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Upstream injection has the potential for increasing the overall performance of a scramjet by reducing the overall

length required to complete combustion and, thereby, reducing overall vehicle frictional drag. However, high flow

losses will be incurred by injecting a fuel on the inlet where the Mach number is high. A simple overall approach

based on entropy generationwas used to investigate the effect offlow losses on overall performance. This showed that

the injection flow losses can be quite high for upstream injection when compared with conventional combustor

injection.An inviscid analysis of a two-dimensional scramjet at aMach 10flight condition found that a significant loss

in overall performance of the engine occurs if the bulk of injection is undertaken on the intake. Estimates of viscous

effects in a scramjet combustor showed that depending on the reduction of the mixing length achieved in the

combustor, the upstream injection flow losses could be substantially recovered, making it an advantageous design

option. The analysis technique developed, like similar simple analysis methodologies, provides a useful

understanding of the physical processes that influence thrust production and can also be used to quickly evaluate and

optimize potential configurations before starting detailed flowfield simulations.

Nomenclature

A = area, m2

cp = specific heat for constant pressure, J=kg � K
F = thrust, N
H = stagnation enthalpy (cpTs), kJ=kg
Isp = fuel specific impulse, s
Lbr = length before reaction, m
Li = ignition length, m
Lr = reaction length, m
_m = mass flow rate, kg=s
p = pressure, Pa
q = heat released, J
Qf = energy added through combustion, kJ=kg
R = gas constant, J=kg � K
T = temperature, K
U = velocity, m=s
xc = axial distance from start of combustor, m
� = fuel injection angle to local flow, degrees
� = specific heat ratio
�s = entropy rise, J=kg � K
�b = combustion efficiency
�c = heat release coefficient
�KE = kinetic energy efficiency
� = stoichiometric mass ratio of hydrogen to air, 0.0292
� = density, kg=m3

� = fuel equivalence ratio (
_mf

� _m1
)

Subscripts

a = air inflow condition
b = air/fuel exit condition
c = combustor
f = fuel

i = inlet
n = expansion nozzle
o = overall performance
s = stagnation conditions
1, 2, 3, 4 = positions through scramjet
1 = freestream conditions

I. Introduction

S CRAMJET technology still requires substantial work on both
subsystems and integration to become a viable option over

conventional rockets. Upstream injection uses fuel injection on the
intake of the scramjet, in contrast to the conventional use of injection
inside the combustor. Upstream injection is a technique that has been
explored for use in detonation-wave ramjets [1] to both inject and
mix the fuel before the steady state detonation wave where the
combustor would be in a scramjet. Upstream injection has been
investigated as a possible way to increase the thrust potential in
scramjet engines [2]. This is due to an increased distance to mix the
fuel before reaching the high temperature and pressure conditions
present in the combustor. Also, increased turbulent mixing should be
possible due to the production of unsteady shockmotions, especially
through the strongest shock produced at the throat [3].

The flight regime that this technology may be applied to may be at
higher flight velocities where significant reductions may be made in
terms of frictional drag (long combustors and high velocity). The
gains made by reducing frictional losses, however, may bemitigated
by flow losses incurred by injecting the fuel into the airstream on the
inlet where the Mach number is significantly higher than in the
combustor [1]. Also, substantial boundary layer separation behind
the injection location is undesirable due to many reasons, including
unstart of the intake [4].

Experimental testing of scramjets using upstream injection has
been undertaken since the late 1980s [5]. Recent tests of complete
scramjet configurations have shown the effectiveness of upstream
injection to both ignite the fuel and obtain extensive combustionwith
relatively short combustors [2,6]. Other work has proceeded to
investigate the effects of premature ignition due to upstream injection
[7]. So far, however, the negative effects of using upstream injection
have yet been fully addressed. The main questions of how much
should be injected where, at what flow conditions, and how it should
vary with flight conditions remain unanswered. The work within this
paper explores these issues and the effects on overall scramjet
performance using a relatively simple one-dimensional analysis of a
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scramjet. This method should give engineering trends for further
analysis required for accurate estimates of the thrust performance
with various fuelling strategies for a specific scramjet design.

II. Entropy Generation Method for Prediction
of Overall Performance

Many methodologies for estimating both component efficiencies
and overall performance have been developed for scramjet engines.
An overview of some of themore well-knownmethods is given here.
Waltrup et al. [8] presented an overall performance indiction based
on specific impulse by combining individual component efficiencies
into a unified cycle analysis. This methodology can be used to
optimize the design of a scramjet engine. Similar cycle analysis has
been presented by Ikawa [9] whereby thrust is maximized for a
specific engine configuration. Kerrebrock [10] used a similar
methodology to quantify the effects of finite rate chemistry on
performance.

