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LA INTRODUCTION

The aim of this investigation was to establish the enthalpy diagram for
the reaction %Nz +_23_H2 —--NH3; i, e., the graph of enthalpy, H, vs temperature,
T, at various pressures, P, The establishment of the enthalpy diagram is an
essential part of the proposed development of a solar energy plant based on the
dissociation and synthesis of ammonia. (1)

The approach to the enthalpy diagram in this report is to determine first,
in Section 2, the enthalpy of ammonia using
{a) standard thermodynamic equations at atmospheric pressure;

(b)  the pressure-enthalpy diagram for ammonia, Figure 1;2 and
(c)  the graph of enthalpy correction for gases as a function of pressure,
Figure 2, 3

The values of AH for the reaction iN, + 3 9 ™ NH, were then computed, in

2 o 3
Section 3, following the approach of Gillespie and Beafr:tie4 using the Beattie-
Bridgeman equation of state. Finally, in Section 4, the enthalpies of the
N2 - H2 mixture were evaluated from the values of H for ammonia and of. AH
for the reaction. The enthalpies of N2 - I—I2 were also checked, in Section 4,

by independent calculation.

2. THE ENTHALPY OF AMMONIA

Pressure = 1 atm,

It is conventional in thermodynamics to regard the enthalpy of the
elements to be zero in their equilibrium states at 25°C. 2 Accordingly, the
enthalpies of nitrogen and hydrogen were taken as zero at 25°C and 1 atm
pressure.

The enthalpy of ammonia at 1 atm as a function of temperature was

calculated using the basic thermodynamic equation

T

H., = H + G Sdamt s, L)
298 P



For ammonia,

cp = 7.11 +6.00 x 10737 - 0.37 x 109772 cal deg‘1 mote™t (8
The enthalpies calculated in this way are shown in Table 1.
TABLE I
Enthalpy of Ammonia as a Function of Temperature

at Atmospheric Pressure

T -H
°c k cal/mole
0 11.21
37 10. 80
87 10, 46
107 10. 28
127 10,08
207 9.33
300 8.39
500 6.17
600 4,97
700 3.71

ELEVATED PRESSURES
Enthalpy calculations at pressures greater than 1 atmosphere
were based on:

1. Pressure-enthalpy diagram for ammonia, reproduced in Figure 1.

(2)



2. Graph of enthalpy correction for gases as a function of

pressure reproduced in Figure 2, (3)

Calculations based on the P-H diagram (Figure 1) were limited to
{ temperatures below 5800K (3070C), the maximum temperature on the
diagram. In using the enthalpy correction graph (Figure 2), the reduced
temperature and pressure of ammonia were calculated using the values

o)
of 405.6 K and 111.5 atm for the critical temperature and pressure, (7)

respectively, The enthalpy values determined are presented in Table IL

TABLE II
Enthalpy of Ammonia as a Function of Temperature at

Elevated Pressures

-H, k cal/mole

T°C 0 37 87 107 127 207 300 500 600 700

P, atm
1 11.21 10,90 10.46 10,28 10.09 9.33 8.39 6.17 4.97 3.71
160 16.52 15.76 14.75 14,27 12.10 10.04 8.90 6.45 5.17 3.95
300 16.44 15.72 14.79 14.39 13.97 11.81 9.70 6.85 5,53 4,11
600 16.27 15.63 14.77 14.41 14,04 12.43 10,49 7.29 5.89 4,31

1,000 16.05 15.48 14.68 14.36 14,00 12.52 10.69 7.49 6.05 4. 47




1y +§H — NH

H =
AH FOR REACTION 3N, 5 ]

From the definition of enthalpy, (8)

dH = TdS+ vdPb,

where S and V refer to enthalpy and volume, respectively

OH / dS /

Emdii F V + T e

or T oP T
From the Maxwell relation, &

38 / . B_V./

oP T oT P

OH / AV /

== = V- T

oP T oT P

Integrating for n moles of gas at constant temperature,

P

H = nﬁ—Ta—V/}dP+nh A 3
OTP

)
where h is the mdar enthalpy as P — O.

