9th AUSTRALASIAN
FLUID MECHANICS CONFERENCE
AUCKLAND, 8-12 DECEMBER 1986

High Reynolds Number Heat Transfer to the Cold Walls of
a Model Scramjet

A. PAULL, N. A. MORRIS, R. G. MORGAN and R. J. STALKER

DépaﬂmentofMechanmalEngmeeﬂng,UnWemﬂyoiQueendaﬂ¢

ABSTRACT

The results of simultaneous heat transfer and pressure

measurements at the walls of three different
configurations of a model scramjet are presented. The
heat transfer results are compared with results

empirically predicted from the pressure measurements.
It is shown that the measured heat transfer rate is
comparable with, or lower than that predicted for a
laminar boundary layer.

A mathematical model is proposed for the film cooling
effect observed when a hydrogen fuel is injected along
a wall of the scramjet. In this mathematical model the
heat transfer rate is shown to be insensitive to the
velocity profile in the insulating layer of fuel. The
model suggests that the cooling layer is turbulent and
that 90% of the fuel is mixed with the air.

INTRODUCTION
The scramjet (supersonic combustion ramjet) potent—
ially represents the most attractive form of pro-

pulsion in the upper atmosphere at Mach number greater
than four, (Jones, 1978). If prolonged flight is to
be sustained considerations must be given to heating
of the aircraft and more critically to the heating of
the inside of the combustion chamber of the scramjet.
As a preliminary study of this engine, simultaneous
measurements of the heat transfer rate and the
pressures at the walls were taken for three different
configurations of the combustion chamber when there
was no injection of fuel. Different configurations of
the chambers were; a parallel (or constant area) duct,
a parallel duct with an injector step, and a diverging
duct. The freestream flow was at Mach number 3.5 "’1Ef
the unit Reynolgi Number ranging between 6.6 x 10¢ m
and 23 x 10¢ m ~. The freestream total enthalpy was
varied between 2.5 MJ/kg and 8.6 MJ/kg and the walls
were initially at room temperature. Predictions of
the heat transfer rate for both a turbulent and
laminar boundary layer were made from the pressure
measurements using empirical formulae developed for
flat plates (Stollery 1975 and Hayes 1959). Although
there is no theoretical reason for those predictions
to apply to all these geometries, they have been shown
to be useful in other than flat plate configurations,
(Morgan 1985).
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One means of cooling the surface of the
chamber is te form an insulating layer of
the wall by injecting from a step in the
fuel than can be burnt. Wall injection
seem to be one of the most feasible
injection, (Morgan 1985).

To gain an initial understanding of the mechanisms
which govern the heat transfer rate to the wall, a
simple mathematical model has been proposed. In this
model the fuel is assumed to be in two layers. (See
Figure 2). 1In the upper layer fuel is mixed with air
and the layer closest to the wall consists only of
fuel. A diffusion-convection heat equation which
ignores diffusion in the direction of the convection
and which allows for different mass flux profiles is
used to describe the unmixed layer.

A similar model which uses a uniform flow approxi-
mation has been =successfully applied by Richards

226

(1979) to describe the film cooling effect when the
injected gas is the same as the freestream gas.
Stollery (1967) used a "no mix" layer theory similar
to that proposed by Hateh (1959) to obtain good
correlation between predicted and measured heat
transfer rates when air is used as the coolant and
freestream gas. Stollery (1967) also gives heat
transfer measurements for the injection of helium into
air at the rate of .0012 kg/s. In the experiments
recorded here, hydrogen is injected at the much larger
rate of .08 kg/s.

The heating effects of combustion have been separated
from those of the freestream by recording the heat
transfer rates for injection into a test gas of
nitrogen, as well as for air. The two parameters; the
mass flow rate and the diffusivity are adjusted to fit
the data for injection into a nitrogen test gas. The
diffusivity is not known because the degree to which
the insulating layer is turbulent is not known. A
third parameter § , which is the heat transfer rate to
the wall far ownstream of the  injector, is
determined from the fuel-off experiments. The values
of the first two parameters are then used to predict
the maximum added heat flux which might be observed
when burning- occurs. This 1is done by determining a
new value of § which fits the heat transfer rates
measured when fuel is injected into air.

