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ABSTRACT : Usual experimental adsorption isotherms as a function of relative humidity
were constructed from adsorbed water contents in soils, which were kept more than 2 days in
vacuum desiccators with constant humidities controlled by sulfuric acids of various concentra-
tions. From the experimental data, the adsorption surface areas were calculated on the basis of
the existing adsorption theory, such as Langmuir, BET, and Aranovich. Based on the Gibbs
function describing chemical potential of perfect gas, the relative humidities in the desiccators
were transformed into their chemical potentials, which were assumed to be the same as the po-
tentials of equilibratedly adsorbed water in soils. Moreover, the water potentials were again
transformed into the equivalent capillary pressures, heads of capillary rise, and equivalent radi-
us of capillary pores, on the basis of Laplace equation for surface tension pressure of spherical
bubbles in water. Adsorption quantity distributions were calculated on the profile of chemical
potentials of the adsorbed water, equivalent adsorption and/or capillary pressures, and equiva-
lent capillary radius. The suggested theories were proved through its application for the predic-
tion of temperature rise of sulfuric acid due to hydration heat. Adsorption heat calculated on
the basis of the potential difference was dependant on various factors, such as surface area,
equilibrium constants in Langumuir, BET, etc.
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INTRODUCTION etc. The displacement of matter in the force fields

is accompanied with the change of their energy

The universe is a complicated fields of forces, levels, which is expressed in terms of potential.
including electricity, gravitation, and magnetism, Therefore, most of natural phenomena as well as
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water adsorption in soil can be described by the
changes of potential energy. But most of the exist-
ing adsorption isotherms, for example, Langumuir,
BET, Aranovich, deal only with chemical equilib-
rium applying mass action law, although their
adsorption models were branched off each others
in terms of the number of adsorbing layers or free
spaces in them. They are all based on simple
assumptive models and their fitness does not
cover full moisture regime in soil. Especially in
the agricultural moisture regime, these isotherms
all deviate from reality.

Water potential is very important, because
moisture movement in soil is described as a func-
tion of its gradients and hydraulic conductivity.
Moreover, we may assume the adsorbing surface
is not so uniform as assumed in the model of
Langumuir, BET, or Aranovich. If we assume that
there are many micropores on adsorption surface,
the potential theory of capillary water may be ap-
plied better than the simple mass action law. The
relationship of moisture against water potential
can provide additional information about soil
adsorbents. Approximate adsorption energy,
adsorption pressure, and pore size distributions
can be reached, which are important soil charac-
teristics.

The aim of the present work was to character-
ize the relationship between adsorbed soil mois-
ture and its water potential and to evaluate
adsorption pressure or equivalent capillary water
pressure or capillary radius of the adsorbed
water,

THEORY

Water potential

Energy level can not be expressed in absolute
value, but in relative quantity as a difference
from the established standard level. Gibbs func-
tion describes the free energy level, G () of per-
fect gas at pressure, p, by the differences from the
standard energy level, G(p, ) at standard pre-

Table 1. Notations and dimensions

Notation  Description

a, am Adsorbed amount, Maximum adsorbed
amount{mg/g]

C Proportionality constant in BET, dimen-
sionless

g Gravitational acceleration [9.8 m/sec ]

G(p,), G(m,Gibbs free energy of perfect gas at pres-
sure p, at standard pressure, [joule]

H Capillary rising head [m]

k Equilibrium constant for Langumuir,
dimensionless

DsDu Gas pressure at p, at standard state [Nm 7]

D D Vapour pressure above the surface of the
adsorbed or capillary water, Saturated
vapour pressure of free water. [Nm™?]

Piawr ,Puns, FrEE Water pressure, Water pressure de-
pressed by capillary action or adsorption.
[{Nm™]

Da Air pressure above meniscus, [Nm 7]

r Capillary radius [m]

Vian Ve Volume of water, gas or vapour [m"/mole]

H th Chemical potential at p, at standard pres-
sure. [Joule/mole ]

3 Difference of chemical potential from
standard state or water potential [joule/
mole ]

y Surface tension [N/m]

o Density of water [kg/m’]

ssure,pyand at constant temperature of T,

G (p) =G (pu) + nRTIn (ﬁ) )

The standard condition is established usually
at a pressure of exactly one bar, m, for Gibbs
function, But it may be set at any convenient
pressure, for example, at saturated water vapour
pressure, p of free water in order to express the
potential of adsorbed or capillary water in soil in
comparison with free water.

