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Analytical Formulas

for Calculating Water Evaporation from Pools
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ABSTRACT

The calculation of water evaporation in pools (e. g.. SWim-
ming pools) is needed for design and analysis. Numerous
empirical equations for calculating water evaporation in
undisturbed pools have been proposed and found inaccurate.
Shah (1981, 1990, 2002) derived a formula using the analogy
between heat and mass transfer that was shown to agree with

almost all available data and is widely accepted. However, the .

complete derivation of this formula was unavailable until now,
as only parts were presented in eqrlier papers. The complete
derivation is given heve. Results of comparisons with available

-test data for these and other published formulas for both
disturbed and undisturbed pools are also given.

INTRODUCTION

The calculation of water evaporation in undisturbed pools

into quiet air (i.e., air without forced flow) is required for many )

applications, including unoccupied indoor swimming pools,
indoor water reservoirs, pools containing spent nuclear fuel,
processing tanks, and water spills. Numerous empirical corre-
lations have been presented, of which the best known is
Carrier’s correlation (1918). None of these has been found-
accurate when applied to data other than that on which they are
based. The 2003 ASHRAE Handbook—HVAC Applications
(ASHRAE 2003) provides multiplication factors of values
ranging from 0.5 to over 1.5 that can be applied to the Carrier
correlation for pools in active use; no recommendations are
made for unoccupied pools.

Shah (1981) presented a formula for caleulating the evap-
oration of water in an undisturbed pool into quiet air that is
derived from direct application of the analogy between heat
and mass transfer. This formula underwent several modifica-

tions, presented in subsequent publications (Shah 1990, 1992,
2002}, that resulted in a conveniently usable design equation.

It was demonstrated that this formula shows good agreement

with almost all available test data, while the empirical corre-

lations show large discrepancies with all data except those on
which they are based (Shah 2002).

Shah’s formula is widely used in design calculations and
energy analyses; however, its basis is not fully clear to most
users, as only parts of the derivation of the final design equa-
tion are given in each of these publications. The primary
purpose of this paper is to present the complete derivation in
one place to make its bases comprehensible to all users.

Shah also presented an analytical formula and empirical
correlation for evaporation in disturbed (i.¢. occupied) pools in
a 2003 publication (Shah 2003). As its derivation is fully
described there, only the formula is given here. _

Results of comparisons with test data for these and other
published formulas were reported in earlicr publications but
are also given here so the reader can judge the reliability of
these and other correlations without reference to earlier
papers. Graphical representation of the results of data analyses
are also provided.

FORMULA FOR UNDISTURBED WATER POOLS

Physical Phenomena

Consider first the case when room air dry bulb temper-
ature is the same as the water surface temperature. Air in
contact with the water surface becomes saturated with mois-
ture and, thus, becomes lighter. The lighter air carrying mois-
ture from the pool surface moves upwards, due to buoyancy,
and the drier, heavier room air moves down to take its place.
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Thus, natural convection currents are set up. If the room air
dry bulb temperature is lower than the water temperature, air
in contact with water gains heat and becomes saturated at the
water temperature and thus become lighter. The density
difference is even greater than in the previous case, and the
natural convection currents are stronger. If the room air dry
builb temperature is higher than the water surface tempera-
ture, air at the interface loses heat and becomes saturated at
the water surface temperature. The density difference in this
case is lower than in the first case and natural convection
currents are weaker.

Derivation of the Formula

The formula is derived using the analogy between heat
and mass transfer, considering the water surface to be a hori-
zontal plate with fthe heated face upward.

. Therate of evaporation is given by the following relation
{Eckert and Drake 1972):

EO = kMpw{Ww_Wr) . (1)

) The air density, p, is evaluated at the water surface
temperature, as recommended by Kusuda (1965).
Heat transfer during turbulent natural convection to a
heated piate facing upward is given by the following relation
(McAdams 1954):

Nu = 0.14(GrPr)1/3 2)

Using the analogy between heat and' mass transfer, the
corresponding mass transfer relation is

Sh = 0.14(GrSc)!/3. (3)
Gry; is defined as follows (Eckert and Drake 1972):

vg(W,,— W, )1L3p?

