the south-west. The majority of
the infiltratiorn rates lie within 0.35 to 0.55 air changes per
hour.

4.%. Measurements with whole building seedqd

With the air handling unit switched on, the ZF6 tracer gas was
injected directly into the supply duct sc as to disperse the
tracer throughout the whole building. The mechanical
ventilation system was then switched off once the target
concentration was reached within the building. This was set at
30 ppm and 150 ppm for the Tests F and G respectively.

For both tests, tracer gas concentration was measured at 8ix
locations on the second flocr level. Sampling locationes for
Tests G and F are given in Figures 4 and 7 respectively. Air
samples were taken using the Mk I system in conjunction with the
Leybold Heraeus infrared analyser. The measurement periods
ranged from over seven hours for Test F to over four hours for
Test G.
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Concentration profiles over the first three hours of Test
shows (Fig 8) two distinct groupings. The room, wes‘ corrider
and weat stairwell form one group and the room ventilation du:-
together with the two locations (midpoint and outside the roor

ulong the corridor form the other. Two decay rates of 0.0 nar-
0.26 per hour were respectively measured over the linear portic:
of the semilog plot for these two groups. Also, a manifoldes

sample of all 1lines showed & decay rate of 0.18 per hour over
this seven hour period.

The semilog plot (Fig 9) for Test G showing the —concentration
profiles for the first six hours of the test indicates that
after about 80 minutes, the decay rates at all locations ars
close to 0.23% (+ 0.02) per hour with two exceptions. First, the
measurements in the west corridor (trace 4) becomes unsettlecd
after 160 minutes. The cause of thie is unknown. The second ie
the slower decay rate of 0.17 per hour observed in room 214
(trace 2) after 200 minutes.

From these tests, two tentative but important observations cs:
be made:

- The steady decay raetes, measured over the time constant
of the -experiment, are similar to each olher uand
suggests & degree of grouping of regions, or cells,
which have similar ventilation characteristics. These
may be taken together to form a zone which can lead to
a simplification of the sampling procedure, and perhaps
also, of the seeding procedure.

- The concentration curves tend towards a constant decav
rate in the long term as postulated in Section 2.

4.4. Measurements with only the centre-zone of the second floor
seeded

The aim of Tests H, J and K, was to determine the influence o
tracer gas decay measurements when only a limited region of th«~
building is seceded. The intention was to exploit the
pessibility that measurements carried out in secded zones may
reflect the overall wventilation characteristics of & partly
seeded building. In addition, the effect of open or closei
doors within the measuring region on the measured values were
also to be assessed.

In all these three tests, only the <centre-zone region in th:
second floor was seeded witrh the tracer. Seeding was by either
of two methods; manually by injiecfing neat tracer directly fro;
a cylinder or by bursting ballaoons inflated with the truncer to o
calculated diameter. Thesa experimental arrangem=2nts ss well aa

the position of internal doors cnn be summarised as;



Teat Tracer Target Seeding Position of
(ppm) procedure internal doors

H SF6 200 Manual closed

J SF6 200 Manual open

K N20 200 Balloon closed

N20 was used in Test K because a parallel test, Test G, using
SF6 as the tracer was also being carried out (Section 4.3.). It
was intended that the dominant decay rates from these two tests
could be compared +to determine any variation caused by single
zone seeding as opposed to whole building seeding.

During Test K, the east and west zone corridors of the second
floor were also, inadvertantly, seeded with the tracer. The
seeding strategy of Test K is therefore not exactly similar to
that of Test H.

The Mk I system was used to measure the concentration of the
tracers, at six points, as it decayed. The locations of the
sampling points for Tests H and J are shown in Figure 10.
Locations (Fig 7) for Test K were similar except for the
substitution of a further 'room' point for a ‘'corridor' point.
Note that in all these tests, Location No. 4 was outside the
intended zone of seeding.

Measured concentration profiles for the Tests H and K, carried
out with the internal doors closed, are shown in Figures 11 and
12 respectively. All profiles show that a steady decay region
has been established.

For Test H, and ignoring Location No. 4, the decay rates range
between 0.45 to 0.67 per hour whilst in Test K, the rates ranged
from 0.25 to 0.%7 per hour. The 1lower infiltration rates in
Test K, compared with those of Test H, is possibly caused by the
inadvertant seeding of a larger portion of the Dbuilding. The
rates from Test K compare favourably with the rate of 0.23 per
hour obtained from the parallel whole building seeding Test G
(Section 4.1.).

The spread of decay rates within a test is reduced when the room
doors in the centre-zcne were opened. The profiles (Fig 13) for
Test J show that the decay rates are now contained within 0.31
and 0.40 per hour. Furthermore, these values dominate well
within an hour of the start of the test.

These observations are in contrast to those in Tests H and K
and suggest that opening the doors enhances the air movement
and, in turn, increases the mixing of air and tracer within the
zone.
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4428 4 Dual tracer measurements with rooms seeded

This Section consiste of two tests, L and M, in which individual
rooms in the <centre-zone of the second floor were seeded witrn
SF6 to target concentrations of 200 ppm. Tn Test L, only one
room was seeded whilst in Test M, six out of the 14 availsatbtle
rooms were seeded. Seeding six rooms instead of one allowed
measurable levels of SF6 tracer into the corridor.

In both these teste, the corridor outside all the 14 rooms was
seeded with N20 to a target <concentration of 200 ppm using
balloons (Section 4.4.). All internal doors were kept closed
during these tests.

The measuring points for Test L are shown in TFigure 10.
Sampling point No. 1 wae located in the seeded room.
Measurement locations for Test M are shown in Figure 7 with
sampling points 1, 3 and 5 located within three of the seeded
rooms, sampling point No. 2 placed in an unseeded room.
Measurements were carried out using the Mk I system coupled to s
Leybold Heraeus dual channel (200 ppm SF6/N20) analyser.

In Test L, with the Bingle seeded room, SF6 concentration 1in
that room show (Fig 14) a steady decay rate of 0.56 per hour
throughout the entire three and a half hour measuring period.
The SF6 1levels in all other locations were too low to be
reliably detected. The decay rate of N20 (Fig 15) at the two
corridor locations is 0.42 per hour.

With six rooms seeded in Test M, both tracers are measurable at
all locations. For ©SF6, a decay in concentration is observed
(Fig 16) in the seeded rooms and a build-up followed by decay in
the non-seeded regions. With the exception of the unseeded room
(Location No. 2), decay rates between 0.45 and 0.62 per hour
are observed after approximately two hours into the test.

The N20 concentration profiles (Fig 17) for Test M show a rapid
initiai fall in the initially seeded corridor at Location No.
€. This is then followed by a more gradual decay. In the
non-seeded regions, however, a gradual build-up followed by
decay is observed. It is not possible to explain the rapid
exhaustion at Location No. 3.

After approximately two hnours, steady decay rates begin to

emerge. Excluding the "anomalona’ trace from No. 3, theze
rates range from G.41 to 0.57 per hour. The spread and
distribution of values is similar +to that for the SFé

measurements.
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4.6. Discussion

Various conclusions can be arrived at from these measurements
carried out with the building naturally ventilated. Of these,
ore nf the most significant is that nearly all concentration
profilea show the following characteristics:

- There is an initial transition period which 1is then
followed by a steady period.

- In seeded zones, the concentration decay rate during
the transition period is much faster than in the steady
period.

- During the steady period, the decay rate gradually
approximates to a steady value. '

The changeover from the transition regime to the steady period
is gradual and not distinct. The point at which this changeover
period is arrived at is determined by,

- the extent to which the building has been seeded, and

-~ *he amount of internal mixing present.

It is shown that the decay rate measured after the transition
period 1is not constant but is always approximating towards a
gteady value. Given the measurement periods of about four hours
for the ‘part seeding' tests, the evaluated decay rates can be
compared with the 'whole building' seeded tests and summarised
as follows:

Seeding strategy Test codes Decay rates (per hour)
¥hole building F 0.18 to 0.26
G 0.23

Centre zone + K D25 to 0.37
a3t and west corridors
Centre zone (doors closed) H 0.45 to 0.67

N (doors opened) J 0.30 to C.4C
Corridor (in L 0.42
centre zone) M 0.41 to 0.57
Six rooms (in M 0.45 to 0.62

centre zone)

One room (in ) 0.56
centre zone)
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These results show that the decay rates, obtained from the be
fit to the linear part of the semilog plots, increases as 1.
of the building is seeded.

The most likely explaination could be that, within the tire
constant of the experiment, the higher decay rates obtained witn
the building partially seeded have not yet reached the dominant
state.

How soon and to how near the decay rate approximates towards the
overall infiltration rate seems to thus depend on, :

- the extent of seeding, and

- the internal mixing.

Further work 1is therefore required, either +through field
measurements or multicell computer simulation, to investigate
these questions.

5. LOCAL VENTILATION RATE
5.1« Introduction

Apart from decay rates, there is another wuseful indicator of
ventilation rate which can be computed from local measurements.
This is a parameter which 1is ©based on the air movements
associated with that space. This value is the 'mean residence
time' or 'mean age' of a 'parcel' of air at a point. The
reciprocal of this time <constant is caslled the ‘lozal

ventilation rete'.

Sandberg [1] showed that, if a tracer 1is initially uniformly
distributed +throughout & space, the local ventilaticn rate car
be computed from measurements of the dilution (i.e. decay) of
the tracer at a point. If the tracer is not initielly uniformly
distributed, e different local ventilation rate (characterirping
that particular tracer distribution) is obtained-

The local ventilation rate r can he used directly to predict the
steady local concentration of a contaminant which would result
from sources distributed throughout the space. This 1is true
provided the production rates from the sources mirror exsctly
the distribution of initial concentration used in measuring the
locel rate,.

In practical terwms, the local ventilation rate can be conmpu-si
from decay curves by evaluating the time integrasl A of the curve
from an initial concentration C(0) to zero concentration. Since
the <concentration does not wusually fall +to zero during the



finize measuring time, a truncaticn error has to be estimated.
To evalunte thils error, 1t 1a necessary to carry on measuring
urt1l  there 18 & atenady exponential decay. The final
2enrentration, divided by this decay rate, gives the truncation
errcr.,

Loesl ventilation and local infiltration rates were determined
for three series of tests:

-~ Building mechanically ventilated; whole building
seeded; localised sampling in second floor centre-zone
(Test E).

- Building naturally ventilated; whole ©building seeded;
localised sampling in second-floor centre-zone (Tests F
and G).

- Building naturslly ventilated; second-floor centre-zone
serded; localised sampling in second-floor centre-zone
(Tests n, ¥ aad J).

or all these tests, the local infiltration rates were evaluated
by integrating the areas underneath the appropriate
concentreation profiles. ALs a check on these, the rates .were
also calculated for all tests, excepting E and F, by measuring
tracer samples captured in Tedlar sampling bags (Chapter 8).
For each of the relevant tests, two sampling bags were taken.
One was filled with a 'spot' sample taken at the Dbeginning of

the measurement period whilst the other was slowly Dbut
continuously filled throughout the test to give an ‘'averaged'
sample.

5.2, lMeasurements in mechanically ventilated building

Tne experimental conditions for Test E have ©been described in
Bgeticn 2435 Table 3 1lists the evaluated lccal ventilation
rates togzther with the decay rates. On the whole they compare
within 1C% of each cther.

