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U
sing effective tower design utilized in the dehumidification of air has potential applications in many
fields,e.g., air-conditioning, crop-drying, meat, and fish drying, to reduce energy consumption. One of
the most important parameters for packed tower design is the correct calculation of the Lewis Correla-

tion. In this study, the Lewis Correlation method is summarized, and the agreements and disagreements are
discussed. The Lewis Correlation method is modified for packed tower applications. This modification is
based on the assumption that the water layer is thick and therefore the change in the interfacial temperature
with tube length varies. The resulting equations are applied to water and liquid desiccants.
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1 Introduction
Using effective tower design utilized in dehumidification of air has potential applications in many fields,
e.g., air-conditioning, crop-drying, meat, and fish drying, to reduce energy consumption. One of the most
important parameters for packed tower design is the correct calculation of the Lewis Correlation. Walker,
Lewis, and McAdams [1] proposed a basic theory for cooling tower operation in 1923. Lewis [2] proposed
an approximate relation for cooling water systems by assuming the interface temperature along the height
of the cooling tower and Merkel [3] developed the first practical use of Lewis’ relation in 1925. The Lewis
relation was based on the assumption that the interface temperature is equal to the liquid temperature,
and states that the ratio of the heat transfer coefficient to the coefficient of vapor diffusion through the gas
film is constant and equal to the heat capacity of the humid air which can be expressed by a constant. In
1933, Lewis [4] found, through experimentation, that this ratio was greater than twice the initial estimate.
Hensel and Treyball [5] determined that the interface temperature was not equal to the liquid temperature
and noted that the apparent psychometric ratio for a packed tower is neither constant nor equal to the heat
capacity of the humid air, as previously postulated. Lof, et al. [6] supported this result and concluded that
until additional data was available, the design of packed towers should be based on a heat/mass transfer
coefficient ratio of about 0.5 rather than 0.24 Btu/lb ◦F.

Many experiments have been performed in the past to correlate relations concerning heat and mass
transfer between air and water. The air in the atmosphere contains 0%-4% water vapor. There are several
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applications of air-water vapor mixtures. One such application in engineering is air conditioning. Although
the amount of water in the air is small, it plays a major role in human comfort. Temperature, humidity,
mass transfer, dust, clearness, and sound can affect comfort. Dehumidification of air can be achieved by
refrigeration, mechanical compression, or using desiccants. To condense the excess moisture, the air is
cooled below the saturation temperature, compressed mechanically, or desiccants are used. Of these three
operations, desiccant dehumidification has two major advantages over the other three operations. These are
low drying temperatures and low cost. Desiccants are chemicals that have the ability to absorb moisture
from different media. To reuse the desiccants or in other words, to evaporate the absorbed moisture from
the desiccant, regeneration is necessary. The desiccant regeneration process requires the application of heat
to drive off the moisture. There are two kinds of desiccants: Solid desiccants and liquid desiccants. Many
chemicals can be used as liquid desiccants. e.g. lithium chloride, sodium or potassium hydroxide, mono
ethylene, sulphuric acid, phosphoric acid, etc. Liquid desiccants have low vapor pressure, are nontoxic,
and have the ability to be regenerated at low temperatures. Moreover, liquid desiccants clean up the air
from contaminants and disinfect it. When the liquid desiccant and air are brought into contact with each
other, depending on the concentration of the liquid desiccant, moisture tends to move from the gas phase
to the liquid phase. The driving force in this phase change is the difference between the vapor of the liquid
desiccant and the vapor pressure of the air.

In liquid desiccant systems, air and liquid desiccant can be brought into contact by flowing them
through a counter flow tower such as a spray tower, a packed tower, or a wetted–wall tower. To regenerate
the liquid desiccant, either the air or the desiccant is heated. A packed tower, vertical columns filled with
packing or other devices to provide a large interfacial surface area, keeps the air and liquid desiccant in
contact continuously. The liquid desiccant is distributed over the packing as a thin liquid film and it then
flows downward under the influence of gravity. The air, which is moved upward through the wet packing
by fans experiences a considerable pressure drop. Strigle [7] developed equations for the air side pressure
drop related to the air velocity for counterflow towers. The pressure drop in packed towers is dependent
on both the air and liquid flow rates. If the gas velocity is fixed, the gas pressure drop increases with an
increased liquid flow rate. Treybal [3] discusses problems due to the large pressure drop across the packed
column. The selection of packing materials is important to minimize the pressure drop and to provide
maximum interface surface area.