Experimental Apparatus

A schematic of the two dimensional model which was used
is shown in Figure 1. When required, hydrogen fuel was
injected at supersonic speeds out of the ,005 step.
The injector has a .0009 m throat and extends across
the entire width of the model (.05 m.). The injector
could be removed if required. The intake is .08 m long
and there is a .025 m combustion chamber immediately
downstream of the injector. The thrust surface either
diverges at 15 or a constant area duct oan be made
by setting the divergence to 0°.

Different test conditions were obtained by using a free

piston shock ‘tube with a Mach 3.5 nozzle. From
measurements of the shock velocity and stagnation
pressure at the end of the shock tube, the intake

conditions are calculated using a numerical program for
the non-equilibrium expansion of a reacting gas down
the nozzle (Lordi et al (1966)).

Pressure and heat transfer measurements were calculated
from instrumentation on the thrust surface. The
instrumentation did not allow for the evaluation of
negative heat transfer rates. The experimental
apparatus and procedures are described more fully in
Morgan (1985).

Empirical Predictions; No Fuel Injected.

Predictions of heat transfer rates to a wall from
either a turbulent or a laminar boundary layer are
made from the pressures on the wall and the freestream

conditions. The predictions for a turbulent boundary
layer are made using the same formulae as Morgan
(1985). Their treatment follows that presented by

Stollery (1975) which is based on the empirical method
of Eckert (1955).

If a Lewis number of 1 is assumed then the empirical
predicted heat transfer rate to wall from a turbulent
boundary layer is
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The conditions at the edge of the boundary layer are
calculated from the inlet conditions assuming an
isentropic expansion to the local static pressure. A
specific heat ratio of 1.4 and a Prandtl number of
0.72 are assumed. The recovery factor is taken as
WPr. From empirical correlations presented by
Hayes (1959), the predicted heat transfer rate to the
wall from a laminar boundary layer for a Lewis number
of 1 is
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where the superscript * quantities are evaluated at the
reference enthalpy

h* = O.S(he + hw) + 0.22 (Hr e he) (5)

Theoretical Predictions For Fuel Insulating Layer.

It is assumed that downstream from the injector there
are two distinet regions which contain fuel; (I) a
region in which the fuel and air are mixed, and (II) a
region in which no mixing ocecurs. (See Figure 2.)
For simplicity the boundary between these two regions
is taken to be parallel to the wall. The unmixed
region represents the layer which insulates the thrust
surface from the heat produced by combustion in the
mixed region, and the heating from the freestream.
This layer is modelled by assuming that the mass flux
of fuel has the profile,
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where A>0, p U is the mass flux of the injector and

¥, 1is. the fhickness that the unmixed layer would
be if there was no mixing layer. It is also assumed
that diffusion in the direction of convention is

negligible compared with the convection. Hence for
constant diffusivity the temperature inside the
unmixed region satisfies
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The boundary conditions are given in Figure 2. To be
consistent with the boundary layer profile used for
the -mass flux, there should also be an upstream
temperature profile of the fuel. For simplieity this
is assumed to be linear. It is also assumed that the
walls remain-at room temperature and that the flux of
heat from the mixed region is constant. Under these
assumptions the heat flow into the wall is
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and a is the proportion of the total mass flow of fuel
in the insulating layer.

The upstream temperature cf the fuel at the boundary

of regions (I) "and”(II) ‘is’assumed ‘to be ‘equal to the
temperature that the' fuel:'would be'after an. isentropic
expansion !from the fuel'“reservoir ‘conditions to the

pressure ' 'measured immediately ! downstream of .the
injector. The "total mass flow 'is similarly deter-
mined,

RESULTS

Heat Transfer Measurements; No Fuel ' Injected.

For ‘each ‘model configuration the heat transfer rates
were '‘measured for “three different’ enthalpies of the
freestreamn. The “medsured heat transfer rates for a
constant  area’’duct ‘without ‘'and  with ~an - injector
step, and for a 15° divergent thrust’ surface down—
stream of an injector step, are displayed in Figures
3a,b,kc., 4a,b,c and' 5a,b,c "'respectively. Also
displayed on 'these diagrams are’' the empirically

predicted heat transfer rates for a lamipar boundary

The'' heat transfer rates
predicted by Eguation (1) for 'a turbulent boundary
layer are of order ten times those measured. Thus it
is conecluded’ that in all “configurations the boundary
layer is laminar.

layer, ' (Equation (2)7}.

