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Fig. 1 Schematic drawing of test facility.

Due to the adverse effects of excess moisture within
the indoor environment, experimental and theoretical
studies were conducted to determine the build-up and
remaoval rates of the moisture content of bathroom air
during and after shower use. Data clearly show that
without mechanical ventilation: (1) the minimum ven-
tilation requirements for bathroom listed in ASHRAE
Stendard 62-73 cannot be met, and (2) excess moisture
in the bathrcom air cannot be controlled adequately.
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ATHROOM ventilation helps remove moisture, excess
w0 heat, heaith-related gaseous and aerosol pollutants,
and malodors.

Of particular interest is (1) the deieterious effects of
condensation on materiais and (2) on heat flow. With
respect to the former, it should be ncted that “"Water is
either an essential or contributory factor in almost all cases
of building material breakdown resulting from chemical
changes such as the rusting of steel, physical changes
such as the spaliing of masonry by frost action, or bioiogica
processes such as the roiting of wood."'! With respect to
the effect of moisture on heat flow, "moisture—when pre-
senlin a material—is generally assumed to remain more or
less stationary and to increase conductivity largely by ad-
ding to the path available for heat flow." Sherwooed and
Peters® found that "'even where there is no evidence of high
moisture level within walls, moisture buildup in the wall and
ceiling insulation can reduce its effectiveness."”

Removing excess moisture and heat from the bath-
room with an exhaust fan is also a way (o save energy asso-
ciated with air conditioning.? In most cases, exhaust fans
require less energy than dehurnidifiers.

Bridoord, et al.® reviewed those instances (including
the use of sprays invoiving various propellants) where
halcgenated hydrocarbons in the indcoor air environment
may build up 1o concentrations of potential public health
concern,

These concerns will grow in future years as increasing
eiforts are being made to insulate buildings more efficiently
and to reduce infiliration and exfiltration as a means te con-
serve energy.

The need 1o remove malodors is of secondary concern
since they are automatically dissipated by any practical
ventilation process which adequately controls excess
moisture and temperature. However, typical nonventilating
processes which purportedly control malodors do not con-
trol temperature and moisture,
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NOMENCLATURE

2 =(qp + Q¢ + Qo F + kA + 8)/V, reciprocal characteristic F
time, minutes™1
A = total surface area within the bathroom upon which
moisture may condense, ft2 or m?
3

C = concentration ¢f moisture in bathroom air,

grains of moisture grams of moisture

; Q0
pound of dry air gramof dry air
. grains of moisture q
Cave =average value of C defined by Eq. (5), ———————————— 1
: ) pound of dry air
grams of moisture
e 92
gram of dry air
s ) S
“1 = concentration of moisture brought into the bathrcom by
rains of moisture Twal
way of mechanical ventilation, Ll wail-sat
pound of dry air ¢
grams of moisture
B e
gram of dry air
Cs  =concentration of moisture brought into the bathroom by
Lo ~grains of moisture
way of infiltration, ==~ ~— OFf
pound of dry air
grams of moisture
gram of dry air
3s = saturated concentration of air which is in equitibrium
. poundgs of moisture
with the waterdroplets, ——————
pound of dry air
grams of moisture
gramofdry air
4 =eifective concentration of moisture at the surfaces in

pounds of moisture

centact with the bathroom air,
pound of dry air

grams of moisture
T i e =

gram of dry air
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=(Cintet — Couitet)Cinlet is the factor which characterizes
the filter associated with a recirculating system. Cjp oy
and Cgey are the concentrations of moisture
associated with the air entering and leaving the recir-
culating filter systems, respectively.

= the average mass flux of moisture transported to the
sclid surfaces within the bathroom, #t3/(ft2 —min) or
cmi(cm?2 —min)

= the flow rate of air associated with infiltration, cfm or
litres per minute

= the flow rate of makeup air associated with mechanical
ventilation, cfm or litres per minute

= the flow rate of air associated with an internal recir-
culating system, cfm or litres per minute

= the effective flow rate of air which Is entrained within
the shower droplets, cfm or litres per minute

= effective saturation temperature of the wall

= time, minutes

Greek Symbols:

ggllav), dimensionless parameter
q4/(av), dimensionless parameter
kAl{av), dimensionless parameter
S/(avy, dimensionless parameter

~ o me
O

pounds grams

density of air,

o
t

ft3 cm3d

Conversion Factors "

1in. =254cm.
1t = (.2048 m.
1s8q. ft. =0.0928 sq.m.
1 cubic foot = 0.0283 cu.m. = 28.3 litres
1cfm = 28.3 litres per minute
1gal. (U.S. lig.) =378 litres
grain of moisture 4 grarns of moisture
pound of dry air 7000 gram of dry air
o0 = *F~382)

9
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Fig. 2 Dry bulb temperature vs. time for various mechanical
ventilation 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 gereral ap-
proach concerns the moisture build-up due to bathroom
shower usage.