Lof et al. [6] examined a cooling system, combined with and operated by a solar air heating process,
based on the concept of an open–cycle LiCl absorption air conditioning system. A packing made from
1–inch ceramic rashing rings was utilized. The resultant heat transfer coefficient was found to be within
the expected range as predicted by the correlation of McAdams et al. [8] for pure water flowing in a
column packed with 1–inch rings. The difference between the measured heat transfer coefficient and the
McAdams correlation was about 10 percent. However, Lof et al. [6] were not satisfied with the mass
transfer coefficient found by McAdams et al. [8].

Sherwood and Holloway [9] did the first extensive investigation relating to liquid mass transfer coefficients
for packed towers. They studied the desorption of carbon dioxide, oxygen, or hydrogen from water using a
variety of packing materials. They used different size ceramic rasching rings and berl saddles, and found
that the volumetric mass transfer is the most widely used correlation because of its simplicity and its
requirement of well–documented physical properties. In 1942, Molstad et al. [10] collected data for a
square tower with approximately the same cross–sectional area of the study of Sherwood and Holloway
[9]. Molstad et al. [10] used Sherwood and Holleway’s correlation to determine the constants. Vivian
and Whitney [11] also employed a similar process to find additional data for the desorption of oxygen
from water in packed columns. Vivian and Whitney’s [11] results were found to agree well with those of
Sherwood and Holloway [9]. Norman [12] used the same data as Sherwood and Holloway [9], and Molstad
[10] for different packings and found smaller values for the volumetric mass transfer. Sherwood and Pigford
[13] reported that one of the equations did not give accurate data for absorption as reported by Sherwood
and Holloway [8]. Puranik and Vogelpohl [14] developed a correlation for predicting values of the effective
interfacial area based on the concepts of static and dynamic area. With these three equations, all values of
the interfacial area during vaporization, absorption with and without chemical reaction, and wetted surface
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area can be predicted within a range of ± 20 percent accuracy. However, many investigators concluded
that further investigations are necessary for the contact of air and liquid at the interface.

Because of the difficulty of measurements, the interfacial temperature is usually assumed to be equal to
the bulk temperature of the liquid. In 1922, Lewis [2] established an important relationship for calculating
the humidity of air from wet– and dry–bulb thermometer readings and showed that the ratio of the heat
transfer coefficient to the diffusion coefficient is equal to the heat capacity of the humid air. This constant
numerical value is about 0.26 to 0.27 for a wet bulb thermometer with water. The purpose of this paper is
to show that this value changes with some properties and investigate the correct value for a liquid desiccant.
Hence, the Lewis correlation will be summarized, and the agreements and disagreements will be discussed.
Then the Lewis correlation will be modified to include the effect of the change in the interfacial temperature
with the height of the tower.

2 Materials and Methods

2.1 Correction of Lewis Relation
The basic theory of cooling tower operation was proposed in 1923 by Walker, Lewis, and McAdams [1].
Lewis [2], by assuming the interface temperature to be constant with respect to tower height, was able to
develop an approximate relation to describe cooling water systems. Merkel [3] combined Lewis’ relation
with the equations for heat and water vapor transfer to show that total heat or enthalpy could be used as
a driving force to potentially provide both sensible and latent heat transfer. Merkel’s work explained the
insignificance of inlet air dry–bulb temperature in determining the cooling obtained in a given tower with
specified air and water rates. Merkel’s relationship,

hg
kG

= cs = 0.2355± 0.0006,

states that the heat transfer coefficient divided by the coefficient of vapor diffusion through the gas film is
constant and equal to the heat capacity of the humid air. This ratio can be calculated from the wet–bulb
and dry–bulb temperatures for any vapor—gas mixture of known gas humidity. Clearly hG and kG depend
on the air film thickness.

