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ABSTRACT

Merkel theory relied on several basic assumptions to sim-
plify the mathematical calculations involved in the deter-
mination of KaV /L (cooling tower demand). Sixty-five years
later, computers and numerical methods allow for more
precise determinations. A description of both Merkel the-
ory and the development of a more nearly exact representa-
tion are presented. The differences between the two method-
ologies are examined in detail. Necessary formulae and
computational methods are presented in their entirety.

Historical Background: Merkel Theory

Merkel (1925), proposed a theory relating the evaporation
and sensible heat transfer occurring in a direct contact pro-
cess such as cooling of water or humidification of air, to an
air enthalpy difference. Such a representation was suited
(but not limited to) various types of cooling towers. The
derivation was based on counterflow contact of water and
air. In fact, there were six basic assumptions which were
introduced at various points in the development to simplify
the mathemarics. As a starting point for this paper, it is
desirable to present a relatively complete derivation of
Merkel theory, so that the nature of these underlying as-
sumptions and ultimate limitations of the model may be
appreciated.
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The model on which Merkel’s theory was developed con-

sists of a water droplet at temperature “T" surrounded by a
thin air film (interface).

Assumption 1

The air film is saturated and therefore is also at temperature
T

It has a humidity W¢ and an enthalpy hf. Surrounding the
air film is the bulk air mass at some lower temperature t <
T, and absolute humidity W < W ¢, and an enthalpy h, < hf.

If a is the interfacial surface (ft2 / ft3) and V is the contact-
ing volume, (ft>) then the interfacial surface area, S=aV
(ft?) and the differential surface of the model droplet inter-
facial film is dS = adV (surface element) L (lbs/hr-ft?) of
water are flowing downward and G (Ibs/hr-ft?) of air are
flowing upward (counterflow).

Heat is transferred from the water droplet to the bulk air
through the interface by two means, sensible heat transfer

(convection) and latent heat of evaporation (mass transfer
by diffusion).

Assumption 2 =~

The interface offers no resistance to heat transfer from the
water droplet to the bulk air by either of these mechanisms.

The sensible heat transfer rate by convection:

(1) dgs = K¢ (T-1t) adV where K. is the conductive heat
transfer coefficient, BTU/hr-ft?°F.

The mass transfer rate is given by:

(2) dL =Kp (PT-Py) adV where K}, is a diffusion coeffi-
cient. Pr-and Py are the partial pressures of water vapor
in the interfacial film at temperature T and bulk air at
temperature t respectively.

Assumption 3

Vapor content (zbsolute humidity) is proportional to par-
tial pressure, i.e.



PTcW§
ProcW
(3) dL = Ky (Wg - W) adV, Kyf = mass transfer

coefficient

The evaporative (latent) heat transfer rate due to diffu-
sional mass transfer:

(4) dgL.= AdL = XKy (W¢ - W) adV; r= latent heat

of vaporization

and the total transfer rate is:
(5) datotal = [Kc (T-t) + A\Km (Wf - W)]adV

At this point in the derivation, the concept of humid hear,
Cs (the heat capacity of an air-water vapor mixture) is
usually introduced.

By addition and subtraction of a term Cg (T-t) to the right
hand side of equation (5) and algebraic manipulation (see
Merkel: Appendix A), we arrive at:

(6)

datoral = KM { (CgT +AWf)-(Cs t+ AW)+Cg

Assumption 4

The Lewis relation, Le = K. = 1 for air-water vapor
mixtures. Cs KM

This causes the last term in equation (6) to vanish, and with
it, K¢ vanishes, so only one coefficient, the mass transfer
coefficient, remains.

Assumption 5

The humid heat, Cg is assumed to be constant over the
temperature range t to T. The term CsT + AWfg is the
enthalpy of the interfacial film, h¢, and the term Cg + AW
is the enthalpy of the bulk air, h,.

These two assumptions transform equation (6) to:
(7) datotal = K (hf-hy) adV
We no longer need distinguish K as Kyg

In performing a heat balance around the water droplet, it is
apparent that the total heat content lost by the water drop-
let must be equal to the total heat content gained by the
airstream.

(8) darotal =d (LCwT) = d (Gha).

The mass flow of air (G) and the specific heat of water
(Cw) are constant.

