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ABSTRACT 

An experimental and theoretical research program has been under- 
taken to develop the arc-heated hypervelocity Tunnel F of the von 
Karman Gas Dynamics Facility (AEDC)  for operation as a combustion 
test facility with air as a test gas.    Preliminary results of this test 
program are reported concerning gaseous and particle contamination 
and the limitations on combustion testing attributable to reservoir decay. 
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NOMENCLATURE 

d* Throat diameter 

kP Defined by Eq.  (4) 

Krp Defined by Eq. (5) 

Lc 
Combustion length 

LR Reaction length 

M. Free-stream Mach number 

P Pressure 

^o Stagnation point he at-transfer rate 

q0<« Value of q0 inferred from qg 

<ts 
Shoulder heat-transfer rate 

R Radius of hemisphere 

S Distance along surface of hemisphere-cylinder 

T Temperature 

t Time 

U Flow velocity 

X Distance along combustor 

P Density 

TID 
Ignition delay time 

To Total combustion time 

TR Reaction time 

SUBSCRIPTS 

1, 2, 3 See Fig.   15 

o Reservoir 

00 Free stream 

SUPERSCRIPT 

Value behind a normal shock 

Vll 
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SECTION I 
INTRODUCTION 

Tunnel F of the von Karman Gas Dynamics Facility (VKF) (Refs.  1 
and 2) is an arc-heated hypervelocity (hotshot) tunnel with a 100-in. - 
diam main test section.    In terms of Mach number and Reynolds num- 
ber, a wide range of flight conditions is simulated, using nitrogen as 
the test gas (Refs.  3 through 9).    A useful run time between 50 and 
100 msec is attained. 

A program is underway to evaluate the feasibility of using this 
tunnel for testing integrated SCRAMjets.    It is possible to determine 
the boundary-layer characteristics of a SCRAMjet inlet in cold flow 
tunnels, which simulate Mach number and Reynolds number, and it is 
possible to test the combustor in present high enthalpy facilities,  e. g. 
shock tunnels.    There are, however, very critical problems arising on 
the integration of these two components, such as the effect of the 
boundary layer at the combustor inlet on the combustion process, which 
requires tests of a complete integrated model.   In order to study the 
integrated unit experimentally,  a facility must have adequate Mach 
number-Reynolds number capability, at sufficiently high stagnation 
temperature to permit spontaneous combustion in the combustor.    Air 
must be used as the test gas,  and sufficient run time must be available 
to ensure quasi-steady testing.    Shock tunnels offer a capability for 
testing SCRAMjet components and systems,  but the available run time 
and other operational problems limit their usefulness for such applica- 
tion.    Hotshot tunnels appear attractive for tests at higher velocities, 
because of the long run time, relatively high stagnation temperatures 
(up to 4000°K), and high stagnation pressure (up to 40, 000 psia). 

The capability of the AEDC-VKF hotshots as aerodynamic test 
devices for the usual aerodynamic studies, i. e.  static stability,  pres- 
sure distributions, and heat-transfer distributions, has been clearly 
established (Refs. 1 through 9)] however, this work was all accomplished 
using nitrogen as the test gas.    During the early history of the AEDC hot- 
shot tunnels,  nitrogen was substituted for air as a test gas because of 
excessive oxygen depletion.    During the early attempts to use air as a 
test gas, the test section oxygen content was observed to be as low as 
4 to 8 percent for some arc-chamber configurations (Ref.  9).    Develop- 
ment work over the past several years has led to marked improvements 
in arc-chamber design,  materials of construction and operating tech- 
niques,  so that with the current interest in SCRAMjet- type vehicles it 
is appropriate to examine the feasibility of using air as a test gas in the 
current hotshot tunnels. 
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In addition to the problem of oxygen depletion inherent in hotshots 
with air as the test gas,  there are other potential problems associated 
with these tunnels.    There is a decay of state parameters in the reser- 
voir (e.g.  temperature,  pressure) which can be more serious for 
combustion testing than for aerodynamic testing.    In addition,  the effects 
of contaminants on the combustion process need study.    This report 
presents the current results of studies from a continuing research pro- 
gram on these three topics,  with hydrogen as the fuel. 

SECTION II 
TEST APPARATUS 

2.1   TUNNEL 

Tunnel F (Figs.   1 and 2) is a hotshot-type tunnel with a 100-in. - 
diam main test section.    The test gas is initially confined in an arc- 
chamber by a diaphragm located near the throat of an attached conical 
nozzle.    This nozzle has a total included angle of 8 deg.    The gas is 
heated by an electric arc discharge and expanded through the conical 
nozzle to the test section.    The energy for the electric arc is furnished 
by an inductive power supply with a maximum energy storage capability 
of 100 million joules. 

Most of the experimental data given in this report were obtained in 
the 100-in.  test section.    Some gas samples were taken at an upstream 
54-in.  test section (see Fig.   2).    Computed combustion test capabilities 
are given for both test section locations later in the report. 

