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THERMODYNAMICAL CALCULATIONS
= 4.1. INTRODUCTION
%
This chapter is devoted to the theoretical calculation of the pro-
pellant performance, bases on the thermodynamical properties of
potassiumnitrate and sugar. A comparison of these results with the
measurements will give knowledge about the sefficiencies at which
. the propellant is consumed and at which the gases are transformed
into kinetic energy. With this approuch, one is also able to find
g the optimum mixture of potassiumnitrate and sugar and derive pro-
R perties of the gases which are otherwise very difficult to measure.
B
4,2, THE COMBUSTION PRODUCTS
-
- When sugar is oxidised, the following products can be generated:
. — carbon-oxygen combinations: C ; CO ; 502
® — hydrogen—-oxygen combinations: H ; OH ; HZG 3 H2
= — oxygen combinations: 0 ; 02 g 03,
- — nitrogen-oxygen combinations: N 3 NO ; N02 ; N2
" — potassiumcontaining product: KOH
In fact it is not straight foreward that KOH is produced. From the
possible list of combinations, one can say that KNH2 , KOCN ,KCN
and KHE2 have little possibility to be created, whilse KZD decomposes
5 at 350°C. K2C03 is the other possible candidate, but calculations 2
= have shown that in that case the results are too far away from what i
”
is measured. /////,x
g -~
. O
The reaction equation can be written as follouws:
a o kno,, +FE12H22011 —> aC0+bC+cC0,+dHO+eH,+r O
2 +g 0+ h 02 +.1 03 + J N+ k N2 + 1 NO
_ + o N02 + p KOH + g H |
S : The amounts of these products are interrelated and depend upon the
* pressure and the temperature. Below 1600°C only COD ; CU2; H20 g H2 -
0 N2 and KOH seem to appear. The reaction equation than becomes:
0 i
dKN03 +FC12H22011 — a0+ C0,+dHO+oHy+kNy+pKH (o
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Between these products thers exists an equilibrium squation:
. NCD'NHZD
K1=——-—-—-——- i:Dz+H2 —= CU+H20
NCD'NH
22

In this equation that is independent of pressure,'N denotes the con-

centration of the product in the mixture.

4,3, THERMODYNAMICAL PROPERTIES

In this study the following thermodynamical characteristics are needsed:

o
4.3.1. heat of formation at 298°K (AHi98 K)
CO 3 — 264416 kcal/mole
Co,: - 94.052
H,0: - 57.7979
H2 = 0
N2 s 0
KNO.; 2 - 118.08
KOH - 102
C12H22011: - 414.8 (see 4.3.1.1.)

4.3.1.1, calculation of the heat of formation of sugar.

In literature we didnit found the value for sugar. What we found is
the change in enthalpy when sugar is completely oxidised o With

this data we can calculate the heat of formation:

1 2
12 C +11/2 0, + 11 H, 1), CanhlnBin 12 CO, + 11 H,0
(3)
Road (3) gives:
12AH502 § 11&HE20 = — 1764.4 kcal

Road (2) gives: — 1349.6 kcal
sugar

g = = 414.8 kcal/mole

Consequently the heat of formation is: AH

4.3.2. specific heat at constant pressure (CP)

co : 10.34 + 0.00274 T — 195500 T2

2 cal/mols

Py |
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co t 6.6 + 0.00081 T

H2 t 6.62 + 0,00081 T

HZU : 8.22 + 0,00015 T + 0,000D0134 T2
KOH : 18

N2 : 6.5+ 0.001 T

4.3.3., other thermodynamical data

Mol.W dans3 fusion Meltpt| Bpt vaporis.
g/cm cal/mole °C oC cal/mole

co 44.01 - - - — -

2
Co 28.01 - - - - -
H2 2.016 - - - J - -
H20 18 - - - - -
KOH 56.11 2.044 | 1980 360.4 [1320 30 B850
N2 28.02 - - - - -
KNU3 101.1 2.11 - 333 400% -
sugar 342,132 1.588 - 170% 186% -
*

decomposition

4.4, COMPOSITION OF THE COMBUSTION GAS

The composition of the gas will depend upon the composition of the

propellant mixture and upon the combustion tempsrature.

