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ABSTRACT 
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In the summer, wntilalion al night is used to increase 
thmnal comfort in an experimental three-level laboratory. 
lb this effect, special apert11ru, which stay open during the 
s111n1ner nights, are provided cu ground level and on the 
roof. allowing natural wntilalion of the high-mass staircase 
.and building. This paper concerns a case where the high
mars s(alrcase (all internal doors closed) was cooled by 
stack Yienlilalion. 'Ihe tempera111res of the injWwing air, the 
exhaust air, and the wall were measured as afunction of 
time. 'Ihe time dependenctt of the exhaust air and wall 
temperatures is compared with a simple dynamic 11UXlel that 
couples air flow, heat transfer, and a thermal model/or the 
wall. 'Ihe agreement is good. 'Ihe heat loss raze is an output 
parameler that can be used in energy calcularions. For 
given openings, the model predicts that the total heat 
a:tracted from the bu.i1'Ung during the night can be maxi
mized by increasing the heat-achanging surface area (e.g., 
all internal doors open) and by increasing the thermal 
effwivity, V(Apc), of the wall materials. Further validalion 
of the model is needed and medianical wntilarionshould be 
included. However, in prlncfple, a simple tksign tool can 
be mmk showing the effect of opening sius, wall surfactt 
area, and wall thermal properties on the energy conse
quenca of night wntilalion for a particular climate. 

INTRODUCTION 

The exchange of indoor air with fresh outdoor air can 
provide cooling if the latter is at a lower temperature than 
the indoor air. A situation where this convective cooling is 
a practical proposition arises when the internal heat gain or 
solar heat aain through windows would raise the indoor 
temperature even higher than the outdoor air temperature. 

Convective coolina is very useful in heavy buildings 
located in climat.cs where large diurnal temperature varia
tions occur. To improve indoor thermal conditions, slnlc
turea of large thermal capacity are used to reduce the indoor 
temperature swin&· The indoor temperature then tends to be 
close to the .Verage outdoor temperature, and nighttime 
ventilation can be effective in reducing the average indoor 
air temperature (Koe.oigsberger et al. 1973). 

In the handbooks, architects are told to provide for 
burglar- and mosquito-proof openings that should be large 
enough to ensure adequate night ventilation (Koenigsberger 
et al. 1973; ASHRAE 1989). However, as far as the 
authors know, a design tool allowing the dimensioning of 
natw'al-vcntilation openings is not readily available. 

AB the buis of a design tool, energy calculations of 
ventilative cooling must be performed. However, with the 
heat removal capacity of a given flow rate of ventilating air 
being proportional to the temperature difference between 
supply and exhaust air, the key issue becomes the evalua
tion of the exhaust air temperature (Antinucci et al. 1989). 
Another difficult issue is the estimate of the volume flow 
rate itself, which depends, for example, on internal flow 
resistan*· 

The event that led to the work reported here is the 
successful use of ventilative night cooling in an experimen
tal three-level building that is instrumented and can be 
monitored while in use. Over the years, it was found that 
thermal comfort during the summer increased with night 
ventilation. However, architects asking how to achieve 
optimal per:forman~ could not be lllmYe~ satisfactorily. 
Indeed, while special burglarproof venblatton apertures are 
provided at ground lev~I and on the roof, the dimensioning 
of the apertures was not based on calculation but on the 
feeling of the architect that the available areas (two O.S m2 

[S.4 ft2] openings) would do the job. · 
Therefore, having found that a simple algorithm 

Correctly rredicts the ventilative cooling rate after the 
opening o a door or window in an otherwise closed room 
(van der Maas et al. 1989, 1990). it was decided to test the 
validity range of this model further and start measurements 
on the whole building. 

This algorithm. links stack ventilation to heat transfer 
and a wall thermal model and predicts the influence of 
building materials and opening sizes on the heat transferred 
out of the building by ventilative cooling. The assumptions 
of the present formulation are: 

1. The airflow rate is calculated from the stack 
equation using a single discharge coefficient for 
the inlet and exhaust openings. A situation where 
the airflow is concentrated in the wide staircase of 
the building is a 'ood approximation. 

2. Wind ot mechanical ventilation is not included. 
This is not an intrinsic limitation of the model, 
requiring only a modification of the airflow part of 
the model. 

3. The indoor air temperature is taken to be homoge-
neous and equal to the exhaust air temperature. 
While a vertical temperature stratification in the 
staircase is always observed, this simplification 
implies that the indoor-outdoor temperature differ
ence should be large with respect to the indoor 
temperature variation with height. 

4. The walls, cha.racterii.ed by a single parameter, are 
thick (not necessarily of high mass) and in thermal 
equilibrium 'with the building when ventilation 
starts. 

Finally, actual measlirements have shown that the 
model correctly predicts stack ventilation for the staircase, 
providing heat loss rat.cs as a function of time and requiring 
few input parameters. Therefore, this model can be used for 
simple energy calcUlations of stack ventilative night cooling, 
showing the influence of ventilation opening dimensions, 
building materials, and climate. 

