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SIMULATION OF SIMULTANEOUS HEAT AND 

MOISTURE TRANSFER BY USING THE FINITE 

DIFFERENCE METHOD AND VERIFIED TESTS 

IN A TEST CHAMBER 

S.P.W. Wong 
Fellow ASHRAE 

ABSTRACT 

In this paper, a series of tests were performed in a test 
chamber to investigate the parameters and the rate of the 
simultaneous heat and moisture transfer between the 
building envelope and space air during the operating 
period and the off-period. Prior to the tests, many pre
liminary tests also had been performed to determine the 
characteristics of the test chamber as well as the repeat
ability of the thermocouples. 

Simulation of the simultaneous heat and moisture 
transfer in the same test chamber by using the finite dif
ference method was performed and analyzed with the aid 
of a microcomputer. The mathematical models of heat 
and moisture balance at various nodes of the building 
structure were introduced and discussed. 

Finally, the simulated values were compared against 
the actual measured values of the tests. The operating 
characteristics of the test chamber were analyzed and the 
influence of the variation of the convective heat transfer 
coefficient, the coefficient of structural characteristics, 
and the radiative energy was discussed. 

INTRODUCTION 

In another paper by the authors entitled , "Fundamen
tals of Simultaneous Heat and Moisture Transfer between 
the Building Envelope and the Conditioned Space Air," 
theories and models of simultaneous heat and moisture 
transfer between the building envelope and the condi
tioned space air under intermittent operation of an air sys
tem were discussed. The finite difference method was 
used to solve such a mathematic model. In this paper: 

1. Tests of simultaneous heat and moisture transfer 
between the building envelope and space air at various 
supply volume flow rates of conditioned air took place in 
a test chamber. 

2. System simulations of simultaneous heat and 
moisture transfer during the operating period and the off. 
period using the finite difference method in the same test 

chamber were analyzed and carried out with the aid of a 
microcomputer. 

3. Calculated results of simultaneous heat and 
moisture transfer from system simulation were compared 
against the actual measured readings from the test. 

Construction of the Test Chamber and the 
Measuring Instruments 

The test chamber. shown in Figure 1, is 2. 78 m (9.12 ft) 
wide by 3.6 m (11 .18 ft) long, for an area of 10 m2 (107.6 ft2). 
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Figure 1 Construction of the test chamber 
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The height from the floor to the ceiling is 2.32 m (7.61 ft). 
The east side of the chamber has a window 1 m (3.28 ft} 
high by 1.4 m ( 4.59 ft) wide so that tests can be seen from 
:he butter zone of the chamber. An independent air hand
ler was installed adjacent to the west side of the test 
chamber in mder to maintain the required temperature and 
relative hum1d1ty inside the chamber. This air handler is 
composed of: a supp.ly fan, a cooling coil, a water spray
ing chamber, an electric heater, and a mixing chamber with 
viscous and reusable low-efficiency air filters. An additional 
return fan is mounted in a return fan box. Both supply and 
retu rn fans are driven by variable-speed motors, each 
employing an eddy current clutch. 

Conditioned air from the air handler was supplied 
'rom the h1gh-s1de wall outlets. Space air was returned from 
the low-level return grilles. 

The partition walls forming the four sides of the test 
charn.ber are composed of an outer layer of 18 mm (0.71 
in.) thick. plywood pa~~I. an air gap which has a passage 
conne~t1 ng to t~e ce1ll~g pl~num. and an inside layer of 
acoustic tll~ .of n:i1neral fiber with a thickness of 18 mm (0.71 
rn.). The ceiling 1s also made from 18 mm (0.71 in.) acoustic 
tile. Hardwood floors of 24 mm (0.95 in.) thickness are 
directly mounted on the concrete slab. The east-side win
dow is of si ngle-glazed clear plate with a thickness of 5.4 
mm (0.2 in.). The wooden door is also made from plywood 
having an air space between the two plywood panels. 

The entire chamber is surrounded by a constant-tem
perature buffer zone except the space beneath the floor. 
A separate ceiling-suspended air handler is installed to 
maintain the required temperature in the buffer zone. Out
side the east buffer zone, there is a control room. The 
speed of the supply and return fan motor can be modu
iated at the control panel mounted on a table. 

The measuring instruments used in the tests include: 
a data acquisition/microcomputer control unit, a hot
'.Vlre·type anemometer, a set of pitot-static tubes and a 
manometer. two aspiration psychrometers, and 21 copper
constantan thermocouples. 

Preliminary Tests 

Tests of heat and moisture transfer in the test chamber 
-:an be classified into two categories: preliminary tests and 
~r1nc 1 pal tests. 
, Prelimi nar~ tests .too~ place prior to the principal tests 
or he sake of 1nvest1gat1ng the repeatability of the ther

mocouples.and other parameters in the test chamber. 
. . Investigation of Thermocouples All 21 hot junc
:·0ns of copper-constantan thermocouples were held 
:cgether to sense the same localized air temperature in the 
· ~SI chamber. The conditioned air is supplied at a volume 
• o.v rate of 133 Us (282 cfm). The purpose of the investiga
~on \~as to select the thermocouples that will measure air 
s:i~~fa ace temperature at a resolution of o.1°C (0.18°F) with 
mum cto~y repeatabi lity. Most readings had only a max· 

moco v~na~ion of 0.2°C (0.3~0 F) between various ther-
~P es '~ the same scanning during the investigation. 

Soopl easunng of the Supply Volume Flow Rates The 
.. fall/ volume flow rates were measured at the high-side 
SCee~~u:~ outlet prior to the principal tests. The motor 
~50 rp~ 1 e supply fan were fixed at 200 rpm, 405 rpm, 
&Jromen·

1
;;dh 805 rpm, respectively, during these mea-
. e return fan was not operating. For each 
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TABLE 1 Measurements of the Supply Flow Rates 

Motor speed 
rpm 

Supply fan 
speed 

rpm 

Average supply Supply volume 
velocity, flow rate Lis 

200 
<\05 
650 
805 

540 
1094 
1755 
2175 

m/s (fpm) (cfm) 

4.33 (852) 41 .2 (87) 
9.13(1797) 81.4(172) 
14.0 (2755) 133 2 (282) 
18 0 (3542) 171 .1 (362) 

motor spe.ed, 24 measuring points based on the equal 
area pnnc1ple were located at the circular outlet. A pilot 
tube and an inclined manometer were then used to mea
sure the velocity pressure of the supply air at the outlet. 
Supply air velocity and the supply volume flow rate were 
then calculated. The results of these measurements are 
shown in Table 1 . . 

Mean Air Velocity Flowing Over the Building En
velope For the purpose of calculating the mean convec
tive heat transfer coefficient, the velocity of the airstream 
flowing over the building envelope at various speeds of the 
supply fan was measured . Usually, nine points were 
measured for each surface of a building structure. 

Air Temperature Distribution and Gradients In 
order to find a point on the surface of the building envelope 
to represent approximately the average temperature of the 
surface, the surface temperature distribution of various 
building structures was measured. During these measure
ments, the conditioned air was supplied at a volume flow 
rate of 133 Lis (282 cfm) . For each surface of the building 
envelope, at least nine readings were measured. 

. Fi.gure 2 .shows the dry-bulb, wet-bulb, and humidity 
ratio d1stnbut1on of the space air in the test chamber mea
sured on April 26, 1988, when the supply volume flow rate 
was 133 Lis (282 cfm). In Figure 2, the vertical gradients 
of the dry-bulb, wet-bulb, and humidity ratio are obvious. 
Air temperatures are higher at the west end of the chamber 
compared to the east end. 

The vertical gradients of the dry-bulb, wet-bulb, and 
humidity ratio of the space air at the center of the test cham
ber are smallest compared with other locations due to 
greater air circulation. 