An exception ie the lccation on the west stairway whiech 1s not
directly vwventilated by the mechanical ventilation system. At
this peirnt (Location No. 6) both rates are consistently lower
trhan those at the other locations.

5.3, Mesasurements in naturaelly ventilated building with whole
tuilding seeded

The experimental arrangements for Tesats F and G are given 1in

Seciicen 4.3, Bag samples, a8 described earlier, were taken for
Test G at four locations.
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The local infiltration rates, together with the decay rates, ares
tabulated i1in Tables 4 and 5 for Tests F and G respectively.
Good correspondence between the decay rates and local rates can
be seen.

5.4. Measurements in naturally ventilated building with only
the second-floor centre-zone area seeded

Section 4.4, describes the experimental arrangements for Testis
H, J and K. 1In all these tests, 'averaging' bag samples were
also taken at various locations (Section 4.4). The evaluatsd
local 1infiltration rates are tabulated in Tables 6, 7 and 8 fcr
the respective tests.

In Tests H and K, when all doors were kept c¢losed, the dechy
rates in the rooms are similar to the corresponding local rates.
In the cocrridor, however, the local rates are significantly
higher than the decay rates.

¥hen the room doors were opened, as in Test J, there were no
significant differences Dbetween decay rates and local rates at
any of the measuring points.

The results from Test K can be compared with those from the
whole building seeding Test G which was carried out in parallel
(Section 5.3). Comparing Tables 5 and 8, 1t can be seen that
the local rates are higher when the building was partly seeded.
This 1is as expescted since the local rates reflect the dilutien
of a contaminated region by uncontaminated 'fresh' air.

a5 & Discussion

A consequence of the definition of the locel infiltration rstes
is that these values reflect the rate At which uncontaminated
"fresh' air arrives at sampling locaticns. The field
measurements show that these local rates correspond closely %o
the decay rates measured provided there 18 adequate 1internsal
mixing.

There was also good compariscn hetween the local rates evaluated
from ‘'averaged' bag samples with those determined by area
integration of the concentraticn profiles. This was taken as a
good test of the integrity c¢f 'averaged' bag sampling.



6. GENERAL DISCUSSION AND CONCLUSIONS

In this “hapter, we fnave considered the possibility o¢f a
simplified technique which could enable the infiltration rates
of large and complex buildings to be determined. The technique,
if surccessful, would bypsss difficulties such as,

- locel variations in infiltration,
- imperfect internal mixing of the air, and

- practical difficulties in distributing (i.e. seeding)
the tracer gas and subsequently obtaining air samples.

The basis of the technique 1s to partly seed the building with a
single tracer without having to resort to complete and uniform
dispersion throughout the building. The tracer is then allowed
to decay and ccncentration measurements taken a8t suitable
lecations within the building. The objective of the simplified
technique 1s to deterrine the whole building infiltration rate
from these measurements.

In Secticn 2, a theoretical foundation was laid by looking at
the decay of &a tracer initially dispersed within a two=-cell
model representation of a building. The eigenvalue solution
showed that one of the two eigenvalues will dominate after a
sufficiently long period of decay. The decay rate then measured
weuld reflect the value of this dominant eigenvalue.

It was then shown that, under certain coenditions, the dominant
decay rate will correspond closely to the overell infiltration
rate. It wag stated that the <conditions, which were rather
restrictive for the two-cell model, would be relaxed in
multicelled buildings.

A large number of field measurements were cearried out in an
office building so to develop an understanding of this technique

as applied tc complex buildings. Measurements included those
with a mechanicel ventilation system ¢n and those in which the
building was naturally ventilated. Seeding strategies ranged

from those where tihe whole building was seeded to those where
only certain localised regions were egeeded.

Prom these field meacurements, the following conclusinns could
be drawn:

- All roncentration profiles, in a seeded region, exhibit
two distinect regicns of decay. The two regions are
separated by a transition phase.

- The initial region has a high decay rate. Decay rate
measurements, carried out during this pericd, do nes
reflect the infiltration rate either at that point or
of the whole building.
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- As internal mixing is enhanced and more =zones of tre
building are seeded, the transition phase is arrived at
sooner and the decay rate tends towards the overall
infiltraetion rate during the measurement period.

As regards the simplified decay technique, these measurements
show that, in practical terms, the experimental procedure is
helped by

- s8eeding as much of the building as possible, and

- keeping internal doore open.

Further work, both theoretical ae well as experimental, is
required before the simplified technique can be used in the most
optimum manner. The theoretical aspect 1s <considered in the
next Chepter. Further field work has started but cannot be
discussed in thie Report because this new work extends outside
the present period of reporting.

This Chapter also discussed the concept of 1local infiltration
rates and carried out some measurements of these rates. Fronm
these, it was concluded that;

- local infiltration rates mirror uncontaminated 'fresh'
air arriving at the sampling locations, and

- these values correspond closely to the decay rates
provided there is adequate internal mixing.
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Test details with
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fest date | Test no.|lmration It Wt lixternal KU
of test (ach.) | speed dirn. |temperature

- (mins) (m/s) | (dey.) ( C)
Foam/on/ry 5a 33 0.57 3:3 180 12.1 0.17
i 18/05/81 5b 51 0.56 2.7 180 1252 0.21
19/05/81 6a 117 0.32 1.9 180 12.9 0.17
‘ 19/05/81 blL 75 0.u83 2.5 140 14.8 0.33
| 19/05/81 7 60 0.40 2.0 220 15.2 0.20
| 23/0s/81 8 00 0.52 3.6 200 11.4 0.14
| 23/05/81 10 50 0.25 4.3 200 13.3 0.06
24 /05/81 11 60 0.36 3.3 220 11.5 0.11
E 24/05/m 14 60 0.44 3.1 220 13.0 0.14
| 25/05/81 15 60 0.54 3.2 205 8.4 0.17
! 25/05/01 18 60 0.42 2.9 230 9.3 0,14
| 26/05/81 190 60 0.42 2.0 220 11.9 0,21
, 26/05/81 22 60 0.85 2.6 190 14.3 0.33
02 /on/u 25 60 0.42 3.8 240 16,7 0.11
03/06/81 28 60 0,35 3.2 225 16.5 0.11
N4/06/81 33 60 0.43 5.6 225 14.3 0,08
| 05/06/81 34 60 0.30 | 4.3 | 200 12.8 0.09
I 10/06//1 17 00 0.52 3.7 240 12.7 0.14
11/06/81 40 60 0.47 3.3 210 12.8 0,14
12/06/81 43 60 .41 2.3 050 12.4 0.18

Table 2 Test details with windows not draughtstripped.
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Duct West West
Rm208 Rm208 c'dor c'dor c’dor stairs
.1 "2 *3 " 4 S [ 4 units
Final concentration Cx 11.2 11.9 13.2 12.7 13.2 16.2 Pp=
Decay rate A 0.86 0.86 0.86 0.86 0.86 0.57 n*
Truncation error T= 60.C./n 781 830 921 886 921 1705 min x ppm
Time integral A=ZT BA, 5872 6009 6449 6477 6572 5957 min x ppe
Initial concentration CO 107 120 104 107 110 98.4 Ppm
Local ventilation rate r,= 60.C,/(A+T)} 0.96 1.05 0.85 0.87 0.88 0.77 nt
T T T T T T T 7T 7 7 77 | measurement error estimates == - - - B -
art 80 80 20 90 90 170 E{; x ppm
aa 378 388 374 378 381 369 :’i’;'x ppe
Aa3 0.08 0.08 0.05 0.06 0.006 0.06 hé-
- Bag saemple analyses
Not applicable
Average concentration c Ppa
Time integral A= C.T min x ppm
Initial concentration Cg, Pp=
local ventilation rate nt

rJ.a- 60. CO/( A+T )

Table 3

Results from Test E
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duct uest wast
rm208 ra208 c'dor c'dor c'dor stairs
[ w2 3 # 4 w5 #0o units
Final concentration Ce 22.6 17.5 16.2 17.4 21.3 21.4 pp®
Dacay rate A N.18 0.26 0.26 0.26 0.18 0.18 n*
Truncation error T= 60.C. /A 7533 4038 3738 4015 7100 7133 min x ppm
Time integral =% Sa, 4360 3787 3560 3702 a181 4206  |min x ppm
Initial concentration Cg 31.3 31.4 28.6 29.2 30.5 32.9 Ppm
Local ventilation rate rj= eo.cojfmr) 0.15 0.24 0.23 0.22 0.16 0.17 nt
Msasuresent error estimates
ot 750 400 370 400 1o — o g P
AA 323 329 327 326 323 326 E;E‘ x ppm
A, 0.02 0.02 0.03 0.03 0.02 0.02 B
= Bag sample analyses
Average concentrztion € Mot applicable ppa
Time integral A= C,T min x ppm
Initial concentration Co Pp=
Local ventilation rate I = 60.Co/(A+T) n*

Table 4 Results from Test F



¢'dor
rm208 re214 rm213 wvast rm212 c'dor
w1 w2 *3 w4 #5S 4] units
Final concentration Ce 66.6 85.8 54.4 44,2 67.6 71.8 pp=
Decay rate A 3 .22 Q.17 0.21 0.32 0.23 0.23 nt
Truncation error T= 60.C./ A 18163 30282 15542 8287 17634 18730 min x ppnm
Time integral a=Z7 8, 24155 28956 20511 19062 25695 24692 min x ppm
Initial concentration C, 131.6 156.0 131.0 136.0 140.0 130.8 ppm
Local VAREIISEION KARE {.% B0-C/IAVTR Bii9 0.16 0.22 0.30 0.19 0.18 n?
S -G Messurement error estimates b ':, ey =
ar 1846 3028 1554 828 1763 1873 :;f x ppam
A 555 559 566 584 563 546 :}n x ppm
ar; 0.02 0.02 0.02 0.02 0.02 0.02 nt
i ) Bag sample analyses T,=240 minutes
tm204 east tm213 uest
c'dor stairs
Average concentration c 74.2 136.6 89.6 60.0 pp=
Time integral A= CT. T, 17808 12784 21504 14400 min x ppm
Initial conceniration CO (135) (132) 131 (135) ) estimate Pp=
local ventilation rate r = ao.cof{aory (0.23) (0.16) 0.21 (0.25) 53

Table 5

Results from Test G
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wvast
ra208 @214 @213 c'dor c'dor c'dor
&1 w2 #3 ” 4 5 #o units
Final concentration Cr 24.6 9 6 10.4 13.2 10.0 10.4 ppm
Decay rate I A 0.45 0.67 8.57 - 0.45 0.45 nt
Truncation error T= 60.Co/A 3280 859 1084 - 1333 1386 e A—
Time integral A=Z Sa, 20440 14982 14620 6863 11384 11837 -_—r
Initial concentration Co 182 176 174 26.4 169 176 ppm
Local ventilation rate rj= bO.Coj(A~T) 0.46 0.66 D.66 - 0.79 0.79 et
- - = = = - - - ;_us;:;.l.;n‘t cr;:r astimates = = = == -
AT 330 90 10 - 130 140 . ppe
AA 819 835 831 568 826 842 ;{; p—
B Ar; 0.03 0.03 0.04 - 0.05 0.0s Wy
- ;:; sample analyses 1;=235 minutes
perist, Pulse
pump pusp
rm208 raz00 cidor
Average concentration C 71.8 88.0 47.2 ppa
Time integral A= C. T, 20534 25168 13499 min x ppm
Initial concentration C, 187.2 187.2 188.4 ppa
Local ventilation rate r = 60.Co/(AsT) 0.47 (0.39) ( ) approximate - 0.75 5

very small baa samole

Table 6

Results from Test H
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9ct

west
m208 m214 m™213 c'dor c'dor c'dor
® 1 "2 ®3 4 5 wo units
Final concentration Cr 55.8 36.2 41.8 20.6 54.4 46.6 pp=
Decay rate A 0.31 0.40 0.38 0.25  0.35 0.36 n*
Truncation error T= 60.C./2 10800 5430 6600 = 9325 7766 min x ppa
Time integral R=S: SA, 26817 21126 23184 9376 28075 24319 min x ppm
Initial concentraticn (. 194.0 185.6 190.0 73.6 214.0 202.0 ppm
Local ventilation rate g4 60.Co/(A+T) o.30 0.41 0.38 - 0.34 0.37 nt
S - - - - - T Measurement error estimates = B = . sij il -
ar 1080 540 660 - 930 780 :}n x ppm
Aa 726 745 745 569 768 761 :}f x ppm
Ar; 0.01 0.02 0.02 - 0.02 0.01 nt
o - Bag sample analyses t.=2?1 minutes
m208 c'dor
Average concentraticn Eg 98.0 94.0 pPra
Time integral A= T.T 26558 25474 min x ppa
[nitial concentration CO 190.0 ( ) estimate {172.0) Pp=
Local ventilation rate g+ 60.Co/(A*TY o.30 0.31 n?