More recently Riggins et al. [11] introduced a methodology of
evaluating thrust losses from the ideal scramjet engine in terms of
irreversible entropy generation and incomplete combustion. This
provides a basis for engine cycle analysis whereby thrust losses
through the engine can be evaluated and summed together. Thiswork
was further extended by Riggins [12] to include the ability to
evaluate performance for the multidimensional flows expected in
scramjet engines.

Curran et al. [13] proposed a very simple method based on kinetic
energy, which was reviewed by Heiser and Pratt [14]. This
methodology assumes constant gas properties throughout the cycle
and groups the individual component efficiencies into an overall
parameter. This was based on the original thermodynamic cycle
analysis of high-speed engines performed by Builder [15]. The
overall performance [Eq. (1)] can be written in terms of the overall
kinetic energy efficiency [Eq. (2)]. Looking at this equation shows
that the overall performance can be written in terms of the amount of
fuel injected and combustion properties, freestream conditions, and
the performance efficiency term �KE;o. Although simple, it has been
shown that it can estimate the performance of scramjet configurations
that have been tested experimentally. It was noted by Curran et al.
[13], however, that this method can be disadvantageous with
component efficiencies always close to 1.0, therefore, requiring a
high degree for accurate inclusion
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The entropy-based method proposed here is similar to that of
Curran et al. [13], although entropy is used as the performance
prediction variable instead of kinetic energy efficiency. This is more
advantageous as entropy is a direct thermodynamic property, and
losses can be easily calculated for each component. Also the range
for these varies up from zero, therefore bypassing the issues found
with kinetic energy efficiency. This method allows for simple
summation of any entropy-generating features of the flow
throughout the scramjet cycle as shown by Riggins et al. [11],
which allows for accountability of different loss factors to the overall
scramjet performance.

The idealized cycle for a scramjet (Fig. 1) in terms of entropy and
temperature can be seen in Fig. 2. Isentropic compression raises the
temperature and pressure of the airstream to point 20, combustion to
point 30, and isentropic expansion back to point 4. In the ideal cycle it
can be seen that the only losses are due to Rayleigh effects during the
heat addition process. Losses during the compression are expected
due to both shock and viscous interactions, which, therefore, raises
the entropy and temperature to point 2. The combustion process is
also nonideal, with friction and heat transfer losses as well as
incomplete combustion. Although lower losses are expected in the

expansion nozzle, this process is also nonideal and is usually
restricted due to the flow not being fully expanded to match ambient
pressure. If the scramjet nozzle design expanded the gas to ambient
pressure, the exit area will be larger than the intake, incurring a large
increase in the external drag on the vehicle.

With the entropy-based method the thrust-per-unit intake area is
given by Eq. (3), which is a function of the total entropy generation
through the cycle [Eq. (4)]. This assumes constant gas properties
throughout the cycle and expansion of the flow back to the same inlet
capture area and ambient pressure. Thrust-per-unit intake area and
specific impulse can be calculated for a specific flight condition and
combustion properties in terms of the overall entropy generation.
However, this must be adjusted, as currently both the area and
pressure criteria at exit cannot be met. To calculate the properties at
the exit plane, an adjustment must be made to how the flow is
expanded as shown in Appendix A.

F

_m1

�
����������������������������������������������������������������������������������������������������������������
�1� ��� 2�R

� � 1

�
Ts;1

�
1�

�b��Qf
cpTs;1

�
� �1� ���T1e

�s
cp

�s

� U1 (3)

�s��sRayleigh ��sshock ��sviscous ��sinjection � . . . (4)

A. Effect of Entropy on Thrust Generation for Example Conditions

A set of freestream conditions were calculated for a constant
dynamic pressure flight path of 100 kPa shown in Table 1. As the
vehicle ascends, the velocity increases while the pressure drops with
the climbing altitude. Also shown is the predicted specific impulse
predictions for a typical hydrogen-fuelled scramjet by Kors [16].
These are seen to decrease with the flight Mach number to quite low
levels, although still higher than conventional chemical rockets.

Figure 3 shows the effect of entropy-raising processes on the
performance (using the properties given in Table 2), without
consideration of how they arise. It is evident that they are potentially

Fig. 1 Schematic of analytical representation of a scramjet.