Types of Surface Contact By using thermocouples 
to measure the surface temperature of the building 
envelope, three types of contact between the hot junction 
and the surface had been investigated at a supply volume 
flow rate of 133 Us (282 cfm): 

1. The copper and constantan wires were soldered to 
the upper part of a 100 mm2 (0.16 in .2) copper plate with 

Figure 2 
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Dry-bulb, wet-bulb, and humidity ratio distribution 
in the test chamber when the supply flow rate is 
133 Us (282 cfm) 



TABLE2 
Verification of Moisture Gain from Building Envelope 

Supply Air Return Air 
Total Moisture Gain from 

Humidity 
Time Dry Bulb Wet Bulb Ratio Time Dry Bulb 

oc (oF) oc (oF) kg/kg oc (oF) 
(lb/lb) 

9.24 16.0 (60.8) 14.4 (57.9) 0.0097 9.27 20.0 (68) 
9.31 15.5 (60) 14.2 (57.6) 0.00965 9.34 20.4 (68.7) 
9.39 15.5 (60) 14.2 (57.6) 0 00965 9.41 20.0 (68) 
9.50 15.5 (60) 14.3 (57.7) 0.00975 9.54 20.0 (68) 

10.10 15.8 (60.4) 14.6 (58 .3) 0.0099 10.15 20.0 (68) 

a thickness of about 0.5 mm (0.2 in.). The bottom part of the 
copper plate was taped firmly to the surface. The mea
sured temperature difference between the surface of the 
partition and the adjacent air was about 0.1°C (0.18°F). 

2. The twisted hot junction of copper-constantan wire 
was stuck on the surface of the partition by a piece of tape. 
The measured temperature difference is slightly less than 
0.2°C (0.36°F). 

3. The twisted hot junction was stuck on the surface by 
a piece of foam-like tape about 3 mm (0.12 in.) thick. The 
measured temperature difference is about 0.2°C (0.36°F). 

In order to avoid the influence of ambient air during the 
surface temperature measurement, the third type of sur
face contact was adopted. 

Verification of Moisture Gain from Building 
Envelope in the Test Chamber On May 3, 1988, the dry
and wet-bulb temperatures of the supply and return air 
were measured by the same aspiration psychrometer dur
ing consecutive measurements. The motor speed of the 
supply fan was 700 rpm and the measured supply flow rate 
was 145 Us (307 cfm). The results are listed in Table 2. 

There were two occupants in this chamber during this 
test. The latent load for each occupant at light work at a 
temperature of 20°C (68°F) is about 50 W (171 Btu/h). 
Hence, the average moisture gain from building envelopes, 
in terms of latent load between 9:24 a.m. and 10:15 a.m., 
was about 306 W (1044 Btu/h). 

Air Infiltration Air pressure inside the test chamber 
was measured at a value of about 0.5 Pa (0.002 in. water 
column) higher than the surrounding buffer zones at a 
supply flow rate of 133 Lis (282 cfm) . Airflow direction 
showed that air exfiltrated from the gap of the partition wall 
to the surrounding buffer zones. 

Humidity 
Humidity Ratio Latent Building Envelope 

Wet Bulb Ratio w Load 
oc(oF) kg/kg kg/kg W(Btu/h) W (Btu/h) 

(lb/lb) (lb/lb) 

16.8 (62.2) 0.0108 0.0011 
16.8 (62.2) 0.0106 0.00095 
16.5 (61.7) 0.0106 0.00095 
16.5(61 .7) 0.0106 0.00085 
16.6 (61 .9) 0.0107 0.0008 

406 
Average 0.00093 (1386) 306 (1044) 

PRINCIPAL TESTS 
Principal tests consist of the tests of heat and moisture 

transfer and space operating characteristics of the test l 
chamber. A series of four tests at various supply flow rates 
had been completed consecutively, as shown in Table 3. 

In each test, 21 channels of thermocouple readings 
were scanned once every 10 minutes by the data acqui
sition unit. For a 24-hour operating cycle, there were 144 
scans altogether. Table 4 shows a typical scan at 9: 56 a.m. 
on June 28. 1988, during the operating period of Test 1. 

The distance between the hot junction of the ther
mocouple to measure the air temperature adjacent to the 
surface and the surface is about 25 mm (1 ln.), which is 
greater than the thickness of the laminar boundary layer 
flowing over the surf ace of the building envelope. 

Two operators were allowed to enter this chamber 
before the air handler and the electric lighting were swit· 
ched on in order to add water to the wet-bulb cups and to 
set the computer program to scan the thermocouples dur
ing the operating period. The time duration was always 
less than 1 O minutes. After the air handler and electric 
lighting were switched off, one operator was allowed to 
enter the chamber to set the control program of the data 
acquisition unit for nighttime operation. 

Altogether there were 16 fluorescent tubes in four light 
trotters. Each of the fluorescent tubes has an input wattage 
of 65 W (222 Btu/h). The rated wattage for the data acquiSI· 
tion system was 190 W (648 Btu/h), and the heat released 
was about 190 x 0.85 x 0.1 = 16 W. 

A warm air electric heater was adjusted against a 
multimeter at an input wattage of 300 W (1024 Btu/h). 11 
was then placed in the test chamber to be used as a space 
sensible load. 

TABLE3 
Description of Principal Tests 

Test 

1 
2 
3 
4 
5 

Time Duration 

June 27 to July 1, 1988 
27, 9:00 am to 28. 8:40 am 
28, 8:42 am to 29, 8:36 am 
29. 8:37 am to 30, 8:30 am 

30, 8:31 am to July 1, 8:30 am 
July 1, 8:31 am to July 1, 16:00 pm 

Air Handler, Electric 
Lighting and Heater 

Switched On Switched Off 

27, 9:23 am 
28, 8:54 am 
29, 16:48 pm 
30, 8:58 am 
July 1, 
8:58 am 
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27, 16:50 pm 
28, 16:54 pm 
29, 16:48 pm 
30, 16:48 pm 
July 1, 
16:00 pm 

Motor Spaced 
of Supply Fan 

rpm 

650 
650 
405 
200 
805 

Supply .Volume Flow 
Rate V 1 , L/s (cfm) 

133 (282) 
133 (282) 
81.4 (172) 
41 .2 (87) 

171 .1 (362) 



TABLE 4 
Typical Scan of the Temperature Reading of 21 Channels, 

June 28, 1988, 9:56 am 

EXP c1-SCAN 08 07:28 : 9:56 : 00 

"00 21.5 °C Air temperature in the air gap 
... 01 17.2 °C Dry-bulb of the supply air 

:"02 15.6 °C Wet-bulb of the supply air 
... 03 20.6 °C Dry-bulb of the return air 

'"0.J 17.7 °C Wet-bulb of air temperature adjacent to 10 

::-OS 21.4 °C Inner part of floor temperature 

:"06 21.3 °C Surface temperature of east partition wall 

"'07 21 ,3 °C Inner temperature of east partition wall 
-~os 21 .1 °C Dry-bulb of air temperature adjacent to 06 
"'09 17.4 °C Wet-bulb of air temperature adjacent to 06 
:·c•O 21 .2 °C Surface temperature of the floor 
• " ~ 1 21.0 °C Dry-bulb of air temperature adjacent to 10 
.. :2 17.2 °C Wet-bulb of the return air 

-.- 13 24-7 °C Surface temperature of the plexiglass of the light 
troffer 

.. , 14 21 .0 °C Surface temperature of the suspended ceiling 
:r20 20.7 °C Dry-bulb of the air temperature inside the ceiling 
..;:~21 17 5 °C Wet-bulb of the air temperature inside the ceiling 
~~22 20 8 °C Inner surface temperature of the window glass 
;"123 21.8 °C Air temperature above the ceiling plenum 
2'124 21 0 °C Air temperature in the corridor 
::125 32.4 °C Surface temperature of the light troffer inside the 

ceiling plenum 

The ai r handler, electric lighting, and heater were 
swi tched on and off at the same time. Only the data acquisi
'.1on system was operated continuously during the testing 
oeriod. 