ALGORITHM FOR VENTILATIVE COOLING 

For a given flow rate, the heat-removal dapacity of 
ventilating air is proportional to the temperature difference 
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between upply and emaust m, and the key issue is to 
evaluate the t.emperature of the exhaust air. Once the 
exhaust air temperature is known, the volume flow rate can 
be easily calculated from the stack velocity and the opening 
siz.es, provided one knows the internal flow resistances. The 
stack velocity vsries as the square root of the product Hti.T, 
where H is the vertical distance between the inlet and 
exhaust openings, and 4T is the temperature difference 
between the inlet and exhaust temperatures. If there is a 
single space be.twee..~ the inlet ond exhaust openin~s (e.g., 
a staitcase), the flow rer,istance js given by the discharge 
coefficients of l,he opeaiogs. The latter coefficients can be 
determined by comparing the air velocity me.t.SUrements 
with the atac:k. velocity equation. 

The proposed ve.ntilation model follows naturally from 
observations made on the te~ratures in a volume in 
thermal equilibrium with the surrounding building stracture. 
After starting ventilation with cold outside air, one first 
observes a zu&.dm drop in the exhaust air temperature, 
followed by a &low decreas.<> with time. Because the wall 
surface temperature is systematically JUaber than the inside 
air temperature, beat transfer takes place from the wall to 
tbe air. It a~ that the initial temperature drop is larger 
when reduc1111 the wall IW'face uca or incm1Sing the 
ventilation rate, and a heat transfer coefficient can be 
defined. Further, one notes that the slow decrease in 
exhaust air temperature is due to an overall decrease in wall 
surface temperature. The latter is found by solving the heat 
equation. 

Fimlly, the new model couples the ventilative heat loss 
rate witb the heat transfer between the w •nd the walls and 
a decreasina wall surface temperature. The ventilation and 
thennal models form a four-node network abat will be 
diacuued in the follo:!f sections (see Figure 1). Two new 
parameten are in.trod -tbebeat-exchanging wall surface 
area and the tbermal effusivity of the wall material. 

VentDetlon Model 

Consider a volume (e.1., a staircase) with an outlet on 
the top (opening area A_}, an inlet a distance H below 
(opening area A,,,), and an inside/outside temperature 
difference, T11 - r_. Then the expressions for the stack 
velocity in the exhaust (v_), the volume flow rate {V), and 
the ventilation heat loss rate (t,) are &iven by 

and 

"- • C1 ~ 2g ( T,.. ~ T•) 

H 

y • ... _. "-. 

(1) 

(2) 

~ ... • C,, p Y (T .. - r_) . (3) 

The exhaust velocity (Equation 1) follows from the 
Bemoulli ~tion and the ideal aas law (ASHRAB 1985), 
assumi.ni II ainate discharae coefficient ( c.). T (in Kelvin) 
is the average absolute temperature of the inside and outside 
temperature6. It is assumed that there is a e;ngle %ieutral 
pressure level that is situated between the two o~gs. 

This implies that the openina heights skould oo much 
smaller than the distance between the middle of ili~ two 
openings, H, and that A., and A. are of the 1!4Dle otJer of 
magnitude. Finally, it is ellpected that the 2.i!i.:large 
coefficient (C1) is !I.bout 0.6, the typical value for Warp
edged orifices. In Figure 1, the ventilation moocl is repre
sented by thermal resistance number one, ia8 vs.lu~. being 
given by Equation 3. 

Thermal Model 

The basic 11.SSUDlption of the following approach is that 
before starting the ventilation, the building is in quasi
thermal equilibrium, and only perturbatio!lB from this 
equilibrium situation are considered withou~ having to know 
the steady-state energy balance of the enclosure. One ~f the 
consequences of initial thennal equilibrium is the -ie~l!lCt of 
radiation. Radiant heat tnutsfer remains inside tb.e ven.tnated 
volume, thermally couplinf the walls together, !hereby 
influencing at most the internal thermal ~tmtiftc.tion 
(Sandbera 1990). Some radiant heat loss through the 
veatilation openings takes place, but this is ne¥1ected. 

Heat Balance The mean air temperature follows from 
the beat balance inside a volume with a ventilative heat loss 
nte, t,, and convective heat transfer to the internal room 
surface, S1 (Figure 1): 

tlr,. c .. "°di • -e,, + h), (T_,, - T11) (4) 

where c .. is a beu capacity and h~ is a mean conv~tive 
beat transfer coefficient. c .. includes both the hi-.ated air 
volume and the (empirical) effect of furnishings. 

Beat Tramfer COefficient It is assunmd !lu~t the 
internal walls of th.e mclosure are homogeneous or that at 
least average wall properties can be defined. The heat load 
is transmitted to the walls by convection through" th~!ID&l 
boundary layer resistance. It was found that the use cf an 
average heat &ran.sf er coefficient with a value typiC8l of fow
velocity forced convection, he= (6±1) W/ml·K [(1.1±0.2) 
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'/he coupled ventilation and thennal mv"tkls 
represented by a/our-node network. (1) Venti
lative heal loss (Equation 3) modeled as a 
current source between insitk .Jnd Clllsitk 
temperature. (2) Boundary layer resistance 
(Equation 7) shunled by an empirical heat 
capacity c;.. (3) '/he dynamic thmnal resis
tance of tM waU (Equatlo" 9). Tb is T.....u (t -= 
0), IM wall temF,ature when hear flow starts. 



