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Incomplete mixing in ventilated airspaces. Part I. Theoretical considera-

The heat and moisture balance equations for a ventilated room cannot be solved without making some hypothesis
concerning air distribution within the airspace. The usual approach is to assume complete mixing which equates the
thermodynamic properties of the exhaust air to the average thermodynamic properties of the bulk airspace. A theoretical
analysis suggests that departure from complete mixing may be caused by the formation of multiple flow regions within
the airspace, or by short-circuiting of supply air to the exhaust outlet. This report will alert designers of livestock buildings
to the possibilities and consequences of various forms of incomplete mixing.

INTRODUCTION

The design of livestock building venti-
lation systems is based on the premise of
complete mixing. The complete mixing
assumption involves equating the ther-
modynamic properties of the exhaust air
to the average thermodynamic properties
of the bulk airspace so as to enable the cal-
culation of steady-state heat and moisture
balances.

A research project was initiated at the
University of Guelph to assess the validity
of the complete mixing assumption for
slot-ventilated livestock buildings. The
emphasis in this report is on the identifi-
cation of physical phenomena which could
create a departure from complete mixing
and on experimental techniques to quan-
tify incomplete mixing. A summary is
given of evidence to support the occur-
rence of incomplete mixing and the con-
sequences of incomplete mixing are dis-
cussed. The interested reader is referred to
Barber (1981) for a more complete deri-
vation and discussion of the concepts in-
troduced in this paper.

THE NEED FOR A MIXING
ASSUMPTION
A control volume representation of the
ventilated airspace is given in Fig. 1. All
symbols are defined in Table I. The
steady-state heat and moisture balances for
the airspace are given by the equations:

Q he-my=H+H

(We—w) =W

Y
7, 2)

'Originally presented as Paper no. 81-210, Canadian
Society of Agricultural Engineering, St. Catharines,
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The ventilation rate which is required for
moisture control is given explicitly by
rearranging Eq. 2 as:
Wy,
(Wc - Wl)

Q= 3)

The supplemental heat required for heat
balance is determined by substituting Eq.

3in Eq. 1 and rearranging:
- (he —h) _
Ho=W =wy ~H @

The heat and moisture flux terms, H and
W, are functions of temperature and may
be estimated once the airspace design con-
ditions have been specified. Similarly, the
properties of the incoming air, 4; and w;,
are known for specific outside design con-
ditions. Equations 3 and 4 can be solved,
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Figure 1. Control-volume representation of

completely mixed airspace.

however, only if the properties of the ex-

haust air, h.and w ., can be estimated. The

usual approach is to assume complete mix-

ing which, stated mathematically, is:
h.=h

We=w

Substituting in Eqgs. 3 and 4,

TABLEI. LIST OF SYMBOLS
Symbol Units Description
A sec™! Experimentally determined air exchange rate
Cc m?/m2 dry air
h J/kg dry air Enthalpy of air
H w Total heat flux exclusive of ventilation and supplemental heat
Hg w Supplemental heat required for heat balance
Jiz Mixing coefficient
K Experimentally determined mixing factor
m Portion of airspace which is well mixed; remainder, 1 — m, is

assumed to be totally stagnant
n Portion of supply air entering well mixed zone; remainder, 1—n, is
short-circuited to outlet

Total water vapor flux exclusive of ventilation

Refers to the initial value of a variable, or its value at zero time

Q m3/sec Actual airflow rate
t sec Time
14 m? Volume of airspace
Vs m?/kg Specific volume of dry air
w kg/kg dry air Humidity ratio
w kg/sec
Subscripts
e Refers to the outlet from the airspace
i Refers to the inlet to the airsapce
o
1 Refers to Zone 1
2 Refers to Zone 2
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Q= W‘ )
- (h—h)
Ho=W =5 (©

For a particular set of design conditions,
h and w are specified and Eqs. S and 6
may now be solved.

CAUSES OF INCOMPLETE MIXING

Incomplete mixing may originate from
several non-ideal flow regimes (Barber
1981). Three simple cases are considered
here as examples of how the complete
mixing assumption may theoretically be
violated.