(9) datotal = Cw [LAT + TdL] = Gdha = K (hf-hg) adV

(T-v)[ Ke-1 adV
Ty Koy

Dividing by (hf - hy) and integration yields
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The details of the integration of KadV are given in Merkel:
Appendix B.

Assumption 6
L = constant, implies:

1)dL= 0
2) L can be taken out of the integration sign

Therefore, dividing through by L,
(11)

By

out

T:
in

dT
hf -hg

ll [}

KaV = Cw
L

dh,

hf-h
h a
4in

T out
Equation (11) is the integral representation of Merkel The-
ory. Note that the assumptions and simplifications made it
possible to arrive at an ordinary Ist order, non-linear, sep-
arable differential equation (9). The non-linearity is the
reason why an analytical function is not found as a solution.
Instead, graphical or numerical methods must be employed.

The assumptions may be summarized as follows:

1. The interfacial film surrounding the water droplet is
saturated and at water temperature 1.

_The interfacial film offers no resistance to heat or
mass transfer from the water droplet to the bulk air.

. The vapor content in the interfacial film and in the
bulk air is proportional to the respective partial
pressures.

. The Lewis relation, Le = K¢ = 1.
Cs KM

. The humid heat Cg is constant over the temperature
range tto T.

6. Mass flow of water is constant.

Over the years, numerous approaches have been devised in
an attempt to compensate for several of the above assump-
tions and approximations. Mickley (1949) introduced
temperature and humidity gradients, heat and mass transfer
coefficients from water to interfacial film, and from film to
air. Baker and Mart (1952) developed a “*hot water correc-
tion factor” which reduced the scatter in test data. Temper-
ature correction factors have been applied to demand
curves in some cases, and fill (characteristic) curves in

others, a confusing situation at best. Effects of air tempera-
ture, barometric pressure, and salinity on fill characteristic
KaV /L have been discussed by Lefevre (1985).

Integration Method

The integral for KaV over water temperature,

(11a)

came to be associated with the number of diffusion units,
while the integration over enthalpy,

(11b)

in

was known as the number of transfer units.

Historically, the diffusion unit format was favored over the
transfer unit method, although, as noted by Lefevre (1987)
either form is easy to integrate and the transfer unit method
does not have the additional inaccuracy of neglecting the
evaporation. The method of solving the integral was graphi-
cal, either by directly measuring the area under a plot of 1 vs.

hf - hy
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Water temperature, or by a quadrature method, in which the
area under the curve is subdivided into incremental areas
which correspond to successive increments in temperature.
A detailed example of the quadrature method for a counter-
flow integration is given by Baker and Shryock (1961). The
method of integration commonly employed has been the 4
point Chebyshev method, (CTI 1983), (Appendix C)

The Cooling Tower Institute (1967) using equation (11a)
and the 4 point Chebyshev, expanded on earlier KaV/L vs.
L/G “demand curves” such as those utilized by Foster
Wheeler Corporation (1943) and J.F. Pritchard Company
(1957). The CTI curves had the advantages of being compu-
ter generated and computer drawn, and made what had been
very limited published data much more widely available and
over a much broader selection of ranges and approaches.
These have served the industry for over 20 years.

Assumption 7
The 4 point Chebyshev integration is sufficiently accurate.

Lefevre (1987) has noted the inaccuracies of 4 point Cheby-
shev integration. Benton (1989) in a comparison of seven
methods, had found that for integrals of the type indicated in
equation (11) Gauss quadrature was the most preferable
method for computing cooling tower demand curves. Inac-
curacies inherent in the Chebyshev method become more
apparent at “‘pinch points’’ where the bulk air enthalpy line
approaches very closely to the enthalpy line of the saturated
interfacial film.

Development of A More Nearly Exact Representation

With modern computing techniques, and a selection of
numerical integration methods available, most of these as-
sumptions/approximations may be eliminated and the inte-
gration technique may be improved for greater accuracy.

For simplicity, all future references to “more nearly exact
representation” in this paper are referred to as exact.