In 1933, Lewis [4] noted that the equations derived in 1922 were correct, but in comparing them it was
mistakenly assumed that the absolute humidity of water and the temperature of the water was constant,
whereas, in fact, they are functions of the air absolute humidity and temperature (Lewis [15]). The
assumption by Lewis that the interface temperature is always equal to the liquid temperature is incorrect
because the interfacial temperature depends on the air temperature. After many difficulties, he solved the
problem through experimentation. He concluded that the ratio of the heat transfer coefficient of the gas to
the vapor coefficient of diffusion is 0.60, a value more than 2.5 times greater than the heat capacity of the
humid air. Simpson and Sherwood [16] agreed with this value of the psychrometric ratio and with Lewis’
assumptions regarding work for a compact cooling tower used for air conditioning. They assumed that
the ratio hG/kG for the water surfaces in a cooling tower was the same as for a wet–bulb thermometer.
However, for a packed tower the mass and heat transfer areas are not equal thus Simpson and Sherwood
assumed the psychrometric ratio to be hGaH/kGaM , where aH is the area of heat transfer and aM is the
interfacial mass transfer area.

Hensel and Treybal [5] also found that the interface temperature and the humidity vary considerably
which required that the experimental coefficients had to be corrected before being used to generate a
correlation. Further, they noted that the psychrometric ratio for a packed column is neither constant nor
equal to the heat capacity of the humid air. They found the same values as Hensel and Treybal [5] reported
in air–water systems. This ratio also varies in a packed column in which lithium chloride solutions are
concentrated. They concluded that until additional data becomes available, it is recommended that the
design of packed columns for this application is based on heat/mass transfer coefficient ratio of about 0.5
Btu/lb◦F rather than 0.24 Btu/lb◦F.
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Figure 1: Configuration considered for analysis (not scaled).

2.2 New Psychrometric Ratio Value
Consider a long insulated horizontal pipe, as shown in Figure 1 (a detailed experimental setup of this
figure will be introduced later), where liquid and air are in contact. The liquid, which is added as needed
to maintain a constant level in the container, is stirred constantly to ensure that its concentration and
temperature remain the same throughout the container. An air stream is introduced at one end of the
container (pipe) over-flows over the liquid and allows the inlet temperature of the liquid to be less than
the inlet air temperature. If the channel is long enough, the air stream will exist as saturated air at the
adiabatic saturation temperature. The process can be analyzed as a steady–flow process with the mass
velocity of the air over the liquid constant and sufficiently low so that heat generated by friction may be
neglected. This process involves no heat or work interactions; therefore, the kinetic and potential energy
changes may be neglected.

Lewis [2] derived this correlation with a thin layer for a humidifier cooler (1922). Because the process
is adiabatic and the only substance getting in and out is air, the following equations can be written for
the mass and energy balances at the air and saturated gas layer interface at point A (see Figure 1). The
weight of the evaporated liquid is

−dW = k
′

GaM (Pi − P )dt (1)

where k
′

G is the mass of liquid vapor transferred across the interface area, P is the partial pressure of the
air, Pi is the partial pressure of the liquid-vapor in the interface, t is time, and aM is the mass transfer
interface area. The sensible and latent heats can be expressed as

dQ = hGaH(T − Ti)dt (2)

and

dQ = −λodW (3)

In Equation (2), hG is the heat transfer coefficient and aH is the heat transfer interface area and λo in
Equation (3) is the latent heat of vaporization at the base temperature of 90◦F.
The absolute humidity is given by

w = 0.622φ
Ps
Pt

(4)

where φ is the relative humidity (φ = Pv/Ps), Pv is the partial liquid vapor pressure and Ps is the saturated
steam vapor pressure at the air temperature. Rearrangement Equation (4) yields,
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w = 0.622
Pv
Pt
, and (5a)

P = Pv =
1

0.622
Ptw (5b)

Combining and rearranging Equations (1), (2), and (3) yields,

(Pi − P ) =
hGaH
λok

′
GaM

(T − Ti) (6)

If the interface is fully wetted, the heat transfer and mass transfer interface areas will be equal to each
other (aM ≈ aH). As the liquid temperature is constant throughout the pipe, the condition is fully wetted.
Substituting Equation (5b) into Equation (6), rearranging and applying, aM ≈ aH gives

1

0.622
k

′

GPt(wi − w) =
hG
λo

(T − Ti) (7)

The product of the first three terms on the left–hand side of Equation (7) is the mass transfer coefficient

kG =
1

0.622
k

′

GPt (8)

Substituting Equation (8) into Equation (7) yields,

(wi − w) =
hG
kGλo

(T − Ti) (9a)

λodw = −hG
kG

(Ti − T ) (9b)

The heat given up by cooling the air must correspond to the heat of the vaporization of water. Hence, it
becomes