Short-circuiting
In the airspace depicted by Fig. 2, only
a portion, n, of the supply air enters the
well-mixed portion of the airspace. The
remaining portion, 1 — n, is short-cir-
cuited directly to the exhaust outlet.
Equations 1 and 2 again apply to the
heat and moisture balances for the overall
airspace. In this case, however, the com-
plete mixing assumption is not valid. In-
stead, a heat and moisture balance on the
exhaust airstream provides the relation-
ships:
he=nh,+ (1 — n)h,
we=nw;+ (1 — n)w;

Substituting for 4. and w, in Eqs. 1 and
2, respectively:

" (b -h)=H,+H, ()
nQ

V. (wy—w) =W, (¢))

Suppose that the ventilation rate, the heat
and moisture fluxes, and the outside de-
sign conditions remained unchanged from
the ideal case where no short-circuiting
existed and complete mixing was as-
sumed. Comparing Eqgs. 5 and 8:

(w=w)=nw,—w)
Similarly, for Egs. 6 and 7,
(h —h) = n(hy— h)

l .
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Figure 2. Control-volume representation of

ventilated airspace with short-cir-
cuiting of supply air to exhaust
outlet.
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Figure 3. Control-volume representation of
two-compartment airspace with
secondary flow region.

Given the ventilation rate sized on the
basis of complete mixing, the effect of
short-circuiting has been to increase the
humidity ratio and enthalpy of the airspace
above the design values. The airspace is
under-ventilated as a result of short-cir-
cuiting.

Secondary Flow Regions

In Fig. 3, the airspace is considered to
consist of a primary airflow region (Zone
1) plus an attached secondary airflow re-
gion (Zone 2). The rate of exchange of air
between the two regions is defined by the
product of the ventilation rate, Q, and a
non-negative mixing coefficient, j ,,. Sup-
plemental heat, H g, is assumed to be equal
to zero.

The water vapor balances for the overall
airspace, the primary zone, and the sec-
ondary zone, respectively, are as follows:

Zn-w)= Wit W O
gs (wy—w) + jr2 gs (wy — wy) = W,(10)

Jia g v = W) = W (1
Note that Eq. 9 has been written by invok-
ing the complete mixing assumption for
Zone 1, the primary flow region. Short-
circuiting could have been included, but
far the purposes of this development the
additional complication is not warranted.
Assuming that the total water vapor pro-
duction is the same for this two-compart-
ment airspace as for the single-compart-
ment, design airspace (Fig. 1), then

W=W,+ W,
Combining Egs. 9 and 5,
O(wi— w) = Q(w — wy,
and
wy=w.

The humidity ratio in Zone 1 is the same,
therefore, as the humidity ratio within the

total bulk airspace where only one-com-
partment or flow region was assumed.

From Eq. 11, for non-negative W, and
j 125

Wo > wy

For the same ventilation rate, therefore,
the average humidity ratio for this two-
compartment airspace must be greater than
the average humidity ratio of the single-
compartment, design airspace. As in the
case of short-circuiting, the total airspace
is underventilated, in a sense, as a result
of the existence of the secondary flow re-
gion.

Tanks-in-series Flow Regime

In Fig. 4, the inlet and outlet are sepa-
rated by two flow regions connected in se-
ries. All the supply air initially enters Zone
2. As in the previous two-compartment
airspace, the level of backmixing between
the two zones is defined as j,,Q.

Moisture balance equations for the
overall airspace, for Zone 1 and for Zone
2, respectively, are as follows:

2 w-wy=wi+w, (12
ffs (W1 = wa) + jirz f,i (w1 — wo) = W,(13)

- = W,(14
% (Ws— W) + jis % (w2 —wy) 2(14)

Equation 12 is identical to Eq. 9 and the
same complete mixing assumption has
been invoked for Zone 1. Again, the as-
sumption is made that

W=W,+ W,

and a comparison of Eqs. 12 and 5 speci-
fies that the humidity ratio in Zone 1 is
equal to the mean humidity ratio in the sin-
gle-compartment design airspace (w, =
w). From Eq. 13,

wi>w,

for non-negative W, and j ,,.
The effect of this two-compartment ar-
rangement, therefore, is exactly opposite

Q— V, Vi —*Q

hi | - | he
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Figure 4. Control-volume representation of
two-compartment airspace with
tanks-in-series arrangement.
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to that previously noted for the airspace
containing a single primary zone plus an
attached secondary zone. Compared to the
single-compartment design airspace, the
mean humidity ratio in the two-compart-
ment tanks-in-series airspace is reduced
and the airspace is over-ventilated by the
design ventilation rate.

