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ABSTRACT

Effects of friction and heat transfer in a divergent nozzle with initial sonic flow are con-
sidered and variations of exit Mach number with static pressure ratio presented.

InTRODUCTION

It has been observed (Hearth and Perchonok, 1953) that during the expansion
process there is every possibility of heat being transferred to the working fluid, in
the divergent portion (located directly downstream of the combustion chamber)
of a nozzle, as a result of inefficient or delayed combustion which in turn affects
the jet thrust and delays the nozzle over expansion appreciably. However, the
processes of friction and heat transfer are so akin to each other that one cannot
take place without the other. The purpose of the present paper is to analytically
evaluate the effects of friction and heat transfer (due to delayed combustion) on
various parameters of one-dimensional flow. Nevertheless, use is made of the
general equations of one-dimensional flow.

ASSUMPTIONS

The following assumptions are made in the analysis :
(1) The flow is one-dimensional in the general sense, and effects due to
viscosity, covolume, etc., are neglected.
(ii) All nozzle heat transfer and frictional effects are assumed to occur in
the divergent portion of the nozzle,

EquaTions or FLow

General analysis of one-dimensional flow in a convergent-divergent nozzle is
made use of and the equations developed therein also apply to the present case.
The equations of conservation of energy and momentum in conjunction with
equations of state and continuity govern the flow in terms of area, Mach number
and total temperature variations. The differential equations of the flow are
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We assume that the rate of heat transfer in the divergent portion of the nozzle
is controlled by the relation
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where k is a constant and any change in the value of k£ implies a corresponding
change in the rate of heat transfer determined by the temperature rise and area
change. This relation does not necessarily describe the actual way of heat
addition/transfer but is only an approximation for obtaining indication of trends in
nozzle performance, and therefore to describe the flow completely the remaining
effects have to be attributed to friction and hence counted for.

From the definition of mean-hydraulic diameter we have
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so that for a divergent duct of semi-angle ¢ (assumed constant)
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Hence it becomes possible to evaluate the frictional and heat transfer effects on the

various parameters of the flow.
Equation (1) with the help of (4), (5) and (6) gives
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where 8= 1

Integrating (7) between the limits
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suffix ¢ representing conditions at throat,

i.e. between throat and any cross-section of divergent nozzle ahead of throat, we get
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Proceeding in a similar manner, we have
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Combining (8) and (9) and simplifying, we have
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The above relations express the static pressure ratio, total temperature ratio
and Mach number change across any section of the divergent nozzle.

Furthermore, the total temperature is given by the relation
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and the total pressure is given by
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which in terms of initial conditions gives
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In a similar way jet thrust can also be calculated by utilizing the relation
F=mV4+A(p—py) .. .. .. .. (18)

IntTiAL CONDITION

For the special case where the flow is such as to maintain constant Mach num-
ber throughout the region, equations (1) and (6) in terms of total temperature
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5o that for initial conditions at the throat if this is compared with relation (4)
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In the limiting case, if the initial Mach number is unity and is maintained
throughout the flow, this indicates that initially at the throat

ky=115for y =13
i.e. for k > 1-15, the flow is supersonic throughout the divergent portion of the nozzle.
For the value of k given by equation (17), 8, becomes equal to ;'/jlfz , and the
equation (9) fails to give the static pressure ratio, which becomes indeterminate but,
however, the static pressure ratio given by (10) holds.
MeTHOD OF SOLUTION

The general method of solution is that for a given total temperature ratio 7,
across the divergent nozzle, k varies with 4/4,, friction being determined experi-
mentally. Alternatively, the rate of heat transfer can also be controlled in such a
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In a particular case with y = 1°3 variations of static pressure with exit Mach number are

shown in Fig. 1 for various values of 4. It may be observed that with increase in 8, static
pressure decreases with increase in exit Mach number.
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way so as to maintain a constant value of % for a particular flow, so that 4/A, varies
withr,. Thus the parameter # which includes effects due to friction and heat trans-

fer governs the flow. For initial sonic flow it can be seen that 8 = % and for 6 > %

the flow is supersonic throughout the divergent stream. We assume that 8 remains
constant for a typical flow so that variations of M with p/p, and hence of (r,)?*~! are
determined by means of equations (9) and (10). This together with relation (4)
gives the variations of (4/4,} with 7, along the channel.
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