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Due to the adverse effects of excess moisture within 
the indoor environment, expe rimen ta l and theoretical 
stud ies were conducted to determ ine the bu ild-up and 
rernO 'lal rates of the moisture con ten t of bathroom air 
during and after shower use. Data clearly show tha t 
without mechan ical ven tilation: (1) the minimum ven
tilatio n requirements for bathroom listed in ASHRAE 
Standard 62-73 cannot be met, ana' (2) excess moisture 
in the bathroom air cannot be controffed adequately . 

F. H _ SHAIR 
Member ASH rlA E 

D.W. WOlBRINK 
LO. B01NEN 
Associate Member ASHRAE 

C.E. NEEL LEY 
K.E. SAMPSEL 

t~ ATH ROOM ventilation he lps remove mOi stu re, excess 
'~;:J» heat , healt h- related gaseou s and aeroso l pollu tants, 
and malodors. 

Of oarticular' interest is (1) the delete rious efiects of 
condensation on mater ials and (2) on heat flow. With 
respec t to the former. it should be noted that " 1!Vater is 
either an essential or contributory factor in almost all cases 
of building mate ria l breakdown resulting from chemical 
changes such as tile rusting of s teel, physical changes 
suell as the spalling of masonry by frost action, or !J i%glcal 
processes such as the rotting of wood. "1 With respect to 
the effec t of mois ture on heat flow , "m ois ture- when pre
sent in a mate({a/~is generally assumed to remain more or 
less stationary and to increase conduct ivity largely by ad
d!ng to the path availab:e (or heat flo v!. ·' 1 Sherwood and 
Peters" found that "even where there is no evi,dence of high 
moisture leve l with in walls, moistu re bu ildup in the wa ll and 
ceiling insulat ion can reduce its effectiveness." 

Removing excess moi ~, tur e and he2.t from the bath
room with an exhaus t fan is also a w ay to save energy asso
c ia ted with air conditioning] In most cases,exhaus t fans 
requ ire less energy than dehumidif iers. 

8 ridbord, er a/. I< reviewed those instances (including 
the use of sprays involving var io:Js propellants) where 
halogenated hydroca rbons in the indoor air '3nviron rnent 
may bu ild up to concen trations of po tential pub lic health 
concern. 

These concerns wil l grow in future years as increasing 
e ff orts are being made to insu late buildings more efficien tly 
and to reduce infi ltration and exfiltration as a mea ns to con
serve energy. 

The need to remove malodors is of secondary concern 
since they are automa ticall y diss ipated by any pra ctical 
ven tilation proc ess which adequa tely controls excess 
mois ture and tempera ture. However, typical nonventi iating 
processes which purported ly cont rol ma ladors do not con
trol temperature and moistu re. 

F. H. Sllair is Prolessor 01 Chemical Engineering. California Institute 01 
Technology at Pasadena; D. ,IV. Wo /brink is with aroan /1;11g. Co., Inc., 
I-iart/ord, W!: L.O. Bowen is with Aangaire Corp., Cfeburne. TX; C.E. 
Neelfey is wilh Texas A & M University al College Sta tion: and KE 
Sampsef is wi th tile I-Iome Metal Produc ts Co., Plana, TX. 

ASHRAE .JOUR NAL July 19"79 



o 

. , 

is r n 
r Ail~ 

NOMENCLATURE 

a 

A 

c 

s (qo + q , + q2F + kA + S)IV, reciprocal characterisl ic 
time, min utes-' 

; total surface area within the bathroom upon which 
mois ture may condense, ft 2 or m2 

= concentration o f moisture in bathroom air , 

grain s of moisture 
------- or 

pound of dry air 

grams of moisture 

gram of dry air 

grains of moisture 
Ca¥e = average value o f C defined by Eq. (5), 

" pou nd of dry air 
grams of moisture 

or ----------
gram of dry air 

e, ; concentration of moisture brought into the bathroom by 

grains of moisture 
way of mechanical ventilation , -.----- -

pound of dry air 
grams of mois ture 

or - -------
gram o f dry a ir 

Co ~ conc entrat ion of moi sture brought into the bathroom by 

grain s o f mOisture 
way of infiltration, -.-----.-.-- - -- or 

pou nd of dry air 
grams of moisture 

gram of dry ai r 

~s ; saturated conce71trat ion of air which is in equ ilibri um 

p,)unas of mois ture 
with the water drop lets, ---------

pound o f dry air 

or 
grams of moi sture 

gram of dry air 

c.. ; effect ive concentration of moistu re at the surfaces in 

pounds at mOistu re 
contact with the bathroom air, --- . 