DETECTION AND
QUANTIFICATION OF
DEPARTURE
FROM COMPLETE MIXING

In the previous section, three potential
causes of incomplete mixing were identi-
fied, namely short-circuiting, secondary
flow regions, and a tanks-in-series flow
regime. The latter two flow patterns may
be detected using flow-visualization tech-
niques. Excellent descriptions of such
techniques are given by Daws et al. (1965)
and Carpenter et al. (1972). In both of the
above noted cases, the airspace to be stud-
ied was bound on one side by a transparent
wall through which the visible flow paths
could be observed and recorded on film.

The photographic visualization tech-
nique is not readily adaptable to the study
of full-scale facilities in situ. Hence, al-
though useful information may be ob-
tained from specially equipped models
such as used by Randall (1975), the tech-
nique is not nearly as useful as an aid for
diagnosis of practical ventilation problems
where they occur in the field. Secondly,
while the flow visualization technique pro-
vides a good visual representation of air-
flow patterns, the technique is not readily
amenable to the determination of the quan-
tity of air flowing in particular regions of
the airspace. The rate of backmixing be-
tween adjacent zones, or the amount of air
which is short-circuited, for example, can-
not be quantified by flow visualization
techniques alone. To this end, tracer gas
techniques may be more useful.

The concept of employing tracer gases
in ventilation system research is well
founded, both in theory and in practice.
Tracer gas studies are reported extensively
in the contemporary literature dealing with
ventilation of residential and institutional
buildings, but very few agricultural sys-
tems appear to have been studied with the
aid of tracer gases.

The tracer gas method is a stimulus-re-
sponse technique. The stimulus, a change
in some measurable property of the incom-
ing air, is imposed on the system, and the
response to the stimulus is monitored
within the control volume or at the outlet.
Analysis of the response provides infor-
mation on the system behavior.

Figure 5. Tracer gas transport in single-
compartment, completely mixed
airspace.

The theoretical foundation for tracer gas
research is provided by the mixing-dilu-
tion equation:

dc
V. — =0(C.-C) as)
dt
written for the conservation of the tracer
gas within the control volume (Fig. 5). If

the complete mixing assumption is in-
voked (C = C,), then

dc
V. o 2C¢-C)

Letting C = C, at t = t,, the solution to
this first-order differential equation is:

C-Ci__Q -1 (16)
TV

log

C,-C,

The term, Q/V, has units of (time!)
and represents the actual number of air ex-
changes per unit time. Now suppose that
Q/V is not known. Equation 16 may be
rewritten in terms of an unknown air ex-
change rate, A

c-C_ — At - t)

log c.=c,

an

The unknown term, A, may be esti-
mated in rate-of-decay tracer gas experi-
ments (Hitchin and Wilson 1967). A tracer
gas is introduced into the airspace until the
equilibrium concentration, C , is achieved.
At t = t,, the inflow of tracer then is
stopped (C; = 0) and the rate of decay of
the tracer concentration is monitored at the
outlet and/or within the airspace. During
the decay period, C; = 0 and Eq. 17 may
be rewritten as:

log

C(':o = —A(t —ty)

Plotting data for the dimensionless con-
centration ratio on a logarithmic scale vs.
t - tyon an arithmetic scale, the effective
air exchange rate, A4, is represented as the
negative slope of the curve.