From' Figures' “3a ‘and” 3b" it 'is seen for the constant
area duct without a step, that good correlation exists
between the predicted and measured values: at the two
lower enthalpies, of "2.5 MJ/kg and 4-MJ/kg. For the
higher enthalpy, 5.5 MJd/kg, (Figure 3c), the upstream
measurements ''are ‘approximately '75% ‘of  those pre-
dicted. '~However, downstream there is good correlation
between the predicted and measured values, It is not
clear '‘why ' ‘low -measurements ' were observed din the
upstream region.

The heat” transfer measurements ‘to ‘the wall of a
constant area’ duct with ‘an injector are displayed in
Figures '4a, 4b ‘and “4c for the enthalpies '4.3 MJI/kg,
6.2 MJ/kg and’ 8.2 ‘MJ/kg respectively. From Figure 4a
it 1is seen, ‘that 'at’'the lower! enthalpy; the expansion
past the step does not effect the correlation between
the predicted and measured wvalues. However, ‘at 'the
higher enthalpies the wmeasured values are approx-
imately half the predicted walues. A similar order
reduction’ in- the measured” heat' 'transfer 'rates was
observed by 'Stollery ' '=(1983)+ for: higher 'enthalpies.
They showed® that their:reduction eould be raccounted
for if non-equilibrium: chemical reactions occurred in
the boundary ' layer. Iti “mayv be: possible —that' the
discrepancies “Vdt U“the’! higher ' 'enthalpies ' may: be
explained by similar reactions which result from the
decreasSe ‘in "pressure which occurs rwhen passing  the
step.

Similar 'arguments -might ~also be used to~explain the
low measured heat transfer.rates to the 15  divergent
thrust surface, displayed “in Figures 5a, 5§b. and S5c.
It is seen that even at the lowest enthalpy of 4 MJd/kg
that the measured value is/ approximately half the
predicted value. The greater reduction in heating
rates may be the ‘result of ' initially lowering the
pressure at the step, followed by a: further pressure
reduction ~at 'the start of ‘the divergent surface.

These results do not correspond to those obtained: by
Morgan (1985), where the measureds heat ' transfer
results were higher than those predicted for a laminar
flow. The discrepancies- between these two sets of
data is not understocod. However, 1t may be possible
that the twin' 7.5%'thrust: surface  configuration used
in their model "is’'a’significantly 'different .environ-
ment to ‘the ‘single 15° ‘thrust - surface wused here.

Heat Transfer' Measurements With A Fuel Insulating
Layer.

TABLE 1.

LS Xz(m) a k(W/mK)
0.14 0.2 0.08 2.5
0.14 0.19 0.07 AT
1.0 0.2 0.13 3.0
1,0 0.19 0.11 241

The insulating layer created,6 by the injection of the
hydrogen fuel out of the step can be seen in Figure



6. In this figure the heat transfer rates to the
walls of a constant area duct, when fuel is injected
into a nitrogen and air test gas, are compared with
those when fuel is not injected. The nitrogen test
gas was used to separate the heating effects of the
combustion and the freestream.

The total enthalpy of the test gas is approximately
8.6 MJ/kg. The reservoir pressure of the fuel is 2900
kPa and is at 300 K. The pressure measured Iimme-
diately downstream of the injector when injecting into
the nitrogen test gas was 114 kPa. Thus AT = 180 K

and the fuel flow rate is 0.08 kg/s. This 1is
approximately six times the rate required for a
stoichiometric mixture with the oxygen available in

the air test gas.

From Equations (8) and (9) it can been seen that for
any value of A there are three unknown quantities do,
e and k. These three parameters are adjusted so
as to fit the data measured when injecting into the
nitrogen test gas. From Equation (8) it is seen that
4_ represents the heat transfer rate at

large distances down the wall. This is taken to be
equal to the average of the heat transfer rate in the
absence of fuel, Hence from Figure 6, 4 80x104
W/m*. The remaining two parameters are determined
by insisting that the theoretical curve and the
measured values are zero at the same point and have
the same value at the furthest distance measured.