or 
grams of moi sture 

gram of dr! a ir 

pound of dry air 

F 

k 

s 

E (C intB1 - C outlet )ICintet is the factor which characterizes 
the filter assoc ia ted with a recirculating system. Cintet 
and Coutle t are the concentrations of moisture 
assoc iat ed with the air entering and leaving the reci r
cu la ti ng t il ter systems, respectively . 

= the average mass flux of moisture transported to the 
solid surfaces within the bathroom, ft 3/(ft2 -min) or 
Cm3 1(Cm 2 - mini 

; the flow rate of air associated with infilt ra tion , cfm or 
litres per minute 

= the flow rate of makeup air aSSOCiated with mechanical 
ve ntil ation, cfm or litres per minute 

= the fl ow rate of air associated with an internal recir
culating sys tem, cf m or l it res per mi nute 

; t he effec t ive flow rate of air which Is entrained within 
the shower droplets, cfm or litres per minute 

T wa il.sat = ef fective saturation tempe rature of the wall 

= t ime, minutes 

Greek Symbols: 

t> - qo/(av), d imension less parameter 
B - q , I(av), dimensioni ess parameter 
cl - kAI(av), dimension less parameter 

- S/(av), dimensi on less parameter 

density of air, 
pound s grams 

Q - or--
ft3 cm3 

Conversion Factors 

1 in . 
1 f t. 
1 sq. ft. 
1 cubic foot 
1 ctm 
1 gal. (U.S. l iq.) 

gra in of moisture 
1--- ---

pou nd o f dry air 
5 

°C = ('F - 32) 
9 

; 2.54 cm . 
= O. 3C148 m. 
= 0.0929 SQ. rn_ 
; 0.0283 CU. m. = 28.3 litres 
; 28. 3 litres per minute 
; 3.73 litres 

grams of mOisture 

7000 gram of dry air 
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Fig . 2 Ory bulb temperature vs , lirne for various mechanical 
venlfla lion rates 

Chapter 20 of the 1977 ASHRAE HANDBOOK of FUN
DAMENTALS presents the suggested method by which the 
flux of moisture transmission into and through a structural 
surface may be calcu 'ated; the driving force is the dif
ference of humidity across the wall (as indicated by Fick's 
law of diffusion), One difficulty in using this ge,-,eral ap
proach concerns the moistu re build-up due to bathroom 
shower usage, 

The purpose of this work was two-fold, First. the 
moisture vs, time relationships for bathroom air during and 
after condit ions of shower were determined experimenta lly 
as a func tion of the rale of ventilation. Second, a theorelical 
model was developeci to provide a perspec tive for inter
oretation of the exper imental resu lts and to permi t the 
Jred'lction of moisture conten t of bathroom air vs, ti me in 
general, 

EXPERIMENTAL FACILITY AND PROCEDURE 
The test facility, located at the Texas A & M University 
Eng ineering Experiment Station. is shown in Fig, 1, The 
Engineering Test Laboratory building consisted of a 
bedroom 12 ft. by 15 ft. (366 m by 4,57 m) and a bathroom 7 
ft , by 8 It. (213 m by 2.44 m.) connected by a door 30 
in. x 80 in. (76 cm , x 203 cm.) w ith a 3J4 in. (1.9 cm) under
cut [the area of the opening was 22. 5 in.2(14S cm.2 )). The 
ce iling height in both cases was 89 in. (226 cm .) above the 
floor. The empty bath room had a volume of 415.5 cu. ft. 
(11.76 cu. m.): deduct ing the volume of the fixtures. the ac
tual volume of air witrlin the bathroom was estimated to be 
376.6 cu. ft. (10.66 cu. m.). 

The facility was construc ted following standard wood 
frame methods. The exterior walls were sheathed with '12 
in. (1.3 cm.) plywood and covered with '/ 2 in. (1.3 cm .) 
siding. Neither the exte rior floo r nor the exter ior roof was 
sheathed. The walls were insula ted with fiberg lass 3 in. (7.6 
cm.) thick, the floor wi th liberglass 5 '12 in. (14 cm.) thick, 
and the cei ling willl libe rglass 6 in. (15.2 cm.) thick . The 
walls ( a gypsum dry-wall sys tem) were covered with one 
coat of an oil-based semi-gloss enamel. 