Gry = B P @
. TR :
where
v —-(a-% o G)

Equation 5 may be approximately written as -

Pr— Py
= —0—F_ 6
pW,~ W) ©
Combining Equations 4 and 6 gives the following:
— I3
GI’M - g(pr Pw)_ P . (7)

p? _
Using Equation 7 and the definitions of Sh and Sc,
Equation 3 becomes

bk . - [3-1/3
M- 0_14[%]

5)

- ®

Combining Equations 1 and 8 gives the following:
ED = 0-1481/3D2/3lf1/39w(9,-— pw)I/S(WW - Wr) (9)

The value of D?/3u-1/3 does not vary much over the
temperature range of interest. Inserting a mean value, Equa-
tion 9 becomes:

EQ = pr(pr_ pw)'lls(Ww_ WJ) (10)

where
C = 358I

It is noteworthy that Equations 9 and 10 have been derived
from theory without any empirical adjustments.

Compared with experimental data, Equatxon 10 generally
underpredicted when p,— P, <8.02 kg/m> on average by
about 15% (Shah 2002). This is because, at such small density
differences, the natural convection currents are weak. The
éffects of sideways air movement and stray air currents are
significant and enhance the heat transfer beyond that due to
natural convection. The values of C for low density difference,
therefore, increase by 15%. The values of C become, in SI
units,

C = 35 for (p,—p,,} > 0.02
C = 40 for (p,.—p,,) £0.02

and, in I-P units (£ in 1b/f%-h, p in 1b/8),

C = 290 for (p,—p,,) > 0.00125
C = 333 for (p,—p,,) £0.00125 "

The values of p and W needed for Equation 10 are easily
obtained from psychrometric charts and equations given in
books such as 2005 ASHRAE Handbook—Fundamentals
(ASHRAE 2005).

ANALYTICAL FORMULA
FOR OCCUPIED SWIMMING POOLS

Evaporation in occupied pools is known to be higher than
in unoccupied pools. Shah atiributed this increase to the
increase in contact area between air and water due to waves on
water surface, exposed wet bodies of oceupants, wet deck, and
splashing (2003). By analyzing these phenomena, he devel-
oped the following formula for evaporation rate £:

E/Ey = 33F,+1 for F,<0.1 (11a)
E/Ey = 13F,+12 for 0.1<F, <1 (1ib)
’ E/Ey =125 for F,, 2 1 : (11c)

F, is the pool utilization factor defined as the ratio of
-actual pool occupancy to the pool area per person at full occu-
pancy Thus,
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AN
| F, = Lo (12)

max

A ey 18 the pool area per occupant at maximum occu-

pancy. A figure of 4.5 m? was used per German standards

- (Biasin and Krumme 1974), 4 poot is the area of the pool, and
Nis the number of pool occupants.

VARIOUS PUBLISHED CORRELATIONS

Numerous empirical correlations have been presented.
The most widely known is Carrier’s correlation (1918):

0.089 +0.0782 -
E = ( - : u)(pw P (13)
e

This formula was based on tests performed on a pool on
which air was blown. No tests were performed without forced
airflow. The formula has been widely used for calculating
evaporation in unoccupied pools without forced airflow by
inputting # = 0 in the formula. Many engineering books
recommended such use. Earlier ASHRAE handbooks (for
example /982 ASHRAE Handbook—Applications [ASHRAE

1982]) also recommended such. use. The 2007 ASHRAE..

Handbook—HVAC Applications (ASHRAE 2007} recom-
mends this equation for occupied public swimming pools with
normal activity and recommends correction factors (called
activity factors) for other pools ranging from 0.5 for residen-
tial pools to 1.5 or greater for wave pools. These correction
factors are for occupied pools; no guidance is provided for
unoccupied pools.

Many empirical formulas for evaporation in undisturbed
pools into quict air have been published. Some of them are
listed in Table 1. All of them are based only on the authors’
own test data. :

For occupied pools, Shah (2003) gave the following

empirical formula by curve fitting to available test data for

F,z01:

E = 0.113-0.000079/F, + 0.000059(p, ~p. ) (14a)

For F, <0.1, linear interpolation may be made between Eqy
from Equation 10 and £ at F, = 0.1 from Equation 14a.