−csdT = λodw (10)

where cs is the humid air heat capacity, cs = 0.24 + 0.45w (Btu/lb dry air ◦F). By assuming cs and λo are
constant throughout the pipe and then integrating Equation (10) from point A to point B (see Figure 1), it
can be shown that,

(we − w) =
cs
λo

(T − Te) (11)

where the subscript e indicates the exit. Rewriting Equations (9) and (11) generates the main equation of
the Lewis correlation

w = wi −
hG
kGλo

(T − Ti) = we −
cs
λo

(T − Te) (12)

Lewis assumed that the interface temperature did not vary across the tube length. In other words, the
interface temperature was equal to the liquid temperature, TL, everywhere, and he also assumed that at
the exit there was a thermal and vapor pressure equilibrium, namely

Ti = TL = Te, and

wi = we
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By using Equation (12), and the above definitions, we obtain

hg
kG

= cs (13)

The psychrometric ratio, Equation (13), is the same as Lewis’ correlation obtained in 1922.

2.3 Modified Lewis Correlation
As previously mentioned, the interface temperature may not necessarily be equal to the liquid temperature.
Hensel and Treybal [5], and Lof et al. [6] concluded that the psychrometric ratio varies between 0.23 and
0.58. Hensel and Treybal [5] found the psychrometric ratio equal to 0.58 by assuming an extrapolated
tower height. Their results imply that there should be a constant in front of the heat capacity of humid
air, cs. By introducing a correlation constant A to the right side of Equation (15), the modified Lewis
correlation can be rewritten in the form of,

hg
kG

= Acs (14)

In light of the conclusions presented by Hensel and Treybal [5], and Lof et al. [6], A fluctuates between
1 and 2.32. When the layer of the liquid is very thin, it can be assumed that the interface temperature
is equal to the liquid temperature. Compared to packed tower applications, the water layer is not thin.
Considering the assumption of that the interface temperature depends on the air and liquid temperatures,
the following assumption can be made:

Ti = A1T +A2TL and A1 + A2 = 1 (15)

For instance, choosing A1 = 0, Equation (15) concludes to Ti = TL. The correlation for the interface
temperature may be obtained through experimentation. As mentioned previously, the Lewis correlation
was found for a thin water layer, so for a thick water layer Equation (12) must be modified. The liquid film
resistance to heat and mass transfer in the air–liquid system can be assumed negligible. The following
equation relating to the height of a packed column and the film coefficient in the gas phase was obtained
by Lof et al. [6].

hGaH =
G

′
cs
Z

ln

(
T − Ti
Te − Ti

)
Taking into account of the long horizontal pipe, the above equation can be written as:

hGaH =
G

′
cs
L

ln

(
T − Ti
Te − Ti

)
(16)

where G
′

is the flow rate of air, and L is the length of the tube. However, in regard to the tower, the basic
differential equation for heat transfer is [6]

G
′
csdT = −hGaH(TG − Ti)dz (17)

The heat transfer coefficient of the liquid phase is very small compared with the heat transfer coefficient of
the gas phase, hence assuming

hoverall ≈ hG and (aH)overall ≈ (aH)G (18)

Now considering the overall heat transfer, Equation (17) can be modified to

−hoverall(aH)overall(TG − TL)dz = G
′
diG (19)
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where air enthalpy difference is given by

diG = csdTG + λodwG

The temperature difference between air and liquid will change throughout the tower, namely;

∆T 6= ∆T (z)

The temperature difference throughout the pipe is

(∆T )DF =

(
Te + Tp

2

)
−
[

(TL)e + (TL)p
2

]
where the subscript p indicates a particular point at the pipe and the subscript e represents the pipe exit.
Integrating Equation (19) throughout the pipe (see Figure 1),∫ L

0

−hoverall(aH)overall(TG − TL)dz =

∫ e

p

G
′
diG (20)

yields,

−hoverall(aH)overall(∆T )DFL = G
′
{[cs(Te − To) + λowe)]− [cs(T − To) + λow]} (21)

where To is the base temperature (90◦F). Rearranging Equation (21)

−hoverall(aH)overall(∆T )DFL = G
′
[cs(Te − T ) + λo(we − w)] (22)

From Equation (22), the absolute humidity difference can be written as

we − w =
cs
λo

(T − Te) +
1

G′λo
[−hoverall(aH)overallL(∆T )DF ] (23)