In the case of one mole, equation (1) may be
writen as following;
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S

e=p—m=RTIn 5 )

Th quantity, ¢is called the chemical potential
and € is the potential difference from the stan-
dard. When the standard is that of free water, ¢is
shortly called the water potential compared to
that of free water surface and its value may be ex-
pressed in various units, for example, in joule/
mole, capillary water head, adsorption pressure,
or equivalent capillary radius etc.

Pressure head from water potential

At equilibrium, the level of Gibbs free energy
of gas phase of water is the same as that of liquid
phase, therefore there is no apparent water move-
ment between gas phase and liquid phase of
water. At equilibrium, the chemical potential, 4
of gas phase, ie water vapour above the meniscus
or adsorbed water surface are equal to that of
waler, /4.- On meniscus surface or adsorbed sur-
face. Therefore, for any change that preserves
equilibrium, the change in one is equal to the
change in other: d 44=d toas

At constant temperature, the change of Gibbs
free energy or chemical potential can be express-
ed as d =V dp. When the pressure on water is in-
creased by d pur due to a reversible movement of
molecules, its chemical potential changes by V.,
d pwx The change in the pressure of the water va-
pour, d p,corresponds to a change in its chemical
potential of V;d p, Therefore,

Vwater d pwa(erz V;( d pg (3)

If the water vapour is assumed to be a perfect gas,
equation (3) can be arranged as following;

dpg /pg= Vaer dpwawr/RT (4)

By integration of equation (4) from Iree water
PIesSUre, Dewas 10 the pressure, pu. depressed by
capillary action or adsorption, we can get the va-
pour pressure, p above the meniscus or adsorbed
surface in equilibrium.

Table 2. The relationship between soil air humidi-
ty and soil water potentials expressed by various ways
in non—agricultural regime.

. Chemical
Relative . Capillary
.. potential pressure .
Humidity . radius
difference (-bar)
(RH, %) ) (nano meter)
(~& jouke/mole)
99 25 142 104
94 154 872 17
84 434 246.5 6
74 751 425.7 35
64 1113 631 23
54 1536 871 L7
44 2047 1160 13
34 2690 1525 097
24 3559 2017 0.73
14 4904 2780 0.53
4 8028 4551 033

* Surface tension of water, 7.275% 10 N/m

Vwawr
lﬂg =Ak7‘(prm-“ (m‘y_pdupr«-ss)

Vwau'r
= pralw_R T

(8

The dimension 0f Apua V. is the same as ¢ in
equation (2) and so equation (5) is the same as
equation (2). Ap..is the pressure head.

Equivalent capillary radius and head

In the case of capillary water, the water poten-
tial, Apuar Vas OF § can be expressed by capillary
rising head or capillary radius. According to At-
kins, capillary rise of water is described by the
following Laplace equation, when the meniscus is
concave as the case of water in soil;

Daepress™ DPair— %}: (6)

and it can be expressed by the capillary rising
head;

Dsepress =paor —Q gH (7)

where pams iS Water pressure below the menis-
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Table 3. The relationship between soil air humidi-
ty and soil water potentials expressed by various ways

in agricultural regime.

Chemical i
. ) Relative
Head |pressure |capillary| potential L.
. . Humidity
(-m) | (-bar) | radius | difference
. (RH, %)
(- joule/mole)
150 15 99nm 264 98.93
120 12 123nm 21.1 99.14
50 5 296nm 882 99.64
10 1 1.48m 176 99.92
33 | 1/3 4491m 0.58 99.97
1 0.1 14.81m 0.17 99.99
0.5 005 29.6.m 0088 99.99
02 002 74.21m 00352 99.99
002 | 0092 7421m 0.003s 99.99
0 0002| 00002 | 7.42mm 0.0003s 99.99

cus, p« is outside pressure above the meniscus, 7 is
surface tension of water (7.275% 10" 'N/m), 7 is the
radius of the capillary tube, pis density of water,
g is gravitational acceleration, and H is capillary
rising head.

