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Thermal conductivity measurements were made for the dissociating system 2 NOy <= 2NO +
O2. Experiments were made at temperatures from 548° to 792°K. and pressures from 1 to 30
atm. Under these conditions the chemical reaction is in a nonequilibrium state, and the rate
of energy transport is limited by the rates of the forward and reverse reactions. Experimental
results agreed very well with o theoretical model based on a linearized reaction rate expression.
Using the thermal conductivity results, it was also possible to determine the chemical kinetic

constants for the reaction.

The thermal conductivity of a gas mixture can be sig-
nificantly augmented if the gas mixture undergoes a re-
versible chemical reaction. When there is a reversible
chemical reaction in the gas phase, a temperature gradient
can %ive rise to concentration gradients, since the chemical
equilibrium constant varies with the temperature. Thus, in
addition to thermal conduction, there is a flux of chemical
enthalpy as a result of the counterdiffusion of chemical
reactants and products. This flux of chemical enthalpy may
enhance considerably the thermal conductivity of the gas
mixture, especially if the enthalpy change of the reaction
is large. The problem of the thermal conductivity of a
chemically reacting gas mixture is related to the broad
field of heat transter in chemically reacting gases, which
has been of recent interest because of its importance to
the problem of hyposonic flight (23, 30, 32, 35).

If the chemical reaction is infinitely fast as compared
with the rates of diffusion, there will be chemical equilib-
rium throughout the gas phase and the enhancement of
the thermal conductivity is maximized. For such a case,
the concentration gradients can be related to the tempera-
ture gradient by using the van’t Hoff relationship; and the
rate of energy transfer due to molecular diffusion can be
interpreted in terms of the chemical equilibrium constant,
the enthalpy change of the reaction, and the diffusion co-
efficients. Theoretical as well as experimental aspects of
the thermal conductivity of a chemically reacting gas mix-
ture in equilibirium have been thoroughly studied (11, 13,
17, 18, 28, 36). Most previous experimental studies have
utilized dissociating nitrogen tetroxide, NyO, = 2NO,
(17, 16, 36). The half lives of both forward and reverse
reactions are of order microseconds at room temperature,
and an equilibrium system having a high enthalpy of
reaction can be studied under moderate experimental con-
ditions. Other equilibrium systems have been studied less
extensively; examples are the polymerization of hydrogen
fluoride, 6HF = (HF)¢ (24), and the dissociation of
phosphorous pentachloride, PCl; = PCl; + Cl; (14). In

all. Instances experiments on equilibrium systems have sus-
tained theoretical models.

In contrast to the equilibrium case, the frozen system
results when the chemical reaction is very slow. In this
case no appreciable concentration gradients are sustained
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and the increase in thermal conductivitly as a result of
chemical enthalpy flux can be ignored. Frozen systems
have been studied by Srivastava, Barua, and Chakraborti
(37) and by Dresvyannikov (2I). In both studies, the
thermal conductivity was affected only to the very slight
extent that the gas composition was altered by the chemical
reaction.

Intermediate between equilibrium and frozen systems is
the case in which the chemical reaction rate is not fast
enough to establish chemical equilibrium, but is sufficiently
rapid to establish significant concentration gradients. In
this instance the thermal conductivity of the reacting gas
mixture depends strongly on the chemical reaction rate.
Theoretical studies of the effect of finite chemical reaction
rate on the thermal conductivity have been reported (7 to
10, 12, 23), but no experimental data are available in the
literature. The only published thermal conductivity data
which appear to show the effect of chemical kinetics are
the thermal conductivity data reported by Coffin (17) for
decomposing nitrogen tetroxide. These data show deviation
from the equilibrium theory at pressures less than one-
third of an atmosphere. However, a lack of knowledge
about the kinetics of the dissociation of nitrogen tetroxide
prevented a quantitative comparison of theory and experi-
ment (12).

Experimental data have been reported for convective
heat transfer to turbulent nitrogen dioxide at temperatures
and pressures where significant concentration gradients
existed in the boundary layer (10). These results agreed
to within 10% with the film theory selutions of Brian,
Reid, and Bodman (8, 9).