Btulh·~~F], gives consistent results. Th.e thermal resis
. tance. between the air and the walls then equals 1/S!a~ KJW 
(h·~F/Bm], where S, is the total wall surface area. This 
resistanl'.a can be measured independently by measuring the 

. w&ll and air temperatures for a known heat flow rate. 
For a cooling nte (t.) of the ventilated space, and 

11eglecting the heat capacity C.,, the average density of the 
h.eat flow '8te is q = fl.IS,, and the difference between the 
wall surface temperature, T...,, and the air temperature, T.,, 
is 

Time Comtant Before the ventilation starts, q = 0 
and T.., = T-u. & was discussed by van der Maas et al. 

· ·(1989) and Yaneslce and Forrest (1978), when cooling 
· begins at r == 0, the first term in the heat balance (Equation 
· 4) cannot be neglected and the air-wall temperature differ

.,.. e:nc:e (T..a - T.J rises nearly exponentially to the limiting 
· ~ . v~ue, '11.,l(S/IJ: 

.. - T,.. - T61 • (1 - exp (-t/-r)) •J(S1hc) . (6) 

>. 

. From the heat balance (Equation 4), a single time 
constant, .,. - C,,/h,,S1, can be defined when t. is a con
stant. The calculated value for .,. is typically a few minutes 
for air (unfurnished rooms), and this effect can be neglected 
for long (t > > T) time periods. 

Coefficient "2 For cases where the exhaust opening 
is not situated at the top of the ventilated volume, only the 

r · · ··Wall surface below the upper level of the opening will 
\.... receive the full cooling load. Temperature stratification will 

result, and the walls above the opening will stay relatively 
wami (the upper space will cool, however, by radiation to 
the tower space). In order to be able to quantify this effect, 

( 

· S, is substituted by c; S,, where the coefficient c; aives the 
·· fraction of the total wall surface area that is active in the 

heat transfer process. From Equation 6, the inside air 
temperature becomes 

T61(t) • T_,,(t) - (1 - exp(-t/-r)) •yf(C2 S,hc). 

(7) 

For the studied staircase, c; is close to unity. Note that the 
temperature stratification as characteri7.ed by c; is situated 
above the ventilated space and should not be confused with 
~mperature stratification between the ventilation openings. 
The heat transfer resistance (2) in Figure 1 follows from 
Equation 7. 

Wall Thermal Model In studying the transient 
thermal behavior of the ventilated space, one is interested 
in the time dependence of the surface temperature of the 
wall, T_,,, submitted to a boundary condition of beat flow 
rate density, q. 

The solution of the heat equation for this situation can 
be found in Carslaw and Jaeger (1959) and is for a semi
infinite solid: 

. t 
T_,,(i) - T_,, (0) • - 1- I q(t - -r) -r - 1/2d-r 
. b./Tr. 0 (8) 

where -b :: Vpc).. (the square root of the product of 
thermal conductivity, density, and specific heat) is the 

thermal effusivity of the wall material (ISO 1987). For a 
constant value of q, Equation 8 simplifies to 

T_,,(t) - T_,,(O) 

• A T_,,(t) = ~ It . R""' q bf; 
(9) 

where R""' is the dynamic thermal resistance per wall 
surface area, which is zero at time t = 0 and increases with 
the square root of time. In the present model, the simpler 
expression (Equation 9) is used even when q does vary with 
time. This approximation means that the real time history 
of q is replaced with a history of constant q. This appears 
to be an acceptable approximation, particularly when q 
varies slowly with time. As an example, one can calculate 
the wall temperature for the case where consecutively (1) q 
= constant, (2) a stepfunction for .a certain time is applied, 
and (3) q = constant again. A comparison of the solutions 
of Equations 8 and 9 shows "that the memory of the applied 
stepfun.ction fades out in about as much time as the step 
lasted, and the solution of Equation 8 goes asymptotically 
to the solution for constant q (Equation 9). 

In Figure 1, number 3 is the thermal wall resistance 
(Equation 9) situated between the wall surface temperature, 
Tw = T..J..t), and the building temperature, T6 = T._J..O). 

Thin Walls For long time periods, even thick walls 
cannot be considered semi-infinite, and a thermal wall 
model more detailed than Equation 8 should be used. The 
high-mass floors and walls of the laboratory did not show 
a noticeable departure from the behavior predicted by 
Equation 9 for up to 10 hours (van der Maas 1989, 1990), 
and the model is sufficiently accurate for tests lasting up to 
one night. In case the model is used for situations where 
walls should be considered thin, the wall surface tempera
ture and the exhaust air _temperature are overestimated and, 
therefore, the cooling rate as well. 

