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Numerical Investigation of Hydrogen Strut Injections
into Supersonic Air� ows

P. Gerlinger¤ and D. Brüggemann†

University of Stuttgart, 70550 Stuttgart, Germany

The in� uence of different injector geometries on the mixing behavior of planar supersonic jets is investigated.
Hydrogen is injected in the � ow direction throughthebluntend ofa strut. Different lip thicknesses at the injector end
induce different extents of recirculation zones. Additionally, changes are caused within the shock-wave/expansion
fan pattern at the injector exit that have an important in� uence on loss in total pressure. The accuracy of the used
numerical scheme is demonstrated for one injector geometry by comparison with experimental data. Based on
this con� guration, modi� cations in lip thickness and injection Mach number are investigated numerically and are
assessed using several calculated performance parameters. Results show that the chosen lip thickness has a much
stronger in� uence on loss in total pressure than moderate modi� cations in injector length and height. For the very
thin hydrogen jets that were investigated, the mixing ef� ciency is nearly independent on injector lip thickness.

Introduction

T HE understanding of fuel–air mixing and its optimization in
supersonic� ows is equally important to the developmentof su-

personic combustors and oblique detonation wave engines. In both
cases the available time to achieve mixing is on the order of a mil-
lisecond.In addition to good mixing, thrust lossesmust be identi� ed
to work on their minimization. There are different kinds of thrust
losses associated with the fuel injection of a real combustor: losses
due to incomplete mixing, viscous effects, and shock waves.1 The
degree of irreversible entropy gain caused by these processes di-
rectly follows from the way that fuel is injected. Irreversibilitiesare
caused, e.g., by the mixing itself as well as by shock waves induced
at the injector. Shock waves are unavoidable in supersonic � ows,
but often can be employed to enhance the mixing process.2 ¡ 4 Thus,
concepts for an improved mixing by a generationof shock waves or
vorticity results in thrust losses. Detailed studies of thrust losses of
hypersonic engines are given in Refs. 1 and 5.

Because of their particular properties concerning mixing ef� -
ciency and thrust losses, different kinds of injectors may be used at
different � ight Mach numbers.6 Various kinds of injection concepts
have been investigated in the literature to reduce separation zones
and accelerate penetration into the freestream.7 ¡ 10 Transverse fuel
injections in most cases cause a strong blockage of the main � ow,11

which, associatedwith irreversibilitiesof the resultingshock waves,
lead to strong thrust losses.5 On the other hand, good near-� eld mix-
ing is possible. Parallel fuel injection may be achieved without the
inductionof shockwaves, but at the costof unfavorablemixing,and,
therefore, longer combustors.However, Papamoschou12 has clearly
shown in an analyticalstudy that viscousdissipationassociatedwith
strong velocity differencesalso causes large losses in total pressure.
These losses are connectedto a reduced thrust and may be compara-
ble with losses due to transverse fuel injection for convectiveMach
numbers on the order of or more than 1.

In contrastto themore fundamentalstudiesin Ref. 12, thepurpose
of this paper is to investigate axial hydrogen mixing for a real strut
injector used in a subscale mixing and combustion chamber. Struts
offer the possibility of injecting hydrogen directly into the core of
a supersonic � ow.13 On the other hand, the strut is exposed to the
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D. Brüggemann. Published by the American Institute of Aeronautics and
Astronautics, Inc., with permission.

¤ Research Scientist, Institut fürThermodynamikder Luft- undRaumfahrt,
Pfaffenwaldring 31; peter.gerlinger@itlr.uni-stuttgart.de.Member AIAA.

†Professor, Institut für Thermodynamik der Luft- und Raumfahrt, Pfaf-
fenwaldring 31; dieter-brueggemann@itlr.uni-stuttgart.de.

main � ow and subsequent losses must be evaluated. A planar thin
hydrogen jet of 0.6-mm thickness is injected into a cold Mach 2 sur-
rounding air� ow. This injector suffers from � nite wall thicknesses
at the nozzle end, and, in case of combustion, from problems with
heating. Based on an experimentally realized con� guration, the in-
� uence of different injector geometries is simulated numerically.
The detail problem of practically unavoidable injector lip thick-
nesses and their in� uence on � ow structure, turbulenceproduction,
and loss in total pressure is investigated. An additional point is an
optimizationof the strut’s shape concerning losses in total pressure.
Calculationsare performed for cold gases with matched,under-and
overexpandedhydrogen jets.