The bathroom was equipped with a bathtub contain ing 
a shower, a lavatory with an overhead mirror. and a toil et. A 
shower curtain was ins talled across the bathtub. Standard 
construction practices were followed during installation of 
the fixtures. 

The exhaust fan outlet was located in the ceil ing and 
,equipped with a gr ille. The opening was ducted direct ly to a 

standard air measu ring chamber (tunnel) rather than to an 
exhaus t fan; th is ar rangement enabled accu ra te control 
and monitoring of the mechanica lventi iation rate . 

V/et 3 :l d (Jry bulb meeSLFeme~ts were obtained using 
standa rd eqr.;ic-ment. Tracer gas experiments were con· 
ducted a manner simiiar to those reported by Dr ivas, et 
al. "~ I in order to determine accul'a!ely the sum of the rates of 
infi it ratlon oil:s mechani cal vent ila tion. In trr8se expe ri
ments. carbon mOlloxide in concentrat ions under 100 ppm 
was used as the trace r gas. The tracer gas concen tration 
was con tinuously measured and recorded by means 01 an 
Ecolyze r system and a strip-char t recorder . The tracer tech
nique was particula rly useful in determining the overall ex 
change ra te of ai r (i.e .. qo + q. ) when the rate of 
mechanica l ventilat ion was not significa ntly greater than 
Hle rate of infiit rati on. The tr<lce r technique also se rved as a 
use ful check on the operation of the standard air measu ring 
charnbe r. 

THE THEORETICAL MODEL 
A generalized theore tica l model is available wh ich permits 
accurate predictions of . indoor gaseous pollutants E 

However . for thi s study sink and source terms had to be 
specified in order to trea t water vapor, tak ing into account 
condensation and re-eva~oration frcm surfaces. 

Consider a weil -mixed bathroom air having a volume V. 
an infiltration rate qa, and a make-up air fiow rate q , (due to 
mecrlanica l ventilation). Within the bath room, there may ex-
is t an internal recirculati ng sys tem, such as a ductless fan, 
involving a filter ch arac terized by a factor F = (C inr,, : -
Cocr8:!/Clolel' F is a function of the component to be f iltered, 
the fl ow rate q?, and of previous type and exte nt of ex
posure. When ihe shower is on, it represents the major 
source of mois ture released into the air. The su rfaces 'N ilhin 
the ba throom wil l react as either sou rces or sinks. depen
ding upon the exact moisture concen tra tion of the air and 
upon the mois ture content associated wit h the surfaces. 

Til e general trans ient expression of the mass balance 
of moisture associated with the bathroom ai r is given by 

de v dt = (qoCo + q~C,) - (qo + q,)C - q2 FC 

+ Sources - Sinks (1) 

where Co represents the concentration 01 moisture brought 

Flg . .3 We l bulb lempe rilluw vs , tllne for vanOU5 mechanical 
vent ila tion rates . 
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Tab le 1 
________________ V~u_e_s_' _<.2 1 t he Parameters Used in the Theo ret ical Model _________ _ 

Test 

G,,'ameler 22 17 9 13 15 Ave. 
---.-.-.-.~. -,---.-,-- ---.. - .. -.-.---.. --. -,- - -.,-.,- ,------ -.-~---- . - ,-_ ... _--- ---_." .. _ .. ----_._-."."._ . __ .-------.. _-".-.--.•. --.,-.---- .. -- •... -------.-.-~-.-

Air Changes 
(;:;,' + q 1 )N. --.-. ----.. -.-

• Hour 

. Grai ns of Moi sture 
- C i, -.--- --.------.----

Pound 01 Dry Air 

C 9ra i ns.::!_~o i sture 
S' Poundol Dry Air 

Grains of MOisture 
C" IShower on) ---- - - -- - ------- - - - 

Pound of Dry Air 
~ . .' Grain s of Moist ure L.,-Snower ofT) ---- --.-.----------- .--.. ---- -