Substituting Equations (16) and (18) into Equation (23), we obtain

we − w =
cs
λo

(Te − T ) +
cs
λo

(∆T )DF ln

(
T − Ti
Te − Ti

)
(24)

Equation (9) is just for the conditions where the gas temperature is greater than the liquid temperature.
Taking the absolute value of the temperature difference of Equation (9) makes it valid for TL > TG. Relating
this and Equation (24), the modified main equation of the Lewis correlation becomes:

w = wi −
hg
kGλo

|T − Ti| = we +
cs
λo

(Te − T )− cs
λo

(∆T )DF ln

(
T − Ti
Te − Ti

)
(25)

Equation (25) is valid for the long horizontal pipe. Substituting Equations (5a) and 5(b) into Equation
(25), the modified psychrometric ratio of the packed tower for water can be obtained as

0.622

Pt
c2(Ti)p − hG

kGλo
|Tp − (Ti)p| =

0.622

Pt
c2Te +

cs
λo

(Te − Tp) (26)

+
cs
λo

{[
(TL)e + (TL)p

2

]
−
(
Te + Tp

2

)}
ln

∣∣∣∣Tp − (Ti)p
Te − (Ti)e

∣∣∣∣
Rearranging Equation (26) yields

hG
kG

=

0.622
pt

c2 [(Ti)p − Te] + cs
λo

(Tp − Te)− (∆T )DF ln
∣∣∣TP−(Ti)p
Te−(Ti)e

∣∣∣
|Tp − (Ti)p|

λo (27)

where c2 = 4.622E–2 and λo = 1042 for the saturated pressure between 90◦F and 145◦F and Pt = 13.05
psi. Constant A, for this case, can be found by dividing Equation (27) by cs.
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2.4 Determination of Coefficient A for a Liquid Desiccant

Desiccants are used to absorb moisture from the air, thus keeping the humidity level in the air to A required
value. Since first developed by Lof in 1955, the desiccant dehumidification system has been extensively
used in industrial and agricultural sectors [17]. Many researchers investigated to improve the effectiveness
of liquid desiccants [18]. Ertas et al. [19] develop a new desiccant called CELD (Cost Effective Liquid
Desiccant)– is a mixture of calcium chloride and lithium chloride. The mixture solution was tested between
26.6 ◦C to 65.6 ◦C with a concentration from 20wt% to 40wt%. The testing results indicated that mixing
LiCl with CaCl2 reduces the vapor pressure in a nonlinear manner in the tested temperature range. They
also showed that a mixture of 50% calcium chloride and 50% lithium chloride (CELD) will reduce the cost
of the adsorption process. The effectiveness of liquid and solid desiccant dehumidification systems was
investigated for air conditioning and agricultural product drying and compared by Naik et al. [20]. They
found that the highest latent effectiveness and dehumidification ability were at the desorption temperature
of 345 K, at 0.91 and 6.8 g/kg, respectively. The use of liquid desiccant for industrial applications was
investigated by Ertas et al. [21, 22].

The effect of the latent heat on the performance of the desiccant dehumidification system for five
different desorption temperatures of 308, 318, 328, 338, and 345 K was experimentally investigated by
Yaningsih et al. [23]. Ahn and Choi [24] studied local measurement and computational fluid dynamics
(CFD) employed to evaluate thermal comfort in a residential environment where desiccant cooling is
performed in Korea.

Analytical and experimental investigations on liquid desiccant systems for drying air or air conditioning
systems were studied by Xiaochen et al. [25], Hesam [26], and Esam [27] among the many other researchers.

Now consider the liquid pool shown in Figure 2 to be a liquid desiccant. For the case of a long insulated
channel above the liquid, the coefficient A for a desiccant is greater than for water. This increase in A
results from the increase in resistance to mass transfer which provide a decrease in the mass transfer
coefficient. As the mass transfer coefficient decreases, the value of A increases. The value of A for water
is in the range of 1 to 2.32; for the desiccant, A is greater than 2.32. The desiccant must be at a higher
temperature than the air for regeneration to occur. If the temperature of the air throughout the long
channel where the wet–bulb and dry–bulb temperatures are the same, the exit air temperature can be
found. If wet–bulb and dry–bulb temperatures are equal, the air is saturated. The exit temperature of air
can be assumed to be

Te = c”1 + c”2TL (28)

where c”1 and c”2 are coefficients that depend on the desiccant concentration. The saturation pressure at the
exit can be expressed in terms of the exit temperature as

PSe = c1 + c2(c”1 + c”2TL)

Rearranging the above equation provides the saturation pressure at the exit.