Governing Equations
The investigation of high-speed turbulent mixing requires the

solution of the full Navier–Stokes and species transport equations
that are given in two-dimensional conservative form by
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where the conservativevariable vector is

Q = [q , q u, q v , q E , q q, q x , q Yi ]t (2)

F and G are inviscid; and Fm and G m are the viscous � uxes in the
x and y direction, respectively. In Eq. (2), q is the density, u and
v are the velocity components in the x and y direction, E is the
total speci� c energy, the turbulence variables are q =

p
k (k is

the turbulent kinetic energy) and x = e / k (e is the dissipation
rate of k), and Yi are the species mass fractions. The following
calculationsare performedwith three different species:N2 , O2 , and
H2 . For turbulence closure, a low-Reynolds-number two-equation
q- x turbulence model is employed.14,15 This turbulence model is
well suited for supersonic � ows. Turbulent Prandtl and Schmidt
numbers of 0.9 are assumed to calculate turbulent contributions to
heat conductivity and diffusivity.

The unsteady form of the governing equations is integrated in
time using the implicit turbulent all speed combustion multigrid
(TASCOM) � nite volume solver16,17 based on an lower–upper sym-
metric Gauss–Seidel (LU–SGS) algorithm.18,19 Multigrid is used as
convergenceaccelerationfor all conservationequations.20,21 Steady
states are reached in less than 7000 iterations.The residuals of both
� uid and turbulencevariables reached machine accuracyof the em-
ployed NEC–SX4. The numerical multiblock code has been exten-
sively tested and compared with experimental data.
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Grid and In� ow Conditions
The numerical studies are based on a geometrical con� guration

that is investigatedexperimentallyat theInstitutfür Thermodynamik
der Luft- und Raumfahrt (ITLR), Universityof Stuttgart, supersonic
test facility. Figure 1 shows the rectangular Mach 2 convergent–
divergent nozzle section. After expansion, the duct has a constant
crosssectionof 35.4 £ 40 mm (channelheight £ depth). The chosen
in� ow conditionsproducea freestreamReynolds number of 4.96 £
107 per meter. Computations start at the nozzle throat (x = 0 mm)
with sonic conditions. The channel height at the nozzle throat is
20.12 mm. Because of the symmetric geometry, calculations are
performed for only the upper part of the channel. A fully turbulent
boundary layer is assumed at the inlet for all calculations.Because
the boundary-layer thickness is not known from the experiment, a
valueof d = 0.4 mm hasbeenassumed.A turbulentin� owboundary
layer is important to prevent the q- x turbulence model from going
through transition. Pure hydrogen is injected through the blunt end
of a strut positioned on the channel centerline. A second nozzle
inside the strut is designed for an injection Mach number of about
2.3. In case of unmatched pressure, an expansion fan or an oblique
shock wave occurs directly at the nozzle exit or inside the nozzle.
To simulate these effects, the computation includes the divergent
part of the injector geometry inside the strut. The in� ow conditions
for the hydrogen injector are sonic conditions at the injector nozzle
throat located at x = 172 mm.