The following derivation, after Benton (1990) begins with
first principles: For a binary mixture of non-reacting com-
ponents, A and W, non-uniform composition, molecular
diffusion within the mixture obeys Fick’s first law. For
steady state transfer in one dimension, this may be written in
terms of the molal flux of component W in the y direction
as:

(12)

Diffusion
Flux Component A

M’u
Interface

Source of Water Vapor
(Component W)

my,” = DAW dCyy)
b4 dy I

mwy” = Molal flux Ib - moles
ft2 hr

ey U T T I 1

Daww = Diffusion coefficient (ft?/hr)

dCyy = concentration gradient at the interface
dy (Ib-mole/ft*)

One of the fundamental concepts of convective heat and
mass transfer is that of a transfer coefficient. The underlying
principles (viz. Fourier’s law of conduction and Fick’s law of
diffusion) relate the slope of the transfer driving force (viz.
temperature and concentration respectively) at an interface
and the fluid property (viz. conductance and diffusion coef-
ficient respectively) to the flux at the interface (viz. heat and
mass respectively).

It is either impractical or impossible to measure the slope of
the driving force at an interface without disturbing it. Fur-
thermore, this interface is within a boundary layer, or a
localized region of relatively abrupt change when compared
to the whole flow field. For these and reasons of computa-
tional convenience, it is presumed that one can replace the
slope at the interface and the fluid property with the differ-
ence in driving force across the entire boundary layer (i.e.
from the interface out to the mean flow region) and a con-
vective transfer coefficient.

kdT/dy--> h(T[-Tg ) or

More details of this as well as a schematic of a boundary layer
can be found in the “*Mass Transfer Coefficient” section of
the chapter on “Mass Transfer of the ASHRAE Handbook
of Fundamentals (1985).

In terms of a concentration difference at the interface and the
bulk airstream, this can be expressed as:

(13) mw"=k(C1-Co)

k = Molal convective transfer coefficient

D dC/dy--> K (C- Cep )

(C1 - Co ) = Difference in concentrations
Converting concentrations to Mole Fractions:

(14) my” =k(X1-Xo)
1- X1

X1 = Mole fraction of water vapor at interface
X o = Mole fraction of water vapor away from interface

1 = The mole fraction of water vapor on water vapor

is 100%.

In the above expression the denominator must go to zero
when the mole fraction of water vapor at the interface goes to
1 (which occurs at 212°F at 1 atmosphere) because there is
no resistance to mass transfer at that condition - i.e. the air
can receive an unlimited amount of water at 212°F.

Now that the molal flux has been expressed in terms of mole
fractions, Dalton’s law of partial pressures, may be invoked,
which states:

Continued on page 15



“For an ideal mixture of ideal gases, the mole fractions
are directly proportional to the partial pressures”.

(15) mw =k@Ry Py )

Py

Pyy1 = Partial pressure of water vapor at interface
(approximately the saturation pressure)

total ~

Py = Partial pressure of water vapor away from interface
Ptotal = total pressure (ie. 14.7 psia)

In the above expression, it is apparent that when T+212,
Pyy1 ~14.7 and there is nothing to limit the transfer of water
vapor into the air except inertia and the sonic speed (which
are ignored in diffusion analyses).

Convective Mass Flux

For the purposes of this work, it is more convenient to define
a mass convective transfer coefficient rather than a molal
convective coefficient, and do so by the following expression:

(16) My,” = K (X;_- Xw)
1_XI
h;(w” = Convective mass flux (lbm )

hr ft?

K = Convective mass transfer coefficient

B i ot b L i s )

X] = Mass fraction of water vapor at interface
X = Mass fraction of water vapor away from interface
1 = mass fraction of water in water = 100%

It is shown (Appendix D: Exact Derivation) that the mass
fractions X] and X 0 may be expressed in terms of absolute
humidities:

X =Wa and therefore

XI:\_)ZI_
Weo + 1o

WI+1

17 KAW" = K(W}____SQ_'W )
1+ Wo

When T] ~ 212, W[=xso0 My~ still goes to @ as it
should.