In Table 1, the different values of a and k are listed
for a shear flow, A =1, and a turbulent flow,
A =1/7. (The density is assumed constant (Hayes,
1959)). It can be seen that the value of k is
sensitive to the position of zero heat transfer. It
is worthy to note that, in all cases, the predicted
values of k are always in excess of the recorded value
of k for hydrogen at 300 K; 0.19 W/mK. Thus this
model would suggest that the cooling layer is
turbulent. This 1is in contrast to the results
obtained for a boundary layer without fuel. However,
turbulence may be created in the fuel by the injector
before injection.

(1986) has observed that at high equivalent
all the available oxygen in the duct would
appear to be consumed, which suggests that significant
mixing does occur. This is also suggested by this
mathematical model, for it can be seen from Table 1
that for a turbulent velocity profile, only 8% of the
injected fuel goes into the unmixed layer.

Morgan
ratios

The values of a and k recorded in rows 1 and 3 of
Table 1 are used to determine new values of §_ which
will fit the heat transfer rates measured when the
fuel is burnt in the air test gas. These values were
45,2x10¢ MJ/kg and 42.7x104 MJ/kg respectively.
Insufficient data 1s available to obtain an accurate
indication of the heat released by combustion into the
cooling layer predictions.

It can be seen from Table 1 that the value of k is
sensitive to the value of A. However, from Figure 6
it can be seen that the predicted heat transfer rates
are insensitive to this profile. This may be one
reason why the uniform flow profile used by Richards
(1979) is successful.

CONCLUSIONS

Flat plate empirical predictions give an order of
magnitude estimate of the heat transfer rates for a
laminar boundary layer for the scramjet configuration.
Deviations from the predicted values is greater at the

higher enthalpies and more pronounced as more
expansions to the flow are introduced.
The mathematical model proposed for the insulating

layer of fuel displays three of the parameters which
affect the heat transfer rate. It suggests that the

mass flux profile of fuel is mnot dimportant in
determining the heat transfer rate. The model is
incapable of accurately predicting the diffusivity

constant of the insulating layer.
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NOTATION

specific heat at constant pressure
static enthalpy

total enthalpy

Bessel function of order v

thermal diffusivity constant

Mach number

pressure

Prandtl number

heat transfer rate (heat flux)
recovery factor

Reynolds number

temperature

veloecity

wetted length from injector

wetted length from injector to
zero flux point. (Nitrogen test gas)
wetted length from intake

distance above thrust surface

nth zero of Jv—l

=]

<

Nxct-l.":.p*s.n-gfuxw:..::::'n

[
=] N

proportion of fuel
specific heat ratio
the Gamma function
temperature difference
insulating layer mass flux power law
coefficient
viscosity
= il
At2
p density

in insulating layer

> == a

Subscripts and Superscripts

e edge of the boundary layer

I intake

o total

r recovery

W wall

® reference

REFERENCES

EKERT, E.R.C. Engineering relations for skin frietion
and heat transfer to surfaces in high velocity flow.
Journal of the Aeronautical Sciences, Vol. 22, p 585
19352

HATCH, J.E. B& PAPELL, S.S. Use of theoretical flow

model to correlate data for film cooling or heating
an Adiabatic wall by tangential injection of gases
of different fluid properties.

NASA TN D-130,

1959.
HAYES, W.D. & PROBSTEIN, R.F. Hypersonie flow theory,
Academic __ Press, New York and London, 1959.
JONES, R.A. B HUBER, P.W. Towards Scramjet Aircraft.

Technology Report, AIAA Journal of . Astronautics
and Aeronautics, Feb. 1978.

LORDI, J.A., MATES,R.E. & MOSELLE, J.R. N.A.S.A,
Rep. NASA CR-472 1966.
MORGAN, R.G., PAULL, A, MORRIS, N, & STALKER R.J.

Hydrogen Scramjet with Side Wall Injection. The
Second National Space Engineering Symposium, 1986.