Simulation of Simultaneous Heat and Moisture 
Transfer in the Test Chamber Using the Finite 
Difference Method 

During the simulation of the simultaneous heat and 
moisture transfer process in the test chamber, as shown in 
Figure 1, the following assumptions are made in order to 
simplify the problem: 

1. Consider a one-dimensional transient heat and 
moisture transfer only. 

2. Building materials are homogeneous. 

3. The heat and mass transfer coeffic ients are 
constants. 

4. The airstream properties flowing over the surface of 
'.he building envelope are homogeneous. 

5. Heat and moisture transfer at the corners of the test 
Ctlamber are small and negligible. 

... 6. The surface temperature difference between the 

... uilding structures is small ; therefore, the radiative ex
change between these surfaces, except between the 
SJ.Jrface of the light troffer and the surfaces of the building 
envelope, is neglected. 

Finite Difference Method 

lope The finite difference method divides the building enve
il 'h into a number of sections. A fictitious node is located 
;~e e center of each section or on the surface of the sur
hala section, as shown in Figure 3. An energy or mass 
eictu;ce occurring on the node resu lts in an algebraic 
~n to solve the temperature or moisture content of 

er moist em terms of the neighboring nodal temperatures 
ure contents. also in terms of the geometry, and the 
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Figure 3 Nodes of the test chamber 

thermal and hygro-properties of the building material. 

I 

Heat conduction can be approximated by the finite
difference form of the Fourier law: 

q . . == kA !(; + 1) - 71 
(1+ 1)_1 - Ax (1) 

In Equation 1, superscript tat the upper right corner 
indicates time t. 

Each nodal equation is solved explicitly in terms of the 
future temperature of that node. The time derivative is then 
approximated by a forward finite difference in time: 

aT; = n+AI - n 
at tit 

(2) 

The explicit finite difference method will be adopted 
here most of the time because of its clarity and simplicity. 

Nodes of the Test Chamber 
For each section, there is a numbered center node or 

surface node to represent it, as shown in Figure 3. 
South. west. north, and east partition walls of the test 

chamber are all divided into four sections. Two of them are 
surface nodes 1 and 4, and the other two sections are in
terior nodes 2 and 3. For surface nodes, the width of the 
section is t::.x) 2, and for the interior nodes, the width of the 
section is tix 1 • The surface of node 1 ls in contact with the 
space air. r, and the surface of node 4 is in contact with the 
air in the air gap, a, of the partition wall . The total surface 
area of node 1. that is, the surface area of the partition wall, 
is 26.5 m2 (285 ft2). 

The ceiling is made of the same acoustic tile as the 
partition wall and has the same thickness. The ceiling is 
also divided into four sections. The width of the sections is 
the same as in the partition wall. Since a part of the sus
pended ceiling is occupied by the recessed mounted light 
trotters, the area of the suspended ceiling is only 6.5 m2 

(70 ft2). 

.. 
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Figure 4 Interior nodes in a one-dimensional heat and 
moisture transfer 

The wooden floor is divided into five sections. The 
node for the interface section contact with the concrete 
slab was 13. For simplicity, the area of the wooden door and 
the surface area of-the wooden furniture are included in the 
floor, that is, a total area of 14 m2 (151 ft2). Window glass is 
represented by an interior node, g. 

The surface of the four bottom ptexiglass plates of the 
light troffer is represented by a node, trof, and has a total 
surface of 3.5 m2 {37.7 ft2) . The surfaces of the upper part 
of the light troffer inside the ceiling plenum are represent
ed by the node Ip and have a total surface area of about 5.5 
m2 {59.2 ft2) . 

The upper and side panels of the ceiling plenum are 
all made of plywood panels of the same thickness. They 
are divided into four sections. The total area of these panels 
is about 25 m2 (269 ft2). 

Conditions of space air in the test chamber, plenum air, 
air above the ceiling plenum, and air outside the window 
glass are represented by the subscripts r. p, o and og, 
respectively. 

Heat Transfer at the Interior Nodes 
Consider interior node 3, as shown in Figures 3 and 4. 

For one-dimensional heat flow, if there is no internal energy 
generation, according to the first law of thermodynamics: 

Conductive heat Rate of change Conductive heat 
from node 2 + from node 4 = of internal energy of 

node3 

q + q = au3 
2_3 4_3 at (3) 

and 

au Tl+AI - Tl 
3 = c A.:lx 3 3 at - Pb b .6.t (4) 

Substituting Equations 1 and 4 into Equation 3, 

T 1 _ n r1 _ rr T 1+ t11 n k A 2 I 3 + k A _4 __ 3 = c A.:lx 3 - I 3 
b .:lx b .:lx Pb b .6.t 

~ .• 
---
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Solving for the temperature for interior node 3 at time t + •. ... 
T1 +tit = Fo(T2 + T4) + (1 - 2Fo) T3 (5: 

In Equation 5, Fo is the Fourier number and is defined as 

Fo = cx.6.t 
(.:lx)2 {6' 

For an interior node, i, and two neighboring node~ 
(i - 1) and (i + 1), Equation 5 can be rewritten in the forrr. 

7)+Ai = Fo (T[;-1i + T[, +,1) + (1 - Fo)P. (7 

When Equation 7 is used to determine the temperature 
of node i at time t + D.t, the choice of spacing . .:lx, and thp 
time interval. M, seems to be at the discretion of the indiviou. 
al. However, some criteria must be met in order to prever 
the violation of thermodynamic principles, such as the terr,. 
perature, Tl+ Al, predicted is higher than either T[, _,. Ol' 

71; + ,1• From Equation 7, such a violation would not ccc1n 
only when the stability limit is 

Fo ~ 1/2 

Moisture Transfer at the Interior Nodes 

(B) 

For the same interior node 3, according to the law d 
mass conservation: 
Moisture transfer Moisture transfer Rate of change of 
from node 2 + from node 4 moisture content 

for node 3 

or 

• • A ax 
m2_3 + m4 3 = Pb .:lx - at 

X1 -x1 x1 -x1 x1+!ll_x1 
D A 2 3 D A 4 3 = A.:lx 3 3 

Pb Iv ~+Pb Iv ~ Pb .6,( 

Solving for X1 + tir 

(9) 

Xj +Al = Fomass (XJ + XI) + (1 - 2 FOmass) Xj (1G) 

In Equation 10, 

Fomasa = D1v.6.t {ffl 
(.:lx)2 

Obviously, Equation 10 is analogous to Equation 5. in 
which the temperature of interior node 3 at time t + At 
is found. 

For an interior node, i, Equation 10 can be rewritten as: 

XI+ Al = FOmass (X(i _ 1) + X(; + 1)) + (1 - 2 FOmassl X: (12) 

Similarly, for Equation 10, the stability limit is: 

Fomass ~ 1/2 (13J 

Such a restriction is more easily satisfied because cJ lh9 
smaller magnitude of the mass diffusivity, D,.,. ,. 