If one neglects the resistance of the interface itself, then the
mass transfer driving force is given by (W1—W o ). A rigor-
ous analysis of the interface results in a complex expression
for the driving force which includes an exponential. The
reader is directed to consult a mass transfer textbook for
such details which are beyond the scope of this paper. The
first order correction, however, will be introduced here
which reduces the driving force by 1/(1+W ), or (WI-
Was ) / (1+W g ) . This expression will always result in a
smaller driving potential than the previous one.
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As was shown before for Merkel integration of KadV
(Merkel: Appendix B)

(18) adV = (aV)dy

Y
According to mass transfer,

(19) My (aV)dy = Gdw

Y

(the mass of water lost is picked up by the airstream)
using our result from the preceding section, noting that at the
interface,

W1 = saturated = Wg ; Wy = W
(17) Mw” =K (Wg W)
1 +W

and therefore,

(20) KaVv (Wg-W)dy = Gdw
+W'Y

multiplying equation (20) by Lm and dividing through by

Gd (y) Lin
Y

we may immediately write:

*21) KaV Lin (Wg-W)=dw
b

The total energy transfer rate (heat transfer due to mass
transfer and convective heat transfer) is:

(22) Q"=KM (Wg=W)hg +KC (T - Tdb)
1+ W

where hg is the enthalpy of saturated water vapor and
K¢ is the convective heat transfer coefficient.

Again, invoking the Lewis relation, K¢ = K Cp, Le

(23) (& =K [( Wg=W) hg + Cp, Le (Tw - Tdb)]
1 +W

(24) dqroral =KaV [(Y_IVS %{} hg + Cp Le (Tw -Tdb)]

dy = Gdh,
Y
Multiplying (24) by Li_nand dividing through by G(ck ), the
L Y
following result is obtained:
*(25)
= (Lin) (KaV) [(W-W)hg + Cp, Le (Tw-Tdb)]
d(v) G I, v
Y

By conservation of energy,

(26) dqrotal = d [LCW (Tw -32)] = d (Gha)

Therefore,
*27) dl(L)Cw (Tw -32)]
G = dh,
[
d(l) ()

Y

Also, from conservation of mass,

(28) dL = Gdw
This may be expressed as,
*29) 4 (L)
G = dw
d (y) y)
Y 4 X

The asterisked equations (21), (25), (27), and (29) form a
set of coupled, non-linear, ordinary differential equations.

While there are certainly more sophisticated and efficient
techniques available, a Runge-Kutta numerical methods ap-
proach is quite applicable to this set of equations and gives a
reasonable computation time. A computer algorithim for its
implementation is given in Appendix E.

In integral form, the set of equations have the following
form:

(30) Mass transfer:
S’
= ) ; - %
W =%+ (IL(zflV, (1;12) [(\XT/S%)QI%
in G 0
(31) Heat transfer:
haoﬁ h, + (Ka\/} (L; )f [[W -W)h +CP ]

Le (Tw"Tdb}]d_Y'
;

(32) Conservation of Energy:

T, =32+ €, %in) (Teolg ~32)+(h,~h, )

in

LT,
G
(33) Conservation of Mass:

= (L
out

G

)+ W -Ww
in

ol

Equations (30) and (31) must be integrated simultaneously
as the results of one are required in order to evaluate the
other. The Runge-Kutta technique is especially convenient
for doing this simultaneous integration. In addition, Equa-



tions (32) and (33) must be solved algebraically at each step
of integration and the various properties must be evaluated.
Equation (31) may be written explicitly in terms of KaV as
(34) -

h - h

a a,
KaV = out in

L y
1L (I‘in) [(ws“w)hg‘f Cp Le (TW_Tdb)] clY
o a %

G o 1tW

Equation (34) forms the basis of the exact representation of
KaV.
L

COMPARISON OF EXACT VS MERKEL
Application Examples
L. Mechanical Draft Cooling Towers

The quantity KaV represented by equation (11), Merkel, or
L

equation (34), Exact, has been applied to both cooling tower
demand curves and fill (packing) characteristic curves. The
latter are generated by application of the same mathemarical
techniques to a set of test data for a given packing over a
range of test conditions. To use the exact method, inlet and
exit dry bulb temperatures must be recorded.

Using a characteristic curve generated for counterflow film
fill superimposed on a set of demand curves, a design (or
operating) point was calculated for a specific condition. This
“point” consisted of an L/G and a KaV/L required for a
certain approach at a given wet bulb and range. This lends
itself to a comparison of Merkel vs. Exact in terms of a shift
in design L/G and the resultant effect on fan horsepower.