A three-block grid with 472 £ 32, 432 £ 56, and 672 £ 96 vol-
umes is used for a simulated channel length of 500 mm. The nozzle
inside the strut is simulated with 40 volumes in a streamwise direc-
tion. An enlargement of the computational grid near the end of the
strut (only the upper symmetric part) is given in Fig. 2. The compu-
tational grid is strongly re� ned near solid walls and in the mixing
zone downstream of the injector, leading to highly stretched grids
in these regions. All y+ values for near-wall cell centers should be
smaller than 1, which is a requirementfor accurateuse of the chosen
low-Reynolds-number turbulence model. At stationary conditions
all y + values at the channel walls are smaller than 0.5. At the outer
surface of the strut the maximum y+ values are 1.65 at the tip and
1.2 at the end of the strut, where the boundary layer is accelerated
with the formation of an expansion fan. Between these points, as
well as at the blunt end of the strut and inside the hydrogen noz-
zle, all y + values are considerably smaller than 1. To satisfy this
constraint, cell heights smaller than 0.5 £ 10 ¡ 6 m had to be cho-
sen. The high velocities within the hydrogen injector particularly
required such small wall distances. Further grid re� nements had no
in� uence on all investigatedperformanceparameters. The sonic in-
� ow conditionsfor the main airstreamand the injectedhydrogenare
given in Table 1. The corresponding jet-to-freestream momentum
� ux ratio22 mr = ( q u2) j / ( q u2) 1 is 0.87. The mass � ow rates of air

Table 1 In� ow conditions for the main
airstream and the hydrogen jet

Main Hydrogen
Parameter airstream jet

p, bar 2.05 1.95
T , K 240 260
Ma 1 1
YH2 0 1
YN2 0.7664 0
YO2 0.2336 0

Fig. 1 Channel geometry (mm).

and hydrogen are 0.74 kg/s and 2.4 g/s, respectively. These � ow
rates result in an understoichiometricratio of 0.105.

Results and Discussion
The computational effort is divided into two parts. The � rst one

dealswith the demonstrationandvalidationof thenumericalscheme
by comparisonwith experimentaldata for a basic injectorcon� gura-
tion.The secondpart investigatesand quanti� es in� uences resulting
from changes in basic strut geometry.

Comparison with Experiment

The experiment is based on a Mach 2.3 hydrogen injector with
a lip height of h =0.7 mm at the end of the strut. This strut is the
basis for later modi� cations and has a length of L =80 mm and a
height of H = 6 mm, respectively.Geometry and in� ow conditions
given in Table 1 result in slightly mismatched static pressure at the
injectorexit. Figure 3 shows a comparisonof � ow structurebetween
a schlieren photograph of the experiment and a calculated pressure
distribution. The shock waves and expansion fans along the strut
agree very well. In the schlieren photograph a slight unsymmetry
may be observed in the shock re� ections at the upper and lower
strut surface. The outer edges at the end of the strut cause expan-
sion fans that are directly followed by shock waves. Figures 4 and
5 compare measured and calculated molar fraction pro� les of H2

and N2 at four different locations. The pro� les are given at x =
178, 225, 275, and 325 mm. Although there are some differences
in the outer parts of the pro� les, the calculated decay of maximum
values at the channel centerline agrees quite well with experimental
data. A discrepancy is the approximately20% smaller mixing-layer
thicknessobtained by the calculation.Figure 6 shows a comparison
between measured and calculated static pressure pro� les along the
upper channel wall. The comparison is given for the � rst 300 mm
where experimental data are available. While the agreement be-
tween experiment and computation is fairly good up to the end of
the strut, differencesare found fartherdownstream.They are mainly
caused by slightly shifted locations of shock waves and expansion
fans travelingdownstream.However, the overallagreementbetween
computation and experiment is quite good, taking into account the
complexity of the problem. The validation was a presumption for
using the TASCOM solver to investigate the in� uence of geometric
modi� cations. Moreover, to con� rm the conservative nature of the
solver, integratedmass � ow rates of air and hydrogenhave been cal-
culated for all investigated cases. The calculations conserved mass
to within 1%. Further details about the ITLR supersonictest facility
as well as the Raman measurement technique have been described
in Refs. 23 and 24.

Fig. 2 Enlargement of the computationalgrid at the hydrogen injector
exit.
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Fig. 3 Schlieren photograph and calculated pressure distribution.

Fig. 4 Measured (±) and calculated (——) H2 pro� les.

Fig. 5 Measured (±) and calculated (——) N2 pro� les.

Fig. 6 Measured (±) and calculated (——) wall static pressures.

Fig. 7 Geometry (mm) of the investigated struts for hydrogen
injection.