The purpose of this work was two-told. First, the
moisture vs. time relationships for bathroom air during and
after conditions of shower were determined experimentally
as a function of the rate of ventilation. Second, a theoretical
model was deveioped to provide a perspective for inter-
pretation of the experimental results and to permit the
orediction of moisture content of bathroom air vs. time in
general.

EXPERIMENTAL FACILITY AND PRQCEDURE

The test facility, located at the Texas A & M University
Engineering Experiment Station, is shown in Fig. 1. The
Engineering Test Laboratory building consisted of a
bedroom 12 ft. by 15 ft. (3.66 m by 4.57 m) and a bathroom 7
ft. by 8 ft. (2.13 m by 2.44 m.) connected by a door 30
in. X 80 in. (76 cm. x 203 cm.) with a % in. (1.9 cm.) under-
cut [the area of the opening was 22.5 in.?(145 cm.?)]. The
ceiling height in both cases was 89 in. (226 cm.) above the
floor. The empty bathroom had a volume of 4155 cu. ft.
(11.76 cu. m.); deducting the volume of the fixtures, the ac-
tual volume of air within the bathroom was estimated to be
376.6 cu. ft. (10.66 cu. m.).

The facility was constructed following standard wood
frame methods. The exterior walls were sheathed with 2
in. (1.3 cm.) plywood and covered with 2 in. (1.3 cm.)
siding. Neither the exterior floor nor the exterior roof was
sheathed. The walls were insulated with fiberglass 3 in. (7.6
cm.) thick, the floor with fiberglass 5 2 in. (14 cm.} thick,
and the ceiling with fiberglass 6 in, (15.2 cm.) thick. The
walls { a gypsum dry-wall system) were covered with one
coat of an oil-based semi-gloss enamel.

The bathroom was equipped with a bathtub containing
a shower, a lavatory with an overhead mirror, and a toilet. A
shower curtain was installed across the bathtub. Standard
construction practices were followed during installation of
the fixtures.

The exhaust fan outlet was located in the ceiling and
equipped with a grille. The opening was ducted direcily to a
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standard air measuring chamber (tunnel) rather than to an
exhaust fan; this arrangement enabled accurate control
znd monitoring of the mechanical ventilation rate.

Vet and dry bulb measurements were obtained using
standard eguipment. Tracer gas experiments were con-
ducted (in a manner similar to those reported by Drivas, e
al.®yin order to determine accurately the sum of the rates of
infiltration plus mechanica! ventitetion. In these experi-
meants, carbon monoxide in concentrations under 100 ppm
was used as the tracer gas. The tracer gas concentration
was continuously measured and recorded by means of an
Ecolvzer system and a strip-chart recorder, The tracer tech-
nigue was particularly useiul in determining the overall ex-
change rate of air (ie., gq+q.) when the rate of
mechanical ventilation was not significantly greater than
the rate of infiltration. The tracer technigue also served as a
useful check on the operation of the standard air measuring
chamber,

THETHEORETICAL MODEL

A generalized theoretical medal is available which permits
accurate prediclions of | indoor gaseous poliutants.®
However, for this study sink and source terms had to be
specitied in order to treat water vapor, taking into account
condensation and re-evaporation froem surfaces.