PSe = c1 + c2c
”
1 + c2c

”
2TL (29)

Substituting Equation (29) into the relative humidity equation, Equation (5a), the absolute humidity at
the exit can be expressed as

we =
0.622

Pt
(c1 + c2c

”
1 + c2c

”
2TL) (30)

Substituting Equations (28), (29), and (30) into Equation (27) produces the following psychrometric ratio
for regeneration in packed towers.
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Figure 2: Experimental set-up (not scaled).

hG
kG

=
λo

|Tp − (Ti)p|

{
0.622

Pt
c2
[
(Ti)p − c2c”1 + c2c

”
2TL

]
+
cs
λo

(Tp − c”1 + c”2TL)

}
(31)

+
λo

|Tp − (Ti)p|

{[
(TL)e + (TL)p

2
− c”1 + c”2TL + TP

2

]
ln

∣∣∣∣ Tp − (Ti)p
c”1 + c”2TL − (Ti)e

∣∣∣∣}
Constant A can be found by dividing Equation (31) by cs. Equation (31) is the general form for the
psychrometric ratio. It is obvious that the water has no concentration. Substituting c”1=0 and c”2 = 1
reduces Equation (31) to the case for liquid water for packed towers or Equation (27).

2.5 Experimental Set-Up
To find the psychometric ratio for the water and desiccant, two experiments were performed. The tube
was long enough to allow the mixture to reach the same wet and dry temperature. After measuring the
temperatures for particular desiccant concentrations, a correlation for the exit air temperature as a function
of the desiccant temperature was found for the range of the concentrations considered.

A 4877 mm long pipe (tube) with 355.6 mm diameter, shown in Figure 2, contained a desiccant at high
temperature and air at ambient temperature. The following test procedures were used to perform the
experiment.

� The flow rate of the liquid was carefully adjusted.

� Two small diameter (41.28 mm), 4877 mm long pipes of an equal length as the large pipe was
constructed with many small holes along their sides. These holes were used to mix the desiccant
constantly so that its concentration and temperature were nearly constant throughout the large pipe.
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� The heater in the mixing tank was used to bring the desiccant to a particular temperature and
then turned off while the flow continued. When the thermocouples located at ports along the tube
indicated the same value, the experiment for that temperature was started.

� The pumps, which were used to pump the desiccant to and from the tube had similar characteristics
to control the flow.

� Valves were used to adjust the level of the desiccant in the tube and to keep the flow rate constant.

� Regular tap water is used and the level of the water assumed to be flat.

� Thermocouples were installed at a distance of very little over the water level of 152 mm.

The flow rate of the air, as well as the flow rate of the desiccant, during the experiment, is important.
If a very high airflow rate is used, the wet and dry bulb temperatures can never be equal. Therefore, a
constant low air flow rate was used. Although the air flow rate, the length of the tube, etc., are not related
to the psychometric ratio, they were adjusted to find equal wet and dry bulb temperatures in the tube.
Because the flow rate of air is not a parameter for the psychometric ratio, it was not measured.

One of the other major problems was to keep the concentration constant because it became higher as
the temperature increased. Before making each experiment at a specific temperature, the heaters were
turned off, and the concentration of the desiccant was measured and brought to the desired level.

A hydrometer, which gives reliable accuracy to the third decimal place, was used to determine the
density of the CELD. The test procedure for the CELD density measurement is as follows:

1. Carefully clean and dry the hydrometer.

2. Make sure the temperature of the hydrometer is at the same temperature as the solution temperature.

3. Mix the solution well enough to ensure uniformity and pour into a graduated cylinder.

4. Place the graduated cylinder into a constant temperature bath.

5. Dip the hydrometer slowly in the solution and then release it to float freely.

6. Record reading.

After finding the value of the density, d, the concentration equations for specific temperatures were
used to find the concentration of the desiccant. Some of them are:

at 90◦F C = −134.473 + 138.261d;

at 100◦F C = −134.197 + 138.261d;

at 110◦F C = −133.920 + 138.261d;

at 160◦F C = −132.539 + 138.261d;

In all these equations, the density is in SI units.
The experiment was started with a high CELD concentration of 46% and lowered to 38.2% during the

experiment. In other words, the experiments were run for five concentrations (38.2%, 40%, 42%, 44%, 46%)
at specific temperatures. To measure temperatures accurately, the thermocouples were calibrated. The
procedure of the calibration is as follows.