Modi� cations in Strut Geometry

While most analyticalinvestigationson hydrogenmixing assume
splitter plates of negligible thickness,25 ¡ 29 real injectors exhibit lip
thicknesses that are often speci� ed by manufacturing restraints. In
case of combustion, thermal loads may cause additional problems.
Bluff bodies are also often used for � ame stabilization.30 Figure 7
shows a strut con� guration for which the lip thickness h, the length
L , and the height H are varied, keeping the nozzle geometry con-
stant.The height of the nozzle throat is 0.27 mm and the jet heightat
the nozzle exit 0.6 mm. The comparison with experimentaldata de-
scribed in the last section was performed for the basic con� guration
with h = 0.7 mm, H = 6 mm, and L = 80 mm. It is obvious that a
reduction in h reduces the loss in total pressure. On the other hand,
negligible lip thicknessesmay not be applied in case of combustion
due to severe cooling problems of the lip. Experimental investi-
gations found a lip thickness of h = 0.7 mm to be suited for hot
long time runs without damaging the strut.The followingparameter
study investigatesquantatively the in� uence of different strut mod-
i� cations on mixing ef� ciency, mixing-layer thickness, and loss in
total pressure. Only one parameter (h, H , or L) is always changed
at a time, keeping all remaining geometrical values in accordance
with the basic con� guration. Hydrogen and air in� ow conditions
always remain unchanged.

An important parameter to evaluate compressibility effects in
shear � ows is the convective Mach number. Because of the strong
differences in the speed of sound and the resulting strong velocity
differences between the hydrogen jet and surrounding air, similar
effects such as for pure shear � ows occur in the present case. If
a convective Mach number is calculated with � ow conditions at
the injector exit, a relatively high supersonic value of about 1.23 is
obtained for the present con� gurations. The air main stream veloc-
ity (uair = 500 m/s) and the centerline velocity of the hydrogen jet
(uH2 =2030 m/s) at the injector exit cross section (x =175 mm) are
used for its calculation:

Mc(x) =
D U

a1 ,air + a 1 ,H2

(3)

D U is the velocity difference between both streams, and a 1 ,air and
a 1 ,H2 are the corresponding speeds of sound. While for pure shear
� ows the convective Mach number is maintained in a streamwise
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direction in the present case, its decay to zero strongly depends on
the thickness of the jet. Thus, at least in the � rst part downstream
of the injector, where large values for the convectiveMach number
are obtained, similar effects such as that for pure shear � ows may
occur. The most important effect is a decrease in the growth rate of
compressiblemixing layers at high convectiveMach numbers25,26 in
comparison with incompressible ones. For the investigated hydro-
gen, air-mixing in� uences due to high-density ratios between both
streams additionally may have an effect on the spreading rate.29

However, due to the thinness of the injected hydrogen jet (0.6 mm),
normal velocitygradientsdecay to less than 1% of their initial value
over a length of 80 mm only, thus limiting compressibility effects
to the region directly downstream of the injector.

In� uence of Injector Lip Thickness

Numerical calculationsare performed for � ve different lip thick-
nesses h = 0.1, 0.4, 0.7, 1.2, and 1.7 mm, whereas the length and
height of the strut remain constant. These cases represent underex-
panded, matched, and overexpandedhydrogen injections. With the
increase in lip thickness, the angle from the end to the middle of
the strut reduces from 2.86 to 1.43 deg. Small recirculation zones
appear at the blunt ends of the struts formed by two vorticesrotating
in oppositedirections.Their extent is about 0.7, 2, and 4 mm for the
0.1, 0.7, and 1.7 mm lip height, respectively.

Figure 8 shows calculated pressure contours for three out of � ve
cases with lip thicknesses h of 0.1, 0.7, and 1.7 mm. With increas-
ing step height the change in the outer air� ow direction increases,
causingstrongerexpansionfans and shockwaves. This results in de-
creasingpressure levels (0.5, 0.36, and 0.28 bar) in the recirculation
zone downstreamof the lip. While in the � rst case an oblique shock
wave is formed at the nozzle exit, the pressure is nearly matched in
the secondcase,and,an expansionfan occursin the thirdcalculation.