Thermal EtTusivity (b) The material property b = 
v pc).. (the square root of the product of thermal conduc
tivity, density, and specific heat [ISO 1987]) is relevant to 
the nonsteady state, and, among others, the thermal ef
fusivity, b, accounts for the reSp<>nse of a surface 
temperature to a change of the heat flow density at the 
surface. The lower the thermal effusivity of the material, 
the more sensitive the surface tem.perature is to changes of 
heat flow at the surface. 

When the walls of the enclosure are homogeneous, 
there is no difficulty in finding a theoretical value for the 
wall thermal effusivity, b. However, this becomes difficult 
for composite walls or for situations where the various wall 
surfaces are of a different nature or heterogeneous. For 
these situations, it is advantageous to use a simple experi
mental technique to measure an apparent b (van der Maas 
1989, 1990; Yaneske and Forrest 1978). Indeed, for a 
known heat flux density, a plot of the wall temperature as 
a function of the square root of heating time is linear 
(Equation 9) and b can be determined experimentally from 
the slope of such a plot. 

Solution of the Algorithm 

& illustrated by Figure 1, the ventilative heat loss is 
found by solving the nonlinear set of Equations 3, 7, and 9 
simultaneously. By varying T,.., a solution is found for 
eve.ty value oft in a few iterations. Once T,.. is known, the 
heat loss rate is calculated from Equation 3. 



EXPERIMENTAL TECHNIQUES 

Building Description 

A biah-mass solar eneray labgratory has offices at 
ground level and at the first and second levels. The central 
staircase extends to the cellar (level -1) and to the roof 
(level 3). The staircase is ventilated at nig__ht 'by burglarproof 
openings at the entrance (1.04 m2 [11 ft1 effective ventila
tion area) and by the open roof door (1. 78 nr (19 ft2]). The 
staircase walls are made of masonry and the floors and flat 
roof of IDllSSive co.ncrete. A large portion of the internal 
aeparation (south) wall surface is made up of wooden doors. 
All the other walls the floor, and the ceiling have 20 cm 
(0.7 ft) of alass W~l insulation U & ICCODd layer. While 
.the thermal properties of each surface element are well 
Jen.own there is considerable uncertainty in a calculated 
averag~ value of the thermal effusivity characteristic for the 
whole staircase. Calculated and experimental values of the 
thermal effusivity (van der Maas et al. 1989, 1990) were 
consistent with a value of b == 1,000 J/(ur·K·s"-') 
(100 Btu/[ft2· °F · h0-')), with an uncertainty of 20 % • 

The total wall surface area of the staircase (volume 4.S 
by 8 by 15 - s40 ur c15 by 26 by 49 = 19,000 ftlJ> is 
calculated to be 700 m2 (7,SOO ft~ with a 10% ~certainty. 
The massive (20 to 30 cm [1 ft] thick) concrete staircase 
itself is exposed on both sides and consti~tes about SO~ of 
the total heat-e~chao~J surface &l'C':8· It 1s wo~ mention
ing that the staircase 1s m contact 'With the vertical walls at 
only a few places, eo that vertical airflow alona the walls is 
possible. 

Measurement Methods 

The temperatures of the inflowing air, the exhaust air, 
and the wall, as well as the exhaust air velocity, were 
measured as a function of time. The exhaust air temperature 
and velocity were measured with a flow ao.alyzer system. 
The temperature transducer is a SO-I'm-diameter €b.ermisto~. 
The absolute accuracy of the temperature m~men~ is 

±0.S K (at air velocities > S emfs [0.16 ft/s]), \\.'lth a ~ 
constant of less than 1 aecond. The velocity &a1SOr 18 a 
calibrated, omnidirectional, constant-temperature anemome
ter with a time constant of less than 0.1 second. Its measur
ing accuracy is 2.S S\I of the reading, and the influence of 
the air temperature is less than 0.2 % fK. The temperature of 
the inflowmg air was measured with a therm?COuple device 
(reproducibility 0.2 K, accuracy ±0.S K), with the thermo-
couple being placed in the airstream. . . . 

Wall temperatures were &eanned with a radtatton 
infrared thermometer. Using the built-iii black cell for 
calibration, measurements were reprodu~ible ~thin O.S K. 
The radiation thermometer was used mainly for the detec
tion of local changes in surface temperature. The measured 
temi;>eratures were checked against thermocouple readings. 
Durini ventilation, inside air temperatures were measured 
with a thermocouple device at SO cm (1.S ft) normal to the 
position where the wall temperature was measured. 

EXPERIMENTAL RESULTS 

Test of th1 Ventilation Model 

The stack equation (Equation 1) has been tested by 
me&S\.'lina: the exhaust velocity for vllrious temperature 
differences and for various magnitudes of A.,, and A_. The 
discharge coefficient should th-m be evaluated from these 

tests. However, the veloci.~ was found :c ''~.ry '>y a~ut 
SO% over the exhaust opemng. By averagmg t~e veloc1t~es 
over the opening, the volume flow ~te was ~tunated. with 
about 15 S\I uncertainty, being consistent with E9.18hO~ 1 
and a discharge coefficient of 0.65 ±0.1. In previous work 
(van der Maas 1989, 1990), a di&cbarge coeffi~ient of 0.6 
was used for Jack of .reliable data. In the follo'i'!mf, ar.~ for 
reasons of consistency, the same value of c; = 0.6 Wi ..l be 
used. 