Linking above equations, soil water potential
may be expressed in various way on the basis of

following equation;
R T ln_E = E = prmer VWal(’f = wawr&
bs r
= Vwaler o gH (8)

Experimental proof for the relation be-
tween vapour pressure and chemical po-
tential

Now, we may call pin equation (8) the indica-
tor for the free energy difference from standard
state. The concept can be applied for the calcula-
tion of adsorption energy distribution. For exam-
ple, the concept may also be applied to measure
the chemical potential decrease during hydration
by sensible hydration heat. When we add water
in sulfuric acid, the hydration heat can be calcu-
lated as following, using equation (8) related with
chemical potential.

hydration heat= :R;—gln(%)dw 9

where p(w)is vapour pressure as a function of
water amount, w added into concentrate sulfur-
ic acid. The vapour pressure, p(w) can be calcu-
lated through the concentration-density table and
the density-water activity table for sulfuric acid
solution in CRC.

The adsorption energy as defined the free en-
ergy difference from that of free water, that is the
heat of adsorption, can be expressed in the same
way.

For Lagumuir adsorption as . k(1-a/am)

Adsorption energy—

YiRT
T

a/an
In( k( l—a/am))da (10)

We can also calculate numerically the adsorp-
tion energy on the basis of the experimental iso-
therms. Equation (9) and (10) are impossible,
when a or p equals zero.

Adsorption distribution on the intensity
profile of energy potential

Adsorption isotherms describes the cumulative
quantity of adsorbate on the profile of water po-
tential expressed in terms of vapour pressure,
although the potential can be expressed in vari-
ous ways.

Distribution function can be obtained from
cumulative function through differentiation. The
adsorption quantity distribution is the same as
the slopes of experimental adsorption isotherm
arranged as a function of the water potential
transformed from the vapour pressures. The
adsorption energy distribution can be calculated
on the basis of adsorption quantity distribution.

MATERIALS AND METHODS

The experimental adsorption isotherms of five
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Table 4. The experimental water activity and the

Table 5. Adsorbed water in the desiccators influ-

equivalent values. enced by humidity (mg/g).
'Equlvalent Values - Rehme soil 1 | soil 2 | soil 3 | soil4 | soil 5 silica
Acid Water Chemical Capillary Capillary humidiyl gel
density | activity potential pressure radius 1.07 56 39 4.1 44 46 57
difference (-Bars) (nano- 314 | 153 9.3 9.8 81 96 | 119
(-jule/mole) meter) 720 | 244 | 204 | 142 | 126 | 148 | 311
1.7870 0010667 | 11055.7 6267 0.239 1205 | 302 | 25.1 19.1 163 179 | 554
1.7025 0031387 | 84278 4771 0314 1889 | 366 | 29.5 | 215 186 | 220 | 1027
1.6245 0072015 | 6405.7 3631 0413 3133 | 440 | 382 | 284 | 232 | 271 |1681
1.5655 0.120535 | S151.6 2920 0.514 39.12 | 465 | 421 30.1 25.1 299 12050
1.4995 0.188915 | 40575 2300 0.625 4477 | 484 | 445 | 317 | 260 | 336 |2339
14315 0313355 28254 1601 0937 5052 | 513 | 491 335 | 277 | 357 (2632
1.3900 0391200 | 2285.2 1295 1.158 5574 | 580 | 538 | 363 | 29.1 382 |28s.1
1.3620 0447776 | 19564 1109 1.353 6423 | 621 597 | 39.7 | 307 | 443 |309.1
1.3350 0.505300 1 16620 942 1.593 6907 | 63.5 | 656 | 43.1 329 | 475 | 3181
1.3115 0.55747 14228 806 1.861 7323 | 662 | 71.8 | 485 | 369 | 504 |3248
1.2755 0.64229 10779 611 2456 7959 | 704 | 795 | 546 | 445 | 571 |3301
1.2555 0.69069 901.0 S10 2938 84.48 756 | 947 | 606 | 497 61.8 |334.2
1.2360 0.73228 758.7 430 2490 89.51 80.5 | 1068 | 665 | 59.6 | 707 |3356
1.2045 0.79591 555.8 315 4764 9447 873 | 1256 | 75.1 69.5 821 |336.7
1.1760 0.84484 4105 232 6.45 9800 (1113 {1580 | 875 776 | 1049 | 3409
1.1430 0.89514 269.7 152 9.81
10920 | 094476 1384 784 19.1 solution of equation (9) was made for the temper-
10400 | 098000 492 2719 | 338 ature rise due to hydration heat of sulfuric acid

representative Korean soils and commercial Sili-
ca Gel adsorbent (Yakuri Pure Chemicals Co,
Osaka, Japan), were built through the vacuum
chamber method. The humidity in the vacuum
desiccator was controled by sulfuric acid solution
in it. The densities of the used acid were deter-
mined by weighing method and its equilibrium
humidity was calculated based on CRC.