Heretofore there have been no experimental results
published for the thermal conductivity of a gas which
reacts reversibly at a finite rate; thus the present work was
undertaken to elucidate the effect of finite reaction kinetics
on the thermal conductivity of a stagnant gas. Decomposing
nitrogen dioxide was chosen as the chemical system be-
cause the chemical kinetics has been studied in considerable
detail (2, 3, 5, 6, 33), and because the enthalpy change
of the reaction is sufficiently large to increase significantly
the thermal conductivity of the gas mixture. Moreover
these results provide an invaluable comparison with the
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less precise measurements which have been made for heat
transfer to this same gas in turbulent flow (10).

THEORY

Since previous papers discuss the necessary theoretical
background in detail, only a brief review of pertinent refer-
ences will be provided here. By linearizing an arbitrary
reaction rate expression, Brian and Reid (9) predicted the
heat transfer rate in a reversibly reacting gas flowing past
a solid wall; they utilized a film model and assumed
chemical equilibrium in the bulk region of the gas. When
these results are applied to a stagnant reacting gas mix-
ture between two parallel plates, the following result is
obtained if the walls are noncatalytic:

Vmy
b= ltanh\/ﬁ 1)
1+—[——\ﬁ-’"'—~— 1]
7 © tanh \/my

The dimensionless quantity 5 is the ratio of the thermal
conductivity of the gas mixture if it were in chemical
equilibrium to the conductivity of the gas mixture which
would exist in the absence of the chemical reaction (the
frozen thermal conductivity). The variable m may be
thought as the ratio of the chemical reaction rate to the
rate of molecular diffusion in the gas phase. The param-
eter ¢ is the ratio of the thermal conductivity of the
chemically reacting gas mixture to the frozen thermal con-
ductivity of the gas mixture. For a frozen system m is
zero and ¢ is equal to unity, while for an equilibrium
system, m approaches infinity and ¢ becomes equal to =.

The case of a chemically reacting gas mixture between
two concentric cylinders, such as a hot-wire thermal con-
ductivity cell, has been analyzed by Brokaw (12). To im-
plement Brokaw’s results for the 2NO, = 2NO + O,
system, one employs the known kinetic expressions for the
second-order forward reaction and for the third-order
reverse reaction. It is also convenient and accurate to as-
sume that the binary diffusion coefficients for the pairs
NO-NO; and O-NOy are essentially equal (7). With this
information, Brokaw’s analysis for the case of noncatalytic
walls in the absence of thermal accommodation and tem-
perature jump effects can be summarized as

S S—
-1

1+ (n _)

Vmy

where the definitions of ¢ and 4 are identical to those in

the parallel plate case. The variable m is still a measure

of the chemical reaction rate relative to diffusion rates,

but it now becomes a function of system geometry:

¢= (2)

T 2
Skp P2y2N02 To In ( Tw )
m=
DC ¢(1—¢) ¥

For a frozen system m is equal to 1/ and ¢ is equal to
unity, while for an equilibrium system, m approaches in-
finity and ¢ is equal to .

Both Equations (1) and (2) are the results of linearized
analyses, and they are restricted to the case of a small
temperature driving force in the gas phase. The effect of
a large temperature driving force has been studied by
Brian and Bodman (8), who obtained numerically the
film model solution for heat transfer accompanied by a
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reaction analogous to the nitrogen dioxide -decomposition
reaction. These results showed that the linearized analyses
of previous workers were accurate for surprisingly large
values of the temperature driving force. Their results were
well approximated by Equation (1) when the temperature
driving force was less than 40°F. A temperature driving
force of 40°F. in the analysis of Brian and Bodman cor-
responds to a temperature driving force of 80°F. in a
stagnant gas between two parallel plates.

PROPERTIES OF THE 2NO; = NO -+ O, GAS MIXTURE

In order to analyze properly the present results, accurate
estimates must be available for the thermodynamic and
transport properties of NQO,-NO-O, gas mixtures. The
chemical equilibrium for the reaction has been studied
thoroughly (4, 25), and is well known. Measurements of
the thermal conductivity of nitric oxide and oxygen in the
temperature range of interest in this present work have
been made by Dresvyannikov (22 ) and by De Haas (20),
respectively. The thermal conductivity of nitrogen dioxide
was estimated by extrapolating the experimental data of
Coffin and O'Neal (I17) up to the temperature range of
interest in this present work. The thermal conductivity of
the gas mixture was estimated by the method suggested
by Cheung (16). The binary diffusion coefficients for the
NOy-NO-O, system have been estimated by Bodman (7)
using the method of Hirschfelder, Curtiss, and Bird (27).