Tests of the Thermal Model 

Beat Tran!lfer with Fan Heater The thermal model 
was first tested separately from the ventilation model by 
heating the unvented enclosure with fan heaters. Fan heaters 
have the advantage that the air is made slightly turbulent 
and the convective heat transfer coefficient 1s about 6 
W /m2• K (1.1 Btu/h · ft2• °F), which is typical for low-velocity 
forced convection (Yaneske and Forrest 1978; van der 
Maas et al. 1990). The ventilative heat loss rate (-•w) in 
Equation 4 is then replaced by 11 convective h~t scurce 
pumping heat into the air at T.., at a constant rate (+•),and 
one expects a constant temperature difference to develop 
between the walls and the inside air. This temperature 
difference should agree with Equation 7 and allows one to 
check the consistency of the parameter values b, S,, and he~ 

Before the heater experiment, the nonvented building 
was monitored for 24 hours·to determine the importance of 
building temperature drift. While the outside temperature 
varied between S°C (46°F) and 25°C (77°F), the inside air 
temperature variation was only 2 K. In the following, no 
correction for building drift has been made. 

The staircase (calculated total surface area S, •2 700 m.2 

(7,500 ft2]) wu heated by • aeri~ of el1:etric f~ hea~~rs 
distributed equally over the vanous levels. ..1:..~ .o;al 
electrical power was·• = 13 kW (13 Btu/s), giving an 
average heat flux density of about 18 W/nr (S. 7 Biu/h·ft2). 

Figure 2a gives the wall and air !temperatures w a 
function of height from around level before heating started 
and after about O.S, 2, and 4 hours of heating .. The vertical 
temperature pdients of the wall and the air appear to be 
nMrly equal and constant in time, and tb.e .:..: ~ti!'e:l\'::.e T.., -
T .. 3 K is coru;istent with he = (6 ± 1) W/11.1'-·K {1.1 
B'tuni·ft2• °F), confirmin& previous mas\\ .croJ>.nts. 

Figure 2b is a plot ~f air and w.1'11 tempe~ •• w. ·~ uJ a 
square root of heating time. It foU.ows fron f :.ql!l.hou 7 
and 9 that the slope of such a plot should be l".Onstant for t 
> > T and equal t,o 1.13 (•IS, b). From thes~ i1ua, b = 
1,000J/(m2·K·s0-') [100 Btu/(ft2• °F·lf.5)] is fm1rd wl;h 1~% 
precision. 

Beat Tmmfer during Night Ventilation Wg,J1 ".11il air 
temperatures were measured in the staircase as '· fw..1.cti,,n 
of height during night ventilation. In Figure 3a th~ :Cmpera
ture stmtificatioL\ of the inside air is shown when 1. Je 
ventilation has just started (19 h) and 4 and 10 hours lawr. 
At groMud level (z = 0), the cool air enters tJK, buildi.,g. 
The wall temperature gradient remains almost oc.:istant 
during cooling (Figure 3b). It io noted that the ccol eir fills 
the cellar level of the staircase (z = -2 m [ -6 ft]) nnd }'i'O
vides similar cooling there as for the higher levels. The 
wall air temp~rature difference (Figure 3c) is Ii m.~asure of 
the local heat flux density (he assumed con&tant). W'11cn 
ventilation starts, the inflowing outside air is .,9°C s:1d 
sliahtly warmer than the temperature in the cellar. lnitislly, 
the air wall temperature differen.ce (and, there~or.ie !le 
cooling rate) i6 smallest near the grmmd leveX and :ncreases 
with height. But the air wall tempernture differenr..e aprears 
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7he staircase (S1 = 700 m2 [7,500 Ji']) healed 
with t = 13 kW (13 Btuls) electrical power 
(aU tM internal and external doors were 
closed). Electrical fan healers are distributed 
O\IU tM various building levels. 7he wall and 
air temperalures are plotted as a function of 
Mighl (ground level z = 0, dashes) al time 0 
and qfter about 0.5, 2, and 4 hours healing 
time: l, 2, 3. T1n - T,.. • 3 K is consistem 
with 6±1 Wlm2·K (1.1 Btulh-Ji'· °F). 

to become constant almost independently from height 
(Figure 3c). Using the (calculate.d) ventilative heat losses 
{* also Fi~ 6), a single heat transfer coefficent of (S.S 
±0.8) W/m ·K (l Btu/h·ftl. 0 F) is found to be consistent 
with these data, which is 10% lower than the value used in 
the model calculations. 