, . Pound of Dry Air 

T ., .. : ,a t.. (Snower on) OF 

\\.A cfm 

S [Shower on) elm 

S (ShO\\ler off) cfm 

F 

0.75 

4.7 

59.5 

390 

140 

190 

76.8 

85.8 

30 

45 

o 

o 

;reO the room by way of infiltration, C, rep resents the con
:sr.tration of moisture brought into the room by way of 
'i'chanical ventila ti on , and t represents time. The left-hand 
",,::2 of Eq. 1 rep resents the rate of accumula tion of 
--:stu re wi thin the bat rlroo'n <W, the terms on the ri ght 
'~:yes e n t either inputs (due to air·flows and in te rna l 
s:Aces) or outpu ts (due to air-flolNs and inte rnal sinks) . 

C = C, at t = 0 (2) 

.~ \ 7 4.~:; 

A 9 5.2 
$ !3 8.5 
• 15 ;5.3 
V=377 Ft:: ( Exc luding rlxtu'es) 

2 :3 4 5 6 7 8 9 10 I i i2 13 

4.9 5.2 8.5 15.3 

30.8 32.6 53.4 96.0 

60.2 58.1 56.0 57.4 58.2 

393 379 381 375 384 

160 180 160 140 156 

180 180 140 140 166 

8 1.7 84.2 81.7 76.8 80.2 

84 .2 84.2 76.8 76.8 81.6 

30 30 30 30 30 

45 45 45 45 45 

o o o o o 

o o o o 

The main thru st of the model development reduce~, to 
finding reasonably accurate representations of the sou rce 
and sink terms in Eq. (1). The simples t reasonable represen
tations of the source and sink ter ms lead to the expression: 

(3) 

where kA repres ents the average mass flux of moisture 
transport associated with the solid surfaces within the 
ba throom , ,6., rep resents the surface area of the-sol id sur
fac es, Cw rep resents the effect ive concentration of 
mois ture at the surface of the wa ll in contac t with the 
bath room air, S rep resents the effective flow rate 01 air 
'Nh 'ch is entrained with in the shower drople ts, and Cs 
rep resents the saturated concentration of air which is in 
equil ibrium vvith the " .... ater dr op lets. ' 

Since most of the surface area is re la tively porous I,i. e., 
enamel-covered gypsum dry-wal l system), it is reasonable 
to expec t tried k (and ttlUS the produc t of kA) w ill be relative ly 
independent of air mo';ement within the room ; in other 
words, it is reasonable to expect tha t diffusion of moi:;.ture 
with in the wall will be the rate-dete rmining (slow) ste:J in
volved with moistu re t ransport to and from the waits. Based 
upon Ire 'Nork of Hales. et a/. 7, i t is reasonable to ant iCipate 
tha t k might have a value between 0. 1 and 1.0 ft /mi n (3.05 
and 30.5 cmJrnin). Since the 'Nai l temperature varied from 
one test to Irle next, it is reasonabl e to expect that Cw might 
als o vary sor,ew:-:at . Since the driving potential (Cw - C) 
rTay be 00\'1 posi :i\le and negat ive, the wa lls may act as a 
net source 0; moisture at some times and as a sink of 
moisture a t other times. 
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Fig. 5 Relative humidity \/s Ilrne ior v3nous mechanical 'le!]· 
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The quantity S represents the flow rate of air which is 
intimately mixed with the vast number of shower drop!ets 
(ie., the flow rate of air which comes into intimate contact 
with the air-water interface) It is reasonable to expect that 
S will be a strong function (possibly directly proportional) to 
the water flow fate ·Issuing from the shower and exit water 
temperature It is also expected that S will be a function of 
shower-head design (ie., more or less spray). In the test 
results reported herein, the sflower flow rate and shower
head design were dept constant. The water from the shower 
had a flow rate of about 3 gais. (11.3 litres) per minute and 
an initial inlet temperature of 107 .soC ± O.SFo 
(42.1°C ± 0.44°C). Since the flow rate of air entrained within 
the shower is probably driven primarily by the now 01 water 
issuing from the shower, it is reasonable to expect that S 
will be relatively independent of the ventilation rates. Since 
the shower conditions were more carefully controlled than 
were the exact conditions of the walls, it is expected that Cs 
will vary less between tests than Cw ' 

The solution to Eq. (3) is 

C ~ ",CCl + (Je 1 + dew + yCS 

+ (C, - aCo - (3C , - clC w - yCS)e-· G \ 

where 

a=(QO+q1 +Q2F+kA+S)!V 
0' = qo/(aV) 
(J=q, /(aV) 
cl = kA/(aV) 
y = S/(aV) 

RESULTS 

(4) 

The value and purpose of the theoretical model is twofold. 
First, it provides a perspective from which experimental 
results can be interpreted. Second, it provides a means of 
predicting the moisture content of the air for batrlrooms and 
conditions other than those experimentally determined 
within this study. 