Suppose the following performance were specified:
101/91/78. It turns out that 5” of film fill is required. Using
the particular fill data for 12 mm fill, it is seen that the
intersection point for Merkel is L/G = 3.03 while the more
exact solution methods give L/G = 2.94 (Figures 1 & 2).
This is a ratio (Merkel: Exact) of 1.0306. This means, ac-
cording to the normal fan laws, that the more exact value for
L/G would have to allow for 9.5% more fan horsepower to
do the required job (tower size held constant). Another way
of looking at it is that the Merkel designed tower at its best
would test at 97% capability.

At an evaluated power penalty of $2,500 per HP on a 5-cell
tower using 200 HP fans, the horsepower deviation could be
worth $250,000.

At a second condition, corresponding to 135/88/78
(chosen to investigate a hot water effect), the Merkel L/G
was 1.57, the exact value for L/G was 1.59. Note, this is a
shift in the opposite direction, the ratio (Merkel: Exact) =
0.987. A Merkel tower would be overdesigned by 3.9% on
fan horsepower (Figs. 3 & 4).

CTI Journal, Vol. 12, No. 2
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135/88/78 MERKEL L/G = 1.57
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Thus, it has been demonstrated that the difference between
Merkel and the exact solution will give changes of the order
of 1-3% in the design L/G which are significant, especially
when considered in terms of fan horsepower (3-9%), and
that the changes can be in either direction depending on the
conditions selected. This probably has to do with the range
of applicability of extrapolation for test data reduced by the
Merkel method, as well as the inherent scatter in the data
itself. A strong cautionary note is to avoid using “mixed”’

methods.

A Merkel characteristic curve superimposed on corrected
demand curves (whether by exact method or an empirical
adjustment) or corrected characteristic curves imposed on
Merkel demand curves will lead to errors as much as an
order of magnitude greater than the effects seen when con-
sistent methods are applied to both fill and demand curves
together. This represents a very real danger until the industry
adopts a single, consistent method.

II. Natural Draft Towers

Saturation vs. Unsaturation: Effect on Density and Narural
Draft Calculations.

It is common to assume that the inlet air can be character-
ized solely by the wet-bulb temperature. While the wet-
bulb for all practical purposes does define the enthalpy, it
does not completely describe the thermodynamic state of
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the air. At the saturation point, the wet- and dry-bulb
temperatures are identical. Thus, characterizing the inlet air
by the wet-bulb alone is equivalent to assuming that the
inlet air is saturated. In the analysis of counterflow cooling
towers, the two areas where the assumption that the incom-
ing air is saturated has the greatest effect is on the density,
and the sensible heat transfer.

In the case of natural draft towers, the density difference, or
buoyancy, is the driving force for the airflow. This “thermal
draft” is approximately equal to the tower height multiplied
by the difference in density between the outside ambient air
and the inside warm, humid air.

For example, for a given airflow, which, at constant heat
load, means a constant exit wet bulb, the draft is the lowest
when the exit air is saturated. When the air is not saturated.
the air is actually warmer and lighter inside the tower and
the difference between ambient and inside air is larger,
hence more draft and more airflow.

Fig. 5 shows the effect of relative humidity on density of
moist air. Fig. 6 indicates how required stack height is
affected by exit relative humidity in a natural draft tower.
Fortunately, it is exceedingly rare that exit relative humidi-

ties in a natural draft tower of < 959, are attained, so that
deviations from Merkel theory are again on the order of
several percent. In practice, empirical correction factors
have been applied to Merkel theory. Fig. 7 shows the effect
on tower approach. In a utility, a valuation of $1,000,000
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per degree is not inappropriate, so even a deviation in
performance of several tenths of a degree is quite significant.

III. Lewis Relation

As mentioned earlier, Merkel theory is predicated on the
assumption that the Lewis relation is numerically 1.0. Exact
theory allows the Lewis relation to be treated as an input
value. A recent analysis of both splash and film packings
(Fig. 8) by Benton indicates that for counterflow, a Lewis
value of 1.25 is more appropriate. It is interesting that this
does not appear to be dependent on whether the packing is
splash type or film type, but only on the configuration
(counterflow).