Table 7

Results from Test J

‘Ud

~ G



= gel -

<PPMD

CONCENTRATION

175

150

125

100

Iq:) -

-

Figure 1

g y v T g oo T T T T
-
-
-
-
-
-
-
-
>
-
-
-
-
-
-
-
-
-

s 1 1 3 M 1 i v - L
10 15 20 25 30 35 40 45 S0

TIME MINUTESY

Concentration profile from Test A

75



= LET

west
rm208 rmZzla tm2Z13 c'dor rm212 c'dor
# 1 w2 3 #4 w5 #6 units
Final concentration Cg 52.6 63.2 50.0 7.8 55.6 30.2 ppm
ecay rate A 0.26 0.31 0.25 - 0.34 0.37 n™
Truncation error T= 60.C/A 12138 12232 12000 = 9811 4897 min x ppm
Time integral A=S: SAi 19729 24197 18018 17086 23267 14516 min x ppm
{Initia! concentration Co 136.0 170.0 131.4 9.6 172.0 152.0 Ppm
Local ventilation rate r = 60.Co/(A*T) 0.25 0.28 0.26 - 0.31 0.47 nt
” - - T T T T T 7| nreasurement error estimates - =" 5= '}‘" -
AT 1213 1223 1200 - 981 489 :/in x ppm
4a 537 563 531 437 576 584 :}n x ppm
B £y 0.02 0.02 0.02 - 0.02 0.03 ™
- B - 8ag sa-;-aln analyses T,=216.25 minutes
rm204 gast rm213 west
c'dor stairs
Aversge concentration C 9.0 15.6 90.0 10.2 pp®
Time integral Az C.T, 1946 3373 19462 2:05 min x ppm
Initial concentration C, - - (131.4) - ( ) estimate Ppa
Local +entilation rate ry= 60.C0/{&ijj‘ & - 0.25 - nt
Table 8 Results from Test K
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CHAPTER 7

STRATEGY FOR MEASURING INFILTRATION RATES TN NATURALLY
VENTILATED MULTICELLED BUILDINGS USING A SINGLE TRACER GAS

1. INTRODUCTION

In the previous Chapter, a simplified technigque for measuring
overall infiltration rates in large and multicelled buildinge
was proposed.

The main proposal of the technique was that the overall
infiltration rate of such &a building <can ©be determined by
seeding part of the building with a single tracer gas and then
by monitoring the decay rate over a 'dominant' region. This
technique was developed in the previous Chapter on the basis of
a two-cell analytical model and field measurements.

The analytical approach showed that, in a8 two=-cell
representation, +the dispersion of a +tracer initially seedei
within that building can be described by a two term eigenvalue
solution. 0Of +these two eigenvalues, none is smaller and thus
dominant with increasing time. The results from that study
showed that if,

- there is appreciable mixing between the cells, or

- in exchanges with the outside air, the infiltration
balances exfiltration in each cell,

then the dominant eigenvalue tends towards the total
infiltration rate.

Several part-seeding strategies were <carried out during ‘f-ne
field measurements. Concentration decay profiles obtained
showed that nearly all profiles show two distinct regiovis of
decay; an initial and &a dominant separated by a transition

phase.

The measurements also indicsted that as internal mixing :
enhanced and more zones of the building are seceded, the
transition rate is arrived at sconer and the dominant decay rate
tends towards the cversall infiltration rate.

At the end of that Chapter, it was concluded that further worx
was necessary so as to tie down the essentials of the technique.
Two main areas which required further investigation were;

- the conditions under which the simplified metheod, in

multicelled buildings, would give gond wuapproximationas
towards overail infiltratior rates smnd

w 148 =
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- the influence of internal mixings and volums aseeded on
the poaition of the transition regisn and on the
dominant decay rate.

An attempt to nanawer thene quentions 1s made in thir Chupter by
using computer simulations. In Section 2, a five 2zone model of
building B18, under counditions of natural ventilation, is set
up. The influence of factors such as,

- the proportion of the building volume initially seeded
with the tracer,

- enhancing internal mixing,
and the effects of,

- stagnant zones, and

-~ over-ventilated spaces,

within the building are then considered and distussed in Section

3.

2. FIVE-ZONE REPRESENTATION OF BUILDING
Ziwd v Introduction

The eigenvalues for an N-cell model can, in theory, be obtained
by sclving an Nth degree polynomial. An analyticael solution for
a two-cell model is easy to obtain but as the degree of the
polynomial increases to three or four, such a sclution becomes
more difficult. No general sclution exists for fifth and higher
degree polynomials. Recourase then has t¢ be made towards
numerincal computation.

For an N cell model, Equation 3 in Chapter 6 «can ©be rewritten
as,

N kjt
cC (¢) = N a e
i j=1  4ij

A computer program was written to evaluate the ~rcefficients

a.,. and the eigenvalues AL
13 J

- 149 -
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2.7, Modelling the bullding

For the case study, a five-zcne model representatizsn 2f buildine
B18 was used as follows:

Z

Zone No Description Volume (m') ¥21 ratic

- - —— - - - - - e e =

1 Rooms in central 574 J.109
section of 2nd floor

2 Corridor in 86 0.916
central section
of 2nd floor

3 Ceiling void above 29 0.CH%
Zone 2

4 West stadirwell 174 oy RE

5 Remainder of the 4427 8857
building

The volume ratios were calculated by div%ding the zone vclumes
with the total wusable volume (5286 m”) of the building. A
zone in the present context may be a single cell within which
mixing is assumed perfect or a collection of such cells which
can be taken to act as one aggregate cell.

2.3. Modelling the airflows

A model ¢of the airflows within bhuilding B18, when naturall
ventilated, were approximately derived wusing informatio
gathered from the field measurements (Chapter 6). This moijel 4
shown in Figure 1.

When measurements to determine infiltration rates ar- *arrien
out, i®s 1is rrobable that certain zones may be cvar-  or
under-ventilated with respec’ to the rest of the btuildiine. Te

assess these, as well as *tc determine the eoffect ot using
‘mixing' fans %o enhance dispersion of tracer gas within the
building, various airflows (denoted by B) were superimpcsed on
the airflow pattern in Figure 1.They were configured sc 8s 40
maintain the volume-flow balance within the meiel. The
following ~asez were considered:

BETA Value Te reéepresent effers gfy

- - - T T T

p, 0.0, 0.2, 0.4 cver-ventilasted z2cne

Fl 0.0, 01 stagnant or 'dead' apa-~e
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P3 0By D%2 Biud enhanced internal mixing

3. RESULTS FROM FIVE-ZONE REPRESENTATION
3.1. Introduction

Table 1 contains details and resulta obtained from some of the
computer ‘'runs' which are applicable to the discussion that
follows. In all of these, only Zone 1 (i.e. rooms) was seeded
with a +tracer. In all cases, airflows (Fig 1) were normalised
by the total fresh air flow into the building, QT , and volume
ratios were used.

3.2. Eigenvalues

Hernandez and Ring [1] have pointed out that, if there 1is no
connection between cells, then each of the eigenvalues obtained
in a multicell solution could, in theory, be identified with one
of the <cells. This was seen earlier in the two-cell model and
it occurs because, with zero intercell mixing, tracer gases will
decay at a distinct rate, independent of the other cells. This
'association’ of each eigenvalue with a cell 1is not strictly
possible when the cells are well-connected.

However, using results from Run 4 (Table 1), the eigenvalues
(relevant to those flow conditions) <can be tentatively
identified with a particular zone. This was done by seeding one
zone, 1, at a time and noting the A(j) associated with the
dominant coefficient aij'

The eigenvalues were then compared with both the 'fresh air'
infiltration rate and the ‘'total' air change rate into these
zones. The total air change rate is evaluated by summing all
the airflows, 1including the fresh air, flowing into that zone.
Results are as follows:

Zone Eigenvalue Air change rate Infiltration rate

1 - rooms 3.28 4.98 3.13

2 - corridor 41.3 31.9 0.

3 - roof void 12,2 20.0 0.

4 - stairwell 1a.7 19.3 0.

5 - rest of the 0.839 1.16 0.787
building

= x5l =



This example shows that the eigenvalues dec net  ne-cessaariiv
equate either to the freah air infiltraticn cr <2 the L2ta’
alrchange rate of a zone bu%t can be an approximaticn tc ther.

3.3. Effect of partially seeding a building

Figure 2 shows concentration profiles 1in Zone 1 for thre
following seeding patterns:

Pattern of seeding Percentage volume seeded
Zone 1 11
Zones 1, 2 & 4 16
All five zones 100

Figure 3 shows the same profiles plotted on a semi-lecgarithmic
(base 10) scale and, covering a range from 100 pa-ts per millicn
(ppm) to 1 part per billion (ppb), for an initial ~concentration
level of 100 ppm. The upper range (100 - { ppm) can, with &
suiltable tracer, be measured wusing conventional dinfrared gas
analysers and the lower range (100 - 1 ppb) measured using gas
chromatography.

Figure 3 shows that there are two distinet regicns o¢f decsay.
The initial part, called the 'transition' period 25], is mede ug

from contributions from all +the eigenvalues. A tracer gae
‘decay’' experiment will +therefore show & contiruously varving
rate (as measured on a semilog plot) during this pericd. Tre

consequence of this observation is that measurements carried out
during the traneition period do not necessarily reflect =ither

the air change or infiltration rate of that zone or ci -he
building.

An interesting point corcerning the transitior gpericd =srises
when a seeding and decay experiment is carried cut in a single
zone. From Section 3.2+, 1t 1s noted that the 1initial decay
rate will <closely approximate the eigenvalue 'associasted' witn

that zone.