Fig. 2 Entropy–enthalpy cycle of a scramjet.

Table 1 Freestream properties for analysis and internal specific

impulse prediction [16] for aH2 fuelled scramjet

M1 h, km U1, m=s p1, Pa T1, K Hs;1, MJ=kg Isp;predicted

8 27 2397 1903 223 3.097 2900
10 30 3016 1197 226 4.775 2250
12 32.5 3636 944 229 6.840 1750
15 34.5 4800 610 240 11.76 1250
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very significant and highly nonlinear in nature. The analysis also
reveals that the overall entropy rise in a scramjet engine is limited to
2000 J=kg � K for all Mach numbers. As expected, the thrust
potential is higher when the scramjet is at a lower speed. It also
becomes apparent that if the entropy is already high due to
unavoidable entropy generation, any slight increase will adversely
affect performance. The purpose of this analysis is to identify the
contribution from different mechanisms and to provide a procedure
for evaluating and optimizing the performances of different
configurations.

B. Effect of Entropy Generation from Nonisentropic Compression

and Combustion

An estimate can be made of the amount of entropy generation
expected from the inviscid compression process and constant-area
combustion to gauge the performance without any losses due to
viscous effects, combustion inefficiencies, losses in the thrust nozzle,
and fuel injection and mixing. Figure 4 shows the expected Mach

number at the combustor entrance for various entropy generations on
the inlet using the criteria that the pressure must be at least 100 kPa
and temperature is at least 1000K.These conditions are to ensure that
the fuel reaches the autoignition conditions and reaches complete
combustion without thermally chocking. The Mach number
increases and is seen to be close to that approximated by Ferri [17].

An optimized, inviscid two-dimensional inlet with three external
shocks and one internal shock has an approximate entropy rise of
270 J=kg � K for the prescribed compression. Therefore, using the
conditions at the combustor inlet for �s=cp of 0.25, the entropy
generation can be calculated for constant-area heat addition in a
frictionless duct, using the properties stated previously. This is
shown in Fig. 5, where the Mach 8 condition case had to prevent
subsonic flow. Thus, the entropy generation from the inlet shock
compression and Rayleigh losses in combustion already have a
significant impact on overall thrust with a �s=cp of approximately
1.25. This means that entropy generation from these two sources can
account for most of the entropy generation required to obtain the
specific thrust predictions of Kors [16], especially at lower Mach
numbers.

III. Entropy Generation for Constant-Pressure Mixing

To establish the contribution that fuel injection and mixing makes
to total entropy generation, a quasi-one-dimensional discontinuity
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� 1.4
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� 1.0
�b 1.0
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analysis is established as shown in Fig. 6. This analysis uses the
conservation ofmass, momentum, and energy, ignoring losses due to
friction, nonuniform flow, and shocks.

The effect of the fuel-injection-interaction shock system is to
initially compress and reduce theMach number of the freestream gas.
Although being a further source of entropy generation, lower entropy
rises will be incurred from the fuel injection and mixing processes
due to the reduction in the freestreamMach number. When targeting
a given combustion chamber condition after injection, as some of the
compression of the freestream will now be undertaken by the fuel
injection shocks, there will be some degree of cancellation of the
intake entropy rise due to a drop in the required intake compression.
For the purposes of this analysis, all of the entropy increase is
assumed to occur across the intake shock. If encouraging conditions
are indicated, then it is worth doing a more complete and complex
analysis. Attempting to add this level of complexity into this
analytical model would loose the advantage of the simplicity and
speed of use, while still not being a rigorous analysis.

This type of analysis was first explored for parallel injection on the
inlet of a detonation-wave ramjet by Dunlap et al. [18]. Only
negligible differences were seen between the constant-pressure and
constant-area mixing, therefore the constant-pressure solution is
investigated here due to the simplicity in formulation. With the
physical injection, the incoming airflow, although achieving a higher
pressure from passing through the injection interaction shock, will
likely return to a slightly elevated pressure once expanded again,
leading itself to the constant-pressure assumption. Separate studies
have shown that the constant-pressure assumption does not greatly
change themixing-induced entropy rise, and so no correction ismade
for the freestream pressure rise by injection. The entropy generation
across the injection and constant-pressure mixing is given by Eq. (5),
with the formulation found in Appendix B. The fuel is assumed to be
hydrogen, and so, therefore, change in the specific heat ratio is
ignored
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Using the nominal property values in Table 3 for the fuel at the
point of injection and the initial freestream conditions in Table 1, a
parametric study can be made of the influence of selected variables
by perturbing each individually from the nominal value. The
variables investigated were freestream condition, equivalence ratio,
injection Mach number, fuel temperature, and injection angle. This
analysis is shown in Fig. 7, where the entropy generation is given for
a range of incoming airMach numbers.With all variables the entropy
generation from injection increases with incoming airMach number.
It is seen that there is a strong dependence on the freestream enthalpy,