If a particular airspace were mixed com-
pletely, the effective air exchange rate, 4,
would be equal to the actual, or theoreti-
cal, air exchange rate calculated as Q/V.
Consider, however, the case of short-cir-
cuiting. Referring to Fig. 6, a tracer bal-
ance on the outlet airstream will yield the
relationship:

CANADIAN AGRICULTURAL ENGINEERING, VOL. 24, NO. 1, SUMMER 1982

Ce=nC;+ (1 —-n)C;
Substituting for C. in Eq. 15,

“@€,

V

=nQ(C,-C)

and the solution (for C; = 0) is given by

log -C£0’— =-n % (t— 1ty (18)
The effective air exchange rate measured
in a rate-of-decay tracer experiment will
be

A=n %
Denoting as K the ratio between the effec-

tive and the actual air exchange rates, then
K =n.

The parameter K, usually referred to as
the mixing factor, is a quantitative esti-
mate of the extent of departure from com-
plete mixing. In the case of short-circuit-
ing which has just been presented, K has
a physical interpretation (i.e., K = n =
the portion of air which enters the well-
mixed portion of the airspace). Barber
(1981) has demonstrated that the existence
of secondary zones or tanks-in-series flow
are also detected as a shift in the value of
K. In these cases, however, the mathe-
matical development involves a numerical
solution of simultaneous differential equa-
tions written for each flow region, and the
value of K has no direct physical signifi-
cance. Secondary zones result in values of
K which are less than unity, whereas
tanks-in-series flow causes values of K to
be greater than unity.

In the real airspace, undoubtedly all
three causes of incomplete mixing can ex-
ist simultaneously, thereby complicating
the interpretation of the mixing factor, K.
For example, if secondary zones are pres-
ent in the case of a tanks-in-series flow
arrangement, the effects of each are coun-
teractive such that the mixing factor could
have a value of unity, indicating complete
mixing. For such an airspace, the design
of ventilation rates based on complete

lnac| ©  |nacil |
QG| v |Ce
Figure 6 —T;;a;an—s;o-rt:single-com-

partment airspace with short-cir-
cuiting of supply air to exhaust out-
let.
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mixing is valid, but extensive temperature
and moisture gradients would be expected
within the airspace. Researchers using
tracer gas techniques for quantification of
ventilation rates should be cognizant of the
possible modes of incomplete mixing and
of the effects such mixing conditions may
have on the interpretation of their data.

Many authors (e.g., Cholette and Clou-
tier 1959; Kaul et al. 1975) have con-
tended that mixing factors greater than un-
ity could be caused by the existence within
the airspace of totally stagnant regions. To
understand the rationale for this thinking,
consider again the airspace of Fig. 5, but
assume that the effective volume of the
airspace is only mV. The remaining por-
tion, (1 - mV), is assumed to be thermo-
dynamically isolated from the well-mixed
region. Equation 15 is rewritten for the
well-mixed region as:

mv 9<_ —oc.-c)

7 19)

The solution, assuming complete mixing,
is given by:

c-¢__ 0

log CT:_Ci ==y (t— 1ty (19)
The effective air exchange rate measured
in a rate-of-decay experiment would be Q/
mV; the mixing factor, K, would be given
by 1/m which is greater than unity.

In reality, totally stagnant regions seem
highly unlikely in livestock buildings un-
der nonisothermal conditions. A more
plausible description of the ventilated air-
space depicts the existence of well-mixed
primary zones with one or more secondary
flow regions which, rather than being
completely isolated from the main air-
space, interact slowly with the primary
airflow regions. As previously discussed,
such a flow regime will result in mixing
factors differing from unity. The presence
of a tanks-in-series flow regime appears to
offer a more logical explanation for mix-
ing factors exceeding unity than does the
concept of totally stagnant regions.

EVIDENCE OF INCOMPLETE
MIXING

Although the possibility of short-cir-
cuiting had probably been hypothesized
earlier, Constance (1970) was apparently
one of the first to account mathematically
for the occurrence of incomplete mixing
in ventilated airspaces. He suggested that
safe ventilation designs should be based on
mixing factors no greater than one-third.
More recently, West (1977) determined
mixing factors experimentally in an un-
occupied, unobstructed office-size room
with a single ceiling diffuser and reported
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values for the mixing factor of approxi-
mately 0.8.