Equation [4a is in SI units, given in the nomenclature at
the end of this paper. In I-P units, it becomes:

E = 0.023-0.0000162/F, +0.041(p,, - 7)) (14b)

_ Eisin Ib/At>h, and p is in inches of mercury. Note that in
calculating F, with Equation 12, 4, is 48.4 ¢ and A, is
in square feet.

Biasin and Krumme (1974) and Smith etal. (1999) have
given empirical cotrelations based on their own measurements ;

of evaporation from occupied swimming pooels.

COMPARISON OF DATA WITH CORRELATIONS

Shah (2002, 2003) collected all available data for undis- -

turbed pools, as well as from occupied swimming pools, and
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compared them to his own formulas and the other formulas
mentioned earlier. The range of data analyzed for undisturbed
pools and occupied swimming pools is given in Tables 2 and
4, respectively, The results of the comparison are summarized
in Tables 3 and 5, respectively. Deviation § of a data point is
defined as:

8 = (prediction — measurement)/ measurement

Mean absolute deviations are based on the absolute values
of §; average deviations are based on the actual values of § .

DISCUSSION OF RESULTS OF COMPARISON

Undisturbed Water Pools

As seen in Table 3, the Shah formula gives best overall
agreement with data with a mean deviation of 20.6%. The next
best agreement is with the Boelter et al. (1946) equation

~(Equation 18), which has a mean deviation of 25,8%, The

mean deviations of other correlations range from high to very
high. The data include sizes from small laboratory vessels to
large public swimming pools (0.073 to 425 m? surface arca)
and a wide range of water and air temperatures and humidities. -
All but one data set are in good agreement with the Shah
formula. This gives confidence in its reliability.

~ The widely used Carrier correlation has 2 mean absolute
deviation of 136% and an average deviation of +132%. Thus,
almost all data are overpredicted. The mean absolute devia-
tions of data sets vary from 28% to 210%. Therefore, it cannot
be corrected by a simple multiplying factor as was attempted by
Smith et al. (1993). The failure of this correlation and others of
this type listed in Table 1 shows that factors other than vapor
pressure difference are involved in determining evaporation
rates. It should be emphasized that the 2003 ASHRAE Hand-
book (ASHRAE 2003) does not say that this formula can be
used for evaporation in unoccupied swinmming pools.

Figure 1 shows the comparison of the formulas of Shah
and Carrier with some data from a small vessel. The Shah
formula shows good agreement with almost all data; whereas,
on the other hand, deviations of the Carrier formula are large.
It is seen that the deviations of the Carrier formula increase
with decreasing valuc of the air density difference (p,—p,, ).
This indicates this factor is needed for correlating evaporation;

. satisfactory predictions are not possible using the vapor pres-
- sure difference alone, as in the Carrier formula and most of the -
formaulas listed in Table 1.

Figure 2 shows the comparison of the Carrier and Shah
formulas with data from unoccupied large swimming pools. The
results are similar to those for the small vessel shown in Figure 1.

There were a few data points in which p,—p,, was nega-
tive, This situation is similar to a heated plate facing down-
ward and, hence, Equation 10 is not applicable. The analogy
could be vsed to develop a similar formula for this case.
However, this effort was not considered worthwhile, as there
were very few data points for this situation. Instead, Equation
10 was applied using the absolute value of the density differ-



Table 1.