Stack Ventilative Cooling 

The medured exhaust temperature during night cooling 
was compared with the model predictions for three different 
cases (see Figures 4 through 6). The following parameter 

alues re used in the simulation: Ci = 0.6, G = 1, h~ 
.. 6 W/rr·I. (1.1 Btu/h·ft2· 0 F), H - 9.6 m (32 ft), .A.,. -
1.04 or 1.98 m2 (11or21 ft2), .A_= 1.78 ml (19 ft2), and 
S, = 700 ml (7 ,SOO ft2). The time constant is three minutes 
and the wall is -characterized by b = 1,000 J/(m2·K·s0") 
(100 Btu/(ft2·°F·hu)]. For the simulations a linear outside 
temperatwe variation was used, which, in Figures S and 6, 
is given together with the measured outside temperature. 

The wall temperature at t = 0 was taken to be equal to 
e exhaust air temperature at t = 0. This is an acceptable 

approximation as Joni as the vertical temperature variation 
ill the building is small compared to the inside-outside 
temperatwe diffenmce. 
~ 1 The results and analysis for the first case are 

giyen in Figures 4a, b, and c. During the two-hour ventila
tion period, the entrance door was open (A.., = 1.98 m2 (21 
.ft2]) and .the outside temperatwe stayed constant, r_ "" 
(9.S± O.S)°C [49°F]. Ventilation started at t = 0, and in 
Fipre 4a are plotted the measured and calculated exhaust 
air temperatures (open circles and drawn curve) and the 
celculated wall temperatwe. 

The influence on exhaust temperature of opening the 
inside doors from tile staircase to the offices (at initial 
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Figure 2b 7he air (open symbols) and wall temperaJure 
plotted as a function of the square root of 
healing time. Both al the top (z = 11.5 m) 
and al the bottom (z = -1 m) of the stair• 
case, the temperaJure varialion is similar. 
From Equations 7 and 9 (t > > T), the slope 
is dT/dVt = 1.13 (4l/Sib), resulling in the 
expojmental value b = (1 ±0.1) x 10' 
Jl(m2·K·s°''J [100 Btul(ft2· °F·ho.1)]. 

buildina temperatwe) was checked during ventiiation. First, 
the doors were opened at all levels (marked 1 in Figure 4a); 
then, at 10-minute intervals, the inner doors were closed 
subsequently OD the around floor, the second floor, and the 
first floor. Assuming that the opening of intemal doors is 
equivalent to increasing the heat-exchanging surface area, 

E -.N 

10+---........ ~--.__...__._ ......... _..__..__....__..._-+-

--0- 19h 

• 23h 

--0- 06h 
6 

2 

.2+-....... ---....-...a.,....-.-....... ,.._ ............. f-.0-..--.....-~ 

1 0 14 18 22 

Inside air temperature ( °C) 

Figure 3a Air temperalure straJificaJion in the staircase 
measured al three moments (7 p. m., 11 p. m., 
and 6 a.m.) during night ventilalion. Ventila
tion started at 6. 30 p. m. 7he air inld temper
alures (19°C, 15°C, and 10°C,· ground level, 
dashed) are given. 
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Wall temperature stratification in the staircase 
measured at three moments (7p.m., 11 p.m., 
and 6 a.m.) during night '1¥ntilation (compare 
Figure Ja). 

s1 (about SOO m2 [S,400 ft2] per floor), the resulting exhaust 
au temperatures can be roughly understood (Figure 4b). 

When the ventilation opening is closed after two hours 
CFiF. 4a), the measured exhaust air temperature rises 
rapidly to the wall temperature at the roof level with the 
same time constant as when the ventilation started, aud the 
rise in temperature during the next two hours closely 
resemble. the form of the initial two-hour cooling curve. 

-0 24 
0 -

Cl) .. :s -f! 
Cl) 

20 Q. 
E 
Cl) ... 

16 
0 

Figure 4a 

0 .. oo ... 0 ... ······ ········ 

Tw(model) 

0 Tin (exp) 

2 Tln(mod91) 
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Time (hrs) 

Case 1. The measured, T.., (exp), andpredid
ed, T111 (model), outlet air temperatures and 
the calculated wall temperature (f.J <fS a 
fanaion ofvenlilation time. Am= 1.98 :n7 (21 
jf ). A-. = 1. 78 m2 (19 ft2J. H == 9. 6 m (30 
ft). T.,.. = 9.5±0.5°C (49°F). Ventilation 
starts at t = 0, stops al t = 2 h. All doors 
qpeM.d a1 all ~ls (marked 1),· al 10-minure 
Intervals, Inner doors closed subseq111tntly on 
the ground floor, the second floor, anJ the 
first floor. 
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Figure 3c Air-wall temperature differences as afunaion 
of height al three momenrs (7 p.m., 11 p ... .,., 
and 6 a.m.) during night '1¥ntilation (compare 
Figures 3a, 3b). The 'lentilative heat loss rates 
are calculated by the model (see Figure 6). 
The dala are oonsistent with a heat ti·ansfer 
coefficient of 5.5±0.8 Wlni'·K (OS'5.+.0.1 
Btu!hfi1· °F). 