Heat Transfer at the Surface Nodes 
For a one-dimensional heat flow, the energy balaid 

at surface node 1, as shown in Figure 5, gives: 

Conductive Convective Latent Radiative Rate c:' d 
heat heat heat heat from change · 
from + transfer + of moisture .+ electric = internal d 
node 2 from transfer from lighting energy 

space air space air node 1 



Building Material 

ku eb, Cb I 

2 

(i+1) 

Fluid Properties 
he, T,, w, 

Figure 5 Surface node in a one-dimensional heat and 
moisture transfer 

!<A , T;:,r + hc1A1 (T;-T,t) + Pahm1A,X,1 (w~ -w~s) htg + L,1 

t:.x T' + Ill - TI 
= PbcbA, - 1 1 

2 i:it 

Solving for T,' + "1 and rearranging the terms, then 

T!·At = 2Fo (T'+Bi[T'+Pahm1 h1,Xl (w1-w1 )+~]) 
2 ' h ' 1s h A 

C1 C1 1 

+ (1 - 2Fo (1 + Bi)] T,' (14) 

where Bi is the Biot number and is defined as 

Bi= hct:.x 
k 

(15) 

For a surface node, i, Equation 14 can be rewritten as: 

T.' . A1 = 2Fo (T I +Bi (Tl +Pahm;h1gXI (w' -w.1)+ L,; l) 
• (1 +1) t h r 1s h A 

Cl a I 

+ (1 - 2Fo (1 + Bi)] Tl (16) 

The stability limit of the surface node requires that all 
the coefficients in Equation 16 be positive, that is: 

Fo (1 + Bi) ii;; 1/2 (17) 

Moisture Transfer at the Surface Nodes 

According to the law of conservation of mass, the fol
lowing relationship holds for surface node 1: 
Moisture transfer 
from node 2 

Moisture transfer Rate of change 
+ by convection = of moisture 

content for node 1 

• • t:.x ax m2 _ 1 + m,_1 = pbA - -
2 at 

or 

D X1 x 1 A., x
1
1+(Jl_x

1
1 

Po A 2 - 1 h AK X 1 (w1-w 11 - A LJ..A 
Iv - Pa m sc1 1 r 1!/ - Pb -

i:ix 2 i:it 

Solving for X,i+(J/, then 

X,'+(J/ =(1-2Fomass)X1' +2FomassX~ + 2Pa hm1i:it X1'(w; -w1D 
Pb i:ix 

(18) 

For a surface node, i, Equation 18 can be rewritten as: 

Xl+(JI -(1 2F )X1 2F XI 2Pa hm,i:it XI( I - 1) i - - Omass i + Omass (i+1)+ - -- ; W, W,s 
Pb t:.x 

(19) 

Heat Transfer at the Window Glass 

While the thickness of the window glass is only 5 mm 
(0.2 in.), for simplicity it is usually assumed that the temper· 
ature of the window glass, Tg, is the same in the center of 
the glass as on the two surfaces. Consider the heat bal· 
ance at the center of the window glass, node g: 

Heat transfer from Heat transfer from Rate of change of 
the inside surface + the outside surface= internal energy of 
of the window glass of the window glass the window glass 

Tl+(JI -T' 
hc,Ag(T;-TJ) + hcoAg (T1

09 - TJ) = p9 C9A9 i:iX9 g g 
i:it 

Solving for TJ+(J/ 

Tl+ll/=(1- hc,i:it - hcoi:it )Tl+ i:it (h Tl+h Tl ) g g ctr coog 
PgC9i:iX9 p9C9 i:ix9 p9C9i:ix9 

Surface Temperature of the Plexiglass 
of the Light Troffer 

(20) 

In comparing the convective and radiative heat transfer 
from the plexiglass, the heat conduction to the .suspended 
ceiling through the angle iron framework is small and, hence, 
can be neglected. Then, for a recessed mounted light troffer, 
the heat released downward into the space air, as shown in 
Figure 6, consists of mainly: (i) convective heat transfer from 
the plexiglass, (ii) radiative heat transfer from the plexiglass, 
and (iii) light energy transmitted through the plexiglass. 

Energy balance on the plexlglass of the light troffer 
during the operating period gives: 
Radiative Convective Rate of Energy Energy of 
heat heat change of of electric visible 
transfer + transfer + internal = lights - light 
from the from the energy of released downward 
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plexiglass plexiglass the plexiglass downward 

17 

14 

0 
Ceiling 
plenum 

Figure 6 Thermal model of the light troffer 



(21) 
T1,';,!JI - T1/a1 _ (K _ K ) L + m1ro1C1ro1 - d vt w 

flt 

T, .9 indicates the average surface temperature of 
the partition wall and floor at time t, °C. For the sake of sim
plicity 

(22) 

Solving for T1,01 , 

During the oft-period, the term Lw in Equation 23 is 
equal to zero. This causes the decrease of T1101 • 

Surface Temperature of the Upper Cover 
of the Light Troffer 

Energy balance at the upper cover of the light trotter 
during the operating period shows: 
Radiative heat Convective Rate of change Energy of 
transfer from + heat transfer + of internal = electric lights 
the upper from the energy of released 
cover upper cover upper cover upward 

The fraction of energy of electric lights released up
ward or downward can be determined from the tests in the 
test chamber. 

Space and Plenum Air Temperature 

In the calculation of the air temperature inside the test 
chamber or in the ceiling plenum, the following differences 
between the operating period and the oft-period must be 
taken into account: 

1. Cold air is supplied to the test chamber during the oper
ating period. A portion of ·the supply air is infllt.rated into 
the ceiling plenum through the gaps of the suspended 
ceiling. On the other hand, there is no conditioned air 
supplied to the test chamber during the off-period and 
none of the conditioned air is infiltrated into the ceiling 
plenum during the oft-period. 

2 . Electric lighting and the warm air heater are switched on 
during the operating period. Therefore, the heat re
leased from the light trotter and the heater are the major 
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heat sources in the test chamber and the ceiling pie. 
num during the operating period. During the oft-period, 
the electric lights and the heater are switched off. The 
heat released from the data acquisition unit and the 
heat storage of the light troffer are the major heat 
sources in that period. 

3 . Because of the small rate of change of internal energy 
of the space air or the plenum air itself compared with 
the heat released from the light troffer and the heater 
during the operating period, it is assumed that the 
space air and the plenum air both have no thermal ca
pacity during the operating period. Nevertheless, the 
rate of change of the internal energy of the space air 
and the plenum air should be taken into account dur
ing the off-period. 

4. Due to the fact that the conditioned air supplied to the 
test chamber or the infiltrated conditioned air in the ~ 
ceiling plenum forms a forced convection upon various _, 
surfaces of the building envelope, considerably higher ' 
convective heat transfer coefficients and mass transfer 
coefficients will be used for heat and moisture transier 
during the operating period. While in the oft-period, air ~ 
flow is mainly due to the density difference of the air
streams, which results from a free convection on various 
surfaces of the test chamber. Lower convective heat and 
mass transfer coefficients will be used. 

Space and Plenum Air Temperature During 
the Operating Period 

Heat balance on the space air or the plenum air gives 
the following relationship: 

Internal Convective heat Convective heat Heat gain Internal 
energy + transfer from + transfer from + due to = energy 
of supply building internal infiltrated of space 
air envelope loads air air 

n 
VsPsCpa Tsl+61 + E hc;A; (T/+!J/ - T,i+tlt) +Le+ Oc + E, 

i= 1 

+ V. c (Tt+lll - Tt+lll) - v· c Tt+lll ;1Pi1 pa if r - sPs pa r 

During the operating period there is no occupan! in 
the test chamber and only exfiltrated ai r discharges from 
the test chamber. Also, the radiative fraction of heat trans
fer from the warm air heater and the data acquisition un4 
is small. For the sake of simplicity, all the electric power in
put to the heater and data acquisition unit is considered as 
the convective heat transfer. Then, the heat balance on !he 
space air can be expressed as: 

n 
V5 p5 Cpa Tsl+(ll + E hc;A; (Tf+(ll - T/+lll) + 

i=1 

h c·tro1A1rof (T1!;1(ll - T/+lll) +En + Eda = VsPsCpa T/+.ll 

Solving for l)+lll, 

n 
VsPsCpa + E hc,Ai + hc· trofAtrof 

i=1 



In the ceiling plenum, only a fraction, Kieak• of condi
tioned air is leaked into .the plenum and, hence, heat 
balance on the plenum air gives: 

n 
K1eak VsPsCpa T5l+Lll + E hcjAj (Tj+Lll - TPl+Lll) + 

j= 1 

hc ·lpAlp (T1~+Lll - TJ+Lll) = Kieak VsPsCpa TJ+Lll 

Subscriptj represents the number of surfaces of the 
convective heat transfer in the ceiling plenum. Solving for 
T;' ·.ll, then 

r_·-.ll = 
n 

K1eak V5p 5 Cpa Tsl+Lll + E hcjAj Tj+Lll + hc·lpAlp Tl~t--01 
j= 1 

n 
K1eak VsPsCpa + E hcjAj + he •lpAlp 

j= 1 

Space and Plenum Air Temperature 
During the Off-Period 

(27) 