With respect to the first point, the theoretical model 
provides a means of determining how sensitive the humidity 
is to each of the influencing parameters It SflOUld bE) noted 
that the mechanical ventilation rate qCl is !rle parameter 
which most eaSily can be used to control the moisture level 
and temperature and, in so doing, also removes pol'utants 
and malodors. Other parameters such as S (\tl'3 value of 
which is reflected by the design of the shower sta!! and the 
shower nozzle) and C w (the value of whlctl is determined by 
(he Shower water temperature) can also be used to some 
I~xtent to control the moisture content and temperature cf 

b8 

the bathroom air. Other infiuencing parameters such as the 
infiltration rate. Q" and the moisture content with which the 
vvaiis are in eqUilibrium. Cv; are cli~ficult to control. 

The dbt and t.'le w8t as fWict.ons Of time aie shown in 
Fig. 2 and 3, respectively As indicated, tr,e dbt and wb\ ['.se 
sharply after about one minute foliowing the start of the 
shower. The one-minute delay is due to the time required for 
(r,e shower water to reach the desired temperature. initial!.y, 
the water which reaches the showerhead is cooled in tran
Sit by the relatively cool pipe; however, after the pipe be
comes heated by hot water. the exit water temperature at 
tr',e shoNer remains relative!y constant (Fig. 4). Due to H~e 
strong dependence of the humidity ratio at saturation upon 
terT'·.perature. much eliorl was aimed at maintaining a COfl

stant srlOwer waler temperature Hlroughout the series of 
experiments. 

Fig . 5 shows the relative humidity as a function of time. 
It should be noted that in the case of no mechanical ventila
tion. Ule reiative humidity remains at or about 98% tor 20 
minutes after the shower is turned off. wtlich is in sharp 
contrast to :~e iowest mechanical ventilation rate (i.e., 4.9 
air exchanges per flOur). The inf:ltration rate without 
mechanical ventilation was found to be 0.75 air changes 
per hour. (Infiltration rates (or homes in general raflge be· 
tween about 0.5 to about 1 air change per hour, according 
to current building practices.) Without mechanlcai ventila
iion so little moisture IS removed through infiltration that, 
follol"/ing shovler . the moisture in the air remains in equili
brium with the moisture which has condensed on the sur
faces of the buildlllg. Cooling of the warm. moist air is done 
primarily ihrOIj,;;h rlea~ transier from the air to the bathroom 
surfaces: this cooling forces the air to release moisture (as 
indicated by the abSOlute humidity ratio shown in Fig 7), 
primarily lhrough condensation on surfaces throughout the 

14,15 

20 

Symbol Test ~~9J, ~~ExchQ~ges 
If Hou, 

22 0.75 
o 21 0.75 
". !6,17 4.9 

2.,9 
11 !~: ,1:5 
IM 1/1-,1:) 

\O~ ____ ~ __ · __ ~i ____ ~i ____ ~! ____ -LI _____ ~ ____ ~ 

o 2 3 4 5 \) 7 
CILUTIOi·, TIME, MINUTES 

v:::, Ilrnc l0r VdUCJUS i;/cc:ianica/ 
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:dhroom. At five air changes per hour, the p ri ma ry mech
:;-cm by whicll the bathroom is cooled and by which ex
·:~ ,;s mois ture is removed is lhrough mechanical ven l ila 
:,0fl: and the rate of mois ture transfe r to surfac es through
:u the bathroom is grea tly reduced. (At a rate of five air 
: -cnJes per hou r, following the shower the relative humidi
:., jrops qui ckly enough to ac tual ly aid substantially in dry
q : the su rfaces throughout n1e bathroom.) 