MORGAN, R.G. & STALKER, R.J. Shock Tunnel Measurements
of Heat Transfer in a Model Scramjet. Paper No.
ATAA-85-0508. ATAA 20th Thermophysics Conference.
dJune 19-21, 1985. Williamsberg Va.

RICHARDS, B.E.
experiments

& STOLLERY,
in

J.L.
hypersoniec

Laminar film cooling

flow. dJournal of



Aircraft Vol. 16 No. 3, March 1979.

STOLLERY, J.L.
survey of
Imperial College hypersonic gun tunnel.

Heat transfer at hypersonic speeds - a

recent and current experiments in the .

A.R.C.

Fig.

SHOCK TUNNEL
NOZZLE EXIT

=

1

" PROTECTIVE

cowt
INTAKE STATIC

A

#7 — PRESSURE 1RMTOR,

29611 1967, i
i e Hreroveance
STOLLERY, J.L. B COLEMAN, G.T. A correlation between T i seors
pressure and heat transfer distributions at rasimtag souenon
supersonic and hypersonic speeds, Aeronautical nECTON ACTUATRG | TP e TRASDOLERS
uarterly, Vol. 26, pages 304-315, 1975. e A TRANSEER AUGES
STOLLERY, J.L. & STALKER, R!J. The development and use A 7
of free piston wind tunnels. Proceedings of the 77 T Vi, /,?—f/;/;f"//f//
14th International Symposium of Shock Tubes and
Waves. 1983,
Fig. 2 T
TABLE 2 Test Gas / -
} _—y Mixed fuel
Figure HO PI TI up TO
Mj/kg kPa K /s K O
y w
o
3a 2.5 101 614 2432 2194 Unmixed fuel
3b 4.0 97 986 2350 - 3191
3c 5.9 108 1454 2747 4031 T
4a 4.3 91 1104 2465 3418 vty x
4b 6.2 113 1633 2867 4295 Fi 6
4c 8.2 105 2213 3204 5052 B
5a 4.0 63 976 2337 3180 100
5b 5.4 72 1425 2698 3907 o . b
50 7.8 86 2082 3131 © 4858 | Theertieal. d=.16, 1.8
XNZ Test pas 7
i B Air test gas T
k=)
- - -
X
P 4
3
9! _
-l -
0 : ) - ¢ ; 0
+ laminar prediction X measured
109 pig. 3a 1 [esg. 36 ] IFig. 3 by ]
B
- 4 b1 I 55 + N
~l 11 gl b + + ¥ S . ®
=} - ! & i
x| 11~ + ® x ® Tl fwowoxoxown ™ |
[+ + P 4 Fox %, & % T + + Fu= P 1
L ® % x + o x i x x
=F ¥ % x % ox % - ¥ T F g
fe) ] - - 5 .
- . L - 3 e
L 4 E 4. 4
a 1 L L 1 L3 1 1 1 1 1 1 1 1 1 X 1 1L 1L s Il 1 1 1 . S ] 1 X 1
.285 X(m) .385 .285 X(m) .385 .285 X{(m) .385
2 :
|Fig. 4a 4 |Fig. 4b 4 {Fig. 4c 4
I I ][ '
é L 4 5 - L+ + + £
x| %l 1 i iy 1 3 ¥ + ++,
« +* + B o a0 +
ek & L + + y x x x A
Sle+ x % o . x ] |_x x5 + e % ® * + Xk )d'm:xx“
.:-— » x x X X O W R % xow %, »* W ® - o = 1 X Ky 1
e PSR S D
27 X(m) ST 2T X(m) 37 13 X(m) .38
100 .
| Fig. 5a | Fig. 5b 1 [Fig. 5c ]
Bl ¥ 1 11 !
w - -3 - = -
4
i +
a I 1 1
=k " -4 . L + £ * + + + e
- L + x ol g ¥
- “ + 1; * + t I * & - - @ 4
h % * 4 F b o B § w® M x ”!";{ -
lr" KoK % ox oy #x ox % % yx x A - Kopg X% M 23 oy ¥ "“"l‘ﬁ"!an By gxrpg® 4 - i nh g, 0 TR
b e — il e s B (T i e R e 0

229