To investigate the in� uence of unmatched static pressure at the
hydrogen nozzle exit, a second series of calculations is performed.
While the in� ow conditions,theheightof the throat,and theheightof
the strut’s blunt end remain constant, different injector exit heights,
and, subsequently, varied lip thicknesses, result in matched static
pressures and different exit Mach numbers. However, the differ-
ences between the cases with matched and unmatched static pres-

Fig. 8 Pressure contours (bar) at the injector exit with h = 0.1, 0.7, and
1.7 mm ( D = 0.02 bar).

sures are hardly visible in all performance parameters. For the cho-
sen strut it seems to be less important if the injected hydrogen jet is
slightlyover- or underexpandedif the injection total pressure is kept
constant. Losses or gains due to these effects are small in compari-
son with other sources. Thus, unmatched pressure for the hydrogen
injection is no source for differences in performance parameters
discussed later.

Figure 9 shows contours of q (q =
p

k, k = turbulent kinetic en-
ergy) for the same three lip thicknesses. Maximum values increase
from 220 to 310 m/s with increasing lip height caused by larger ex-
tents of the recirculation zone and increasing shock strength. This
increase is independent of matched or unmatched static pressure
at the hydrogen nozzle exit (calculations with matched static pres-
sure produce similar results). The production of turbulent kinetic
energy within the recirculation zones is negligible in comparison
with the production in the following shock wave or in the shear
layer of the hydrogen jet. However, there also are high values of x
( x = e / k, e = dissipationrate of k) in the shear layer.An important
parameter for the mixing process is the turbulent diffusivity that is
obtainedfrom eddyviscosity( l t » q2 / x ) under the assumptionof a
constant turbulentSchmidt number. Figure 10 shows contoursof q,
log(x / x 1 ), and l t / l l ,ref for the basic strutgeometry(h = 0.7 mm),
where x 1 is the freestream values in front of the strut and l l ,ref is
a reference laminar viscosity. The shock wave induced at the tip
of the strut is re� ected at the upper wall and hits the strut again
at about x = 140 mm, resulting in slightly increased values of q.
Strongly increased values of l t are found for all cases above the
strut between x =140 and 175 mm. This region of high-eddy vis-
cosity is shifted farther upward with increasing lip height. Addi-
tionally, l t is increasedby stronger shock waves downstreamof the
recirculation zone. Thus, differences in eddy viscosity distribution
caused by larger lip heights are mainly found in the outer part of
the � ow� eld (y > 1 mm), whereas the distributions near the chan-
nel centerlines are quite similar. This may be also seen from Fig. 11
where transversepro� les ofq are plottedat x = 195 mm. Only small
differences are found near the channel centerline, whereas the pro-
� les signi� cantly differ with transition to freestream turbulence. It
is also important to note that the main positive production of q and
x is in the rapidly decaying shear layer between hydrogen jet and
air� ow. Already, 5 mm downstream of the nozzle, values are again

Fig. 9 Contours of q (m/s) at the injector exit with h = 0.1, 0.7, and
1.7 mm ( D = 10 m/s).
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Fig. 10 Contours of q (m/s, D = 10 m/s); log(!/!1 ) ( D = 0.2); and
¹t/¹l,ref ( D = 10) for the strut with h = 0.7 mm.

Fig. 11 Pro� les of q (m/s) at x = 195 mm.

Fig. 12 Hydrogen pro� les at the channel end at x = 500 mm.

decreasing.However, the differentdissipationrates of q and x only
cause a moderate reduction in eddy viscosity, and signi� cant diffu-
sivities are still found far downstream of the strut where convective
Mach number and normal velocity gradients are zero.

Mixing

Figure 12 shows pro� les of hydrogen molar fractions at x =
500 mm. Despite the similarity of the pro� les, a clear trend may
be seen from this � gure. With increasing lip thickness the pro� les
broaden in normal direction. This is usually associated with a de-
crease in maximum values at the channel centerline. Only small
differences are obtained for the three smallest lip heights.