Table 4 shows experimental conditions in
terms of acid density, the resulting water activity
in the desiccator, the chemical potential differ-
ence of the water activity by equation 2, and the
pressure head and the equivalent radius of the
capillary pores in equilibrium with the water
activity calculated by equation (8).

For the experimental proof of the relationship
in equation (8) between the vapour pressure in
equilibrium and the water potential, numerical

solution as shown in program 1. The densest sul-
furic acid of 100g contains 97 g of acid and 3 g of
water. The applied specific heat 0.4285 cal/gram/
‘C of pure HSO, was calculated on the basis of
atomic heat capacity of 6 cal/mole/C (example,
1=6x%3/18 for water, 04285=6x7/98 for sulfuric
acid). In the program, the integration range was
divided into 100 sections for stepwise integration.
The program can be understood because of the
explanations writen in it.

RESULTS AND DISCUSSION

Table 4 shows the experimental data obtained
from the isothermal adsorption in humidity con-
trolled desiccator at room temperature. Among
these data, the adsorption values at relative hu-
midity of 98% are very interesting. The biggest
moisture adsorption at 98% RH was only 15.8%
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for soil 2, which is far lower than the wilting point
moisture content of the soil. This point may be
considered as a simple proof that soil water re-
gime for plant use locates at soil humidity higher
than 98% as shown in Table 2.

From the experimental data, difficulties were
found in relation to the roughness of the existing
adsorption theory, such as Langmuir, BET, and
Aranovich, which may be summarized using fol-
lowing equations in linear forms:

.. plp._ 1 | p/p
for Langmuir; £ == —+ = (1n
P
for BET, —P——=—1_ (S‘é) 2. (1))
a(1-2) @n “C D
ya P
. Ds 1 Ps
for Aranovich, —F—=——=——- (13)
av) l—ﬁ a...C am
D

The most characteristic parameters of
adsorption is monolayer surface areas, an They
were calculated through Gauss method of least
squares from the experimental data as shown in
Table 6.

Generally, the adsorption isotherms fit with
real adsorption of moisture only at low regime of
relative humidity. Therefore, only limited number
of data, that is 6 or 10 data points in low regime
of relative humidity were fed for the calculations.
Indeed, the literature states that BET model

Table 6. monolayer surface area determined by
various isotherms (m?/g).

000method| Langmuir BET Aranovich
number of

data fed 6 10 6 10 6 10
soil 1 203 | 234 | 122 97 160 | 149
soil 2 196 | 242 | 110 92 151 149
soil 3 127 | 151 76 62 100| 96
soil 4 100 | 119 62 50 9 76
soil 5 119 | 160 73 65 94| 102

silicagel | 2373 | -5333 | 1055 | 661 |(-11179| 3667

mg/g
‘s
|
1
|

}
\ |

Adsorbed water,

potential energy, kJ/mole

—m— sampie 1 -+ sliiicagel - sample2
—— sample 3 sampie 4 sample 5

Fig. 1. Cumulative quantity of adsorption on the
profile of potential energy.
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Adsorbing pressure, 100 bars
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Fig. 2. Cumulative quantity of adsorption on the
profile of adsorbing pressure.

works for the adsorption within the range of p/p.
=0.05~0.35 (Oscik,1982). From the rough estima-
tion of fitting data on the graph, it could be con-
cluded that BET worked in p/p. range of about 0.
03~0.32 for the soils studied, whereas Aranovich
worked in 0.03~0.65 range.

The BET surface areas for the studied soils
vary between 62 to 122m’/g, what is in agreement
with literature data (Sokolowska, 1989). Some-
what higher values are calculated from the
Aranovich equation: 77~150m?%g, This is consis-
tent with the assumptions on the mechanisms of
adsorption process postulated by the above theor-
ies. As far as Aranovich postulates vacancies in
adsorbed polymolecular layers, more of
adsorption is attributed to the surface itself. For
BET, more adsorption is regarded to be on poly-
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Fig. 3. Cumulative quantity of adsorption on the
profile of equivalent radius.
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Fig. 4. Adsorption distribution on the profile of
potential energy.

layers on it. In the case of Langmuir, the surface
area was the largest because all adsorption lo-
cates only on mono-layer adsorption on the sur-
face. The variations among the determined sur-
face area show the roughness of existing adsorp-
tion models.