� The thermocouples and an accurate thermometer were submersed in a large cup filled with water.
The temperatures for each were recorded.

� The cup was heated slowly while the thermocouple and thermometer readings were recorded. The
water temperature varied over the range of temperatures anticipated during the experiments.
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� The data for each thermocouple was curve-fit and a graph was produced for the temperature of each
thermocouple versus the temperature of the thermometer.

� For convenience during testing, a table for each thermocouple between the temperatures of 80 ◦F
and 180 ◦F was prepared.

Along the tube, two holes (just above the liquid level of 152 mm) were drilled every 2 feet for the
thermocouples. The thermocouples for dry bulb temperatures at each port were placed ahead of the
thermocouples for wet bulb temperatures. One end of a section of shoestring was placed over each wet
bulb temperature thermocouple and the other end was placed in a small container that contained water.
Throughout the experiment, care was taken to ensure that the container was filled with water so that the
hole and the string were always wet.

After considering all of the experimental parameters, the system was built and initially tested with
water rather than desiccant to check for leaks, constant liquid temperature, and flow rate throughout the
tube.

3 Results and Discussions
At the completion of each test, the data for each desiccant concentration was reviewed and plotted. Data
for the tests that produced the same wet and dry bulb temperatures for each desiccant concentration are
tabulated in Table 1. Figure 3 shows the experimental results generated using Table 1.

For desiccant concentrations at low temperatures, equilibrium was expected near the ports at the exit
of the tube, and as the temperatures of the liquid increased equilibrium was expected to move toward at
front ports on the tube. However, for many tests equilibrium occurred at a port about 14 feet from the
entrance. At low concentrations, a steady state was obtained in a short time. Increasing the percent of the
concentration, especially at high temperatures, presented a great deal of difficulty in obtaining steady state
conditions due to the time required. Therefore, tests for 46% desiccant concentration were repeated three
times, and two of the results were dropped by considering the slope of the other concentrations.

From the experimental data, a correlation was obtained using the SAS software for the Equation (3.28),
where c”1 and c”2 depend on the concentration, C. The correlation for Equation (28) is:

Te = (−288.036 + 705.29C) + (3.105− 5.993C)TL (32)

Figure 4 was generated from Equation (32).
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Figure 3: Experimental results generated using Table 1.
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Figure 4: Experimental results for exit air temperature by using correlation.
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Table 2: Experimental results for interface temperature.

Water temperature Air temperature Interface temperature
(◦F) (◦F) (◦F)

102.5 81.8 100.7
103.5 82.3 102.0
105.6 82.3 104.2
107.0 83.5 105.4
109.1 84.3 107.3
110.4 84.5 108.5
112.2 84.8 110.5
114.5 85.4 112.7
116.3 85.9 114.2
118.8 86.2 116.6
120.2 86.6 117.9
121.9 86.9 119.6
123.4 87.3 121.1

The second experiment was conducted, using the same experimental set-up, to find a correlation for the
interface temperature of the water. The air and interface temperatures were measured for a given air flow
rate and different water temperatures. Thermocouples used to measure the interface temperature were
fixed on a small and thin metal tab. The approximate interface temperatures were measured by placing
half of the metal tab in the water and half in the air. The results of this experiment are presented in Table
2. The correlation obtained for the interface water temperature is

Ti = 0.94TL + 0.058TG (33)

Figure 5 was generated using experimental results shown in Table 2. The measured interface temperatures
were approximately two degrees lower than the water temperatures. The same correlation can be used for
desiccant applications because the transfer media between the air and the desiccant is water.

Case 1: By taking account of thermal and vapor pressure equilibrium at the exit, ( Ti = TL = Te), and
wi = we and rearranging Equation (28), the psychrometric ratio can be obtained for the case of water with
thermal and vapor pressure equilibrium. The value of the constant A can then be found by dividing cs
by the psychrometric ratio. Table 3 (see Appendix A) presents the MATLAB example algorithm used to
compute the value of A for this case. Using Kiris’ [23] experimental data (see Appendix A, Table 7) in this
algorithm for a humidifier, the constant A found to be 1.226 (see Table 3).