With increasing +time, however, a 'dominant’ decay mocde 1=
established. Thias period 1s alwmost entirely controlled by the
smallest eigenvalue and the decey rate measured during thiz time
is then equal to this dominant eigenvalue.

&

As more zonea are seeded, the ¥ rainadt fen pericd geta ancrter

(Fig 23 83 the 1initi=l Jdiatribution 1s =made a bette:
approximaticn to the first eigenv:zctor. The domiwnnt perici i#
then established esarlier and the amount of tracer lost frem thrat
zone 1is reduced. The d1mplication of this %0 practical

LER =
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measurements is twofold;

- the final dominant decay rate is 1independent of both
the amount of tracer released or the lccations of 1its
release and,

- dominant decay rate can be obtained sconer and at a
higher concentration level, for ease of measurement, by
seeding as large a volume as possible.

3.4. Effect of enhancing interzone mixing

Theory states, and computer simulations show, that the
eigenvalues are,

- 1independent of the initial tracer gas concentrations or
distributions, but are

- dependent on the interzone airflows.

Interzone airflows can be enhanced by various means, el by
opening internal doors or using mixing fans. The effect of such
enhanced mixing within the building were considered by carrying
out computer simulations where an added 'mixing' flow P3 (Fig 1)
was superimposed on the measured airflows.

The effect of enhancing the internal mixing is seen (Fig 4) by
considering Runs 1, 2 and 3 (Table 1). As the mixing increases,
three out of the four relevant eigenvalues double in their
value. The smallest, and the dominant, eigenvalue however
increases only by about 4%. Other simulations carried out show
that as the 1internal mixing increases above practical levels,
all eigenvalues except the dominant become infinite.

The dominant eigenvalue, however, 1is seen to 1increase slowly
towards the building infiltration rate of 1 air change per hour
(using normalised airflows and volumes) as the mixing increases.
It can be seen that, without any additional mixing, this
eigenvalue was about 15% away from the final value.

There is a physical reason why all eigenvalues other than the
dominant increase to infinity. 1In any solution to the equations
governing decay of tracer concentrations, one eigenvalue {which
turns out to be the dominant) must represent the air movement
between the building and the outside whieh has been set up by
the external pressure field. If the mixing is balanced, i.e.
there 1is no net flow in any directien, then there is relatively
l1ittle disturbance on the ©buillding envelope. The dominant
eigenvalue therefore remains relatively unaffected with changes
in intercell airflows.
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The other elgenvalues, however, represent intercellular
interaction. As the mixing gets better, the cells lose their
individual identity and begin to communicate equally well wil:
the outside. All eigenvalues, other than the d¢minant, the:n
tend to infinity and +the ©building approximates towards =
single-cell structure.

A consequence of better internal mixing is that the transition
period gets shorter and the 'dominant' decay is established
earlier. The use of enhanced internal mixing (e.g. by using
mixing fans) 18 therefore justified whenever whcle building
infiltration rates are required.

3.5. Effect of a stagnant zone

In most buildings, there are spaces (such as ceiling voids)
which are not well-connected with the main ventilated space. Tc¢
illustrate the possible effect of such =& space, s simulutisn
(Run 4 in Table 1) was carried ocut by connecting 7¢ne 3 (ceiling
void) to Zone 2 (corridor) with PB2=0.1 .

The concentration profile generated in Zone 1 (rocms) from the
resulting eigenvalues did not deviate to any diszernible level
from the profile (Figs 2 and 3) when P2=0 for the same flow
distridbution (Run 1). Table 1t also shows that the influence of
the void on the dominant eigenvalue was negligible.

In conclusion, it is suggested that a stagnant zone, provided
its volume 1s relatively small, dces not to any extent influence
the overall dispersion ¢f the tracer nor the magnitude of the
dominant eigenvalue.

3.6. Effect of an over-ventilated space

Office buildings usually incorpcrate some space, such as a foyer
area or a stairwell, which is over-ventilated in comparison tc¢
the rest of the bulilding. In such instances +there are two
distinet airchange rates, one charscterising the over-ventilatecd
space and the other the rest of the building. It is usually the
latter value which 1s of use for purpcses of either quality of
air (i.e. freshness) or for energy considerations.

To determine the effect of &an over-ventilated space, Zone 4
(stairwell) was connected directly to the outside with B, set
to 0.2 (Run &) and 0.4 (Run 6). This meant that upto 20% and
40% of the total inflow of air into the building flowed into and
ous thrcugh Zone 4.

The resnlting elgenvalues are given in Table 1. In heth cases,
the dominant eigenvalue has %een raduced from O.240 (Kun 1) *o
0.756 and 0.613. It can alsec be seen tha: they compare

C
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favourably with the infiltration rates, of 0.827 and 0.620
respectively, into the rest of the building, 1.e. excluding the
over ventilated Zone 4.

Figure 5 shows concentration profiles in Zone 1 (with tracer
seeding 1in Zone 1) for Runs 1, 5 and 6. They all show the
steady 'dominant' decay rate emerging after the transition
period. The time, however, at which the breakpoint between the
transition and the dominant period occurs i1ncreases with an
increase in the over-ventilation in Zone 4.

4. CONCLUSIONS

The proposed simplified technique for measuring overall
infiltration rates in multicelled buildings has been
investigated further. A computer simulation was carried out on
a five zone representation of ©building B18 when naturally
ventilated.

The dispersion of a single tracer gas within the ©building was
studied for various combinations of tracer seeding and internal
airflow patterns. On the basis of this study, the following
preliminary conclusions can be drawn:

- All concentration profiles contain information
regarding the eigenvalues characterising the building
regardless of the position of +tracer seeding or the
extent to which the building 1s seeded.

- All profiles consist of a transitien period and a
steady dominant period.

-~ Decay rates obtained during the early transition period
of a tracer 'decay' experiment do not necessarily give
any neaningful infcrmation with regard to infiltration
rates.

- After the transition period, the dominant period occurs
during which the tracer decays at a constant rate.
This rate, 1f measurable, characterises the building.

The most important concluasion to come from this study 1is that,
in a well-connected building, this final decay rate tends to a
dominant eigenvalue which, provided certain conditiens are
satisfied, eapproximates t5 the total infiltration rate of the
building, or at 1least to the i1infiltration rate of some
significant portion of the building, e.g. tlLe portion connected
to an over-ventilated or a stagnant epace.

- 155 -
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In practical terms, the following points should be noted:

- Meansurements should be localised to the zone of seeding

thereby wensuring that air samples, with measurabls
tracer c¢oncentrations, <can be obtained relatively
easily.

~ The transition region can be shortened and the dominant
period reached quicker by

. 1increasing the volume seeded

. 1increasing the internal mixing by opening internal
doors, using mixing fans etc.

- Monitoring in the dominant period will usually require
a tracer gas capable of ©being detected over & wide
range and at very low concentrations.

The approach presented here is, in principle, applicable ¢to a
wide variety of ©buildings whether they are small or large,
single-celled or multicelled, naturally or mechanically
ventilated. The range of field and theoretical studies have
necessarily been limited and, thus, experimental studies to
further evaluate, refine and improve this technique is required.
The exploratory studies, described in Chapter 6, <can also be
looked at, &and understood, 1in the 1light of the information
gathered in this Chapter.

It is suggested that this technique provides a basis of a simple
method by which the hitherto unresolved problem of measuring
infiltration rates in large, multicelled ©buildings can be
overcome.
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TABLES:

1. Details of computer 'runs' used in case study
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FIGURES:

Airflows in building for simulation study

Concentration profiles in Zone 1
volume seeded.

Log concentration profiles 1in
amount of volume seeded.

Effect of enhanced internal
concentrations.

Effect of an over-ventilated
concentrations.
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TABLE 1: DETAILS OF COMPUTER 'RUNS' USED IN CASE STUDY
Superimposed
flows Eigenvalues
Run |8, B2 By Ay Az A, Ay As Comment
1 0.0 (0.0 |0.0 | 31.6 | 15.2 | 3.37 | 0.840 0.0 Standard
2 |0.0 (0.0 |0.2 | 52.0 | 19.2 | 3.80 | 0.859 0.0 Enhanced mixing
3 (0.0 |0.0 (0.4 | 72.8 | 23.0 | 4.06 | 0.870 0.0 Enhanced mixing
] 0.0 |0.1 |0.0 41.3 12.2 3.28 0.839 19.7 Void usage
5 0.2 |0.0 |0.0 | 27.5 | 15.8 | 2.75 | 0.756 0.0 Stairwell over-
ventilated
6 0.4 (0.0 |0.0 25.8 14.2 2.09 0.613 0.0 Stairwell over-
ventilated
Notes: (1) BispBs are superimposed flows, and represent the followling:

(2)
(3)

B, ... effect of stairwell over—-ventilation

B ... effect of 'void' usage
By ... effect cof 'enhanced' mixing

1w 18 the dominant elgenvalue

- 160 =
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Figure 1  Airflows (m3/hr) in building for simulation study

(building drawn not to scale)
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CHAPTER 8

EVALUATION OF SIMPLIFIED EQUIPMENT AND TECHNIQUES OF TRACEE
SAMPLING

1« INTRODUCTION

In the previous two Chapters a relatively simple methed for
measuring infiltration rates in complex buildings was proposed.
In order to develop this method of measurement for general use,
it is necessary to develop and evaluate simplified equipment and
techniques for sampling the tracer gas and air mixture during
the measurement periods.

Such reasoning leads to the replacement of continuous <c¢n-line
sampling by discrete or 'time averaged' sampling. The samples
can then be analysed 'off line' at some subsequent time. The
services of skilled operators toc install and operate expensive
equipment in-situ becomes no longer necessary.

Discrete spot measurements are defined here to mean the
estimation of a true tracer concentration history in a zone by
use of a few, or a series, of discrete air samples taken at a
specific 1location in the zone. A 'medium term average', on the
other hand, refers to a sample <collected <continuously (e.g.
over a period of hours) at such a location.

The simplified approach in taking off-line samples depends on
using suitable containers which can take and store (fcr some
time) an air/gas sample. The suiltability of these <containers
then depends on,

- whether the <collected sample truly represents the
tracer concentration 1in the air at the point of and
during the period of measurement, and

- whether the sample in the <container has deteriorated
before it can be analysed.

This Chapter attempts to answer these gquestione with reference
to the simplified sampling equipment used during the present
programme of work. In addition to laboratory work, results from
field measurements when these equipment were used and evaluated
will be presented. The ‘ield measurements will, where
appropriate, include 'averaged' measurements as well as
‘discrete' measurements. The equipment that will ©be described
are;

- polyethylene samnle XZottles,
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Tedlar sampling bags,

adsorption tubes, and

- evacuated glass tubes.

Simplified techniques for distributing the tracer gas are
relatively straightforward and will not be considered further
here. Two such methods of injecting the tracer, i.e. 1injecting
directly from the <c¢ylinder or using gas filled balloons, were
discussed in Chapter 6.

2. POLYETHYLENE SAMPLE BOTTLES
2.1 Introduction

Common laboratory 500 ml polyethylene ‘wash' ©bottles were
adapted for taking discrete 'spot' samples. The bottles were
modified by removing the delivery tube from the screw cap and
inserting, into the bottle cap, a disc of silicone rubber septum
material (supplied by Field Instruments Co. Ltd) to act as a
seal.