The details of this behavior could be reconstructed with tile 
help of Equations 4 and 8 but not with Equatio&l.S 7 :n.d 9 
used in the simplified model. Indeed, when cooling isiops, 
ihe model predicts T_,, to jump back to the initial tempera
ture at t -= 0, while in reality it relaxe& back slowl;-,• as 
shown. 

Figures 4b and 4c show the influence of the hei&t
exchanging surface area, S1, on the inside llir temperature 
and the cooling power, showing that of the potential ooclwi 
pawer of nearly 40 kW, less than SO 9' is used by Yenti.lat
mg the staircase alone. 
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Figure '1J Case 1. Measured T111 compared with exhaust 
air temperalures calculated for four different 
values of the heat-exchanging surface area S1 
(compare Figure 4a). T .. (l = 0), dashed. 
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Case 1. The cooling power for four differenJ 
vahles of the heal-achanging surface area S1 
(compare Figure 4b). t(t = 0), dashed. 

Case 2 Figure S shows an example of night ventila
tion lasting from about 10 p.m. to 8 a.m. The inlet area is 
A,., = 1.04 m2 (11 ft2) . The outdoor temperature was lowest 
at 6:30 a.m. The calcuJated exhaust air temperature, T,.., is 
about one deeree too low, which is nearly 10% of T..., -
T_, and t is therefore undereatimated by up to 1S%, 
showing the kind of precision we can expect from such a 
simplified model. Because in this case both the inside and 
outside temperatures decrease, both th., veatilative heat 1088 

rate, t, and the temperature difference, T...,,, - T.,, tend to 
be constant, 80 that Equation 9 is a aood approximation. 
The model also predicts correctly a decreased heat 1088 in 
the mor;ning due to the increase in outdoor temperature. 
The total calculated energy loss (10 hours) is 90 kWh, 
which is underestimated by about IS 9'. 

Case 3 Figure 6 shows an example of night ventila
tion that started at 6.30 p .m. on a sunny day. In contrast to 
the results given in Figure S, the measured exhaust temper
ature (open circles) is much lower than predicted by the 
model, although the form of the curves is very similar. 
Indeed, the initial wall temperature used in the calculation 
(by &88WDption equal to the exhaust air temperature at t = 
0) appears to be too high and not representative for the 
staircase. Indeed, the ~tion that the vertical tempen.
turc variation in the building is small compared to the 
inside-outside temperature difference is not valid here, md, 
to be co~t. the temperature stratification should be 
included in the model. 

The air and wall temperaturee reported in Figures 3a 
and 3b refer to this data series. From Figure 3c it is clear 
that at 7 p.m., the air-wall temperatures at the ground and 
first level are small, and that the beat transfer is concentrat
ed in the upper half of the stai.rcase. Because the model 
implicitly assumes that heat transfer is equally distributed 
over the wall surface area. the calculated exhaust air 
temperature is higher than the measured air temperature. By 
the end of the ventilation period, the experimental air-wall 
temperature drop (FiiUfe 3c, 6 a.m.) is nearly independ::nt 
of height and comes cloae to the calculated value (Figure 
6). The total calculated energy loss (10 hours) is 56 kWh, 
which is overestimared by 10% to 20% . . 

DISCUSSION 

To show the relative importance of wall area and 
material choice, we have made a case study and calculated 
the total energy loss {10 hours) for a number of values of 
S,, b, and initial inside-outside temperature difference, T,., 
- T_. The results are plotted in Figure 7. Thick curves 
correspond to a heavy building stru.cture and the thinner 
lines to a lightweight structure with four times lower 
thermal effusivity walls. New experiments are planned in 
order to test the three elements of the model (airflow, heat 
transfer, and wall thermal model) on their validity range. 

The airflow model can be improved by including 
internal flow resistances, mechanical ventilation, and wind; 
~ial opening configurations can be studied with particular 
discharge coefficents and flow interactions; and the temper
ature stratification in the ventilated space (see Figure 3) can 
be included. The heat transfer model can be made more 
detailed, and the wall thermal model can be extended to 
include special cascs. 

What did not come out of the presented results is the 
importance of the parameter <;. ru shown for the case of 
single-sided ventilation (van der Maas et al. 1989, 1990), 
this parameter can vary considerably; for example, when 
the exhaust is not on the roof, but at the second level, then 
C2 • 0.7. 

On the other hand, this model suggests that inlet 
openings could be provided at the first level instead of at 
ground level, reducing stratification below the air inlet and 
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Figun 5 Case 2. Night ventilo.Jionfrom about 10 p.m. 
to 8 a.m. The measured and calculo.Jed ex
haust air temperalure, T.,, the outside temper
a1ure, T., the wall temperarure, T-u, and the 
calculo.Jed heal loss raJe, t, as afunction of 
ventilo.Jion time. ~ = 1. 04 m2 (11 fr). ~ 
= 1. 78 m2 (19 /f). H = 9.6 m (30 ft). IM 
calculo.Jed energy loss (IO h) is 90 k'MI. 
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euinJ the problem for the architect of making !he openings 
buratuproof. 