A material balans for each slement yields:

potassium : X=p

nitrogen : ofl=2k

oxygen :3[}(4-11{? =a+2c+d+p
carbon : 12‘3=a+c

Hydrogsen . : 22 F =2d+2e+p

The concentration of each product can be written as:

a 8
N = — 3 N = s N = = 3 N ="' —
Co N C02 HZD N 2 N

= |o

With N=a+d+e +c + k
Since KOH is a liguid, its concentration in the gas phase can be

neglscted.

The equilibrium equation can now be written as:
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We have now at our disposal 6 equations with 6 unknowns (all in

function of o andF P

We can now write:

a = 12(."—C

d = 2‘*—/3— o}

8 = 12[1- 5/2% + c
If we put:

12{3:1

2 4 =7
123~ 2.5« = s

the squations become:
a = 1 - cC
l:|=~l—c

|~ e — + C
K1 - (1" C)(.t - c) with log K, = 0.16 - 222
(§+¢c)c ' ToK

From this we can solve c ( the CU concentration)as a function

2
of the temperature and as a function of the composition of the
propellant.
& o (K, S'+l+"l) & -\/(K1S+1+"1)2+(K1 - 1)A? 4
¢ 2( K1-—1)

H2 t 8 = £r+ 5
co :t a=A-c
H,0 : d="-c

o{
N2 ! k= -

2
KOH : p= A&

At temperatures aboven 1600°C these equations no longer hold and
gignificant errors can be made, since other compositions can be for-

med and since the composition is no longer pressure independent.
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4.5. THE HEAT OF REACTION AT 298°K ( Hg)

The heat of reaction depends upon the composition of the propel-
lant and of the composition of the gas at equilibriumtemperaturs T.
The heat of feaction is the sum of the heat of formation for any
product, taking into account its amount in the gas when equilibrium
is reached. It is the heat that is dalivaraa by the reaction of

o{ KNO,, with /5 sugar to CO, CO, ... at 25°C ( 298°K).

3 2

KOH
v

0

H, = a&HEU + dAHE2 4 BﬁHEI& + kﬂHEZ + cAHEUZ + pAH

R
KNO sugar
o{AHU 3 —[3 AHU

4.6. THE REACTION TEMPERATURE  (T_°K)

The heat of reaction HR 1s used to heat up the combustion products
to the reaction temperature Tu' For this we need to express the
heat content or enthalpy of the reaction products as a function

of temperaturs.

fi- 6 Wy
H = [aCPCU+dEpHD+eCpH+kaN+cEpCD]dT.'+pHKDH-
2 2 2 2
298 '
The: enthalpy of KOH can be written as:
633.4 1593 ’ Tu
T .
Hiepii —prKUH(s) dT + 1980 + fcp KOH(1) d¥ + 30 850 + CpKDH(g)dT
298 633.4 . 1593

(s),(1) and (g) stand for the solid,liquid and gasphase.

The reaction temperature T0 will be found by simultaneously solving

the following expressionst:
—a,d,c, «.o in function of T
- HR in function of T |
- H in function of T

4.7. THE MEAN SPECIFIC HEAT RATIO ( ) )

By definition X: Ep , or for ideal gases: X SR
Cv Cp - R

R being the ideal gas constant.
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Knowing the composition of the gas:a,c,d,..-, at the combustion-

temperature, one can calculate the mean specific heat ratio:

a Cpcg * € Chco. * 9 Cop g * @ Con ¥ % Con * P Coxon
- 2 2 2 2 —
a CpCD +75ed' P CpKUH ~-R(a+c+d+e+k+p)

4,8. RESULTS

The results of the calculations are given in the next tabel and in
the following figures. It shows for instance that the exhaust ve-
locity reaches a maximum around 60% KND.; .« This is partly due to the
fact that from that composition on the combustion temperature re-—
mains stable since a lot of energy is needed to evaporate KOH.

For the calculation of the characteristic velocity the so called
frozen flow theory was used. This means that all the characteristics

of the gas remain constant during expansion
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Fig.4.1. Results from the thermdynamical calculations.
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Fig.4.2. Characteristics of the propallarilt under ideal circumstances..