To take a sample, the cap 1is simply unscrewed =and the bottle
squeezed (contracting the ©bottle volume approximately by 50%)
for about ten times. This ensured the almost complete flushing
of the ©bottle and replacement of the bottle contents by the
ambient air. The contents were subsequently extracted for
analysis by using a syringe to pierce the septum.

2.2. Semple integrity with time

To investigate the possibility that tracer gas, contained in the
polyethylene bottles, might be lost by adsorption on the bottle
walls or permeation through the wall material, some shelf=1ife
tests were carried out.

Three sets of four bottles were filled with two tracer gases,

sulphur hexafluoride (SF6) and Freon 12 (each at 1%
concentration) as follows:
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Set No. Bottle Nos. Tracers contalned
1 1 - 4 Freon=12
2 5 - 8 Freon-12 + SF6
5 9 - 12 SF6

Samples were taken from these bottles at weekly intervals aver a
four week ©periocd. Each sample, of 5 ml volume, was injected
into the measurement cell of &a Miran 1A variable wavelength
infrared analyser. The cell, operating as a closed-loop with a
total volume of 0.564 l1itres, was set up to indicate a 9 ppnm
reading if the sample had not deteriorated. The analyser was
regularly calibrated, during measurements, by injecting 50
microlitres of neat gas into the cell.

The results from these measurements are shown in Table 1. %
should be noted that, for convenience, the initial value for
each sample is in terms of microlitres of neat gas found within
the cell for that measurement. These have then been normalised
by the values obtained at the beginning of the shelf-1ife test.

The results indicate that Freon 12 1s not retained within
polyethylene Dbottles. Although there is some scatter for the
SF6 data, the overall indication is that there is no significant
loss., It was therefore concluded that polyethylene bottles
should not be used if and when Freon 12 was being used as =&
tracer.

It was also decided that, until further comprehensive and more
statistically wvalid shelf~life tests were carried out, i1t wcoculd
be prudent to keep to a minimum the 1interval between sampling
OFC and analysing its concentration.

. Field measurement

For 1llustrative purposes only, Figure 1 shows the results of =
ventilation test 1in a Dbuilding in which SFHS was used as the
tracer. During the test, samples of the internal air were taken

using polyethylene Dbottles. These were later analysed and
compared with on-1line measurements obtained with 8
Leybold-Heraeus infrared analyser sampling near the same
locatiocn. The <ccrrespondence between the two sets of

measurements is ssen to be gocd.
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2 s Discussion

The work described above suggest that modified polyethylene
sample bottles can be reliably wused to take discrete spot
samples when SF6 is used as the tracer. Field comparisons
suggest that such samples are within 5% of corresponding on=-line
measurements.

2. SAMPLING BAGS
i ok Introduction

There are several types of sample bags available. These vary
in,

- the materials used (usually multilayered),

- the facilities provided for filling and extracting a
sample (usually including a septum and a valve port),
and

- size and shape (usually of several litres capacity).

They are intended for holding a large range of gas
concentrations, from pure gas down to ppb and lower
concentrations. The type of bags selected for the present work,
and used extensively in the tests in Chapter 6, were supplied by
SKC Ltd. They are made from 0.5 mm thick single layer of Tedlar
(polyvinylfluoride) material. A stainless steel valve 1is
attached to each bag for purposes of filling or emptying.
Syringe samples can also be extracted from these bags by using,
on each bag, the separate port with a septum in a screw-on cap.
The septum has an inner face of PTFE.

The following Section describes a shelf-life test 1lasting over
four weeks during which SF6 was stored within three of the
sampling bags. Field tests, during which bag samples (both
discrete and time averaged) were compared with on-line
measurements are described in Section 3.3.
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3.2. Sample integrity with time.

Three new 10 litre bags were each filled with, nominally, 60.5
ppb SF6 from a cylinder containing this standard as made-up by
the gas supplier. Once a week, and over a period of four weeks,
the concentration in each bag &as well as in the cylinder
standard were measured. The concentration in each bag was
measured twice on each occasion using a Model 8300 Perkin Elmer
gas chromatograph (GC).

The results, tabulated in Table 2, are in two parts. The first
contains the 'raw' data, in the form of area counts, as given by
the chromatograph integrator of the GC. The area count relates
to the integrated area under the chromatographic peak

corresponding to the gas being analysed. Since this count is
directly proportional to +the <concentration in which these
measurements were carried out, it is a s8simple matter to

determine the concentration as ppb units.

In the second part of Table 2, for weach weekly set of
measurements, the bag readings have been normalised by the
averaged reading of the standard determined for that set.

Statistical tests, in the form of a two-way analysis of variance
showed that,

- for each weekly set of measurements, variations within
samples and between bags, were not significant at the
54 level, but

- there is, however, a 8Bignificant difference, at the
0.1% level, between each weekly set of measurements.

The averaged results are as follows:

43 0.9405 56.90

332 0.9786 59.21

648 0.9673 58.52

786 0.9903 99.91
These show a 5% spread betwsen the sets of measurements. No
decrease in concentration 18 shown implying that no tracer is
lost during the four week storage period or, if it is lost, it

is well submerged within the overall variation.
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The cause of this variation between sets of measurement 1is not
clear. It may Dbe caused changes 1in chromatcgraphic cclumn
characteristics with time or ambient temperature.

The results, therefore, indicate that if many samples are isken
during a ventilation experiment, then they should be analysed at
as near as possible to the same time. In addition, experimental
errors of 5% should be anticipated.

3.3. Field test

In order to evaluate the sampling bags under field conditions, a
sequence of spot samples and time-averaged samples of the air
were teken in building B18 during Test D (Chapter 6).

As the tracer concentration decayed, ten discrete samples were
taken at a location aspproximately 30 cms below sample location
No. 1 (Figure 4 of Chapter 6). The samples were taken
initially at 20-minute 1intervals for the first hour, and
subsequently at 15-minute intervals over the final 90 minutes.
Each discrete sample was taken in less than half a minute using
an Austen diaphgram pump.

Time averaged samples were taken using two Calibrated
Instruments pumps operating in a 'pulsed' mode. The first pump
was set and calibrated to deliver 3.6 1litres over a one=-hour
period. This was used to take an average sample over the first
90 minutes into a 10-1itre bag.

After 90 minutes into Test D, the second similar pump, set to
deliver 2.1 1itres over a one hour period, was used to fill a
second bag over a period of 30 minutes.

The contents of all bags were analysed directly using the =same
Leybold-Heraeus i1nfrared analyser as used for the on-line
sampling.

Figure 2 shows the discrete bag sample concentrations
superimposed on the on-=line measurements. The comparison 1is
excellent.

In additicon, the time-averaged concentration over the first 90
mirutes of the test was 72 ppm. This corresponds exactly to the
average computed by integrating the on=line concentration
prcfile over that time period. The second time averaged bag,
cver the 90 to 120 minute period, gave # concentration reading
of 29 ppm which compares well with the on-line integrated value
of 30 ppm.

The results show that the bags can be reliably used %o take spot
or medium term a&average samples at ppm levels within 1% of the
on-1line analysis. Further good comparisons, between
time-averaged bags and on-line integrated velues, can be seen in
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Tables 5 to 8 in Chapter 6.

Nosid Discussion

The results described in this Section have shown that Tedlar
sampling bags can be wused to take discrete or time averaged
samples. Tests were carried out with SF6 as the tracer and the
results showed that these samples give a correct representation
of on-line measurements.

Samples at ppm levels can be measured using infrared analysers
to within 1 ppm of on=line readings. At ppb levels, the
accuracy is limited to 5% of the 'true’' value. This measurement
error 1s caused by the gas chromatograph used for these lcw
concentration measurements.

‘'Shelf-1ife' tests have shown no stored sample deterioration
over periods of upto one month.

4. ADSORPTION TUBES
4.1, Introduction

An alternative method of taking spot samples of tracer gas is tc

use adsorption tubes. By wusing a solid adsorbent for the
sampling, the tracer gas 1s preconcentrated, hence allowing
measurements tc be made of lower concentrations of tracer gas in
air. Furither advantages are portability and ease of use on
site.

Though sclid adsorbents have been used previously (eeg.

trapping perfluorocarbons, see Chapter 3) for infiltraticn
measurements, no method of trapping SF6 on a so0lid adsorbent had
been reported previous to this present work.

The sample is ccllected by using a low=flow pulsed pump to pull
the sample through a tube containing a solid adscorbent. In the
present work, stainless tubes 89 mm long by 6 mm O.D. were
packed with the adsorbent. Two different adsorbent were tested;
charcoal (550 mg, 40/50 mesh) held in place by inert glass wool
plugs and spherocarb (500 mg, 60/80 mesh) held in place by
sintered steel discs.,

s 198



- Ch. 8 =

4.2. Method of analysis

Once the sample was collected, the s80lid adsorbent used for
trapping SFg was thermally desorbed by preheating the adsorbent
tube to 325 C for five minutes and then flushing the tube for
four migutes with a carrier gas (5% methane in argon) at a_flow
of 20 e¢m”/min. The effluent was collected in a 100 cm3
gastight syringe and analysed by injection via the gas sample
valve of the gas chromatograph.

An Analytical Instrument Development Model 511 gas chromatograph
equipped with a 200 mCi tritium foil, ©parallel-plate type
electron capture detector, operating under pulsed mode, was used
in this study. The cargier gas was a mixture of 5% of methane
in argon flowing at 30 cm”/min.

The 1.8 m by 3 mm GC-column was made out of stainless steel
tubing and was packed with Molecular Sieve 13X 40/60 mesh
adsorbent. Before use, the column was conditioned overnight at
150 °C but operated at 100 °C_during measurements. The
samples were injected using a 2 cm” gas sample valve.

The GC was calibrated for SF6 and showed a 1linear response
(correlation coefficient = 0.998) for the range of 0.3 - 80 ppb.
At concentrations above 80 ppb, the detector gradually became
saturated to give a non-linear response.

4.3. Solid adsorbent

Trapping weakly adsorbed low boiling (BP = -68 °C) requires a
large bed of a strong adsorbent. As stated before, charcoal and
spherocarb were investigated as adsorbents. Stainless steel
tubes packed with these adsorbents were provided by Dutom
Meditech.

4.3.1, Breakthrough volume

"Breakthrough volume' tests were carried out to determine the
suitability of these packing materials. The breakthrough volume
¢cf an adsorbent bed is the volume that can be sampled before the
gas breaks through the bed; that is, the amount of air which is
just enough to produce an effluent concentration equivalent to
14 of the input concentration. These measurements showed that
charcoal had to be excluded from further studies because of 1its
low breakthrough volume.

4.3.2. Recovery
The effect of storing the exposed at two different (4 and 15-20

C) temperatures and four time intervals (1, 2, 3 and 4 days)
was investigated 1in a 2 x 4 factorial design experiment with
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five replications. For these tests, a known mass (10«15 ng) of
SF6 was deposited on the adsorbent ©bed by pulling the gus
mixture through the tubes.

The effect on the recovery of depositing different amounts o¢f
SF6 was investigated by putting down various quantities, ranging
from 10 to 50 ng, of the gas on the adsorbent and carrying out
the analysis within an hour.

The results showed that the percentage of +tracer recovered
decreased with,

o}

- gtorage at room (i.e. 15-20 “C) rather than at 4

c,
- time of storage, and

-~ an increase of the amount of tracer deposited.