To investigate the growth of the mixing-layer more accurately a
mixing-layer thickness is introduced. The mixing-layer thickness
is de� ned as the distance between the transverse locations of the
symmetric pro� le where the molar fractions of hydrogen are 0.05.

In Fig. 13 these values are plotted vs the length of the channel.Note
thatinjectiontakesplaceat x = 175mm. The maximumdifferencein
mixing-layerthicknessat the channelend is about10%. The pro� les
in Fig. 13 strongly differ from the smooth distributionsobtained for
shear � ows over a splitter plate.25 This is due to two facts. First,
directlydownstreamof the injectorlip, a hydrogen-richrecirculation
zone is obtained. Therefore, the mixing-layer thickness directly at
the injector exit amounts to about the height of the strut’s blunt end
(0.6 mm + 2h). Because of the expansion fans formed at the outer
edge of the strut, the mixing layer is � rst contracted, leading to a
decrease. The minimum values increase and slightly shift farther
downstream with increasing lip height. The second difference to a
splitterplate is the wave-like increasein mixing-layerthicknessover
the channel length.This is due to shock waves travelingdownstream
and being re� ected at the channel walls. It is interesting that all
� ve cases result in similar values and gradients downstream of the
recirculation zone between x =190 and 200 mm. The � rst strong
increase up to a mixing-layer thickness of about 5 mm is caused
by the high turbulent diffusivities downstream and above the struts
bluntend (see Fig. 10). This is quitesimilar for all investigatedcases.
When reaching the edge of the high-diffusivity region, increases
in the mixing-layer thickness slows down, leading to a less-steep
increase farther downstream. The differences in the curves plotted
in Fig. 13 are mainly caused by different extents of regions with
increased diffusivity extending into the main stream.

While up to now the mixing-layer thickness was the critical pa-
rameter, the mixing ef� ciency will now be studied. The mixing ef-
� ciency is de� ned as the fraction of hydrogen mass � ux that could
react due to available oxygen (if complete reaction took place), and
is calculated by22

g mix =
*

A
q uYH2 ,r dA

ÇmH2

(4)

where YH2 ,r is the hydrogen fraction that could react, A is the chan-
nel cross section, and ÇmH2 is the injected hydrogen mass � ux. If the
mixing ef� ciency adds up to 1, all available hydrogen could react
becauseoxygenis avaiableat leastat a stoichiometricrate.Figure 14
shows the mixing ef� ciency plotted over the channel length. Two
conclusionsmay bededucedfrom thisplot.First,while there is some

Fig. 13 Mixing-layer thickness based on molar hydrogen fractions.

Fig. 14 Mixing ef� ciency.
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Table 2 Loss in total pressure (%) until reaching a mixing ef� ciency of 1a

Dimension h = 0.1 mm h = 0.4 mm h = 0.7 mm h = 1.2 mm h = 1.7 mm

H = 6, L = 80 14.98 15.49 16.09 16.91 17.94
H = 4, L = 80 14.79 —— 15.62 —— 17.77
H = 8, L = 80 15.22 —— 16.32 —— 18.35
H = 6, L = 60 15.52 —— 15.59 —— 17.50

Fig. 15 Normalized mass-� ow-averaged total pressure.

in� uence of the injector lip thicknesson the mixing-layer thickness,
there is nearly no in� uence on the mixing ef� ciency. Second, com-
plete mixing is achieved for all cases 300 mm downstream of the
injector.The reason for the negligibledifferencesof the � ve cases in
mixing ef� ciency is the smallness of the hydrogen jet. The decrease
of maximum hydrogen fraction near the channel centerline is the
critical parameter for the mixing ef� ciency. In the outer regions of
the pro� les, all hydrogen may react due to available oxygen. The
decrease of hydrogen maximum values basically depends on the
turbulence intensity along the channel centerline. The turbulence
levels on the other hand are only slightly affected by the lip thick-
ness. Most important is the productionof q and x in the shear layer
of the hydrogen jet that causes high diffusivities near the channel
centerline that are quite similar for all investigated cases.