Various Empirical Correlations for Undisturbed Water Pools

Equati
Author " Correlation Nqua ton
umber
0.76(0.089 + 0.0782)(p,, - p,)
Smith et al. (1993) E= - ' 15
7z : -
Biasin and Krumme (1974) E = -0.059+0.000079%(p,, —p,) _ 16
Rohwer (1931) E = 0.08(z,,— 1.+ 3, —p,) _ 17
for Ax < 0.008, E = 5.71Ax 18a
Boelter ot al. (1946) for 0.008 < Ax <0.016, E = 488(— 0.024 + 4.05795A%) 18b
for Ax>0.016,  E = 382(Ax)125 18¢
Tang et al. (1993)  E= 35(Ax)1237 19
Boelter et al. (1946) E = 0.0000162(p,, - p, ) 20
Himus and Hinchley (1924) E = 0.0000258(p,, —p, )2 Co21
Leven (1969) E = 0.00000945(p,, — p, )13 _ 22
Box (1876) 'E = 0.0000778(p,,—p,) | ' 23
Table 2. Summary of Test Data for Evaporation from Undisturbed Water Pools
Pool Aré Water Air Air _ . Evaporation
Researcher Y% Temperature, Temperature, Humidity, Pu =Py, Or pg,, Rate, Notes
m oC oC % Pa  kgm'  gomlh
Bohlen (1972) 32 250 770 60 1029 0.0043 0.052 ]
' 240 187 64 1272 0.022 0.082
Boeler et al. (1946) 0073 94.2 24.7 08 80,156  1.0025 a107. 2
7.1 6.1 69 247 0.0049 0.010 :
Rohwer (1931) 0.837 165 172 78 638 0.0080 0.040 2
- 139 210 —0.0049 0.018
Sharpley and Boelter {1938) 0.073 334 217 53 3786 0.088 0.402 2
- : 243 243 40 1010 0.0007 0.030
Biasin and Krumme (1974)  62.2 30.1 34.6 68 2128 0.030 0.154 L
. 54 1422 00070 £ 0.070
| Sprenger (-c. 1968) - 200 285 31.0 55 1467 0.0076 0.235 1
Tang et al. (1997) - 1.13 25.0 20.0 50 2001 0.0433 0.168 2
‘Reeker (1978) Note 3 230 25.5 71 493 ~0.004 0.035 i
. _ U 217 51 1127 0.0150 L0090
Sraith et al. (1993) 404 283 278 73 1990 00554 0.246 L
Doering (1979) 25 250 275 28 2142 0.0153 0175 1
Al Sources 0.073 71 6l 28 210 ~0.004 0.010 ‘
450 94,2 34.6 98 80,156 +1.002 21.073

Notes: (1) Field tests (2) laboratory tests (3) private pool (size not given) -

ence. The agreement with data was satisfactory, but this does
not establish a general applicability of this methodology, and
it is therefore not recommended.

Occupied Pools

As seen in Table 5, Shah’s empirical correlation (Equa-
tion 14a) gives by far the best agreement with data, as most of

|

4

the data points are within £20%. Shah’s analytical correlation
{Equation 11) performs better than other published correla-
tions considering all data. However for F, >0.22, the Carrier
correlation {recommended by 2007 ASHRAE Hand-

book—HVAC Applications [2007]) performs somewhat better ~

than the analytical correlation. The correlation of Smith et al.
(1999) agrees well with their own data but performs poorly

- " 81-08-062
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Table 4.

Range of Published Data on Measurement of Evaporation from Active Swimming Pools

Air . Water Maximum
Researcher Podl Azrea, Temperatures, A“;/RH’ Temperature, P =P, O p's"’ F, Number
m C ° C Pa kg/m of Persons
. 275 33 1527 0.0024 0.11
Doering 425 20.0 41 250 1921 0.0123 0.75 71
. 26.0 46 26.0 1067 0.0013 0.07
Biasin and Krumme 64 317 72 30.0 2069 0.218 0.65 8
Heimann and Rink 200 31.0 g;‘ 28.5 1422 0.007 ?‘jz 65
L 26.7 1454 0.0069 0.05
Smith et al. (1999) 1209 294 50 . 171 00147 0.64 180
64 27.0 33 25.0 1067 0.0013 0.05 8
All Data 1209 31.7 72 30.0 2069 © 0218 1.46 180

Table 5. Results of Comparison of Test Data for Occupied Swimming Pools with Various Correlations from