with lower enthalpy conditions (i.e., lower M1) generating larger
entropies. For flight where the incoming Mach number (Ma) is
conserved, the velocity of the flow at the mixing station will increase
with the freestreamMach number (Minfty). The velocity of the fuel
injection will stay the same, however, for the conditions stated here.
Therefore, the proportional reduction in freestream momentum flux
will be lower at the high values of the freestream Mach number,
leading to reduced losses. The equivalence ratio also has a strong
effect, with the entropy rising quite dramatically with the fuel
equivalence ratio. Increasing the temperature of the fuel in this
analysis will also increase the velocity and the resulting overall
enthalpy. Therefore, any increase in temperature will increase the
overall entropy generation. Entropy generation is not so strongly
affected by the Mach number at which the fuel is injected or
the angle.

The strong variation in entropy generationwith fuel temperature is
of importance for ground testing where the fuel has generally not
been heated, causing higher performance characteristics. Even in the
best case were the fuel is injected into the combustor (Ma � 4:2) the
discrepancy between a fuel temperature of 300 K and likely flight
temperatures of 1000 K gives a discrepancy in�s=cp of 0.2. This is
quite large and could lead to thrust inaccuracies of up to 20%. This is
due to a larger exit temperature (Tb) with increasing fuel temperature,
which creates a larger entropy generation as the process is at constant
pressure. Riggins’ [12]work predicts the opposite of this, although is
not clear if the temperature discussed is the total or static temperature
in the analysis.

The investigation of the interaction of these properties is difficult
to comprehend from these basic performance plots. Therefore, the
important properties of freestream condition and injection Mach
number are visualized in three-dimensional plots for varying
equivalence ratios and fuel temperatures (Fig. 8). It can be seen that
the equivalence ratio gives a significant rise in entropy generation at
lower values but then begins to plateau off. Also, the difference in
entropy generation for variation in the fuel equivalence ratio is small
at low inflow Mach numbers but becomes larger at higher inflow
Mach numbers. Over the likely temperature range that scramjetsmay
have for fuel injection in flight, the change in entropy generation is
quite substantial. This, however, may be unavoidable due to thermal
considerations in the design of an operational vehicle.

IV. Performance of Upstream Injection for
Two-Dimensional Scramjet with Combustor Friction

The interplay between the injection and optimization of the inlet
design is hard to predict from the presented results thus far. This is
because the inlet design must be coupled to the compressive effects
of upstream injection to achieve the required combustion chamber
conditions. This decreases the losses due to fuel injection andmixing
but increases the losses in the flow compression on the intake. Also,
the mixing of the fuel and air stream is expected to increase the
overall temperature before reaching the combustor, therefore
requiring less compression of the flow on the intake if the fuel
temperature is close to that expected in flight (approximately
1000 K).

A zero-dimensional inviscid analysis is undertaken on a generic
scramjet configuration where the inlet consists of three external
wedge compression surfaces and a single internal surface (Fig. 9).
Conditions were set so that before combustion could take place, the
static pressure has to be above 100 kPa and static temperature above
1000 K. The calculation first computes the conditions across the
oblique shock using Rankine–Hugnoit equations [19], then the exit
conditions from fuel injection and mixing with the equivalence ratio
are defined for each surface. After this is completed for the four
surfaces, combustion effects are calculated for a constant-area
combustor by the addition of heat [19]. The combustion completion
efficiency �b was set to 0.6 to ensure that the flow does not become
subsonic due to the overestimation of combustion effects. The
freestream conditions were taken for the Mach 10 condition used
previously. An optimization procedure was used were the external
wedge angles were allowed to vary (internal angle is the summation

Fig. 6 Schematic of constant-pressure mixing analysis.