If we arrange the experimental data on the
scale of other equivalent variables, we can ap-
proach other features of adsorption, for example,
we can imagine the shape of the adsorbent.

Fig. 1 shows the data in table 4 as arranged on
the profile of adsorbed water potential, instead of
the usual arrangement on the humidity scale. In
these Fig, adsorption characteristics of the 5 soils
are very similar to each others. But that of silica
gel is quite different from those of soils. And so,

350 -
E o
o 300
e
0 250
+
E +
Q 200 E
o +
€ 150
£
.

100 h
Ke +x +
]
w *
L + "

0 05 1 15 2 25 3 35

equivalent capillary radius, nm

—m— sample1 -+ sliicagel

Fig. 5. Adsorption distribution on the profile of
equivalent radius.

attention was paid only on soil 1 and silica gel for
the conveniency in later discussion as shown in
Fig, 2. It shows cumulative adsorption properties
of soil 1 and silica gel as arranged on the profile
of pressure head. But it is the same as Fig. I, be-
cause pressure head is proportional to the chemi-
cal potential. And so the pressure head will be
omitted in later discussions. Fig. 3 shows cumula-
tive adsorption of water vapour as arranged on
the profile of equivalent radius of capillary tube.
We can see that there are more micro-pores in
silica gel than in soils. Moreover, the dominant ra-
dius of the micro-pores is less than 5nm.

In Fig. 1 and 2, we can see that the increasing
rate of adsorption with increasing chemical po-
tential, da/d ¢ is far lower for soils than for silica
gel up to chemical potential of -1 k joule/mole. It
is substantial in the range of -6 to -1 k joule/mole
for silica gel. This point indicates that there are
many adsorbing sites in silica gel in this regime of
water potential. The adsorbing sites may be micro
-capillary pores.

As mentioned in the theory section, adsorption
isotherms describe the cumulative value and its
derivative shows the distribution of adsorbate on
the profile of water potential difference from that
of free water. And this may be expressed by the
equivalent radius of capillary pores. In Fig. 4 and
5, adsorption quantity distribution was shown

_23_
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—&- sample 1+ silice gel

Fig. 6. Adsorption distribution on the profile of
equivalent radius.
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temerature rise in Celcius

Added water (g/100 g of conc. acid)

Fig. 7. Temperature rise of conc. sulfuric acid due
to hydration heat of added water.

against these variables. In the case of silica gel,
substantial amount of adsorbate distributes in the
water potential regime of -6 to -1 kjoule/mole,
while the adsorbate distribution is very low under
1 k joule/mole in the case of soil.

Fig. 5 and 6 shows more explicitly the nature
of the adsorbent in terms of capillary radius. In
the case of soil, maximum adsorbate distribution
locates at the smallest radius and it is decreasing
as the radius is increasing. The dominant radius
is slightly bigger than the radius of water mole-
cule, 2 angstrom. Therefore, these regime of small
radius may not be capillary regime, but surface
adsorption regime. And moisture adsorption in
korean soil may be interpreted to be through
Wan der Waals forces of surfaces and korean
clay may be thought to be flat with negligibleb

0 20 40 60 80 100 120 140 160 180 200

T T

° 10 20 30 2 50

heat generated (cal/g soil)

Adsorbed water (mg/g SOIL)
[— Am=100 mg/g,k=10 - Am=150 mg/g, k=10 Am=200 mg/g,k=10 }

Fig. 8. Heat generation from adsorbed water due
to potential decrease by adsorption.

list

10 DIM DENS(30), ACTI(30),DENCON(100)

20 REM DENS=density;ACTI=activity;DENCON=density denpending on concentration
30 FOR I-1 10 13:REM reading the table of activity demsity