Losses

In addition to the mixing performance, losses due to mixing are
a crucial factor for the assessment of any injector. The different
shock patterns caused by various injector geometries result in dif-
ferent losses in total pressure.Figure 15 shows the normalized total
pressures that depend on the streamwise direction. The normalized
mass � ux-averaged total pressure is calculated for every channel
cross section by

p̄t =
1

Çm *
A

pt q u dA (5)

where pt is the total pressure determined from the Mach number
and static pressure. The employed central difference scheme al-
lows small pressure oscillationsnear shock waves that may also be
observed in total pressure pro� les. Independent of under- or over-
expanded injection, Fig. 15 clearly shows that an increase in lip
thickness causes stronger losses in total pressure due to stronger
shock waves. The location of the strut is plotted symbolically on
the x axis. As can also be seen from Fig. 15, most of the losses due
to higher lip thicknesses occur directly at the injector. A second,
rapidly decreasing contribution are losses due to shock waves trav-
eling downstream by wall re� ections. Because of the weakening of
the shock waves the slopes of all curves approach each other, and,
in case of complete mixing, become similar to that of the channel
without strut. Away from the injector, the mixing itself as well as
the increase in boundary-layer thickness become dominant contri-
butions to loss in total pressure. The losses from the beginning of
the strut until reaching a mixing ef� ciency of 1 are summarized
in the � rst line of Table 2. The difference between the cases with
0.1 and 1.7 mm lip thicknesses is about 17%. The strong contribu-

Fig. 16 Normalized mass-� ow-averaged total pressure vs mixing ef� -
ciency for h = 0.7 mm and different strut geometries.

tions of shock waves and increase in boundary-layerthickness also
emphasize the necessity to keep combustor lengths short.

Modi� cation of Strut Length and Height

Next, the in� uence of the shape of the strut is investigated. The
greatest disadvantages of the strut concept are losses due to its
boundary layers and losses from shock waves caused by the strut.
While a short strut reduces the � rst kind of loss, the second one
is increased (for the same strut height). In case of combustion the
injected hydrogen is used, as coolant heat losses in the boundary
layer may be recovered by hydrogen heating. Figure 16 shows the
normalized total pressure vs the mixing ef� ciency for a lip thick-
ness of 0.7 mm and different strut geometries. With the exception
of the shortest strut (L =40 mm), the differences are very small
until a mixing ef� ciency of 1 is reached. The high losses in the last
case result from boundary-layer separation at the upper wall. The
shock wave caused at the tip of the strut causes this separationafter
re� ection at the strut. The gains of shorter strut lengths are nearly
identical to losses caused by strongershockwaves. Results for other
lip heights are given in lines 2–4 of Table 2. As long as the wedge
angle at the tip of the strut is small enough to avoid boundary-layer
separation, moderate changes in the height and length of the strut
have a much smaller in� uence than modi� cations in lip thickness.

Conclusions
Numerical investigationson the mixing of thin supersonichydro-

gen jets in cold supersonic air� ows were performed. A comparison
with experimentaldata demonstratedthe accuracyand applicability
of the employed numerical scheme, turbulence model, and compu-
tationalgrid.Variationsin strut geometryhavedemonstratedseveral
effects:

1) The mixing-layer thickness is shifted to higher values with
increasing lip height due to increased diffusivities caused at the
struts outer wall and stronger shock waves.

2) The increase in mixing-layer thickness has no signi� cant in-
� uence on the mixing ef� ciency for the investigated thin jets.

3) An increase in a lip height of 1.6 mm resulted in about a 17%
larger loss in total pressure.

4) Because of the rapid decay of velocity gradients in the normal
direction (for small jets), compressibilityeffects are important only
directly at the injector.

5) Only insigni� cant differences in mixing ef� ciency or loss in
total pressure are caused by slightly unmatched injector nozzle ge-
ometries for the same injection total pressure.
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6) The choice of length and height of the strut only has a minor
in� uence on loss in total pressure compared with the lip thickness
as long as boundary-layerseparation is avoided.
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