Shah (2003)
Percent Deviation from Correlation of
Mean
Data of Number of Data -Admsbaie Average
Points Analyzed
Biasin and Carrier : . .
a - 9 E
Smith Krumme (ASHRAE Handbaok) Shah Analytical Shah mpirical
. 423 34.0 52.0 267 229
Biasin and Krumme 18 +413 +363 +57.9 +02 4162
. . 358 341 134 15.9 160
Heimann and Rink 4 +35.8 +34.1 57 159 -105
Doering 5 218 19.2 16.4 345 6.1
+21.2 +2.8 +14.0 -28.4 -1l
. 6.7 294 30.8 257 9.7
Smith etal. (1999) 12 32 +72 +27.8 +25.8 23
28.0 30.7 36.9 263 16.2
All Data 39, +26.4 +22.8 +36.4 +2.5 470
400
Byl X
500 : -
300
aoe | D . 250 ®
. .
g b0, s | Bawp
i I & 150 Xy
3 s X
g w0 | A & & g w0} o
z ; & ¥ 30%
E yoo | £ A A L S s © X & /?(+ X x
+20% BA > 5
- A + N 4 0 ¢ o e <&
LN LS =+ : 50 5
" 4= N _20%—"—“%% 5 ”30%/
-100 . e : ‘ . -100 - ; s . .
0 T o0gez 0.004 £.006 0.088 0.01 0012 ] 0.0t 0.62 0.03 0.04 . 0.85 0.08
Air Density Differenca, kgim?

Figure 1 Comparison of the Shah and Carrier formulas
with the Rofiwer data for evaporation in a vessel

area of 0.84 m’.

Air Density Difference, kgim®
Figare 2 Data for unoccupied swimming pools (area of 32

to 425 m?) compared with the Shah and Carvier
formulas. ' o
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against other data sets. The correlation of Biasin and Krumme
(1974) performed poorly against all data, including their own.
As seen in Table 5, the analytical correlation predicts on
the average 26% higher than the data of Smith et al. (1999).
In this study, evaporation was determined from the heat
added to pool water and, hence, did not include the evapora-
tion from the bodies of the occupants or the evaporation from
the wet deck and is, therefore, somewhat low. Thus, the over-
production by this correlation is in line with expectations.
While the deviations of the analytical correlation from the
available data are higher than those of the new empirical corre-
Iation, it is encouraging that this rational approach shows
reasonable agreement. Empirical correlations can be very inac-
curate outside the range of data on which they are based.
Hengce, for air and water conditions outside the range of data in
Table 4, the analytical correlation is likely to be more reliable.
Figures 3, 4, and 5 show the comparison of data with the
method recommended by ASHRAE Handbook, Shah’s
empirical formula (Equation 14a), and Shah’s analytical
- formula (Equation 11). Deviations are higher at lower occu-
pancies for all three methods, The likely explanation is that the
statistical variation between activity levels of a few people is
likely to be much more than that of many people. Thus, a
single occupant may swim vigorously or sit at the edge of pool.
The activity level for many occupants is likely to average out.

Effect of Air Density Difference

As stated earlier, there were a few data points in which
p,—p,, Was negative. This situation is similar to a heated plate
facing downward, while Equation 10 was derived on the basis
_ of similarity with a heated plate facing upwards. The analogy
could be used to develop a similar formula for this case.
However, this effort was not considered worthwhile, as there
were very few data points for this situation. Instead, Equation

)
& Smith
(1 Biasin
= 2 Doering
,?_» X Heimann
WS F—
[ 1
X SN ‘“X -------
0
B 05 1 15

Mization Factor
Figure 4 - Comparison of data from several sources for

occupied pools with Shah's empirvical formula
(Equation 14) (Shah.2003).
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10 was applied using the absolute value of the density differ-
ence. The agreement with data was satisfactory; however, this
does not establish its general applicability of this methodology
and it is, therefore, not recommended. The author’s formulas
are recommended only when the density difference is positive,
The lowest positive air density difference sat_isfaé’torily corre-
lated was 0.0043 kg/m>. This is the minimum density differ-
ence for which the author’s formulas are recommended.

Effect of Air Velocity

The occupied pool data analyzed here were obtained
through tests on pubiic swimming pools with fypical air-
conditioning systems. The data for unoccupied pools
included four public swimming pools. While the actoal air
velocity at the pool surface has not been reported, the 2007
ASHRAE Handbook (2007) states that it should not exceed 9
m/min. Downward discharge grilles are usually selected to
give 15 m/min. velocity at floor level. While it is possible that

180 1M & Smith
= :22 i o O Biasin
: o IO % A Doering
E— s0 1L X Heimann
Bl a4 —
-39 A - Bl ?S:,..m...?é.____?_(_ _________
-G0
a 131 1 1.8 2

Utifization Factor

Figure 3 Comparison of data for occupied public
swimming pools with the method recommended by
ASHRAE Handbook (ie., the Carrier formula
fEquation 13]) (Shah 2003).