Consider a well-mixed bathroom air having a volume V,
an infiltration rate q,, and a make-up air fiow rate g, (due to
mechanical ventilation), Within the bathroom, there may ex-
ist an internal recirculating system, such as a ductless fan,
involving a filter characterized by a factor F = (Ci e —
Couet)Criar. F 18 & function of the component to be filtered,
the flow rate g,, and of previous type and extent of ex-
posure. When the shcwer is on, it represents the major
source of moisture released into the air. The surfaces within
the bathroom will react as either sources or sinks, depen-
ding upon the exact moisture concentration of the air and
upon the moisture content associated with the surfaces,

The general transient expression of the mass balance
of moisture assoctated with the bathroom air is given by

dc

v i @,Cy + 4:Cy) = (9o + 94)C — q,FC

+ Sources — Sinks (1)

where C, represents the concentration of moisture brought
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Table 1
Values of the Parameters Used in the Theoretical Modet

Test
Parameter 22 17 9 13 15 Ave.
Air Change
20+ GyIIV, ~~—.;§;r > 0.75 4.9 5.2 85 15.3 -
&y + gy, oty : . 4.7 30.8 326 53.4 96.0 —

Grains of Moistur
£ =Gy e PO 59.5 60.2 58. 1 56.0 57.4 58.2
y Pound of Dry Air -

Gr ns of Moisture g
g, s 390 393 379 381 375 384
Pownd of Dry Air

Granm of Moist
¢ Ehower pn) S s SO 140 160 180 160 140 156
Pound of Dry Air

o Grains of Momtu .
€ iShowet otf) —r———mrme— 190 180 180 140 140 166
Pound of Dry A!r

T pnisa (Shower on) °F 76.8 81.7 84.2 81.7 76.8 80.2

T a0 sat (3hower off) °F 85.8 84.2 84.2 76.8 76.8 81.6
xAcim 30 30 30 30 30 30
S(showeronjcfm 45 45 45 45 45 45

3 iShower off) cfm s, 0 o 0 0 0 0

F 0 0 0 o} 0 0

=10 the room by way of infiltration, C, represents the con- The main thrust of the model development reduces to
czntration of moisiure brought into the room by way of finding reasonably accurate representations of the source
—schanical ventilation, and t represents time. The left-hand and sirk terms in Eq. (1). The simplest reasonable represen-
g ¢t Eq. 1 represents the rate of accumulation of tations of the source and sink terms lead to the expressicn:

wee within the bathroom air; the terms on the right
csent either Inputs (due to air-flows and internal de

s2srces) or outputs (due to air-flows and internal sinks). v at

C=0,att=0 2) +kA(C,, = O) + S(C, - C) @)

=q,Cq +0;Cy = (ay + ;) C-q,FC

(&)

4
iy

4

where KA represents the average mass flux of moisture
transport associated with the solid surfaces within the
bathroom, A represents the surface area of the solid sur-
faces, C, represaents the effective concentration of
7 moisture at the surface of the wall in contact with the
bathroom air, S represents the eifective flow rate of air
which is entrained within the shower droplets, and Cq
represents the saturated concentrdtion of air which is in
equilibrium with the water droplets.

- Since most of the surface area is relatively porousii.e.,
enamel-covered gypsum dry-well system), it is reasonable
1o expect that k (and thus the product of kA) will be relatively
75 . independent of air movement within the room; in cther
] words, it is reasonable to expect that diffusion of moisture
2 e within the wall will be the rate-determining (slow) step in-
2 volved with moisture transport to and from the walls. Based
£

PURALE AT LI
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)
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@
{vla)_ut 45 O

=377 e ~ upon the work of Hales. etal’, itis reasonable to anticipate
V=377 Fi2 (Excluding tnat k might have a value between 0.1 and 1.0 ft/min (3.05
and 30.5 cmimin). Since the wall temperature varied from
. S A one test to the next, it is reasonable to expect that C,, might
9 0 H 2 also vary somewnat. Since the driving potential (C = )
i may be boin positive and negative, the walls may act as a
ture vs  pme  for various net source of moisture at some times and as a sink of

moisture at other times. .
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The quantity S represents the flow rate of air which is
intimately mixed with the vast number of shower droplets
(i.e., the flow rate of air which comes into intimate contact
wnh the air-water interface). It is reasonable to expect that
S will be a strong function (possibly directly proportional) to
the water flow rate issuing from the shower and exit water
temperature. It is also expected that S will be a function of
shower-head design (i.e., more or less spray). In the test
results reported herein, the shower flow rate and shower-
head design were dept constant. The water from the shower
had a tlow rate of about 3 gails. (11.3 litres) per minute and
an initial inlet temperature of 107.8°C + 0.8F°
(42.1°C = 0.44°C). Since the flow rate of air entrained within
the shower is probably driven primarily by the flow of waler
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 controlied than
were the exact conditions of the walls, it is expected that C,
will vary less between tests than C,,.