The results of the principal tests showed that the sur
lace temperature of the building envelope was about 0.2°C 
10 0.3°C lower than the adjacent air during the off-period. 
Therefore, the heat released from the data acquisition unit 
and the heat transfer from the plexiglass to the space air 
were convected to the building envelope during the off
penod. Heat balance on the space air at the off-period 
gives: 

Convective Heat released Convective Rate of change 
heat transfer from the data heat transfer to of internal 
from the + acquisition = the building + energy of the 
plexiglass unit envelope space 

n 
h, .,,o,Atrol (T1/61Lll - T/+Lll) +Eda= E hc;A; (T,t+Lll - T/+Al) 

+ VcPaCpa (T,'+Lll - T/) 
M 

i= 1 

(28) 

Instead of using the forward difference method in 
Equation 28, a backward difference method is adopted. 
This is because of the possibility of having unstable r;+ 01 

•1 a forward difference method Is applied. Moreover, in 
~Qua11on 28, Tf+ai and t/,t,141 are all known values. therefore, 
.tie disadvantage of solving a number of algebraic equa
ions does not exist in such a circumstance. Since the 
C'.tferences between T/+ Lll and T,' . and between fi•t>1 and 
T and r,:~AI and r,;01 are so small, such an alternation is 
considered suitable. 

let Z = Ill/ (VcAacp0 } : then solving for T,r+ tJ1. 
T: · ~ = 

n 
ZEda + Zhc·1roiA1rol r,;;,lll + z E hc;A; Tf+Al + T,' 

i-1 
n 

Zhc ·1ro1A1rol + Z E hc,Ai + 1 
i= 1 (29) 

can ~at balance on the plenum air during the off-period 
expressed as: 
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Convective heat 
transfer from the 
upper cover of 
the light troffer 

Convective heat 
transfer between + 
the plenum air 

Rate of change 
of internal energy 
of plenum air 

and other surface 

n 
h A (T t+Lll _ T r+tll) ~ h A (T 1+tll _ rr+tll) 

c ·Ip Ip Ip p 1.J ci i p ; 
i= 1 

n 
Yhc·lpAlp T1~+tll + YE hc;A; Tf+tll + Tp' 

i= 1 
T1p1+Lll = n 

Yhc ·lpAlp + YE hc;Ai + 1 
i= 1 

Space Humidity Ratio 

(30) 

(31) 

In the test chamber. a moisture transfer from the build· 
ing envelope to the space air exists during the operating 
period because of the significant drop in the space humid
ity ratio after the supply of conditioning air. While in the off
period, because of the possib'le water vapor diffusion from 
the wetted surfaces in the water spraying chamber and 
also the infiltration of more humid air from the buffer zone, 
the space humidity ratio is often higher than during the 
operating period. A moisture transfer from the space air to 
the building envelope exists during the off-period. 

The rate of moisture transfer from the building enve
lope to the space air during the operating period at time 
t+ t:i, rh,~+ Lll is: 

n 
rh~+Lll = E Pahm;X/+Lll (w;J+Lll - w/+Al) (32) 

i=1 

This is the only latent load in the test chamber during 
the operating period. Then, the space humidity ratio can 
be calculated as: 

n 
= w t+Al + 1 ~ P h A x1+t>1 (w .t+Lll _ wr+Lll) s --- l.J a m1 I I IS r 

v ~ -1 
s s I- (33) 

Substituting Equation 32 into Equation 33 and solving 
for w/+tll, 

W/+Lll = Wsl+Lll 
1 n -.- E Pahm,Ai X/+Lll W;J+Ol 

VsPs i= 1 

n 
+ 1 """ h A x1+tll w 1+01 -.- i..J Pa m1 i i is 

VsPs i= 1 

The space latent load, q,1, can be calculated as: 

q,I = rhwhtg 

(34) 

(35) 



The degree of saturation of the space, which is ap
proximately equal to the space relative humidity, is: 

w1+1;1 
..1./+t;I == ,,1+1;1 = ' 
"Pr - r --

W 1+1;1 
Sf 

(36) 

In Equation 36, w5~+1;1 indicates the humidity ratio of 
saturated air at space temperature, and 

ws!+1;1 = a1 + b 1 T)+t;I + c, (T/+~)2 + d 1 (T/+1;1)3 (37) 

where 

a, = 3.768 x 10-3 

b1 = 3.0517 x 10- 4 

c, = 4.648 >< 10-6 
d, = 3.787 x 10- 1 

During the off-period, the water vapor diffusion and 
the infiltrated air from the external sources are difficult to 
evaluate, therefore, the space humidity ratio cannot be 
determined according only to the moisture transfer be
tween the space air and the building envelope. 

Space Sensible Cooling Load 
After the surface temperature of various surfaces of 

the building envelope in the test chamber has been deter
mined, then the space sensible cooling load during the 
operating period, q~;t;j, in the test chamber can be evalu
ated as: 

n 
q 1+llt = ~ h A (T!+Al _ T,t+lll) + 

rs 1.J c11 1 

i=1 

hc·trorArrof (T1~61lll - T/+lll) + Eh + Eda (38) 

Properties of Building Materials and 
the Dimensionless Groups 

Calculation of the temperature and moisture content 
of the surface and interior nodes during the simulation of 
the space operating characteristics of the test chamber, 
and the properties of the building materials are listed in 
Table 5. Hence, the dimensionless groups: 

Fo cxLlt ----
(.:ix)2 

Fomass = D,vfl.t 

(.:ix)2 

Bi = hc.:ix 

k 

for various nodes can thus be calculated. 

TABLES 
Properties of the Building Materials 

Material Density Thermal Specific Mass 
kg/m3 conductivity heat, c diffusivity 
(lb/ft3) k, W/m·K J/kg·K Di. 

(Btu/h ·ft • ° F) (Btu/lb· ° F) m2/s (ft2 /s) 

Acoustic 359 0.07 800 1 x 10-9 

tile (22.4) (0.0404) (0.191) (1.08 x 10-1) 

Wood 650 0.165 1630 1 x 10-9 

(hard) (40.6) (0.0953) (0.389) (1.08 x 10-8
) 

Glass 2500 1.05 840 
(156) (0.607) (0.200) 
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Simulated Space Sensible Cooling Load Compared 
Against Measured Readings 

The only way to assess the accuracy of the simulation 
of simultaneous heat and moisture transfer in the test 
chamber is to compare the simulated values against the 
actual measured readings. The following isthecompanson 
between the simulated values and the actual measured 
readings on July 28, 1988. On that date, the test chamber 
had been operated in the nighttime shutoff mode at a fan 
motor speed of 650 rpm for more than two day-and-night 
cycles. 

The simulating space sensible load , q,5 , in the test 
chamber was calculated by Equation 38. The actual space 
sensible heat extraction rate, q ex·s· calculated from the 
measured T)+l>I and T}+ ?:./readings. is equal to q,~ ... .y as lhe 
T;+/;I is the same at time t + tJJ.. The sensible heat extraction 
rate can be calculated as: 

q t+lll = qt+Al = VP c (Tl+Al - r1+tJJ) (39) ex ·s rs s s pa r s 

In Figure 7, the upper light dots indicate the points 
plotted from the simulated values, q,;+Al, and the heavy 
dots represent the actual measured qex1~tJJ readings. 

First, the simulated values, q,., were deviated from 
the actual measured readings at a range of only 60 to 5 W 
(205to17 Btu/h) befom noon. In the afternoon, the devia
tions were significantly reduced. 