Therefore a correction has to be made to obtain the true amount,
Z, originally deposited from the measured amount M of SF6. The
correction requires using the recovery factor, R, which consists
of two multiplicative terms,

SR £ N am
where R is ¥he cofFection due to storage and R is the
correcticon due to the deposited amount of SF6. vafues for these
two factors can be found from Table 3.

The true amount of SF6 collected is then calculated as, Z = M/R.
In the range 1investigated, the precision of the analytical
procedure is estimated to be better than 9% for tubes containing
10 ng SF6 and better than 6% for tubes containing 50 ng of SFh.

4.4, Pield study

The application of Spherocardb as a solid adsorbent for measuring
the ventilation rate was %valuated in a simulated field study
using a test chamber (7.83 m”) from which asir was extracted at

a constant rate. The air in the chamber was mixed continuocusly
using a desk fan. The methods used to determine the ventilation
rate, N, and the results obtained were as follows:

- Using a calibrated orifice plate in the ocutlet duct to
measure the extracted volume of air .... N = 2.59 ach.

- Using an infrared Miran 1A gas analyser to measure the
decay rate from an initial concentration of 50 ppm SF6
LI B N=2I6850h0

~ Messuring the decay rate ueing a syringe fcr sampllng
and the GC for the analysis and starting with an
initial SF6 concentration of 30 ppb ... N = 2.42 ach.
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- Using an averaging procedure given in Reference 1, by
employing the adsorption tubes and an 1initial SF6
concentration of 20 ppb ... N = 2.80 ach.

4.5, Discussion

It was found that Spherocarb was a better adsorbent for SF6 than
the more common charccal packing used in adsorbent tubes. the
precision of the analytical procedure for the applied adsorbent
was estimated to be better than 9%.

The solid adsorbent technique developed for measuring
ventilation rates by spot sampling of the ©SF6 tracer was
evaluated using a test chamber. It was found to agree within 5%
of values obtained with other, more conventional, techniques.

5. VACUTAINERS
51 Introduction

'"Vacutainers' were bought from Becton Dickinson, UK. These are
inexpensive (£ 0.08 per tube) 20 ml evacuated glass tubes which
are normally used to store blood samples. Using =&a technique
described by Tamura &and Evans [Ref 2], these tubes were
evaluated in the laboratory as a device for obtaining ‘'spot'
samples in the ppd concentration range.

5.2, Experimental evaluation

A calibration bag of 50 ppb SF6 gas was prepared and 40 ml
samples ¢f this were injected into ten vacutainers using a 100
ml gastight syringe. For each injection, 40 ml of the sample
was injected 1into the vacutainer through the butyl rubber
stopper. The tube was then pressurised to abocut one atmosphere
above ambient. Masking tape was wrapped around the junction of
the tube and the stopper to prevent the stopper being ejected by
the excess pressure.

The Analytical Instruments GC was wused to measure the gas
concentration. Te achieve this, a hypodermic needle was
attached to the inlet port of the GC. The stopper of the
vacutainer was then pushed against the needle and sufficient
time given for the escaping sample (approximately 20 ml) to
flush and fill +the 2 ml sampling-lo0op. The concentration was
then measured.
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All 10 measurements were within 1 ppdb of 50 ppb. It was decided
that this evaluation was satisfactory to establish the integrity
of samples captured through this method.

No tests were carried out on the stability of samples during
extended storage. The findings from Reference 2 do, however,
show that the samples remain unimpaired even when stored wup teo
three weeks.

6. CONCLUSIONS

Polyethylene bottles are satisfactory for taking grab samples of
SF6. Storage of SF6 samples over periods of weeks is possible.
They are, however, not suitable for Freon 12 since there 1s =&
considerable loss of sample during storage.

Sample bags generally prove to be useful, accurate and reliable
for taking both spot and medium term average samples. They have
the following advantages:

- They can be used for spot sampling SF6 to accuracy
comparable with on-line analysis.

- They can be used for average-sampling over hours, or
days.

- Shelf-11ife of contents are shown to be of the order of
at least a month.

- Large sample allows repeat analyses.

They are, however, bulky and somewhat delicate. They are thus
potentially viilnerabhle during +transport. The effects of

repeated use also need to be established.

Adsorption tubes were found to be 1less accura*te than other
sampling methods. Advantages are that they can bte used at lower
concentrations because the sample 1a preconcentrated. They are
robust and convenient to uee, but in the system described this
is offset by the requirement for an accurate, calibrated,
reliable sample pump, which must be operated for &an accurately
recorded time. Although only tested for taking samples over
several minutes, +there 18 no reason why this should not be
extended, as long as the 'breakithrough volume' 1is not exceeded.

Vacutainers are as accurate a3 cn=-line analysis fcr takine spot
samples. They are easy to 132 and analyse, ars compac’h in
transit and cheap. Contents have a sheli-1ife of sevaral weoelky
or 1longer. Reservations are that they are a 'on2-shot' metnod,
and as such require several duplicate samples to provide
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replication. Also, the use of a syringe is involved to take the
samples, and this requires a safety procedure and perhaps some
safety modification teo the syringe to guard the needle.

Cautionary notes which apply generally +to these sampling
techniques, but excluding bag sampling, are that some prior
thought is required to arrange for the desired range of
concentration to be sampled which 1s compatible with the
intended method of analysis. Two related disadvantages that
apply generally are the lack of an immediate indication of
tracer concentration and the possible loss or deterioration of
the sample.

In theory, however, any of these simple techniques could replace
on-line methods of analysis, and in s¢ doing remove the need for
a skilled operator and complex equipment on site.
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TABLES
1. Shelf 1life test for polyethylene bottles
2. Shelf life test for Tedlar sampling bags

3. Recovery factors for adsorption tubes
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FIGURES

1. Comparison of polyethylene bottle samples with on-line
measurements

2. Comparison of bag samples with on-line measurements
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Bottle| Contents PL in 5ml Weekly analyses
No. (tracer) | sample normalised units

wk 0 wk 1 wk 2 Wk 3 wk 4
1 F12 51.5 100 61.9 - - -
2 " 46.5 " - 50.6 - -
3 " 50.0 " - - 36,5 s
4 L s0.0 " - - - 25.0
5 F12 47.5 100 60.2 - - &
6 " 51,8 " - 50.7 - ®
7 " 50.5 " - - 3842 -
8 " 52.0 " - - - 23.8
s SFg 53.0 100 87.9 B 2 .
6 " s0.0 " - 99.0 - -
7 " 49.0 " - - 100.8 -
8 " 49,5 " - - - 95.9
9 SF¢ 52.0 100 94.6 - - -
10 i 52.0 " - 81.5 - -
" " 1.5 " - - 6.0 -
12 g 1.5 - - - 85.6

Bottle volumse nominally 500 ml (air)
Bottles 1 - 4 4initially injected with S ml of F12
5 -8 . " N " F12 and S ml of SFb
- n n n (1] =
9 12 hfﬁ

5 ml samples removed for analysis with Itiran 1a IR analyser

Analysis accuracy approximatel, ¢/- 1% for F12; +/- 2% for Sfb

Table 1 Shelf life test for polyethlene bottles.
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Area count from gas chromatograph integrator.

*
Elapsed time Standard Bag No. 1| Bag No. 2 | Bag No. 3
(hours)
43 410.01 394.70 399.78 399,08
410,46 393.69 402.18 | 400.07
410.95
332 418.77 410.14 409 .97 409,30
418.76 408.94 410.32 409.40
418.19
648 429.26 418.88 419.01 410,09
432,26 420,07 418.68 413.69
786 432,32 425,61 429.48 428,23
432,85 426.71 430.84 429,64
E = e i il
Standard contains 60.5 ppb. SF6
Areas normalised by the weekly standard.
Elapsed time Averaged Bag No. 1| Bag No. 2 | Bag No. 3
(hours) area counts
for
standard
43 410,47 0.961 0.973 0.972
0.959 0.979 0.974
332 418.57 0.980 0.979 0.978
0.977 0.980 0.978
648 430.81 0.972 0.973 0.952
0.975 0.972 0.960
786 432,58 0.984 0.993 0.990
0.986 0.996 0.993 |

Table 2 Shelf life test for Tedlar sampling bags.
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Recovery for the adsorption tubes stored at different
time intervals and temperatures.

Storage interval Storage temperature Recogefg
(hours) (9c) (%)
24 4 94.1 t 4.7
15 - 20 92.9 + 4.4
48 4 81.2 + 2.9
72 4 78.1 = 1.3
15 - 20 73.0 £ 1.7
96 4 77.2 + 1.8
15 - 20 70.5 % 1.4

* Arithmetic mean and standard deviation of one
measurement on five different adsorption tubes.

Recovery from adsorption tubes with different amounts

of SF6 deposited.

SF6 deposited Recovery
(ng) (%*)
10 100.0 + 4.
15 89.8 + 2.1
20 88,1 + 3,
30 86.0 + 1,
40 83.8 + O,
50 B3.2 + 0.9

Arithmetic mean and standard deviation of one
measurement on four different adsorption tubes,

Table 3
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CHAPTER 9

EFFECT OF DRAUGHTSTRIPPING WINDOWS ON THE ENERGY CONSUMPTION OF
AN OFFICE BUILDING

1. INTRODUCTION

One of the objectives of this programme of work was to determine
the effect of ameliorative measures such as draughtstripping on
the energy consumption of office buildings.

Measurements of infiltration rate were carried out (Chapter 6)
in building B18 (Appendix I) before and after all windows were
draughtstripped. Before draughtstripping, the infiltration
rates ranged from O0.%35 to about O0.55 &ch for a variety of
weather conditions. After the windows were weatherstripped, the
rates were reduced to the range 0.18 to 0.26 ach. These results
can therefore be seen to indicate that draughtstripping windows
can reduce the overall infiltration by a sizeable amount.

It was, however, considered that in the majority of +the time,
measurements before and after a retrofit would not be available.
In such situations, there must be another way the effectiveness
of remedial measures could be evaluated prior to implementing
these measures.

This Chapter will demonstrate that, in the absence of measured
infiltration rates ©before and after an energy-saving remedial
retrofit, existing computer programs can be used to determine
the effectiveness of such measures, in particular, the
draughtstripping of windows.

To do this, an BRE 1in-house computer program called BREEZE
(Section 2) was used to predict the effect that draughtstripping
of windows had on building B18. In this way, the predictions
could be matched with the experimental results detailed above.

Apart from the correctness of the model wused to describe the
physical processes, an important prerequisilte in any simulation
is the validity of the input data. Sufficient care, therefore,
must be taken when preparing an input data file for any computer
prediction. The structure and the setting up of data 1input
files for the present computer simulation 1s described fully in
Section 3.

The results of the computer predictions are discussed in Section
3. The predicted infiltration rates, before and after
draughtstripping, are evaluated against the field measurements.

The energy =savings, associated with the reduced overall

infiltration rate, are then discussed in Section 5. Finally, in
Section 6, overall conclusions are drawn.
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2w BREEZE COMPUTER PROGRAM
2ol Introduction

BREEZE 1s a computer program written for the Building Research
Station wunder an extramural contract by SCICON. It was written
in FORTRAN-4 and has ©been implemented 1in-house on a VAX
mainframe computer. The program was a modified version ¢f the
SMOKE program 1] written by SCICON for the Fire Research
Station, Borehamwood, UK.