The solution to Eqg. (3)is

G alliy + B8, + 00, + 10

+(C, = aCy = fiC; ~ 6C,, — yCgle2! (4)

where

a=(qg+q, +q,F +kA+ SV

a=q, (aV)

B =q,/(aVv)

d = kA/(aV)

y = S/av)
RESULTS

The value and purpose of the thearetical 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 bathrooms and
conditions other than those experimentaily determined
within this study.

With respect to the first point, the theoretical mode!
provides a means of determining how sensitive the humidity
is to each of the influencing parameters. It should be noted
that the mechanical ventilation rate qq is the parameter
which most easily can be used to control the moisture level
and temperature and, in so doing, also removes poliutants
and malodors. Other parameters such as § (the value of
which is reflecied by the design of the shower stall and the
shower nozzle) and C,, (the value of which is determined by
the gshower water temperature) can also be used to some
extent to control the moisture content and temperature of

58

the bathroom air. Other influencing parameters such as ths
infiltration rate. a., and the moisture content with which the
wails are in equilibrium. C,., are difficult to control.

The dbt and the wbt as functions of time are shown in
Fig. 2 and 3, respectivaly. As indicated, the dot and wbt rise
sharply after about one minute following the start of the
shower. The one-minute delay is due to the time required for
the shower waler to reach the desired temperature. Initially,
the water which reaches the showerhead is cooled in tran-
sit by the relatively cool pipe; however, after the pipe be-
comes hezaled by hot water, the exit water temperature at
the shower remains relatively constant (Fig. 4). Due to the
strong depencence of the humidity ratio at saturation upon
temperature, much effort was aimed at maintaining a con-
stant shower water tempgerature throughout the series of
sxperiments

Fig. 5 shows the relative humidity as a function of time.
It should be noted that in the case of no mechanical ventila-
tion. the refative humidity remains at or about 98% for 20
minutes after the shower is {urmed off, which is in sharp
contrast 10 the iowest mechanical ventitation rate (e, 4.9
air exchanges per hour). The infiltraticn rate without
rmechanical ventilation was found to be 0.75 air changes
per hour. (Infiltration rates for homes in general range be-
tween abcut 0.5 10 about 1 air change per hour, according
to current building praciices.) Without mechanicai ventila-
tion 3o little moisture is removed through infiliration that,
following shower, the moisture in the air remains in equili-
brium with the moisture which has condensed on the sur-
faces of the building. Cooling of the warm, moist zir is done
primarily through heat transfer from the air 1o the bathroom
surfaces; this cooling forces the air to release moisture (as
indicated by the absolute humidity ratio shown in Fig. 7),
primarily through condensation on surfaces throughcut the
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athroom. At five air changes per hour, the primary mech-
zmem by which the bathroom is cooled and by which ex-
moisture s removed is thraugh mechanical ventila-
. and the rate of moisture transfer to surfaces through-
the bathroom is greatly reduced. (At a rate of five air
eg par hour, following the shower the relative humici-
» drops quickly enough to actually aid substantially in dry-
“_: ihe surfaces throughout the bathroom.)

Fig, G shows the trace data from which the total ex-
rg ate of air was determined accurately for each test;
total cxch; nge rate was determined from the slope of
astraight line on the semi-log plot.

Ag indicated in Fig. 7, it was possible to find
nable values of each of the parameters which permit-
cellent agreernent between theory and experiment,
iues of the parameters are listed in Table 1.