Lefevre (1990) provided information regarding the influ-
ence of the Lewis relation as illustrated in the following
table, where both calculations were exact, only using dif-
ferent input values for the Lewis relation:

Lewis Relation # = 1.00

Range 18°F
Exact  Humidity
Tal F 112.0 99.1 94.1 90.2
Rhl % 8 10 15 20
Twbl F 67.7 62.6 62.6 62.6
Tal F 102.4 93.8 90.7 88.3
Rh2 % 97.2 96.3 96.0 95.9
Twl F 876 79.7 7.1 75.2

Influence of Lewis number
Lewis Relation # = 1.25

Range 18°F
Exact  Humidity
Tal F 112.0 99.1 94.1 90.2
Rhl % 8 10 15 20
Twhl F 67.7 62.6 62.6 62.6
Ta2 F 102.6 94.0 90.9 88.6
Rh2 % 95.9 94.7 943 94.0
Twl F 87.4 79.5 76.9 74.9

Using a Lewis relation equal to 1.25 results in approximately 0.2°F lower
cold water, due to a predicted exit dry bulb 0.2°F higher, a relative humidity
2% lower, resulting in more draft and more airflow.

Conclusion

Somewhat strangely, the industry is, at present, in a situation
similar to that addressed by Lichenstein (1943) when he
initially proposed acceptance of Merkel theory by the indus-
try almost fifty years ago. In his prophetic words:

““The cooling tower industry should, therefore, be able
now to standardize and adopt a common basic theory
which would be accepted for correlation of its vast
amount of experimental data and practical experience,
and which could also be used to calculate performance
at the guarantee point from test data taken under other
conditions of service.”
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We are again at a crossroads, where many different ap-
proaches to empirical correction factors have been taken,
resulting in some confusion and lack of standardization in
the industry. As testing methods become more refined, in-
herent scatter in data will be reduced, creating the need for
exact determinations. A sound theoretical base is needed to
extend applications to higher salinities, elevated water
temperatures, etc. without the need for adding additional
correction factors to those already employed. We respect-
fully propose that the methods put forth in this paper be
critically examined, and, if found satisfactory, accepted for
general use.

The authors of this paper wish specifically to acknowledge
contributions from M. Lefevre (MRL Corporation), R.
Harrison (Baltimore Aircoil), and R. Des Jardins (Des Jat-
dins Associates) as well as to the members of the Non-
Merkel Methods Committee in general.

NOMENCLATURE
Symbol Designation Units
a Interfacial surface fe2/ft3
& Specific heat BTU/IbF | distinguished
c Molal concentration Ib-mole/ fr3}by context
Cs Humid heat BTU/Ib°F
d Differentiation operator
D Diffusion coefficient ft2/hr
G Air mass flow rate Ibs/hr-ft?
h Enthalpy BTU/Ib
k Molal convective transfer
coefficient
K Generalized transfer
coefficient
Le Lewis Relation K
CsKm
L Water mass flow rate  lbs/hr-ftz
m Molal flux Ib-moles/ft? — hr
M Convective mass flux lbm/hr-ft2
P Partial pressure Ib/ft2
q Heat transfer rate BTU/hr
Q Total energy transfer rate BTU/hr
Rh Relative humidity
S Interfacial surface area  ft2
t Air temperature °F
T Water temperature °F
\% Contacting volume fo
wb Wet bulb
W Humidity Ibs water/1b dry air
X Mole fraction
Subscripts
a, A Air
c Convective/conductive heat transfer
(depending on context)
db Dry bulb
f Interface or film

Saturated water-vapor

27

I Property at interface

L Latent heat transfer

M Mass transfer

D Diffusional mass transfer

s Sensible heat transfer

S Saturated

t Bulk air temperature F
T Water temperature °F
w, W  Water

00 Property far from interface

Greek Letters

A Latent heat of vaporization BTU/Ib
o Proportional to
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APPENDIX A

Merkel Derivation

Starting With
(5)

Ko [ (T-1) + AKy (Wp-W)] adv

=Kc T adV - Kt adV + AKyy

W

adV -

K. Ko
= Ky [?\\X/f“?\W‘% K T'KM t] adv

add and subtract CS (T-t)

; K Lap Y
Ky [ AW +Cg (T-1) - AW + ¢ C (T-t)

CS (T't}] adV

:KM {(CS T+>\Wf)- (CSHWUH- Cg

1 I P | dv
(T tJ[CSCKM J} :

APPENDIX B

Merkel Derivation

Let’s consider the volume element dV in more detail: It is
intuitively obvious that when the integrations are per-
formed, dV becomes V. However, dV = XZdy in cartesian

coordinates,

so the integration is really being performed in one di-

mension, not three.