Details regarding the estimation of the properties of the
NO,-NO-O; gas mixture are discussed in references 7 and
15.

EXPERIMENTAL

A hot-wire thermal conductivity cell, shown schematically in
Figure 1, was used for the experimental measurements. The
cell body was constructed of a 2% in. O.D. 304 stainless steel
cylinder with a straight and uniform bore of 0.391 in. through
its center axis. The hot wire was a 0.00983-in. diam. gold wire,
which during measurements was used both as a heater and as a
resistance thermometer. The use of a gold wire was necessary
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Fig. 1. The hot-wire cell.
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because all other commonly used materials, such as platinum,
silver, copper, and nickel, react with nitrogen dioxide at high
temperatures, Only gold maintained a surface having the
required low emissivity value in the presence of NOs. The use
of stainless steel for the cell body was permitted because the
resulting impermeable oxide film prevented further corrosion
and because the emissivity of the interior cell wall was not as
critical as the wire emissivity in controlling radiative transfer.

The concentricity and straightness of the hot wire were
maintained by two centering guides and a stainless steel plumb
weight attacﬁed to the wire. Two Conax TG type pressure
seals were used to seal the two power leads and the two
potential leads of the hot wire.

During experimental measurements, a constant current
through the hot wire was maintained by a Kepco KS-18-15 con-
stant d.c. power supply. By measuring the current and the
voltage drop across the hot wire, the resistance of the hot wire
as well as the heat flux was determined. The current through
the hot wire was determined by measuring the voltage drop
across a 0.1-ohm Leeds and Northrop standard resistor con-
nected in series with the hot wire. The voltage drop was
measured with a Rubicon 2780 precision potentiometer. The
temperature of the cell wall was measured by a chromel-alumel
thermocouple installed in one of the two axial thermocouple
grooves provided in the cell wall. The axial temperature profile
was determined by moving the thermocouple to various posi-
tions in a groove.

To maintain the cell at a constant and uniform temperature,
it was put inside a three-zone tubular furnace. Voltage inputs
to the three independently controlled heating zones of the
furnace were stabilized by a constant voltage regulator.

The piping system, shown in Figure 2, provided for feeding
nitrogen tetroxide into the cell. During measurements, nitrogen
was in contact with the liquid nitrogen tetroxide. As the pres-
sure in the nitrogen piping was increased, liquid nitrogen
tetroxide was forced into the cell.

During experimental measurements, the difference between
the temperature of the cell wall and the average temperature of
the hot wire ranged from 5° to 25°K. The temperature
coefficient of the electrical resistivity of gold needed for com-
puting the gas thermal conductivity was obtained from the
experimental data ot Dahl (19).

DATA ANALYSIS

The heat fluxes measured in the apparatus of Figure 1
include both radial and nonradial components. For the
present cell geometry and thermal conductivities, the effect
of nonradial heat flow near the wire ends was analyzed
for the case of a nonreacting gas. It was found that in-
cluding this effect altered the calculated conductivity by
only 0.1%, a negligible amount. Thus, in the data analy-
sis, it was assumed that the heat flow in the cell was en-
tirely radial.
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Fig. 2. Piping system for hot-wire cell.
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In computing the thermal conductivity for each experi-
ment, corrections were made for the radiative loss from the
hot wire. Both the radiative loss from the hot wire to the
cell wall and the radiative loss from the hot wire to the
dissociating nitrogen dioxide gas mixture were accounted
for. The emissivity of the hot wire was determined by
comparing the apparent thermal conductivity of nitrogen
obtained in this work with the thermal conductivity of
nitrogen determined by Rothman (34). The absorptivities
of nitrogen dioxide and nitric oxide used in calculating
radiation to the gas were obtained from references 26, 29,
and 31, The results indicated an emissivity value of 0.06
for the gold. The emissivity reached this value after the
first few exposures to nitrogen dioxide, and it remained
stable during the entire experimental program. The maxi-
mum radiation contribution required a 6% correction to
the measured conductivity value. Details of the corrections
employed are reported elsewhere (15).