I 
I 
r 

Second, the simulated values showed a trend of inclin
ing downward slightly in the cool-down period. After that, I 
q,5 fluctuated between 635 W (2167 Btu/h) and 593 W j 
(2024 Btu/h) until 16:52 p.m .. whereas the actual mea- i 
sured qex·s also showed a slightly downward trend in the 
same period, then fluctuated between 601 W (12,051 
Btu/h) and 552 W (1884 Btu/h) before noon and showed a 
slightly upward trend to a maximum of 617 W (2106 Btu/h) 
just before the air handler was turned off at 16:54 p.m. 

Electric lighting and the warm air heater are the 
dominating internal loads in this test chamber. The slightly f 
downward trend of the q,5 is mainly due to the sudden 
drop of space temperature r,i+,JJ._ Such a drop is then com
pensated by the increase of the convective heat transfer 
from the plexiglass of the light troffer. 

The increase of qex·s after 13:00 p.m. is mainly 
because of the increased temperature difference 
(T/•lll - 7s1+ 1;1). 

Simulated Space Latent Cooling Load Compared 
Against Measured Readings 

The simulated latent loads were calculated using 
Equations 32 and 35. The actual space latent heat extrac
tion rate is given by: 

q - v· p (wt+tll - w t+lll) h eil.'f-ss 1 s lg 
(40! 

In Figure 7, the simulated q,:•:ii values are indicated 
by the light dots in the lower part of the figure. and 1ne 
actual measured ql!J( ., are shown by the c rosses. . 

it is interesting to see that the simulated q,, vah;= 
agree with the q ex ·i values calculated from the m~as~ 
wt 61 • ws' ,JI., and the supply volume flow rates. Vs· 
mean value difference is about 20 W (68 Btu/h) be1f'1 
noon. In the afternoon, the deviation increases to 40 W (,.• 
Btu/h) . Both simulated q,l+lll values and actual a .. • 

< • . 
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Figure 7 Calculated q,. and q,1 values based on measured T, - Ts and w, - ws compared against q,8 and q,1 values from 
system simulation 

values showed a slightly downward trend before 10:00 a.m. 
After that, the downward trend is not as significant. 

during the operating period, the space latent load, qA•t>I. , 
or the latent heat extraction rate, q0 , .1• is mainly due to the 
moisture transfer from the building structures. 

F 
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Because of the lack of occupants in the test chamber 
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Figure 8 Measured space temperature, T,, compared against simulated values 
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Simulated Space Air Temperature Compared Against 
Measured Readings 

The simulated space air temperature, T)+lll, of the test 
chamber during the operating period was calculated by 
Equation 26 and during the off-period was given by Equa
tion 29. In Figure 8, the fine dots show the simulated T,'+fJl 
values during the operating period between 8:54 a.m. and 
16:54 p.m., and also during the off-period between 16:54 
p.m. and 8:20 a.m. The heavy circular dots represent the 
measured T1+lll readings during both the operating and 
the off-periods. 

In Figure 8, the simulated T)+tJl agrees with the mea
sured values during the operating period. The simulated 
T)+fJl deviates only about 0.3°C (0.54°F) to 0.1°C (0.18°F) 
from the actual measured readings. During the off-period, 
the simulated T,t+ tJl was about 0.6°C higher than the actual 
measured reading·s after 22:00 p.m. This is mainly due to: 

(i) During the operating period, there is a more accurate 
space sensible cooling load, ct:/", a more stable sup
ply air volume flow rate, V5 , and a precisely measured 
supply air temperature, Ts1+ tJJ., and return temperature, 
T)+fJl. There also is no infiltration air during the operat
ing period. Although the space sensible cooling load, 
q,;+fJl, is so small during the off-period, its magnitude 
is difficult to determine precisely. Also, it is more difficult 
to determine the amount of infiltrated air entering the 
chamber orthe exfiltrated air leaving the chamber dur
ing the off-period . 

(ii) The mean convective heat transfer coefficient, he, 
along the surface of the building structure at force con
vection can be found from more reliable sources. The 
current dimensionless correlation to determine he 
values for the building envelope at free convection may 

~ 
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be quite different from actual values. 
(iii) It is difficult to find mean values of air temperature 

and air velocities in the test chamber at free convec
tion during the off-period. 

In Figure 8, the simulated T,t+tJJ. values had a smaller 
sudden drop just after the air handler was turned on and 
also a slower rise in T,t+fJl values just after the air handler 
was turned off. These deviations showed that the simulated 
T,t+fJl had a greater heat storage effect. 

Simulated and Measured Space Humidity Ratio and 
Relative Humidity During the Operating Period 

The simulated humidity ratios were calculated by 
Equation 34 and the actual measured space humidity ra
tios were determined from the measured dry- and wet-bulb ~ 
of the return airstream by using the psychrometric chart. ; 

In Figure 9, the upper figure shows the simulated and 
actual measured space humidity ratios. The crosses indi· 
cate the actual measured space humidity ratios and the • 
light dots represent the simulated space humidity ratios. 

Apparently, the difference between the simulated and 
measured values is rather small. Most of the points have a 
difference of about 0.0001 kg/kg (0.0001 lb/lb) to 0.0002 ~ 
kg/kg (0.0002 lb/lb), which is less than 2%. Again, both the f 
simulated and actual measured values have a tendency to 
increase with time. 

The simulated relative humidities were calculated from 
Equations 34, 36, and 37. The actual measured relative 
humidities were determined from the measured dry- and 
wet-bulb of the return airstream by using the psychrometric 
chart. 

In Figure 9, the lower figure shows the simulated and 
actual measured space relative humidities. The light dots 

• Actual measured spQCe humidity ratio 

·- •· Simulated space humidity ratio 

- Actual measured space relative humidity 

... Simulated space relative humidity 

----Operating period--- -..,_.,__ _____ Off period ------------

65 
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Measured space humidity ratio, w,, and relative humidity, </>,, compared against simulated values during the operating TP-Figure 9 
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,ndicate the simulated space relative humidities, and the 
heavy dots the actual measured ones. 

From the heavy and light dots in Figure 9, it is obvious 
:nat the difference between the simulated and actual 
measured space relative humidities is small, and the actual 
measured space relative humidity is about 3% higher than 
;ne simulated values. 

Both the actual measured space relative humidities 
and the simulated values remain quite stable during the 
operating period . 

Simulated and Measured Space Humidity Ratio and 
Space Relative Humidity During the Off-Period 

During the off-period, it is difficult to find out the mean 
space humidity ratio, w,. and the mean space relative 
numidity, </>, . 

It is also difficult to find out the simulated mean w, and 
0 _ because of the undetermined amount of infiltrated 
moisture into the space from various external sources. 

Again, it is difficult to determine the actual measured 
mean space relative humidity from the measured dry- and 
wet-bulb from dry and wetted thermocouples under free 
convection . 

From the continuous record of a thermohygrograph 
whose location is in the vicinity of the center of the south 
partition wall (see Figure 1), the air relative humidity was 
gradually increased at an amount of about 2% during the 
otf-period from July 28, 1988 (16:54 p.m.) to July 29, 1988 
(8 58 a.m.). 

Simulated Surface Temperature of Partition Wall 
Compared Against Measured Readings 

Figure 10 shows the measured and simulated surface 

F 'c 
24 

74 

23 

Measured air 
temperature adjacent 

to T1 / ....... ·•• +••++ ••••• + ........ ... 

temperatures of the partition wall, T1 , and the measured 
air temperature adjacent to the surface temperature of the 
partition wall. 

In Figure 10, the following trends are obvious: 

(i) Both the measured and simulated T, dropped sud
denly in the cool-down period. The sudden drop of T, 
was mainly because of the drop in the space air tem
perature, T,, and the need of latent heat of vaporiza
tion. Their values rose gradually during the operating 
period due to the increase in space temperature, T,, 
and the heat absorbed from electric lights_ 

(ii) During the operating period, the simulated T1 were 
about 0.3°C (0.54°F) lower than the actual measured 
values. Since the surface temperature, T,, at time t+ I)[ 
during most of the operating period was lower than the 
T1 value just before the air system was turned on, a 
space sensible cooling load existed due to the heat 
transfer from the building structures to the space air. 