BREEZE considers the building as a network of spaces (nodes),
each at a specific pressure with air moving between them from
regions of high pressure to those of 1low pressure. Using an
iterative technique, movement of air between spaces are
determined. Three differing sets, of which the first set 1is

optional, are usually required as data inputs (Fig 1) to the
program.

2.2. 'New values' data set

This optional first set, i1dentified by +the starting 1line
®NEWVAL, defines values which overwrite 'dictionary' variables
(i.e. values built-in to the program) when the program is run.
For the present simulation, those overwritten were;

- wind speed (VW),

- dinternal and external temperatures (TMPIN, TMPOUT),

- maximum number of iterations (ITSOL) allowed for
solutions to converge in corder to satisfy the maximum
permitted changes i1in

. pressure difference (PREMAX), and
. mass flow rate (FLOMAX)

before convergence is assumed for the flow paths,

- HCEILG sets the height of the room ceilings.

The *EOD indicates the end of that current data set.

2+3. Building data
The second data gset, identified by the first line *BUILD, gives

details of the nodes into which the buililding 1is divided. All
data cards within this set are in free format. The data i1tems
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on each line must, however, appear in a specific order and must
be separated from each other by one space. Also, no blank lines
are allowed within the data pack.

Building data are specified floor by floor. A card of the form,
FLOOR n, 1indicates that the data cards that immediately follows
it describes the layout of floor number n. FEach «card in this
group describe a single node and contains the following
information;

- s8ix character identifier for the node type,
- number of the node on that floor, and

- details of the node.

Information regarding node types and details required about
these nodes are given in Reference 2. The nodes, starting with
1 on each floor, are numbered consecutively. The outside air is
always specified as the first node on each floor. Other nodes
are specified in any order.

Each vertical shaft, such as a staircase or a 1lift shaft, has a
shaft number which 1is wused to identify 1t as it passes from
floor to floor. The first vertical shaft is assumed to be the
outside air so that each shaft 1is numbered <consecutively
starting from 2. Though shaft numbers need not necessarily be
the same as node numbers, the same shaft must have the same
shaft number on each floor.

2.4. Flow path data

The final data section is that dealing with the flow paths
between various nodes. The group of cards that describe these
are headed by the declaration, ®PATHS. The details required for
each path depend on the type of flow path and are defined in
Reference 2.

The program allows for only one flow path between any two nodes
and therefore presents a serious problem when used on most
buildings. To avoid this, modifications have to be made to the
'building data' set by introducing 'ghost' nodes. Each 'ghost’
node, of node type ROOM or- CORDOR, i1solates an 1illegal flowpath
and is joined to its 'home' node by a 'ghost' flowpath. The
concept of ghost nodes will be further clarified in Section 3.2.

Flow path data are specified floor by floor in the same way as
building data. After each FLOOR card (Fig 1), the detatils of
the air flow paths are read from data cards, each of which
describes one flow path and contains the following items in the
order,
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- data card identifier, NODE,
- node numbers of the end points,
- flow path type, and

- details of the flow path.

3. INPUT DATA

The data (Figure 1) for the present simulation were input into
BREEZE as the three sets of information described above.

3.1. New values

The internal temperature, TMPIN, wused in the simulation was
taken as the 'running' temperature of the low-energy building.
The values of wind speed, VW, and external temperature, TMPOUT,
used were obtained by considering the average values experienced
at Kew, UK during the standard 'weather year' from 1st October
1967 to 31st March 1968. During this period of 182 days, the
predominant wind direction was 209 degN, t.e. from the
south-west. The following values were therefore used in this
simulation:

Parameter Variable name Value
wind speed (m/s) VW 4.1
internal temperature (°C) TMPIN 18.5
external temperature (°C) TMPOUT T

3.2« Building data

Building B18 has three storeys. Figure 2 shows the floor plans,
The building was idealised into various nodes as shown in Figure
3. Within the data pack, the ground storey is designated FLOOR
1 and the first and second storeys as FLOOR 2 and 3
respectively. Node 1 in each floor 1s the outside air.
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J3«2:1. Stairwells

In each fleoor, Nodes 2 and 3 are the stairwells with shaft
numberings of 2 and 3 respectively. Theilr respective
cross-sectional areas of 9.0 and 7.5 m~ are the areas of these
openings in the horizontal plane between one floor and the next.

3.2.2. Corridors

The following nodes represent the corridors:

FLOOR NODES
I 9, 13
2 6, 10, 11
3 6, 10, 11

302-3. Roonms

A1l other nodes, except the ones listed above are considered as
ROOMs. It should be noted that each ROOM in the idealised
layout of Figure 3 is, in reality, an aggregate of various
offices as shown in the building floor plans (Fig 2).

3.2.4. 'Ghost' nodes

Some ROOMs have more than one flow path connecting it to the
outside, wusually through windows. To overcome the 'one flow
path' condition (Section 2.3), 'ghost' nodes of the type ROOM
were added to the idealised layout. These are as follows:

FLOOR NODES
i 4, 12
2 4, 14
3 4, 14

3.3. Pressurisation measurements to determine leakage areas

Leakage areas of the various openings are required as part of
the 'flow path' data input. This information is usually
gathered by carrying out 'pressurisation' tesis [3] on the
various components, e.g. windows and doors, of interest. Fron
such tests, the equivalent area, A, of the opening can be
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obtained. This value is used within the program to determine
the volume flow rate, Q, where

Q =C A (2 ap/g)”

and C is a flow coefficient (taken as 0.65), AP is the pressure
difference across the opening, Q@ 1is the density of air and n is
an exponent (taken as 0.5).

Pressurisation tests were carried out in building B18 after the
windows had been weatherstripped. South facing windows are
different to those on the north facing side and are much
tighter. This is reflected on the 'pressurisation test' results
that were obtained;

Window Leakase area Leakagg area per metre length
m<) m® / m)

South facing 0.003%21 0.00031

North facing 0.0053%3 0.00052

A similar pressurisation test had not been <carried out Dbefore
the windows were draughtstripped. For the present simulation
excercise, recourse was therefore made (Section 3.5) to
published material regarding the leakiness of similar but non-
draughtstripped windows.

3.4. Wind pressure coefficients

For flow path connecting interior nodes to the outside, BREEZE
requires the external surface pressure coefficients, Cp, to be
known at these points. The pressure on the external fabric of
the building at any of these points is then,

P = (Q/2) U2 Cp

where U is the wind speed. The wind speed should be measured at
a location and at a height wused to initially determine the
pressure coefficient.

Using a 1 in 200 scale model of the ©building together with
adjacent buildings, wind tunnel test were carried out in the BRE
Environmental Wind Tunnel (Fig 4). The airflow over the model
was simulated to be that of the atmospheric boundary layer
flowing over a suburban aite. Further details of the wind
tunnel and the simulated boundary leyer are given in Reference

4 .
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The tests were carried out for +twelve wind directions 1in
intervals of 30 degrees. The reference wind speed was
determined at a model height equivalent to 10 m full scale and
at a point upstream of the model. In the present study, only
the pressure coefficients obtained for winds blowing from the
dominant south-west direction (Section 3.1) were used in the
present study. These values are shown in parenthesis in Figure

3.

%3.5. Flow path data

Though BREEZE has provision for recognising eleven different
flow paths, only the following three type were used. These are
identified by the type number (Section 2.4) as follows:

Identifier Flow path type
3 Outside door
4 Inside door
5 Window with one opening

3.5.1. External doors

On FLOOR 1, there are two doors connecting the building to the
outside. Since no 'pressurisation test' results were available,
a crack width of 2 mm was assumed. This is in keeping with some
previous computer simulation work carried out by Wright [5].
This gave the followiling crack areas:

NODE Crack length Crackzarea
Fronm To (m) (mn®)

1 2 16.0 0.032

i 3 8.0 0.016

3.5.2. Internal doors

All internal doors were assumed to be kept open. The equivalent
leakage areas of these open doors have been taken to be equal to
20% of the openable area. This percentage has been previously
used in a 'house' simulation [6]. 1In the absence of 'pressure
test' results, this approximation was considered to be the best
available for the present work.
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3.5.3. Windows

The main emphasis on the present simulation was to determine the
effect of draughtstripping windows on the energy consumption of
the '"low energy' office building. As stated earlier (Section
3.3), no experimental data were available on the leakage areas
of the windows before they were draughtstripped.

To overcome this lack of information, recourse was made to
published material [7] regarding crack widths of various window
types. Most of the windows in the 'low energy' office are of
the centrally-pivoted (horizontal) wood type. From Table 8 in
Reference 7, the average gap width of this type of window was
taken as being 2 mm. The gap widths after draughtstripping were
taken from the experimental results given in Section 3.3. of
Reference 7. )

4. RESULTS
L 1a Introduction

The program BREEZE was run on the VAX mainframe computer wusing
the two data sets shown in Figure 1. The solutions converged
after about nine iterations and each run took approximately 33
seconds of <central processor time. The evaluated airflows in
the office building for the two cases of non-draughtstripped and
draughtstripped windows are shown in Figures 5 and 6
respectively. The simulation was evaluated by comparing the
computed whole building infiltration rate obtained with
non-draughtstripped windows with results obtained ftrom field
tests.

4.2. Windows without draughtstripping

Figure 5 shows the airflows within the office building with
non-draughtstripped windows. The volume flows of the fresh air
entering (infiltrating) and the air leaving (exfiltrating) the
building are as follows:

Space Infiltration Exfiltration
(m°/hr)

Ground floor 1626 259

First floor 823% 1072

Second floor 323 1440



Taking the volume of the Dbhuilding nas 5286 mj, the whole

building 1infiltration rate, T, wurks out at 0.52 airchanges per
hour (ach). Figure 5 also shows that more than half the total
infiltration occured +through the south facing windows on the
ground floor.

4.3, Windows with draughtstripping

Figure 6 shows the airflows within the office building with the
windows draughtstripped. The volume flows of air entering and
leaving the building are as follows:

Space Infiltration Exfiltration
(n°/nr)

Ground floor 412 44

First floor 150 249

Second floor 78 346

The results indicate that with draughtstripped windows, the
whole ©building infiltration rate has been reduced to 0.12 ach
from a rate of 0.52 ach.

4.4. Validating the computer simulation

The airchange rates predicted above were compared with the
experimental measurements described in the Introduction (Section

{ {8 1

The whole building rates as measured (Section 4.2. of Chapter
6) without window draughtstripping are shown, for a variety of
windspeeds and directions, in Figure 7. They are plotted as I/U
(i.e. ach/windspeed) against wind direction.

Figure 7 shows that for a wind direction of 210 degN and a
windspeed of 4.1 m/s (i.e. the values used in the computer
simulation), the experimental results indicate a whole building
infiltration rate in the region of 0.57 ach.

The predicted rate, with the windows draughtstripped, can be
compared with the experimental measurements of Test F (Section
4.3. of Chapter 6). During *his test, with the wind Dblowing
from 210 degN with a speed between 3.3 to 4.1 m/s, localised
measurements off overall infiltration rates ranged between 0.18
to 0.26 ach. When blended samples were taken, by manifolding
together all local sample lines, an infiltration rate O0.18 ach
was measured.
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The predicted overall infiltration rates c¢an be compared with
experimental measurements and summarised as follows:

Condition Infiltration rate (ach)

e R

Predicted Measured

Without draughtstripping 0.52 0.57

With draughtstripping 0.12 0.18

The predicted values compares well with the experimental value
and, therefore, gives some confidence 1in +the conmputer
simulation.