RESULTS AND DISCUSSION

Natural Convection

The possibility of natural convection effects in the cell
was investigated by carrying out a series of nitrogen runs
at 617°K. and at pressures of 2.42 to 29.4 atm. The results
of these runs are summarized in Figure 3, which shows the
thermal conductivity of nitrogen as a function of pressure.
The variation in the nitrogen density caused a 146-fold
change in Rayleigh number from 29 to 4,260. The figure
shows that this variation in Rayleigh number causes no
change in the measured conductivity,

In reacting gas systems, the density gradient is caused
not only by the temperature gradient but also by the con-
centration gradient in the system. These effects tend to
reinforce one another. For the present system a conserva-
tive value of the Rayleigh number was computed by as-
suming chemical equilibrium and employing the density
change due to both temperature and composition effects.
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The maximum Rayleigh number computed in this fashion
for all nitrogen dioxide experiments was 11,000; thus it
was concluded that free convection effects were not sig-
nificant in any of the present work.

Frozen Systems

In order to interpret meaningfully the experimental re-
sults for reacting cases, the thermal conductivity of frozen
mixtures of NOp-NO-O; must be known accurately. A
number of runs were made with dissociating nitrogen di-
oxide at frozen conditions by lowering the system pressure
and thus the chemical reaction rate. All results having a
theoretical value of ¢ = 1.03 were considered to be frozen.
Since only a small correction was required, the frozen
thermal conductivity value could be determined by taking
the ratio kexp/deneo-

To achieve frozen conditions, subatmospheric pressures
were required. Initial results reflected a dependence on
pressure which suggested that thermal accommodation
and temperature jump effects were important at low pres-
sure. For cases when these effects are in evidence, Archer
(1) has developed the following relation:

15 (2—a\P K by
K =K- . ( = )-7,9— - . (4)
S In (_"_) w
Tw
where K’ is the apparent thermal conductivity and the
second term on the right-hand side accounts for the effects

of temperature jump and incomplete energy exchange
between the hot wire and gas. In accordance with this
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Fig. 4. Results of frozen runs.
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Fig. 5. Frozen thermal conductivity. A comparison of experimental

results with theoretical prediction.

equation, Figure 4 shows isothermal frozen conductivities
plotted versus the reciprocal of pressure. In interpreting
this figure, it should be remembered that the composition
of the gas varies along each isotherm due to the influence
of pressure on chemical equilibrium. This effect tends to
distort the linearity predicted by Equation (4). Neverthe-
less, the effect of chemical composition is significantly less
than the variation seen in Figure 4, and it is concluded
that accommodation effects are indeed influencing the ex-
perimentally observed frozen conductivities.

As seen in Figure 4, the effects of accommodation were
substantially eliminated only at pressures above 1 atm.
However, frozen conditions could be achieved in this
temperature range only at pressures below approximately
2 atm, Thus the most accurate data for frozen conductivity
were measured for each temperature at pressures between
1 and 2 atm. Figure 5 shows a comparison of these data
with values computed from pure component data on
NO;, NO, and O; (17, 20, 22) and the mixing rule of
Cheung (16). It is seen that there is a consistent nega-
tive 2.5% deviation of experiment from theory. When
compared with the theoretical predictions of Svehla and
Brokaw (38), the experimental data deviated negatively
approximately 1% from theory. The consistency of the
departure of experiment from theory, in spite of wide
variations in system composition (0.25 < yno, < 0.85),
probably results from slight imperfections in the mixing
rules as applied to this system. The subsequent data on
reacting gases were compared with frozen conductivity
values computed using pure component data, Cheung’s
mixing rule, and a constant 2.5% negative correction.

Effect of Chemical Reaction

The thermal conductivity of dissociating nitrogen dioxide
was measured over a pressure range of 1 to 30 atm. and
at temperatures from 548° to 792°K. Figure 6 presents
some examples of the results obtained, with the equilibrium
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Fig. 6. Thermal conductivity of reacting mixture.

and the frozen thermal conductivities shown for compari-
son. In marked contrast to the results in the frozen regime,
the data in the higher regions of temperature and pressure
showed a marked dependence on temperature and pres-
sure. Experimental ¢ values were computed by taking the
ratio of the experimental thermal conductivity to the frozen
conductivity computed at the pressure and average tem-
perature in the cell. Values of m and 4 were also com-
puted at the average temperature; these calculations
utilized NOy-NO and NO,-O, diffusion coefficients as esti-
mated by Hirschfelder’s method (27) and chemical kinetic
data as reported by Rosser and Wise (33).