(iii) Both the measured and simulated T, rose sharply 
after the air system was turned off. The simulated T, 
showed a greater heat storage effect. After that, T, 
inclined downward gradually during the off-period. The 
simulated T, values agree with the measured values 
during the off-period. 

(iv) The measured air temperature adjacent to surface T1 

was about 0.2° C (0.36°F) lower than T1 during the 
operating period. It was about 0.2°C (0.36°F) higher 
than the surface temperatu re T, during the off-period . 

Parameters Influence the Test Chamber 
Characteristics During Operating Period 

In the simulation of simultaneous heat and moisture 
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transfer between the building envelope and the space air 
during the operating period in the test chamber. the space 
cooling load due to a warm air electric heater and a data 
logger is a constant.that is, 300 + 16 = 316 W (1079 Btu/h) . 
The parameters that influence the simulated values of the 
space sensible cooling load. q,tlll , space latent cooling 
load, q,l+lll, space air temperature, T,r+jf, surface temper
ature of partition wall , Tt· t>l , and surface temperature of 
the floor, T9

1+ut , are mainly due to: 
(i) mean convective heat transfer coefficient, he; 
(i i) mean convective mass transfer coefficient, hm, indi

cated in terms of Kmhm; 
(iii) effective contact area, XA 8 , indicated in terms of 

KAXAs; and 
(iv) downward portion of the visible light transmitted 

through the plexiglass of the light troffer. 
As the convective mass transfer coefficient. hm, is 

linked to the convective heat transfer coefficient, he, 
according to the Chilton-Colburn analogy, both the varia
tions of KAXA,, and he values in Equation 32 influence the 
moisture transfer. 

Although mass diffusivity, D1v, influences the moisture 
content of the building structure, X/d , and hence. the 
heat and moisture transfer in the test chamber during the 
hot and humid summer days in the tropical zone, the 
moisture content of the portion of the building structure ad· 
jacent to the space air tends to revert to its original higher 
value just before the starting of the air handler because of 
the higher space relative humidity, ¢ , and space humidi
ty ratio, w,, during the off-period. 

Table 6 lists the results of simultaneous heat and 
moisture transfer simulations when one of the parameters 
changes and, at the same time, most of the others remain 
unchanged. 

In Table 6, five system simulations have been com
pleted to compare the simulated values of q,5 , q,1, T,', T1

1, 

and T9
1• 

In the test chamber, the total wattage of the electric 
lights is calculated as: 16 x 65 x 1.1=1145 W (3908 
Btu/h). During the simulation, the downward portion of the 
visible light had been assumed to be 0.15 and 0. 2 of the to
tal lighting wattage. Hence, the total downward portion had 
been changed from 0.35 to 0.4. 

The values of q,8, q,1, T/, T1' , and T9' in Table 6 are 
the simulated mean of the three consecutive values at 
11 :56a.m., 12:01 p.m., and 12:06 p.m. duringtheoperat-

ing period . The reason a mean value is used around noon 
is because it is more representative in comparison . 

Increase of the Value of the Convective Mass 
Transfer Coefficient, Kmhm, and Effective Contact 
Area, KAXA 5 

In Table 6, when the factor Km or KA increases from 
0.5 to 1.5, there is: 

(i) a corresponding increase of space latent cooling load 
q,1, from 93 W to 225 W (317 Btu/h to 768 Btu/h) and~ 
drop of space sensible cooling , qrs, from 636 W to 582 
W (2171 Btu/h to 1986 Btu/h); 

(ii) an increase of total space cooling load, q,c = q,5 + 
q,,, froni 729 W to 807 W (2488 Btu/h to 2754 Btu/h): l 

(ii i) a considerable drop in the surface temperature of par· ! 
titian wall T, from 21.74°C to 21 .33°C (71 .1°F to ~ 
70.4°F) and in the surface temperature of the floor from .. i 
21 .74°C to 21.29°C (71.1°F to 70.3°F); i 

(iv) a decrease in space air temperature, T,. from 21 47°C ~ 
to 21.14°C (70.6°F to 70.1°F); and ~ 

(v) a drop in temperature difference, T,_,. from 0.27°C to .. 
0.19°C (0.49°F to 0.34°F); and hence, a dro;J in space 
sensible cooling load, q,5 • 

The increase of total space cooling load, T,, is mainly 
due to the increase of moisture transfer from the building : 
structures. The increase of q,1 results in a decrease of T, ~ 
and T9 and also T,_, and, therefore, the space sensible 
cooling load, q,8 • 

Increase in the Value of the Convective Heat Transfer 
Coefficient, he 

When the value of the convective heat transfer coeffi
cient has been increased from the empirical formula: 
he = 5.6 + 3.9v to he = 7 + 10v because of the Chilton· 
Colburn analogy, there is a corresponding increase in the 
convective mass transfer coefficient, hm; hence there is: 

(i) a corresponding increase in the space latent cooling 
load,q,1; 

(ii) an increase in the total space cooling load, q,e; 
(iii) a corresponding drop in the surface temperature of the . 

building structure; 
(iv) a slight drop in the space temperature because ol 

the drop in the surface temperature of the building 
structure; 

(v) a significant drop in temperature difference between 

TABLE6 
Factors Influencing the Parameters In the Test Chamber During System Simulation -Electric Lights Space Cooling Load, W(Btu/h) 

No. of h o Km Percentage Percentage Sensible Latent Total T, T1 T, AT1-r :T, -T, 
Slmul- or downward of visible light 
ation KA downward q,. q,, q"' oc (OF) oc (oF) oc (OF) •cr!L-

7+1Cv 0.45 0.175 625 179 840 21.41 21.66 21 .66 0.25 
(2133) (611) (2744) (70.5) (71.0) (71.0) (0.45) 

2 7+10v 1.5 0.4 0.15 582 225 807 21.14 21.33 21.29 0.19 

(1986) (768) (2754) (70.1) (70.4) (70.3) (0.34) 

3 7+10v 0.4 0.15 606 166 772 21.29 21.51 21.50 0.22 

(2068) (567) (2635) (70.3) (71.3) (70.7) (0.40) 

4 7+10v 0.5 0.4 0-15 636 93 729 21.47 21.74 21.74 0.27 

(2171) (317) (2488) (70.6) (71 .1) (71.1) (0.49) 

5 7+10v 0.35 0.15 586 153 739 21 .17 21.36 21.33 0.19 

(2000) (625) (2522) (70.1) (70.4) (70.4) ~ 
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the surface temperature of the building structure and 
the space air temperature; and 

vi) although the increase in the he enhances the convec-
1 tive heat transfer from the building structure, such an 

enhancement has been compensated mostly by the 
drop of the temperature difference between the sur
lace temperature of the building structure and the 
space air temperature. On the other hand, the increase 
of q,, causes a considerable drop of q,5 and, hence, 
the final result is a drop of space sensible cooling 
load, q,s· 

Increase in the Energy of Electric Light Downward 
When the percentage of the energy of electric light 

rradiated downward from the light troffer has been increas
ed from 0.35 to 0.45, there is: 

ti) a corresponding increase of space sensible cooling 
load, q,5 , from 586 W to 625 W (2000 Btu/h to 2133 
Btu/h) and an increase in total space cooling load from 
739 W to 804 W (2522 Btu/h to 2744 Btu/h). Both of 
these increases are smaller than 0.1 x 1145 = 114.5 W 
(391 Btu/h). This is because a portion of the radiative 
heat is stored inside the building structure. It would not 
appear as a space cooling load instantaneously. 

1, i1) a corresponding increase in surface temperature, T1 , 

from 21.36°C to 21 .66°C (70.4°F to 71.0°F), an increase 
in the surface temperature, T9 , from 21.33°C to 
21.66°C (70.4°F to 71.0°F), and an increase in the 
space temperature, T,, from 21.17°C to 21.41°C 
(70.1°F to 70.5°F). 