-,

It should be noted that the values of kA, C, and S are
; ';e constant from one experiment to the next, Estimating
2 value of A to be about 43.4 1.2 (4.03 m.2) leads to a
ziee of k=07 fYmin (0.36 cm/second), which is in the
=ange of values expected from previous work.® It is
g able to use this value of k for any surtace which has
sical properties similar to those used in the test facility
in this study.
ihe values of C, ranged from 140 to 180 and cor-
zzpend o changes m the wall temperature from 76.8°F to
- 4°F (24,9°C to 28.0°C). The value of S was found to be
2.ie constant at about 45 cfm or about 3% ft/sec (21
‘'sec), which also seems quite reasonable.
For convenience, the average values of the parame-
are also listed in Table 1. When no other data are
“fable, itis recommended that the average values of the
meters (listed in Table 1) be usedin the model {(Eq. 4) to
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predict 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 ratio predicted 1o
occur at the end of a 10-minute shower, as a function of the
rate of mechanical ventilation. The lower curve represen's
the absolute hurnidity ratio predicted to occur at the end of
10 minuies glter the end of a 10-minute shower, as a func-
tion of the rate af mechanical ventilation. As indicated, the
agreement between theory and experiment is excellent.
Test 22 was conducted with no mechanical ventilation;
the only exchange cf air with the outside was due to infiltra-
tion. The infiltration rate, measured by means of the tracer
technique, was found to be 0.75 air changes per hour. This
case also corresponds to that for an internal recirculating
ductiess fan which does not remove moisture from the air,
Tests 9,13, and 15 were conducied with mechanical
ventilation rates 5.2, 8.5, and 15.3 air changes per hour,
respectively. Test 17 was conducted to determine tie
reprcducibility of the experimental data; the mechanical
ventitation rate for Test 17 was 4 9 air changes per hour. As
stown in Fig. 2,3,5 and 7, the agreement between Test 9
and Test 17 is excallent.
it should be noted that these tests clearly show that
without fnb:namcz.’ ventiiation, the minimum ventilation re-
cuirements for bathrooms listed in ASHRAE Standard
82-73° cannot be met. At the (.75 air change rate of the
tests. alr supply without exhaust fan was 4.7 cfm, far below
tre 20 cim (per pareon) minimum raguired and 30-50 ctm
recommended by the ASHRAE Standard. Even at a "'loose™
construction rate of 1.5 air changes per hour, the air supply
withou! exhaust fan stili would amount to less than half the
ndard's mirimum. [t is worthy of note that the ASHRAE
ndard does not cover venitation by operable window,
5 vipstaited capacity for intermittent use,’’
eans tne controlled air flow provided by an exhaust
It shoulg aiso be noted that once the mechanical ven-
rnc fan is instailed. the cost of operation is negligible.
wle, the power reguired 10 opearate a 100 cfm fan
”sp;r?d g o 15.9 air changes per hour for the ‘est
i is 'ess than 100 watts. Even if the fan re-
the cost of operating the fan for 40
g day fcr orne year with electrical power costing
nowatt hour woula still be less than one dollar.
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It is of interest to use the theoretical model to
calculate the amount of maisture removed by a given air-
stream such as that associated with the mechanical ventila-
tion system. in order {0 do this we must first determine the
average concentration of the moisture during the time inter-
val of interest. The average concentration of moisture be-
tween t, andt, is simply:

S
ave bty

(€, = aCq -

S '2Cdt = oCy + BC, + 4C,, + yC, +

BC, - 6C,, = 1C,) (C ity epqzt?) s

The average rate of moisture removed by the airstream with
flow rate g, and density p during time t, — t, is egual to
pa;C,... where C,,. is the average value of C during time
t2 — t] 5

The value of (C,,. — C,) may be used to calculate the
rate of transmission of moisture through a structure when
the moisture content of the air in contact with the cutside
surface of the wall is C,. Fig. 9 indicates the amount of
water transmitted through the wall for various ventilation
rates and various times between the end of a ten-minute
shower and the opening of the bathroom deoor relative to
that for the case of no mechanical ventilation; the dotted
line indicates what the ratio would be it infiltration were
eliminated in Test 1 which served as the reference

The data displayed in Fig. 2,3.5.7.8. and 9 indicate that
& mechanical ventilation rate of eight air changes per hour
provides reasonable control of the moisture content of
bathroom air during and after a shower.

A more detailed discussion of the experimental pro-
gram along with the tabulated data may be obtained from
tne Home Ventilating institute ®

CONCLUSIONS

Experimental data show that without mechancal ventila-
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MINUTES

surfaces in

ine bathrocm relative 1o that for the case of r:o mechanical

tion, the minimum ventilation requirements for bathrooms
listed in ASHRAE Standard 62-73 cannot be met. In order to
controi excess moisture bulid-up in the air, even a mechan-
ical ventifation rate of five air changes per hour is far
superior to the case of no mechanical ventilation. Data sug-
gest that a mechanical ventilation rate of eight air changs=s
per hour provides reasonable control of the moisture con-
tent of bathroom air during and after a shower. A theoretical
maodel, based upon a mass balance of the moisture associ-
ated with the bathroom air, was found 10 vield resulls in ex-
cellent agreement with the experimental data.
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