Equation (2) was used as a theoretical basis for evaluat-
ing the data for the reacting gas runs. This linearized re-
sult could be used directly because the maximum tempera-
ture driving force of the present work was 25°C., a value
well below the 45°C. limit for accuracy of a linear model
(8). An approximate but graphic means of comparing
experiment and theory is shown in Figure 7, where ¢ is

plotted versus \/m for parametric values of 5. In order to
avoid crowding, this figure includes only a portion of the
experimental data. Since each experimental point corre-
sponds to a different value of 7, the data have been
bracketed into ranges of # and are compared with a theo-
retical line corresponding to the midpoint of the range.
This figure reveals an excellent corroboration of the theo-
retical model and demonstrates the utility of m and % in
describing the effects of a reversible reaction on thermal
conductivity.

A quantitative comparison of theory and experiment is
presented in Figure 8, which shows for each run the ex-
perimental ¢ value plotted versus that predicted by Equa-
tion (2). The maximum departure of experiment from
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theory is approximately 10% and the average deviation is
about 3%; the deviations are approximately normally dis-
tributed about the mean. An average deviation of 3%
compares very favorably with the most probable values of
the experimental precision which were estimated in an
analysis of experimental errors,

Another way to compare experiment and theory is to
use Equation (2) to compute the reaction rate constant
from the experimental thermal conductivity data. Thus the
right-hand side of Equation (2) is set equal to the experi-
mental ¢ value, and the resulting equation is solved for m.
From this m value, the reaction rate constant kr can be
determined from Equation (3). The Arrhenius plot of the
reaction rate constant thus determined is shown in Figure
9. Some of the data points have been omitted in the figure
to avoid crowding. The solid line in the figure represents
the best line for the data of Rosser and Wise. It is seen
that the reaction rate constant determined from the thermal
conductivity measurements agrees very well with the data

35
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Fig. 7. Correlation of data on thermal conductivity in the presence

of a reversible chemical reaction. + 244 = n = 275. O 275 =
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Fig. 8. Comparison of experimental and theoretical values of ¢.
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of Rosser and Wise. The agreement between the experi-
mental and the literature values of the chemical reaction
rate constant over a wide range of temperature provides
another strong confirmation of the experimental results of
this work and of the theory previously developed. It also
suggests that measurements of thermal conductivity may
provide a valuable means of estimating chemical kinetic
parameters for reversible reactions having half-lives in the
millisecond range.

The percentage scatter of the reaction rate constant
determined from the thermal conductivity measurements as
shown in Figure 9 is much greater than the scatter of the
experimental ¢ values from the theoretical ¢ values as
shown in Figure 8. This is because at low temperature ¢
is a relatively insensitive function of the chemical reaction
rate. This can be seen in Figure 10, which shows the sen-
sitivity of ¢ with respect to the chemical reaction rate
under typical experimental conditions. Figure 10 shows
that even in the region of maximum sensitivity, a 100%
change in the reaction rate results in a change of only
about 119 in ¢.

Figure 10 also shows that the sensitivity of ¢ with re-
spect to the chemical reaction rate is highest when the ¢
value is in the range of approximately 1.1 to 2.5. For most
of the nitrogen dioxide runs the experimental ¢ values lie
in this range. Thus most of the nitrogen dioxide runs were
carried out under conditions for which the theory of a
nonequilibrium, chemically reacting gas mixture can best
be tested.

As already mentioned, the diffusion coefficient values
exert a strong influence on the calculation of ¢; the values
used in the present data analysis were those estimated
previously (7) using Hirschfelder's method (27). Since
there are no experimental data available for the binary
diffusion coefficients for any combination of NO,, NO, and
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Fig. 9. Chemical kinetic constant for the decomposition of mitrogen
dioxide as determined by thermal conductivity measurements.
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rate constant is doubled.

O,, there is uncertainty regarding the accuracy of the esti-
mated diffusion coefficients. The close agreement between
experiment and theory in this work, as well as that in the
work of Brian, Reid, and Bodman (10), lends support to
the accuracy of Hirschfelder’s method for the present sys-
tem.

The analyses of the present experimental results assumed
that the dissociation of nitrogen dioxide was a homogeneous
reaction, and that neither gold nor stainless steel catalyzed
the reaction. Previous work (7, 10) has indicated a lack
of catalytic activity of these metals; the close agreement of
theory and experiment in the present study lends further
substance to this assertion.