40 READ DENS(I),ACTI(I)}

50 NEXT 1

80 FOR I=C TO 97:REM Density
90 READ DENCON({I)

100 DENCON(I)={DENCON(1)+10000)/10000:NEXT 1

210 ACID=97:INIWAT=3:REM 100 grams ol conc acid,including 3% of water(INIWAT)
220 N=100: REM N=number of division for stepwise integration

230 FOR JJ=1 TO 200

240 W=JJ:REM u=total added water in grams in 190 gr of conc amd

250 DW=W/N:REM DW=d¥ in equ(9) for stepwise integrationm

260 SUMWAT-0:SUMHEAT=0:REM variables for summation of added water and heat
270 FOR NN=1 TO N: REM integration through n=100 steps

280 SUMWAT=SUMWAT+DW

290 WATER=SUMWAT+INIWAT:REM water for the corresponding step of integration
300 PRCNT=ACID4100/(ACID+WATEK}:REM percentage of acid for the step

310 REM #+density(WT) from acid percentage by simple linear relation *+swswws
320 J=INT{PRCNT) :REMNANT=PRCNT-J%

330 WT=DENCON(J2)+(DENCON(J%+1)-DENCON(.J%) ) YREMNANT

340 GOSUD 430:REM #*#*essssesanumidity(humi) from density(Wr)sisssavasenenas
350 REH #r4*ssitproduced heat in the Step & Summation of hratsivessssskssr
36D HEAT=1.98714300#LOG(HUMI/100)4DW/ 18 : SUMHEAT=SUMHEAT +HEAT

370 HEXT NN

380 HICAP:ACIDS . 4285+4W:REM »e+s%2s total heat capacity of the solutionsssvss:
390 TLMFRISE=SUMHEAT/HTCAP*(-1): REM temperaturc rise

400 PRINT JJ:" “TEMPRISE;™  ";HUMI;" “WT

410 NEXT 33

120 END

430 1=0:REM #*44#2#%% subroutine for humidity from density +sssessvessasces
440 T=1+1

450 IF WT<DENS(1) THEN GOTO 440

ration data;I tration in %

460 INCREMENT=DENS(I-1)}-DENS(I)

470 DIFF=WT-DENS(I)

480 HUMI=ACTI(I)-(ACTI(1)-ACTI{I-1))*DIFF/INCREMENT
490 RETURN

500 REM

ity § concentration relatienship

710 DATA 0,51,118,184,250,317,385,453,522,591,661

720 DATA 731,802,874,947,1020,1094,1168,1243,1318,1124

730 DATA 1471,1548,1626,1704,1783,1862,1942,2023,2104,2185

740 DATA 2267,2149,2432,2515,2599,2684,2769,2855,2941, 3028

750 DATA 3116,3025,3294,3384,1476,3569,3663,1758,13854, 3951

760 DATA 4049,4148,4248,4350,4453,4957,4662,4768,4875, 4983

770 DATA 5091,5200,5310,5421,5533,5646,5760,56874,5989, 6105

780 DATA 6221,6138,6456,6574,6692,6810,6927,7043,7158,7272

790 DATA 7383,7491,7594,7693,7786,7872,7951,68022,8087, 8144

800 DATA B195,8240,8279,8312,8337,8355,8364

810 REM
ok

Appendix 1. S/W calculating the temperature
rise of HSO, due to hydration heat.

pores in it. In the case of silica gel, substantial
adsorption distributes on the range of 10 to 25
angstrom radius of capillary tube. Therefore,
adsorption in silica gel may be thought as capil-
lary holding of water. Silica gel is made from acid
precipitates of silicic acid through vacuum dehy-
dration and may contain a lot of micro-pores in it.

The water molecule radius of 2 angstrom was
calculated as following;
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Volume of water molecule =18 % 10-°* m%/Avo-
gadro constant

Radius of water molecule=one-third power
of one quarter of its volume =2 angstrom

Final discussion is related with experimental
proof of equation (8). The temperature rise due to
hydration heat of sulfuric acid is shown in Fig. 7.
It was conformed by experiments that the calcu-
lated temperature rise fits approximately with ex-
perimental results. Therefore, it was concluded
that we may apply equation (8) and (10) for the
adsorption heat of moisture on soil. Fig. 8 shows
adsorption heat as calculated by equation 10. The
factor influencing adsorption heat was the maxim
amount, a. of adsorbate on the monolayer
adsorbent surface. The equilibrium constant, &
also influences the adsorption heat generation,
although it is not shown.
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