Typically, a tower is not tall enough to produce thermal and vapor pressure equilibrium at the exit.
However, results can be found from the psychrometric ratio, determined from the interface temperature
correlation. A MATLAB example algorithm to compute A=1.799 for this case is shown in Table 4 (see
Appendix A) .
Case 2: Substituting Equations (32) and (33) into Equation (31) and using the data for regeneration
(Table 6) by Kiris [29], the psychrometric ratio can be found. Dividing the value of this ratio to the heat
capacity of humid air which is equal to 0.25, the constant A=13.573 can be obtained ( (see Appendix A
Table 5 for the MATLAB algorithm to compute constant A for CELD).

4 Conclusion
In this study, air and liquid contact for humidifier and regeneration applications have been carried out.
Considering the psychrometric ratio change between 0.25 and 0.58, the modified Lewis correlation for water
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Figure 5: Experimental results of interface temperatures.

and liquid desiccant (CELD) was derived. To find the psychometric ratio for the water and desiccant, two
experiments were performed. After measuring the temperatures for particular desiccant concentrations, a
correlation for the exit air temperature as a function of the desiccant temperature was found for the range
of the concentrations considered. The following conclusions were drawn from this study:

1. In the Lewis relation for a very thin water layer the psychrometric ratio is equal to the heat capacity
of the humid air. If the layer is not thin, the psychrometric ratio will be changed in the range of 0.25
and 0.58.

2. A correlation for the interface temperature for water was found. This correlation can also be used for
desiccant because the transfer media between air and desiccant is water.

3. An experiment for the desiccant was performed. A correlation for the exit air temperature depending
on the concentration and liquid temperature was obtained. Using the interface temperature and
air exit temperature correlations, the modified psychrometric ratio A for the following cases was
obtained:

� A= 1.226 for the case of water with thermal and vapor pressure equilibrium,

� A= 1.799 based on the experimental interface temperature correlation, and

� A= 13.573 for regeneration of CELD.

The followings are recommendations for future work in this research area: (a) obtain the results for
different air and desiccant flow rates, (b) perform experiments by changing the air flow rate for humidifier
and regeneration to obtain correlations.
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Abbreviations
The following abbreviations are used in this manuscript:
aH Interfacial heat transfer area, ft2/ft3

aM Interfacial mass transfer area, ft2/ft3

cs Heat capacity of humid air, BTU/(lbm◦F)
d Density of desiccant, lbm/ft3

φ Relative humidity of air

G
′

Dry air mass velocity, lbm dry air/(min ft2)
h Film heat transfer coefficient, BTU/(◦F ft2 min)
hG Heat transfer coefficient of gas phase, BTU/(◦F ft2 min)
hoverall Overall heat transfer coefficient, BTU(◦F ft2 min)
i Enthalpy of mixture of air and water vapor at given T, BTU/lbm of dry air
k Film mass of enthalpy transfer coefficient, Btu/(min ft2 (Btu/lbm))
kG Mass transfer coefficient of the liquid phase, Btu/(min ft2 (BTU/lbm))
λo Latent heat of vaporization of water at base temperature T0, BTU/lbm
P Partial liquid vapor pressure of the air, lbf/ft2

Pi Partial liquid vapor pressure of the interface, lbf/ft2

Pv Partial liquid vapor pressure, lbf/ft2

Ps Saturated steam vapor pressure, lbf/ft2

t Time, min
T Air temperature, ◦F
Te Air temperature at exit, ◦F
TG Bulk air temperature, ◦F
Ti Interface temperature, ◦F
TL Liquid temperature, ◦F
Tp Air temperature at particular height of the tower, ◦F
(∆T )DF Temperature difference throughout the pipe, ◦F
(Ti)e Interface temperature at the exit of the tower, ◦F
(Ti)p Interface temperature at the particular height of the tower, ◦F
(TL)e Liquid temperature at the exit of the tower, ◦F
(TL)p Liquid temperature at the particular height of the tower, ◦F
w Absolute humidity, (lbm H2O)/(lbm dry air)
we Absolute humidity at the exit tower, (lbm H2O)/(lbm dry air)
W Weight of evaporated liquid, lbm (H2O)
Z Height of packing materials, ft

Subcripts
G Bulk gas
H Heat transfer
I Gas liquid interface
L Bulk liquid (CELD)
M Mass transfer
W Water
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