Fig 6 shows the trace data from w!lich the total ex
C-.2nge rate of ai r was determined accurately for each test; 
:~ ,,, tota l exchange rate was determined from the slope of 
:T'" straig ht line on the sem i-log plot. · 

As indicated in Fig. }, it was possi ble 10 find 
-s2sonable values of each of the parameters whiCh pe rmi t
: ~:l excellent ag reement be tween theory and experiment. 
:-r~ va iues of the parameters are listed in Tab le 1. 

It should be noted that the values of kA, C,. and S are 
:u; ~e constant from one experiment to the next.-Estimating 
:-2 value of A to be about 43.4 f\.2 (4.03 m.2) leads to a 
\~ :"'.e of k = 0.7 I t/min (036 cm/second), which is in the 
-~n'Je of values expected [ ram previous work 6 It is 
'd.,on2bie to use this va lue of k for any surface which has 
C";ysi cal propert ies similar to those used in the test faci lity 
_sec In this study. 

Trie values of Cv; ranged from 140 to 180 and cor
' espcnd to changes in the wall temperature from 76.8°F to 
c~.4°F (24,9°C to 28.0°C). The value of S was found to be 
c:v~e constant at about 45 cfm or about % ft"lsec (21 
. ;'cs'sec), whic!l also seems qui te reasona::' le. 

For convenience, the average valu es 01 the parame
::: 'S are also listed in Table 1 . Wllen no other data are 
'~'. 3;: ab ! e, it is 'recommended that the average values of the 
:2 'Jmeters (listed in Table 1) be used in the model (Eq. 4) to 

"';"" 1 \ ' :' , , I ' .. L. T~S 

- - - - T he;r:)'~ with C.o , ~ ~e.(!, C'/{~ 1 56, Cs 1384, J... . 0.7 FT IMIN , S ~ 45 CFM, 
( .... ;1'1 .1 '0 ; ~ (:;::! 

.. E:.\P(' fI·nt:j; ~ a l ['"(! l C lOt Cmo.( a l Er,tj of 10 m:!" .. Shower 

- 7i·.~c'y , .... dh C:, ,:;,S';-~ . C, ... ~; ~i:-i, k 20.7F :dl. l :·~ . Cll'l i h(] 1 flGl.:ol fa • 
11'.0 ' c: Snct 01 Shower, 

.to ElIiprwr,O;Of110i DOla ler C oile r IOmlr1. oiler r.::"d or Show~r 

A:: 43,4 VTl' 

/ ;;376.6 FT:' 

FI9 8 Absoiule humiclty ill tile end of a ten,mlnute shower and 
al fen mmules after tne shower vs. mecllanical ventilallon rale. 

'I 
J 
.\ 
" 

pred ict the absolute humidity ratio. An example of the use 
of the average values in Eq . 4 is shown in Fig 8. The upper 
curve represents the absolute humidity' ra tio predicted 10 
occur at lhe end of a 1 O-minu te shower, as a function of the 
ra te of meChanical ven tilation. The lower curve represen ':S 
the absolute i'lu rn idity rat io predicted to occur at the end of 
10 minu tes a f ler the end of Cl 1 O-minute shower, as a fun,:
tion of Ine rate of mechanical venti lation, As indicated, the 
agreement between theo ry and experiment is excellent. 

Test 22 was conducted w ith no mechanical ventilation; 
the only exchange of air w ith the outside was due to infiltra
tion. The infi ltrat ion ra te, measu red by means of the tracer 
technique, was found to be 0.75 air changes per hour. Tr'is 
case also corresponds to that for an internal recirculatillg 
duc\iess fan which does not remove moi st ure from the air. 

Tests 9, 13. and 15 'Nere conduc ted with mechanical 
ventilation rates 5.2 , 85, and 15.3 air changes per hour, 
respect ive ly. Tes t 17 was conducted to determine tle 
reproduc ibili ty of the experimenta l data; the mec hanical 
ventilation rate for Test 17 was 4.9 air changes per hour. ,c.,s 
sr:own in Fig 2,3,5 and '1, the agreement between Tesl 9 
and Test 17 is excellent. 