Table 3 Nominal parameters of fuel at point of

injection in constant-pressure mixing analysis

Freestream Mach number,M1 10
Freestream total enthalpy, H1 4:75 MJ=kg
Equivalence ratio, � 1.0
Injection Mach number,Mf 1.0
Fuel temperature, Tf 1000 K
Injection angle, � 30 deg

298 MCGILVRAY AND MORGAN



of the external wedge angles) to find the configuration for the given
flow conditions, and injection parameters gave theminimum entropy
rise. The fuelling conditions at the injection location are as described
previously.

The resulting thrust performance for the differing fuel
arrangements where the fuel injection properties are taken from
Table 3 can be seen in Fig. 10. The fuel equivalence ratios injected at
locations along the inlet and in the combustor for the cases can be
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seen in Table 4. This shows that the total entropy generated from fuel
injection and mixing increases with the amount of fuel injected
further upstream on the intake compared with the combustor.
However, the entropy generated on the inlet is less with upstream
injection due to the compression incurred by the fuel injection. Also,
the pressure and temperature before combustion is found to exceed
the 1000 K criteria. The combustion entropy generation is also
slightly decreased due to the initially lower Mach number produced
with the use of upstream injection.

Overall, there is not a huge difference in the total amount of
entropy generated in the cycle, showing the intuitive result that
combustor injection performs the best. However, with the thrust-per-
unit intake area decreasing rapidly as entropy generation increases,
there is a large effect of upstream injection on the overall thrust
produced by the scramjet. A reduction of 40% if injected on the first
wedge compared with that in the combustor. It can be seen that fuel
injection upstream of the combustor may be best in limited amounts
and closer to the combustor entrancewhere the localMach number of
the air has been reduced significantly from the freestream.

The thrust produced could be significantly lower if the frictional
losses are included. For the conditions studied in Riggins et al. [11],

the total thrust in their Mach 12 scramjet example would be
overestimated by 25% if not included. The overall effect, however,
may be larger with upstream injection where the losses are higher
before the combustion takes place. The amount of overall
performance lost from upstream injection may be recovered from
reduction in combustor skin friction if the combustor can be
shortened.

V. Performance of Upstream Injection for
Two-Dimensional Scramjet with Combustor Friction

To demonstrate the likely contribution to total entropy skin
friction that the combustor will provide, analytical perfect gas
calculations were performed on a constant-area duct with heat
addition and friction [19]. The initial inflow conditions were set to be
the same as those used previously (100 kPa static pressure, 1000 K
static temperature, and a velocity of 2750 m=s) for the sameMach 10
freestream condition. The perimeter of the duct is 1 m, with a cross-
sectional area of 0:04 m2. The coefficient of skin friction is taken to
be 0.005 and 0.01.

Themodelling of heat release is implemented as a function of axial
distance along the duct using Eq. (6). The combustion efficiency
profile is shown in Fig. 11, where an initial period of no heat release
occurs during mixing and ignition. It is assumed that the mixing
length will be shorter and not affect the ignition length for the
purpose of this study. Hydrogen and air are assumed to be perfectly
mixed. Using the conditions at the start of the combustor, an ignition
length of 0.591 m and reaction length of 0.26 m can be estimated
using the correlations presented by Huber et al. [20]. With upstream
injection, most of the mixing may occur upstream of the combustor,
whereas in combustion injection an additional length is required
before ignition may begin. Two cases are shown, with the length
before reaction taken to be half of the predicted ignition length
(0.295 m) and also the ignition length (0.591m). During the reaction
period, the heat is released as an exponential function of distance to
60% (�b � 0:6) of the possible heat release.

q�xc� � ��c�xc�Qf (6)

Fig. 8 Entropy generation for differing freestream conditions with

variation in inflowMachnumber,Ma using nominal injection properties.

Fig. 9 Schematic of scramjet geometry with upstream injection.

Fig. 10 Thrust performance for Mach 10 scramjet with differing fuel

equivalence ratios at various injection locations along the inlet and

combustor.

Table 4 Fuel equivalence ratios injected at various locations

for cases shown in Fig. 10

Case First wedge Second wedge Third wedge Combustor

A 0.0 0.0 0.0 1.0
B 0.0 0.0 0.5 0.5
C 0.0 0.0 1.0 0.0
D 0.0 1.0 0.0 0.0
E 1.0 0.0 0.0 0.0
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With these heat addition profiles, the entropy rise through the
combustor is shown in Fig. 12. Before any heat is added to the duct,
the effect of the friction is seen to increase the entropy quite
significantly. However, this reduces the entropy generated through
the heat addition process compared with the inviscid case. There is
only a slight increase in overall entropy generation with the length
before reaction. This is demonstrated for a range of lengths before
reaction in Fig. 13. Within the limitations of this simple analysis,
upstream injection on the third wedge would need to reduce the
length before reaction by approximately 1.5 times the ignition length
(1.5 m) to achieve the same thrust as in the combustor injection case,
if combustion is not mixing limited.