Randall (1973) simultaneously used
flow visualization and tracer gas tech-
niques to study the extent of short-circuit-
ing in a full-scale model swine barn. He
indicated that the proportion of fresh air
which leaves a fan-ventilated livestock
building without mixing with the air inside
may be as high as 30%. Randall apparently
did not offer alternative explanations for
the observation of mixing factors less than
unity.

Kaul et al. (1975) reported results of
their own tracer experiments, as well as
work of other European researchers,
showing mixing factors between 0.8 and
1.8 for ventilated livestock buildings.
They reasoned, but did not prove, that the
values less than unity were due to short-
circuiting while the values greater than
unity were caused by totally stagnant re-
gions. Other causes of incomplete mixing
appear to be at least as likely to explain
variations in their data (Barber 1981).

Results of a current University of
Guelph study, to be reported in detail in
a subsequent paper, have suggested that
departure from complete mixing can be
extensive in slot-ventilated livestock fa-
cilities under nonisothermal conditions.
Mixing factors varying between 0.8 and
1.1 were measured for an experimental
one-fifth scale-model of an actual swine
grower-finisher building. Further work is
necessary to define conclusively the con-
tribution to incomplete mixing attributable
to each of the possible causes. It may be
stated with some assurance, however, that
short-circuiting and stagnant zones were
not the major factors in the particular air-
space of these studies.

In the above-mentioned trials, a mixing
factor of 0.8 means that the effective air
exchange rate in the experimental airspace
was 20% less than the predicted air ex-
change rate based on the measured airflow
rate and the complete mixing assumption.
Consequently, portions of the airspace
were underventilated. In the case where a
mixing factor of 1.1 was recorded, the ef-
fective air exchange rate was 10% higher
than predicted for the complete mixing sit-
uation. This apparent increase in the ef-
fectiveness of ventilation is unlikely to be
a real benefit, since the nonuniformity of
mixing resulted in substantial temperature
gradients within the airspace.

CONSEQUENCES OF
INCOMPLETE MIXING
Modern textbooks (e.g., Esmay 1978)
and computer programs (e.g., Feddes et
al. 1978) concerned with the design of

livestock building ventilation systems ap-
parently do not make any attempt to ac-
count for variations from complete mix-
ing. There is, however, the limited
evidence just presented which suggests
that incomplete mixing does occur, partic-
ularly under winter ventilation conditions,
with sufficient frequency to warrant con-
sideration in the design procedure. Unfor-
tunately, data for inclusion in design cal-
culations are still lacking.

The failure to account for incomplete
mixing may invalidate energy and mois-
ture balance calculations, and could lead
to improper sizing of fans and heaters.
Such effects apparently have not been de-
lineated and hence may not be appreciated
by designers of livestock shelter ventila-
tion systems.

Consider the case of short-circuiting.
The physical consequence of short-cir-
cuiting is a reduction in the effective ven-
tilation rate. The entire airspace will be
underventilated unless the ventilation fans
have been over sized. The requirement for
a larger fan capacity to achieve the same
effective ventilation rate represents a re-
duction in the efficiency of electrical en-
ergy usage by the ventilation system.

In most slot-ventilated livestock build-
ings with localized air exhaust ports,
short-circuiting appears unlikely to be of
serious concern (Barber 1981). Of much
greater concern, however, is the strong
likelihood that multiple rotary flow zones
will be established, particularly when ven-
tilation rates are low. Both Baturin (1972)
and Randall (1975) have presented stream-
line drawings showing the existence of
multiple flow regions. Under such condi-
tions, large temperature and moisture gra-
dients are established within the ventilated
airspace. To prevent condensation and
stale air buildup in the underventilated
zones, other zones must be overventilated
correspondingly, with an attendant de-
crease in the efficiency of the ventilation
system.