© 70

50 . <><> Qsmﬁb.
. . {1Biasin .
5 * %‘B"_-h'_'_"%'ﬁ' """"""""" A Doering
g o= % O ) X Heimann
§. -10 & ' N EIE] % X x
S 2 - ] S
0f & AN .
-0
0 0.5 4 15

Whilizgtion Fattor

Figure 5 Comparisbn of data for occupied pools with
Shah’s analytical correlation (Equation 11)
(Shah 2003). :



the actual air velocity during tests may have been higher, the
author’s formulas are recommended only for velocities (hori-
zontal or vertical) of 9 m/min. or less.

Himus and Hinchley (1924) performed tests in quiet air
and with air flowing paralle] to the water surface and gave
formulas for both situations. Their formula for forced airflow
is similarto the Carrier formula. Extrapolation of their forced-
flow formula to zero velocity resulted in up to 300% overpre-
diction of their quiet air data. They concluded that formulas for
forced airflow cannot be extrapolated to quiet air. Lurie and
Michailoff (1936) reached the same conclusion. Shah does not
favor use of such correction factors. Complex treatments of
mixed convection situations have been pubhshed but the
author has not evaluated them. .

Shah recommends his formulas for disturbed and undis-
turbed water pools be used only when velocity at water
surface does not exceed 9 m/min. These formulas are not

recommended for systems with high horizontal or vertical

velocities, such as in push-pull systems or jets blowing over
the water surface. '

SUMMARY AND CONCLUSION

1. The complete derivation of the author’s analytical
formula for evaporation in undisturbed water pools is
given. Previous publications gave only parts of the deri-

~ vation and, hence, its theoretical bases were unclear to
users. Engineers will now be able to use the derivation
with more understanding and confidence.

2. The author’s analytical and empirical formulas for occu-

© pied swimming pools, in addition to other pubhshed
correlations, are also given.

3. The results of comparison of the author’s and other
published formulas with available test data for undis-
turbed pools and occupied swimming pools are given
and discussed.

4.  The results of comparisons with test data show that, for
undisturbed pools, the author’s analytical formula is the
most reliable among the numerous published correla-
tions. For occupied swimming pools, the methodology of
the 2007 ASHR AE Handbook (2007) works fairly well,

- but the author’s empirical and analytical formulas
perferm better and may, therefore, be preferable,

5. The author’s formulas are recommended only for air
velocities at water surface not exceeding 9 m/min, and air
density difference p,—p,, not less than +0.0043 kg/m®.

NOMENCLATURE

The Sl units given below apply for all equations in this
* paper except where specifically noted otherwise.

coefficient of molecular diffusivity, m¥h

E rate of evaporation from occupied pools, kg/mZh
E, = nrateofevaporation from un-occupied pools, kg/m?h
F, = poolutilization factor, defined by Equation 12

8 -

Gry = Grashof number for heat transfet, dimensionless
Gry = Grashof number for mass transfer, dimensionless
g = acceleration due to gravity, m/h’
i = latent heat of vaporization of water, kl/kg
hy = mass transfer coefficient, m/h _
L = characteristic length of water pool, m
Nu = Nusselt number, dimensionless
Pr = Prandtl number, dimensionless
r = partial pressure of water vapor in ait, Pa
Se¢ = Schmidt number = W/ph, dimensiontess
Sh = Sherwood number, = A;,L/D, dimensionless
u = air velocity, m/s
W = specific humidity of air, kg of moisture/kg of air
x concentration of water in air, kg/m®
p dynamic viscosity of air, kg/m'h
P = density of air, mass of dry air per unit volume of
~ moistair, kg/m’ (This is the density in psychrometnc
charts and tables.)
Ap = p.-py
Ax = Xx,—X,
Subscripts
w = saturated at water surface temperature
¥ = at room temperature and humidity '
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