CONCLUSIONS

Measurements of the thermal conductivity of dissociating
nitrogen dioxide have been made over a wide range of
temperature and pressure. Under these experimental con-
ditions, the gas mixture was not in chemical equilibrium,
but the thermal conductivity was significantly augmented
by the chemical reaction. The effect of chemical kinetics on
the thermal conductivity was clearly demonstrated.

The experimental results are presented in terms of the
parameter ¢, which is the factor by which the chemical
reaction enhances the thermal conductivity. The experi-
mental results were found to agree well with the linearized
analysis of Brokaw, generalized by Brian and Reid. The
average deviation of experiment from theory was 8. This
deviation agreed well with the probable precision estimated
in an analysis of experimental errors.

The chemical reaction rate constant as well as the activa-
tion energy for the decomposition of nitrogen dioxide de-
termined from the thermal conductivity measurements
agrees well with chemical kinetic data reported in the
literature. This not only provides further confirmation of
both the experimental results and the theory, but also il-
lustrates the utility of thermal conductivity measurements
in obtaining chemical kinetic data for a nonequilibrium,
chemically reacting gas mixture.
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NOTATION
C = total molar concentration, moles/cu. cm.
D = binary diffusion coefficient for NO-NO; or O2-NO,,
sq. cm./sec.
Dy = binary diffusion coefficient of component i in com-
ponent j, sq. cm./sec.
Dr = effective diffusivity of component k in a multi-
component mixture, defined by
o )
1 Yi ( AL
Dre g2k Dy )
f = function relating homogeneous ratefor the reaction

aiAy + azAs + azds 4 ... & bB, + byB; +
b3B; . .., moles/ (sec.) (cu.cm.)

fr = (8f/8T) yay, Yag, Yag -« - YB1> YBe YB3 « -+ » moles/
(sec.) (cu.cm) (°K.)
far = (8f/8yay) Similar definition for

T, all ¥’s except v4,.
fags fs1s faa - .., moles/(sec.) (cu.cm.)
i =fa = 2 faiSaay + 2 f8;SB;a;, moles/
41 all §
(sec.) (cu.cm.)
AH = enthalpy change of reaction, cal./g-mole and
cal./mole of nitrogen dioxide in this experimental

work

Iy = hyperbolic Bessel function

I = hyperbolic Bessel function

Ko = hyperbolic Bessel function

K, = hyperbolic Bessel function

K = thermal conductivity, cal./(sec.) (cm.) (°K.)

K’ = apparent value of K

K; = thermal conductivity of gas mixture in frozen
condition, cal./ (sec.) (cm.) (°K.)

kr = kinetic constant for the decomposition of nitrogen

dioxide, mole/ (sec.) (cc.) (atm.2)
L = half length of the hot wire, cm.

1o 2
()
kP22
3krP2y?Nnog - Tw for the hot-wire

m =

DCE(1—¢)

cell
m = f,xr?/CD4 for gas between parallel plates
P = pressure, atm.
Pyoy = partial pressure of nitrogen dioxide, atm.
ro = inside radius of the outside cylinder, cm.
ryp, = radius of hot wire, cm.
S(j = (D]/Di) (w,-/wj)
T = temperature, °K.
xp = half of the gap width between two parallel plates,
ynog = mole fraction for nitrogen dioxide
z = axial distance, cm.
Z = #z/2L
Zy =xrw
Z2 = xfo
Greek Letters
a = thermal accommodation coefficient

2

n =1+ M’ in general, and 1 + (;;1,2 )

for this chemical system

e\ 5 o)
(%)

= mean free path of gas molecules, cm.
= degree of advancement for the decomposition re-
action
= K/ Kf
[ Snkr  P2ynoy? ]1/2
DC ¢(1-¢)

xS >
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@f

= stoichiometric coefficient for component §; positive
for reactants and negative for products
(ro/Tw)1o(Z3) — 1,(Z,)

- Ki(Zy)11(Z,) — Ki(Z1) 1(Zp)
[Ko(Zz) — Ko(Zy)]
(ro/10) K1 (Z3) — Ki(Zy)
5(Z1) Ki(Zs) — Ii(Z;) Ky (Zy)
[1(Z;) — 1s(Zy)]
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