The opposite effects of secondary zones
and tanks-in-series flow regimes draw at-
tention to the perhaps underemphasized
importance of the exhaust location. While
it is accepted as truth that the exhaust lo-
cation does not affect air motion within the
ventilated room (Randall 1975), the ex-
haust location can, theoretically, affect the
extent of departure from complete mixing.
The same airspace is drawn in Fig. 7, first
with the exhaust outlet on the wall oppo-
site the inlet, and second with the outlet on
the same wall as the inlet. For certain ven-
tilation conditions, it is not unreasonable
to assume that there could be two rotary
flow regions established as shown. For
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Effect of inlet-outlet arrangement
on departure from complete mix-
ing. Theoretical streamline draw-
ings.

Figure 7.

example, both Baturin (1972) and Kaul et
al. (1975) have shown such patterns ex-
perimentally in airspaces where the width
of the building parallel to the jet flow path
is more than two or three times the height
of the airspace. Randall (1975) likewise
showed streamline drawings depicting the
existence of multiple flow regions be-
tween the inlet and outlet.

In the first arrangement of Fig. 7, the
inlet and outlet are separated by two re-
gions connected in series. Recalling pre-
vious discussions, the zone nearest the in-
let will be relatively better ventilated than
the zone nearest the outlet. In the second
arrangement, on the other hand, the inlet
and outlet are separated by only one well-
mixed region. The region furthest from the
inlet thus acts as a secondary zone and will
be relatively less well ventilated than the
region next to the outlet. Given the same
ventilation rate, the steady-state thermo-
dynamic properties of the exhaust air will
be the same for each inlet-outlet arrange-
ment. The mean temperature and humidity
within the airspace for the first arrange-
ment, however, will be less than the cor-
responding conditions with the second ar-
rangement. Two conclusions are evident
from this theoretical analysis: (1) changing
from one outlet location to another may
affect the steady-state temperature and hu-
midity for a particular ventilation rate
without ever affecting the airflow pattern;
and (2) in practice, the effects of the outlet
placement will be manifested as a change
in the steady-state concentration of con-
taminants within the airspace rather than
by a change in the rate of removal of con-
taminants in the exhaust air. Experiments

that depend on total contaminant removal
rates as the comparative criteria, there-
fore, could fail to detect actual differences
in the effectiveness of ventilation for al-
ternate outlet placements.

This paper has examined only the
steady-state effects of incomplete mixing;
the potentially more important effects on
the dynamic response of the airspace have
yet to be researched. For example, precise
temperature control is unlikely to be pos-
sible if the airflow pattern, including the
location and extent of each flow region, is
altered with each adjustment of the venti-
lation rate. The question of the best loca-
tion for control devices seemingly takes on
added significance if the airspace behaves
not as one well-mixed volume but as two
or more interacting regions. As attempts
are made to apply the technology of mi-
croprocessors to ventilation system con-
trol, it will become ever more imperative
that designers of livestock buildings assure
themselves that they are making the cor-
rect mixing hypothesis in their design pro-
cedures.

SUMMARY

The occurrence of short-circuiting, the
presence of stagnant zones, and the exist-
ence of multiple airflow regions are pos-
sible causes of departure from complete
mixing in ventilated airspaces. In this pa-
per, the effects of incomplete mixing were
evaluated from a theoretical standpoint.
Limited evidence was presented to sub-
stantiate the likelihood of incomplete mix-
ing in livestock buildings. More experi-
mental results are to be reported in a
subsequent paper. The experience of the
authors suggests that completely stagnant
zones are unlikely to exist in ventilated
livestock buildings, particularly under
nonisothermal conditions. Likewise,
short-circuiting was thought unlikely to be
a major cause of incomplete mixing in
slot-ventilated airspaces where air is ex-
hausted through localized ports. Multiple
flow regions were considered to be the
most likely reason for departure from com-
plete mixing in slot-ventilated airspaces.
Depending upon the arrangement of flow
regions between the inlet and outlet, in-
complete mixing caused by multiple flow
zones can result either in under- or over-
ventilation of the airspace and can be ac-
companied by substantial gradients of the
thermodynamic properties of air within the
incompletely mixed airspace. More re-
search is required to document the extent
of incomplete mixing in livestock build-
ings and to quantify mixing coefficients to
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replace the complete mixing assumption
in ventilation design calculations.
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