5. ENERGY ASPECTS OF DRAUGHTSTRIPPING WINDOWS

According to the predicted values, draughtstripping the windows
has reduced the infiltration rate of the low-energy office
building from 0.52 ach to 0.12 ach. It is now possible to make
an approximation +to the energy savings associated with this
reduction summed over the heating season. The simplifications
used in arriving at these rates (i.e. average values of
windspeed, wind direction and internal/external temperaturea)
should, however, be remembered.

The reduction, dQ (kWh), of the daily heat 1loss from the
building is given by,

dQ = 0.024 (v.dI/3) dt

where V = 5286 m3 is the volume of the building,

dI = 0.4 ach is the reduction in the infiltration rate,
dt = tmpino- tmpout
tmpin = 18.5 “C is the seasonal mean internal temperature,
and
tmpout = 7.3 °C is the seasonal mean external temperature.

This can be translated [8] into a reduction 1in the seasonal
energy requirement, dQ(season), from the heating system for
space heating as,

dQ(season) = 0.0036 (D/e) (dQ) ¢
where D = 182 13 the number of days in the heating season,
and e is the efficiency of the heating system.
The '"low energy' office uses as hoilers for space heating.
Measurements have shown 9] +that the realised seasonal

efficiencies of these boilers are about 60%.
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Using this value for the efficiency e, the reduction in the
seasonal energy consumption through window draughtstripping is
then calculated to be 207 GJ.

The gas consumption in the low-energy building is about 30 GJ
per week [9] for a weekly external air temperature of 7 %e.
Over the heating period of 182 days, 1i.e. 26 weeks, this
translates to a total consumption of 780 GJ. Hence, according
to these simplified calculations, draughtstripping has reduced
the total gas consumed within the building by about 21%.

6. CONCLUSIONS

The objective of this Chapter was to determine the effectiveness
of a remedial measure, such as draughtstripping, on the energy
consumption of an office building.

It was, however, recognised that in the majority of the tine,
experimental measurements before and after a retrofit may not be
available and recourse then needs to be made towards prediction
techniques.

In this Chapter, a computer program called BREEZE was wused to
predict the effect draughtstripping windows had on the overall
infiltration rate into building B18. It was noted that an
important prerequisite to the correct functioning of a
prediction technique is the integrity of +the input data.
Considerable attention was, therefore, devoted to detailing how
such a data set could be gathered and set up.

Predictions showed that the overall infiltration rate of
building B18 was reduced to 0.12 ach from 0.52 ach when the
windows were draughtstripped. These predicted values were shown
to compare well with measured values.

The energy saving associated with this reduction in infiltration
was calculated. Thie showed that for this particular building,
draughtstripping has reduced the total gas consumed within the
building by about 21%. This saving compares well with a saving
of 22% obtained (Chapter 1) in a large office building in London
when the windows of that building were weather-stripped.

It can, therefore, be concluded that draughtstripping windows
can provide a considerable saving in the energy consumption of a
building. It is also seen that prediction techniques can Dbe
used to good effect to determine the effectiveness of such
ameliorative measures.
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FIGURES

Input data packs
Floor plans of the BRE 'low energy' building

'Low energy' building idealised as nodes together with
wind pressure coefficients (in parenthesis)

Inside the BRE Environmental Wind Tunnel and looking
upstream.

Airflows in the low=energy building with
non-draughtstripped windows.

Airflows in the low=-energy building with
draughtstripped windows.

Tracer gas measurements of whole building infiltration
rates obtained with non-draughtstripped windows.
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CHAPTER 10

FINAL CONCLUSIONS

Infiltration 1is an important =&aspect of heat 1loss in all
buildings during the heating season. DBecause of the wide range
and, in some cases, indeterminate nature of the factors which
determine infiltration, its prediction and measurement have
always been among the more difficult aspects of evaluating

building performance. For +this reason, much work has been
directed at measuring infiltration. Most of this effort,
however, has Dbeen concentrated on smaller buildings such as
dwellings or relatively simple single-cell buildings. The

measurement of infiltration in large, multicelled and naturally
ventilated buildings has been almost totally neglected Dbecause
of its difficulty and the lack of appropriate techniques. The
work carried out in this project addressed this challenge.

Following a review of existing +tracer gas methods and the
setting out of the required underlying theoretical analysis, two
techniques were identified for further development:

- Multiple tracer gas.

- Constant concentration.

Appropriate automated systems, based wupon infrared (IR) gas
analysers, were developed for testing in the field. Most effort
was concentrated on the multiple tracer gas technique and, in
this case, preliminary experience was obtained on a Mk I syster
based upon separate analysers. This was an interim evelopment
whilst awaiting delivery of &a multicomponent analyser which
formed the basis of a Mk II system.

In the coursc of developing these techniques, measurements were
made in office buildings. Although the nature of the problem
precludes direct validation, the results were self-consistent.
In the <case of the multiple tracer technique tested in a
mechanically ventilated office building, the results were
compared with whole building ventilation rates measured by other
methods, including a constant-injection method which was also
developed as part of the programme.

The multiple tracer technique was able to give both the exchange
of air between zones and between each zone and outside air. i
was however difficult to operate for logistic reasons, required
costly instrumentation and skilled and experienced personnel.
The constant concentration technique gave a continuous reconrd of
the infiltration rate into a small zone within the building and
was considered most appropriate for assessing the local effect
of remedial measures such as draughtstripping. It was, however,
difficult to operate in an occupied building and again required
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complex and expensaive equipment. Neither method was found to be
fully suitable for obtaining general whole-building infiltration
rates on a wide scale.

Substantial effort was, therefore, placed on the development of
a simpler method wusing a single tracer gas. Earlier work had
indicated that, as in dwellings, this could be accomplished by
substantial internal mixing by special fans so as to effectively
create a single perfectly-mixed space. Again, this would not be
a practical solution for general use. A computer program was
developed to analyse the variation of tracer gas concentration
for wvarious distribution strategies and air exchange patterns.
Using this, together with exploratory field measurements, the

basis for &a new method was established. Provided certain
conditions are observed, this method allows whole building
ventilation rates +to be determined with a reasonable degree of
accuracy . This <can be a&accomplished without the need for

complete and wuniform initial distribution of tracer gas and
without the need for perfect mixing.

The method requires the measurement of relatively low
concentrations of suitable tracer gases. In this context, IR
analysis which requires concentrations in the parts per million
range, 1is not appropriate and methods using gas chromatography
for parts per billion concentration measurements have been
developed. These have the added benefit of allowing samples to
be collected on site and analysed in the 1laboratory therebdby
obviating the need for expensive on-site equipment. Several
collection methods were identified:

- Tedlar sampling bags.

Polyethylene bottles.

Adsorption tubes.

Evacuated glass tubes.

These were evaluated both in the laboratory and in the field for
suitability. Whilst the latter three collection methods may be

appropriate for many uses, sampling bags has the particular
advantage of allowing repeated analysis of the same sample for
checking and also, when used with a simple pump, allows an

integrated concentration to be obtained over a chosen period.

Although the simple technique needs to be further evaluated and
appropriate protocols developed for use by inexpert personnel,
it provides a substantial breakthrough in providing a relatively
cheap and simple method for determining natural ventilation
rates in multicelled large buildings.

In the course of developing and testing the techniques set out
above, measurements were made in three office buildings. In

particular, the multiple tracer gas measurements in a
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mechanically ventilated building indicated the ineffectiveness
of the dampers. This gave rise to substantial air 1leakage, of
the order of 0.5 ach above infiltration, where the infiltration
was of the order of 0.3 ach. Measurements also made prior to
the installation of improved windnw draughtstripping indicated a
saving of the order of 0.4 ach. The energy savings associated
with this reduction was estimated and it was found that
draughtstripping windows had reduced the total gas consumed
within the building by about 21%.

Detailed changes in infiltration performance are best determined
by using the constant concentration technique. Other techniques
are not generally sensitive enough to allow accurate estimates.
An alternative approach is to use computer predictions. These,
however, require validation. As part of this project, the BRE
BREEZE computer model was used to predict the air exchange rate
for building B18, ©both ©before and after draughtstripping.
Excellent agreement was obtained with the measured flow rates,
thereby, giving confidence in the prediction method.

Future work should include further development of the simplified
method and 1its application to measuring ventilation rates in
both office and other non-domestic buildings. BSuch measurements
will provide a range of data for further wvalidation of
prediction programs such as BREEZE. Together with more
knowledge of the leakage characteristics of building envelopes,
they will provide the best method for assessing improvements in
building performance by the use of such ameliorative measures as
draughtstripping.

Multiple tracer gas techniques, possibly wusing the simpler
collection techniques developed and described in this project,
should be used to determine interzonanl 1interchange rates for
different conditions, both to identify conditions under which
the simple technique can be applied and to provide a tasis for
determining contaminant and heat distribution.
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APPENDIX I
DESCRIPTION OF THE THREE OFFICE BUILDINGS

As part of the programme of work described in this report, field
measurements were <carried out in three office buildings which
were all located at the Building Research Station, Garston.
Short descriptions of these ©buildings are given in this
Appendix.

1. BUILDING B9 (PHYSICS BLOCK)

The south face of building B9 is shown in Figure ' and a &site
plan showing the 1location of this building in relation to its
gurroundings is given in Figure 2.

Building B9 comprises of several linked structures with each
containing a mixture of offices and some laboratory space.
Fresh air is provided by natural ventilation and, in this
connection, side-pivoting metal framed windows are installed
throughout.

2. BUILDING B10O

This is a naturally ventilated, conventional two-s%orey office
building (Fig 3) with a total volume of 2153 m”. In each
floor, offices are 1located along either side of a central
corridor.

The building is rectangular in plan (40 m x 11 m) and each
storey is 2.44 m high. A plan-view (Fig 4) of the building
shows that the stairwell, which provides access Dbetween weach
storey, is located near one end of the building.

3. BUILDING B18

The three-storey building B18 (Fig 5) was built as a ‘'low
energy' office. It is rectangular in plan (Fig 2 of Chapter 9),
is 60 m long by 12 m wide, and has its major axis aligned
east-west. The floor to ceiling height of each storey is 2.6 m.
Offices are located on each floor along either side of a central
corridor. The total volume of the building is 5286 m”.
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This building incorporates a number of energy saving features.-
Among these is a mechanical ventilation system which allows a
varying amount of fresh air to be taken into the building. This
value can be set in a range from nominally zero (full
recirculation) to full (no recirculation) fresh dir intake
depending wupon the setting of mechanical dampers at the air
handling unit. It is set to 30% fresh air during the heating
season.
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FIGURES
1. South face of building B9 (Physics block)
2. Site plan showing location of building B9
3. View of the west face of bdbuilding B10
4, 1:200 plan view of building B1O

5. View (looking from the south-east) of building B18
(Low-energy office)
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South face of building B9 (Physics block)

Figure 1
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Figure 3 View of the west face of building B10O
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Figure 5 View (looking from the south-east) of building B18

(Low-energy office)
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