it shOuld !:le noted tha t these tests cl earl y show that 
'!;i thou t rnecrlanica i ven tiia: :on, the Ir,in irnum ventilati on re
q t1 irenents ior batrlrOOrlS listed in ASHRA E Standard 
62,73 ' cannot be met. At the 0.75 air change ra te of 'he 
:es:~3. al l' suppiy Withou t exrlaus t fan '1tfas 4.'1 cfm, far below 
U-e 20 cfrn (per pe rson) minimu m requir ed and 30-50 efm 
rE:cornmended by the ASHRAE Standerd. Even at a "Ioo~ ;e" 
construc rion rale of 1.5 air changes per flour , the air supply 
WithOut exhausl ian st ili would amount to less than half Ihe 
sta~!dard's ,'nlr: ;rnUm It is wonhy of r,ote that the ASHRAE 
Standard does not cover vU::liation b'V openable window, 
but specl ;le '; "!osta;!eo' c2paclly for interm ittent use," 
wn ich means the con tro ll ed ai, flow provided by an exhaus t 
iar. it shOuld aiso be noted that once the mechanical ven
~ i 2 l: r:Q ian is i:i sta ;ied. the cost Of ope rat ion is negligible. 
"0' 8.>:.ar-181'2 . tic " 0 0 ,\ (-;1 required to operate a 100 cfm fan 
iCYre spcn d' '1g to 15.9 21r cha nges per hour for the '.est 
!'lcii ii!1 bal!:room) IS less Inan 100 watrs. Even if the fan re
GD ":C HX: ·,V3:1s . the cost of operating the fan fo r 40 
r;:r-,: ' ",s 8aC- day ior 0:'(; yea r ",, :tn electr ica l oowe r costing 
4: eer «:1,O':!2 tt :'. our 'Noula st il 18e less than one dollar. 
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Fig. 9 Amount of rnois ture tranS lnlfted through Si tuc/urai surface::; In .. ne lJen-:rocrn re /at ,' ve iO ir;at tor rhe cas e ot-no rnec f7anical 
I'en /flatlen vs. "me oe!wcen er-cl of :;ho't/e r and open!{)!7 of doer 

It is of interest to use the theoretical model to 
calculate the amount of moisture removed by a given air
stream such as that associated with the mechanical ventila
tion system. In order to do this we must first determine the 
average concentration 01 the mois ture during the time in ter
val of interest. The average concentration of mois ture be
tween t, and t2 is simply: 

(C:c..:::_~~(} __ -=_2C-'.~;~S,:=-. ~c:; _~, ) (8 -q I t I ~e -q2 t;) (:i) 

a(t~, - " ) 

The average ra te of moisture removed by the airstream with 
flow rate q , and density p during time t2 - t , is equal \0 
PQ ,Cave. where Cave is the average va lue of C dur ing time 
12 - t, . 

The value of (Ca -,,, - Co) may be used 10 calcu late the 
rate of transmission of moisture through a st ru c ture when 
the moisture content of the air in contact wi th tt-le ou tside 
surface of the wall is Co- Fig . 9 indicates the amounl 0\ 
water transmitted through the wall for various ventilation 
ra tes and various times betw,~e n the end o( a ten-minu te 
:,hower and the opening of the ba throom door rela tive to 
that for the case of no mechanical ventilation; the dotted 
line indicates what the ra tio would be if inf iltratiorl were 
(! Iiminated in Test 1 which served as the reference 

The data d isplayed in Fig. 2.3.5.7,8. and 9 indica te that 
Cl mechanical ventila t ion rate of eight air changes per hour 
provides reasonable control of the moisture con lent of 
t ,athroom air during and after a shower. 

A more detailed d iscus sion of the experimental pro--
9ram along with the tabu la ted data may be obtained from 
t'le Home Ventilating Inslltute 9 

CONCLUSIONS 

Exper imenta l data stlOw that wl l tl ou l rrCCr131ycai ven!ila-

GJ 

tion. trle minimum ventila tion requirements for bathrooms 
li sted in ASHR!\E Standard 62-73 ca n'lot be met. in order to 
c onlr')i excess mOisture build-up ;n Irie air, even a mech an
ical ventilation rate of five air changes per hour is to r 
supe rior to the case ')f no mechanica i ven tilat ion . Data sug
ges t tha t a mechanical -,enti lai lon ra te a t eight air challQ.o-s 
per hour provides reasonab le control of the moistu re con
tent a t bathroom a ll dUring and after a shower. A theoreti cal 
model, based upon a masS balance ot the moistu re assoc i
ated with the bathroom air . was found \0 Yield results in ex
celle nt agreement wilh the expe ri:'T1entai data. 
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