V= XYZ, so XZ=V ; dV=XZdy = Vdy
Y

v y
i V dy =
[ Kadv:f Ka 3 Y
(o] o]

-

Y = a constant

—-— X —

T
dy
:
A

A%
Y

Therefore the integration yields KaV = Y = KaV

Y

Note: Kaisassumed to be constant or represented by some

average value over the fill volume.

WET = 74 & L/G = 1.158
BS
1
w -
75 =
=
= 65
W
£ & o h
3 kv
2 o=
-
45 =
w —
335 T T T T T T ¥ T T T T T T T | L T T T
BS a7 .1 21 93 85 97 38 101 103 105
TEMPERATURE (deg F)
O SATURATION CURVE + OPERATING UNE
KaoV/L EVALUATION
WET = 74 & LG = 1.15
0.0% |
| [r
008 =
007 -
0.06 -
AREA = KaV
x
< 005 o L
:1:. 0.04 =
0.03
1.40
002
0.01 -
u 1 L T T
75 Bs 95 os
TEMPERATURE (deg F)
APPENDIX D
Exact Derivation
Use of Humidity
X = mass of water vapor W = mass water vapor
total mass mass dry air
W+1 = Water + Air = Water + Air
Alr Air Air

APPENDIX C
REDUCTION TO PRACTICE
Example Calculation by Merkel Theory

using graphical integration

ENTHALPY PROFILE




1

Air

W+1 Water + Air
I- 1 =W+1 - 1 = W - Water + Air - Air = Water =X
W+1 W+l W+1I W+1  Water + Air Water + Air Water + Air
W o= X
W+1
1-X, W, 14We - (1+W,) 1+ W)
1 _WI—-— 1+W1 - \EI——
l‘l'\X/1 1+W1 1+Wl
=[(El + Wl We - We - WI WW)] [ (_wl = Woo} ]
(1+W)) (14 W) (1+W))  (1+Weo) Wy - W
[ (14w, - w))] - L+ We,
(1+W)) (1+Ww,)
APPENDIX E: EXACT

342

343 C
344 ¢

345C
346 C
347C
348 C
349C
350C
351 C
352C
353 C
354C
395 €
356 C
357C

358 C
359

360

361

Algorithm for Runge-Kutta Method

SUBROUTINE RK4
(DYDX, X, DX, Y, DY, N, W, Y)

perform one step of 4-th order Runge-Kutta
integration

definition of variables:

) QR the independent variable (scalar)
DX i the step size of X (scalar)
. the dependent variable (vector or array)
B L e dY/dX (vector or array)
DYDX uvoivisie name of subroutine defining dY/dX
e R s number of the dependent variables
W ccnam s working space of dimension (N, 4)
(SRR working space of dimension (4)

NOTE: the differential must be provided by
subroutine DYDX (X, Y, DY)

IMPLICIT INTEGER*2 (I-N), REAL*4
(A-H, O-2)

DIMENSION Y(N), DY(N), W(N, 4), V(N),
A(3), B(4)

DATA A/ .5,5,1./

CTI Journal, Vol. 12, No. 2

362
363 C
364
365
366
367C
368
369
370
371
372
373
314
375C
376
377C
378
379
380
381
382
383
384 C
385
386

DATA B/.166666667, 2*.333333333,.166666667 /

XX=X
DO 1001=1, N
100 V(D)=Y(I)

DO 120 ISTEP=1, 4
IF(ISTEP.EQ,1) 60 TO 120
ISTEP1=ISTEP-1

XX=X+DX*A (ISTEP1)

DO 1101=1, N
DY(1)=A(ISTEP1)*W/(LISTEP1)
110 V(I)=Y(I)+DX*DY(I)

120 CALL DYDX(XX, V, W(1, ISTEP))

DO 1401=1, N

DY(I)=0.

DO 130J=1.4

130 DY(I)=DY(I)+B(J)*W(L])
140 Y(I)=Y(I)+DX*DY(I)
X=X+DX

RETURN
END
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