From the definition of CP’ the heat capacity at constant pressure,

-T
h = C dT+h0

T P
0

where ho is the molar enthalpy at temperature TO.
As P —» O, any gas behaves as an ideal gas.

c —c. = g1

where CV is the heat capacity at constant volume and R is the gas

constant.



'T

h = (C._.+R)AT + h
Vv o
e U
o)
T
h = C.dT + RT — RT + h
v o o
T
o}
T
h = C_dT + RT + u TR B (3
T v o
o}

where u, is the molar internal energy at temperature TO.

(11)

The Beattie-Bridgeman eguation of state explicit in molar

volume, V , is
m

2
rr P, xp . 8P

v = =i+ (4)
s L RT  (rm)? (RT)°
wherep = RTB — A —EEL
o) o} 2
T
]:'w’.cB0
I ~RTBDb + Aa - 3
T
RB be
and e —-Lz—
T

Ao’ Bo’ a, b, and c are constants characteristic of each gas,

and the values for hydrogen, nitrogen, and ammonia are tabulated

in Table III(4). Differentiating eqn (4) and multiplying by T,

aVm RT Ao 3¢ 4+
T _a-’f‘_ = —— N db = O ==k . . .
P AW



avm ZAO -
v - T = B — — — —m +. . . . {5)
m oT P 5) RT TB
TABLE III

(4)

values of the equation of state constants

Units: atmospheres, litres mole-l, °x

R = 0.08206

Gas A a B b C Normal
0 0O
volume

Hydrogen 0.1975 -0, 00506 0.02096 -0,04359 0.05042{104 22, 4252

Nitrogen 1. 3445 0,02617 0.05046 -0.00691 4,20 x104 22. 4015

4
Ammonia  2.3930 0.17031 0.03415 0.19112 476.87 x 10 22.1022

Combining equations (2) and (5),

P

9A ‘e
H = n B - — - = +., . . dP+nh
0 RT 3
(o) T
H - B - ZAo——4°3 nP +nh . . . (8
° RT T

where terms containing powers of P higher than one are omitted.

The heat absorbed at constant pressure by a chemical reaction is

AH = ZW H),
1 1

where )}i is the number of moles of substance i in the gtoichiometric



equation for the chemical reaction, and is negative if the

substance disappears in the reaction. Following the approach of

Gillespie and Beattie4, using eqn (86),

TRRSEE T p—— zg(yﬁ-"i) - 2| + sYn
A E ["‘ i o, RT (—3 i

T

A solution for Z(Vihi) is found as follows:

c A + BT + CT
Vi i i 1 2

where Ai’ Bi and Ci are constants for each gas, tabulated in

Table IV(4). From eqn (3),

T
h = f (A, + BT + C.T%4T + RT + u
1 1 1 O

T
¢

i

TABLE IV
(4)

Values of the specific heat constants

-1 -1
Units: cal mole OK
R = 1,986847
o A 1038 108¢
Hydrogen 4, 66 0.70 0.00
Nitrogen 4,82 0.33 0.05

Ammonia 6.04 0.71 5,10




2 3 2 3
BiT CiT BiTo ciTo
by = A FRIT F ot T AT T T T Ty
LUBY 5 ZUC) 5
£up) = [0 czopr]T + T AT T T - 20T,

(ZUB) zuic)

5 T = T3 ‘o

Following Gillespie and Bea‘ctie,4

B, .C.
let I - %[j(yiAi)To - 2,0/1 1) 2 Z(yl 1)T03 _Z(yiuo.)

where M = 0,43429 ., . . is the modulus of the common logarithms.
é(JJ B,) £(Y.C)
&Y [é)JA)+Z(Y)R]T+ A I N, L3
3 M
(4) (4)

Using the constants in Tables III and IV and the value of

Z(ﬂiuo ) = —10059.2 calories, as determined by Gillespie and Beattie(4)

i
the equation for A H is

6
. 60 9,734
AH - —|o0.5a526 + 22809, % 32210 I'p — 5.34685T
T 3
o
— 0.2525 x 10“3T2 + 1.69167x10‘6T3 — 9157.09

where A ig the heat absorbed in the formation of one mole of ammonia
from its elements in calories, P is in atmospheres, and T is in degrees

Kelvin, Values calculated from this equation are presented in Table V.