Apparently, an increase of radiative heat on vari
ous surfaces of the building structure raises their sur
face temperature, the space sensible load, q,5 , and 
hence, the space temperature, T,. 

( 1i1) an increase in the temperature difference between the 
partition wall and space air, T1_,. and between the floor 
surface temperature and space air, T9_,. The increase 
in q,s is accomplished through the enhancement of 
the temperature difference between the surfaces of 
building structures and the space air. 

FUTURE RESEARCH 

• This paper only shows some of the research work of 
.he simultaneous heat and moisture transfer between 
'.r.e building envelope and conditioned air when an air 
system is operated in the nighttime shutdown mode in a 
:Jop1cal area. 

In the future, more research needs to be completed to 
~termlne the convective mass transfer coefficients for 

lh forced convection and free convection, mass dif
~SIVlties. the humidity ratio at the surface of the building 
la: ~terial , a~d the moisture migration at the interface of two 

ters of different material. · 
tur More r~search will be required to evaluate the mois
du~nmig ration to.the sp.ace air through various paths 
DICMg the off·penod. This is the necessary step prior to 
a.no ming the system simulation of the simultaneous heat 

o~2ture transfer during the off-period . 
to link th our~e. there is also a need to have more research 
t~n the si~ul~aneous heat and moisture transfer be

e building envelope and space air during the 
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operating period and the off-period with space cooling 
load calculation in practical, simplified, tabular form. 

CONCLUSIONS 
1. When the air system is operated under nighttime shut

down conditions, both the actual measured and simu
lated space sensible cooling load curves of the test 
chamber inclined downward slightly in the cool-down 
period. After that, the mean space sensible cooling load 
remained approximately the same. Only the actual 
measured space sensible cooling load showed a slight 
increase in the afternoon. The difference between the 
simulated and actual measured space sensible cooling 
load is acceptable. 

2. The simulated and actual measured space latent loads 
both showed a slightly downward trend during the cool
down period. The space latent load in the test chamber 
was mainly formed because of the moisture transfer from 
the building structures during the operating period. The 
simulated space latent load deviated moderately from 
the actual measured values. 

3. Both the simulated and actual measured space air 
temperatures had a sudden drop after the air handler 
was turned on. The space air temperature was then 
increased gradually due to the rise of the supply air tem
perature. The simulated spar,e air temperature agreed 
with the actual measured values during the operat
ing period. The discrepancy increased to a con
siderable value during the off-period because of many 
uncertainties. 

4. The actual measured space humidity ratio showed an 
upward trend due to the increase of the humidity ratio of 
the supply air. Both the simulated and actual measured 
relative humidities showed a value between 70% and 
73% during the operating period. It was difficult to deter
mine the simulated or actual measured space humidity 
ratio or relative humidity during the off-period because 
of the migration of moisture into the space air from the 
external sources. 

5. Both the measured and simulated surface temperatures 
of the partition wall dropped suddenly during the cool
down period. This is mainly due to the drop in space air 
temperature and the need for latent heat of vaporization. 
The surface temperature of the partition wall rose sharply 
after the air system was turned off. This is because of the 
sudden rise in the space air temperature. 

As soon as the surface temperature of the partition 
wall was lower than its value at the time just before the air 
system was turned on, a space sensible cooling load ex
isted due to the heat transfer from the building structure 
to the space air because of the heat storage inside the 
building structure. 

6. The measured air temperature adjacent to the surface 
temperature of the partition wall was about 0.2°C 
(0.36°F) lower than the surface temperature of the par
tition wall during the operating period. It is about 0.2°C 
(0.36°F) higher than the surface temperature during the 
off-period. 

7. During the simulation, an increase of the mean convec
tive mass transfer coefficient would cause the following 
results: 
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• a drop in the surface temperature of the building 
structure because of the need for latent heat of vapori
zation; 

• a significant drop in the temperature difference be
tween the surface temperature and space air; 

• a significant drop in space temperature; 
• a considerable decrease in the space sensible cool

ing load; and 
• a significant increase in space latent load and total 

space cooling load. 

8. During the simulation, an increase in the mean convec
tive heat transfer coefficient has similar results as the 
increase in the convective mass transfer coefficient. 

9. During the simulation, an increase in the energy of elec
tric light downward would cause: 

• a corresponding increase in the space cooling load; 
• an increase in the surface temperature of the building 

structure and the space air; and 

• an increase in the temperature difference between 
the surface of the building structure and the space air. 
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NOMENCLATURE 

k 
Kd 
K1eak 
Ksc 
Kv1 
L 
Le 
Lw 
m 

= area, m 2 (ft2) 

= specific heat, J/kg ·Kor kJ/kg · K (Btu/lb· °F) 
= specific heat of moist air at constant pressure. J/kg • K 

or kJ/kg • K (Btu/lb· °F) ·· 
= mass diffusivity of liquid and vapor, m2/s (ft2/s) 
= convective heat transfer from the equipment, W (Btu/h) 
= heat released from the data acquisition unit, W (Btu/h) 
= electric power input to the warm air heater, W (Btu/h) 
= mean convective heat transfer coefficient, W/m2 • K 

(Btu/h • ft2 
• ° F) 

= convective heat transfer coefficient of the outer surface 
of the upper cover of the light troffer, W/m 2 • K (Btu/ 
h·ft2 ·°F) 

= latent heat of vaporization or condensation, kJ/kg 
(Btu/lb) 

= convective mass transfer coefficient, m/s (ft/s) 
= radiative heat transfer coefficient of the outer surface of 

the upper cover of the light troffer, W/m 2 • K (Btu/ 
h·ft2 ·°F) 

= thermal conductivity, W/m • K (Btu/h ·ft· °F) 
= downward fraction of heat released from electric lighting 
= leaked fraction of supply air into the ceiling plenum 
= coefficient of structural characteristics 
= downward fraction of visible light 
= length , m (ft); power of electric light, W (Btu/h) 
= convective heat transfer from light troffer, W (Btu/h) 
= total wattage of electric lights, W (Btu/h) 

= mass flow rate, kg/s (Ibis or lb/h) 

= mass flow rate of moisture transfer from the building 
envelope to the space air, kg/s (Ibis) 

= convective heat transfer from the occupant. W (Btu/h) 
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q = rate of heat transfer, W or kW (Btu/h) 
qex ·s = space heat extraction rate. W or kW (Btu/h) 
q,5 = space sensible cooling load, W or kW (Btu/h) 
q,1 = space latent load, kW (Btu/h) 
T = temperature of the build ing material . ° C (° F) 
t = time, s or h 
U = internal energy, J or kJ (Btu) 
V = supply volume flow rate, m3/s or Lis (elm) 
Ve = space volume of the test chamber, m3 (ft3) 
VP = space volume of ceiling plenum, m3 (ft3) 
v = velocity, mis (fpm or ft/s) 
w;;+t:J = saturated humidity ratio of surface i corresponding to 

the surface temperature at time t+ t:.J, kg/kg (lb/lb) 
w, = space humidity ratio, kg/kg (lb/lb) 
W5, = space humidity ratio of saturated air at space temper-

ature. kg/kg (lb/lb) 
w = humidity ratio, kg/kg (lb/lb) 
X = moisture content, kg/kg (lb/lb) 
AX = spacing of the section , m (ft) 
a = thermal diffusivity, m 2 /s (ft2 /s); coefficient of 

absorption 
µ, = degree of saturation 
p = density of sol id or moisture. kg/m3 (lbift3) 

<fi = relative humidity, % 

Subscripts & Superscripts 

a =air 
b = building material 
c = convective 
g = window glass 

= number of surfaces, such as surface i; 
initial; 
inner; 
number of nodes 

if = infiltration 
j = number of surfaces of the convective heat transfer in the 

ceiling plenum 
Ip = upper cover of the light troffer 
1,2 ... n = number of nodes or surfaces 
p = ceiling plenum 
r = space; 

room; 
radiative 

s = surface, saturated, or supply air 
t = attime t 
trot = light troffer 
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