VI. Conclusion

The injection of fuel upstream of the combustor may be an
attractive method for reducing combustor lengths due to increased
mixing. However, the associated losses due to injection of the fuel
into a higher Mach number must be assessed. Upstream injection
losses have been shown to be quite significant in terms of overall
performance and are quite dependent on fuel temperature, Mach
number, and airstream total enthalpy. It has also highlighted the
importance in ground testing for heated fuel systems, to ensure
accuracy of thrust measurements. For an operational scramjet,
optimization of the inlet to integrate the fuel injection can limit the
overall flow losses, however, in this situation inviscid losses are still
greater than if the fuel was injected into the combustor. This
difference may be small enough to be recovered with shortening of
the combustor, however, this will depend on the scramjet design and

magnitude ofmixing length reduction in the combustor. The analysis
presented represents a useful technique for understanding the various
counteracting phenomena involved in the location of the fuel
injection station and for rapidly evaluating and optimizing candidate
configurations before doing detailed numerical simulations.
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Fig. 11 Combustion efficiency axially through combustor.
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Appendix A: Thrust Performance for Overall
Scramjet Performance

The thrust-per-mass flow rate captured by a scramjet can be
derived as shown in Eq. (3) if the pressure and area across the
scramjet remains constant (i.e., p4 � p1 and A4 � A1). With
replacing the velocity upon exit with U4 �M4=

������������
�RT4
p

, the Mach
number upon exit can be calculated usingEq. (A2). This also requires
the stagnation temperature upon exit, which can be calculated for the
conservation, where the only addition is due to the mass addition and
combustion of the fuel (i.e., ��1� ���H4 �H1 � ���bQf 	).
Rearrangement of this gives Eq. (A3). The temperature at exit can
be given in terms of the entropy change across the engine
(�s�

R
4
1 cp

dT
T
� R ln �p4

p1
�), where there is no change in pressure

[Eq. (A4)]. Combining all of these gives Eq. (3) were the thrust is a
function of the entropy generated through the flow processes within
the scramjet

T

_m1

� �1� ���U4 � U1 (A1)

M4 �
��
Ts;4
T4
� 1

�
2

� � 1

�
1=2

(A2)

Ts;4 �
1

1� ��

�
Ts;1 �

�b��Qf

cp

�
(A3)

T4 � T1e
�s
cp (A4)

A correction must be made to the thrust as the exit area should not
exceed the intake area due to external drag considerations. Firstly, a
calculation must be made of the current exit area by using the
conservation of mass [Eq. (A5)]. With this, the Mach number at the
new exitM04 can be calculated using the area ratios calculated for the
Mach 1 conditions (i.e., A4

A1
� A4

A


A

A0
4

). With the Mach number both the

temperature and pressure can be found using the total temperature
and total pressure at the original exit. It should be noted that the thrust
now will be taken in reference to the intake area

A4

A1

� �1U1�1� ���
�4U4

(A5)

Appendix B: Entropy Generation
for Injection and Mixing

Using the continuity, axial momentum, and energy equations
[Eqs. (B1–B3)] the overall entropy change can be calculated across
the injection and mixing region [as in Eq. (A4)] for a calorically
perfect gas. With constant-pressure analysis, the entropy change is
given simply by the temperature ratio over the region. Rearranging
the energy equation and the continuity equation for the exit

temperature (Hb � cp;bTb �
U2
b

2
) gives Eq. (B4). This requires the

velocity at the exit, which can be calculated by rearrangement of the
axial momentum and continuity equation to give Eq. (B5).
Therefore, the overall entropy change for constant-pressuremixing is
given by Eq. (5)

continuity : �aUaAa � _mf � �2UbAb (B1)

axial momentum : �aU
2
aAa � _mfUf cos�� �bU2

bAb (B2)

energy : �aUaAaHa � _mfHf � �bUbAbHb (B3)

Tb �
1

cp;b

�
Ha � ��Hf

1� �� � U
2
b

2

�
(B4)

Ub �
Ua�1� ��Uf=Ua cos��

1� �� (B5)
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