The data in Table V are in reasonable agreement with those in

12
Figure 3( ) which shows the — AH of the synthesis reaction as functions

2



of temperature and pressure, as obtained from theoretical and experimental
studies. These values consider 100% conversion into NH3, and do not
include any heat of mixing of NH3 with the Nz and H2. The corrected
values are appreciably different only for pressures above 300 atm; g
for example, at 300 atm and with a 17, 6% conversion, the enthalpy at

500°C decreases by 4%, but under the same conditions at 1000 atm, it

decreases by 11%.
TABLE V

Heat evolved (-AH) in the formation of one mole of ammonia

from its elements at several temperatures and pressures

-A H, calories

T C 0 300 500 600 700
P, atm
1 10, 630 11,990 12, 660 12,890 13,040
100 12, 430 12, 920 13, 110 13, 230
300 13, 320 13, 450 13, 550 13,610
600 14, 660 14,240 14, 210 14,190

1000 16, 440 15, 290 15,090 - 14,950




(b}

1 3
ENTHALPY OF (5N, +5 H,)
1 3 .
The enthalpy of ENz i §Hz as a function of temperature and

pressure was calculated from the enthalpy of NH3 and AH for the

1 3 .
ion=N_ + — —> ; l.e,,
reaction 5 N 5 H2 NH3 i.e

1 3
H(EN +-§H Yy = H(NHS) - AH The data so obtained

2 2

are presented in Table VI. As a check on the data obtained by
this method, independent data for a 3 : 1 Hz- Nz mixture were also

obtained in the following ways:

at 1 atm, by calculation using equation (1). ¥or nitrogen Cp = 6.66

- - -1
+ 1.02 x 10 3'I' cal deg 1 mole (15) and for hydrogen

cp= 6.52 + 0.78 x 10 °T + mlleozfzcﬂwhg'nmm_

at elevated pressures, from the generalized charts for departures

of enthalpy from ideal gas behaviour, which are based on the

17)

theorem of corresponding states.( The critical pressure and

(7
temperature of N2 were 33.5 atm and 126. 1° K, respectively. )

7
For Hz, the critical constants are 12.8 atm and 33. SOK( ), but, as

discussed by Comings, (18) in using the theorem of corresponding
states, the critical constants of low-molecular-weight gases,

such as hydrogen, must be increased by 8 in the calculation of

reduced temperature and pressure; i.e., in these cases,

_ T _
Tp T +8 and  Pp P_+8

1 (16}

10



where the subscripts R and C indicate reduced and critical,

respectively,

_; Data obtained in these ways are presented in Table VII

1
Enthalpy of ( 3 N2

and AH(=N

TABLE VI

+ gHz)calculated from H(NH3)

1
2

3
+ =H —
P H2 NH3)

100
300
600

1,000

3
+ P
H( 5 Hz), k cal
0 300 500 600 700

-0.58 3.65 6. 49 7.92 9,33
3.53 6, 47 7.94 9,28
3.62 6. 60 8.02 9.50
4,17 6. 95 8. 32 9,88
5.75 7. 80 9,04 10, 48

Comparison of the data in Tables VI and VII shows reasonable

agreement between the data obtained by the different methods.

The data plotted in the enthalpy diagram, Fig. 4, are those

obtained by difference plus the data in Table VII at 0 and 1500(3

and pressures greater than 1 atm,

e



TABLE VII
1 3 ]
Enthalpy of (E N2 + -Z—Hz) calculated independently

of H(NHB) and AH

1 3
il 4+ 2
H(2N2 sz),kcal
o0 0 150 300 500 600 700
P, atm
1 ~0.35 1,74 3.84 6. 69 8.15 9. 61
100 -0.36 3. 87
300 -0. 41 1.72%  3.84
600 ~0. 43 1.71 3,83
1,000 _0.23%  2.08%

* This value obtained from Figure 2.

RECOMMENDATIONS FOR T UTURE WORK

(a) The heat of mixing of NH3 s IrI2 , and N2 , should be considered for

accurate enthalpy calculations including both incomplete dis-

sociation and synthesis of ammonia.

12.



(b)

An investigation of the accuracy of the theorem of corresponding

states for the NH3 - 1\T2 - I-I2 system needs to be carried out.

13.
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