Aa mentioned before, the 11tair<:ase is in contact with 
the vertical walls at only a few places, so thiat vertical 
airflow along the walls is possible and continuous bt>undary 
layers can be formed. Smoke flow visuallZA?ons durin1 
ventilation have shown that the boundary lllyt:r 1s turbulent, 
which explains the .-elatively hi&h val\l.C for ihe boundary 
layer resistance. 

The wall thermal model used here is limited to situa
tions where the wall can be considered semi-infinite and is 
in quasi-thermal equilibrium when yentilation starts. _This 
means that the time scale of the cooling should be relatively 
short. For the present study, the limit is reached after about 
one night. To treat longer time periods or thinner walls, a 
more detailed wall thermal model can be used. 

This simple model for passive night coolina clea:Iy 
shows the interaction of the main parameters of the operung 
sizes heat-excbanpng surface area, inside wall material, 
and ~limate. By provid.iq an estimate of the possible 
eael'8)' 1088 by stack ventilation, it can be used to develop 
a simplified desip tool for architects. 

CONCLUSIONS 

This paper conccms a model for passive night cooling 
tested on the high-mass staircase of a threo-level labontory 

Eigure 7 Simulation of energy loss by nighttime ventila
tion. Calculated is the total energy loss inte
grated over 10 "°"" as a function of S1, b, 
and initial inside-outside temperature differ
ence, T .. - T .. (t ., 0),- T .. == constant. b = 
1,()()() (thick curve) and 250 (thin curvel 
Jl(m'·K·~1) [100 Btul(ff· °F·ho.' )]. Am "" 2 m2 

(20 Ji'). A,.. - 2 m2 (20 Ji'). H -= 10 m (33 
ft). 

Flpre 6 Case 3. Nighl ventilation from about 6.JO 
p.m. to 6 a.m. The measured and calculated 
exhaust air temperalure, T..,, the outside 
temperature, T.,.., the wall temperature, T-u, 
and the calculated heat loss rate, t, as a 
fanc.tion of ventilation time. A,,, = J. 04 m2 (11 
ft2). A_ = 1. 78 m2 (19 Ji1J. H = 9.6 m (30 
ft). 1he calculated energy 1oss (10 h) is S6 
k'M. 1he air and wall temperatures cc a 
function of heighl are given al 7 p.m., 11 
p.m., and 6 a.m. in Figures 3a and 3b. 

cooled by stack ventilation. The _time dependence. of ~e 
exhaust a.\r and wall temperatures 1s correctly e-~plamed by 
a simple dynamic model that couples airflow, heat transfer, 
and a thermal model for the wall without the need for 
adjusting coefficients. The heat foss rate is an out-put 
parameter that can be used in energy calculations. 

The tempenture stratification in the etair.::ase is aot 
taken into account, which meaDJI that the inside &ir tempera
ture variation with height is assumed to be small with 
respect to the indoor-outdoor temperature difference. 

The heat transfer between the air and the walls is taken 
to be uniform over the total surface area of the staircase, 
with an overall heat transfer coefficient of 6 W/nr·K (1 
Btu/h·ft2· •F). 

The wall thermal model. fiS5UDJ.ing semi-infinite walls 
(characteriz.ed by an average value for the thermal effusivlty 
of b -=.../">.pc), requires thermal equili'f?rium when. ventila
tion starts and is valid for one night. The model .!.""· be 
extended to take into account internal building resistances, 
wind, and mechanical ventilation. 

Finally, the model can be implemented in a simple 
design tool for the evaluation of the effect of opemnz sizes, 
wall surface area, and wall thermal properties on the energy 
consequences of night '\"en.tilation for a partfoular climete. 
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NOMENCLATURE 

a .., 
A. -Ji_. = 
b = 
c -c., -c, -
c. = c; .., 
g = 
.Jic -H *' 

q ' iu 

S' I s:: 

t --.. 
T"' -T,., T..,. • 
T_ -
" -v ""' 
l le • .. -),, k ... 
(J ' ... 

thermal diffusivity, m2/s 
inlet opening area, m2 

exhaust openinf area, m2 
thermal effusiv1ty, (>..pc)0.$ [J/(m2· K.·&°.5)] 
wall specific heat, J/kg·K 
heat capacity inside air, J/K 
specific heat of air at constant pressure, 
J/kg·K. 
flow discharge coefficient 
wall surface fraction for heat transfer 
pvitational acceleration, m/r 
convective heat transfer coefficient, W /m2• K 
distance between middle of inlet and exhaust 
apertutt.s, m 
density of heat flow rate, W/rrl
wall surface area, m2 

time, s 
mean absolute air temperature, K 
.inside air temperature, °C 
wall surface temperature, °C 
outside air temperature, ° C 
velocity. mis 
volume flow rate, m3/s 
height in aperture, m 
ventilation heat flow rate, W 
thermal conductivity, W/m·K 
detlSity' kg/m1 
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