-Motor-Flywheel-Generator Sets 

Fig. 1    Tunnel F 
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Fig. 2    100-in. Hypervelocity Tunnel F 
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2.2  ARC-CHAMBER AND BAFFLES 

The arc-chamber is shown in the upper half of Fig.   3.    When the 
inductive energy supply is switched to the arc-chamber,  the magnetic 
fuse opens and initiates an arc.    The electrical energy is released in 
about 12 to 30 msec.    The arcing is a random process and cannot be 
expected to heat the gas uniformly.    Thus, the uniformity of the reser- 
voir gases depends strongly on the degree of mixing which takes place 
before the gases expand through the nozzle throat.    A baffle is placed 
in front of the throat entrance to prevent the arc striking the throat 
and is designed to promote further mixing of the gas to reduce local 
enthalpy gradients caused by asymmetric arc-heating. 

Tungsten Center Electrode Tip7 rCopper Linertrode 
Copper Magnetic Fuse^ / Aße-Copper Shell 

ill? 
Nylon Pressure Seal,    // //^Copper Baffle       '/-Mylar Diaphragm 

17.8 in 

Pressure Transducer 

Textolite Insulator7 

/ //«teel Electrode Block 
A-Teflon Insulator 

^-Center Electrode „ .. 
 47.21 n. 

'L Steel 
Tungsten Insert   Throat 
6 Equally Located Block 

ARC Chamber 

All Dimensions in Inches 

1.375H 
3.50R 

2.125 

Jl 

0.75 JL 

A-, 

0.67 DiamA 

0.67Diam 

Tungsten Spacers 

Baffle B Baffle A 

Tungsten 
Inserts 

1/2-20 UNF, 6 Holes 
Equally Spaced on 
5.625 Diam 

Fig. 3   Arc Chamber 
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Several baffle designs were used during the tests reported here, 
two of which are shown in Fig.  3.    Baffle-A had six entrance ports, 
four of which were 0. 67-in.  diameter and two of which were 1. 0-in. 
diameter.    Baffle B had open sides.    Baffle C, which was a modified 
form of baffle A.-(the 1.0-in. -diam ports were replaced with 0. 67-in.- 
diam ports), was used but found to be too restrictive since the contami- 
nation increased relative to baffles A and B.    For maximum effective- 
ness,  an individual baffle design would be required for a particular 
reservoir condition.    Baffle A gave good results for the tests presented 
here. 

2.3  PROBES AND RAKE 

Heat-transfer measurements were made using slug calorimeters. 
The calorimeter consists of a platinum thin film resistance ther- 
mometer deposited on an anodized aluminum disk as shown in Fig.  4. 
These heat-transfer transducers have been used with a high degree of 
confidence in impulse-type wind tunnels.    Reference 2 gives additional 
details on the use of these transducers.    Measurements were made at 
the stagnation point and the shoulder of a hemisphere-cylinder as shown 
in Fig.  5. 

Note-. There is an insulating layer (0.00012 in.)of aluminum oxide 
(Al203l between the platinum film and the aluminum disk. 

Platinum Film, 

Copper Tubes 

Nylon 
Insulator 

Aluminum 
Disk 

Steel Shell 

-2-Conductor 
Shielded Cable 

Fig. 4   Slug Calorimeter with Thin Film Resistance Thermometer Temperature Sensor 
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3.69R 

Stagnation 
Point Gage, 

S/R=2.32 
Shoulder Gage, qs 

Fig. 5  Hemisphere-Cylinder Heat-Transfer Probe 

Pitot pressures were measured using semiconductor strain-gage- 
type transducers.    The transducer is a differential pressure measuring 
device shown in Fig.  6.    The differential pressure is transmitted 
through a flexible latex diaphragm to a cantilevered beam.   Two semi- 
conductor strain gages sense the deflection of the beam.    Additional 
information on the pressure transducers may be found in Ref.   10.    A 
drawing of the rake installation is shown in Fig.  7. 

2.4  GAS SAMPLING ASSEMBLY 

The location of the gas sampling assembly is shown in Fig.  7, and 
a diagram of the assembly is shown in Fig.  8.    The assembly contained 
two glass sample bottles with vacuum stopcocks.    Flow of gas into these 
bottles was controlled by solenoid actuated valves.    "Start" and "run" 
gas samples were obtained.   The start sample was taken during the 
initial starting process and required a two-way valve (normally closed). 
A three-way valve was required for the run sample in order to establish 
flow through the pitot tube and spill the gas flow until a sample was 
desired. 
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!NCH A  E  D C 
13812-661 

Measuring Port 

Semiconductor Strain Gages -120 Q 

0.012 Thick Latex Diaphragm- 

- 0.500 ± 0.005 Diameter 

All Dimensions in Inches 

- Reference Pressure 
Port 

Phenolic Piston        &<* <>D b> 0.066 ID 

Fig. 6   Pressure Transducer 
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Fig. 7   Installation and Instrumentation of Tunnel F Rake 
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The gas sampling bottles were outgassed at a temperature of 100°C 
or higher and at a vacuum of about 0. 1 torr for a period of one hour.. 
After the sampling bottles were installed, they were opened at an evacu- 
ated tunnel pressure of 0. 01 torr or less in order to evacuate residual 
gases in the sampling system.   The valve positions and sampling times 
for a typical run are shown in Fig.  9.    Sampling times varied from about 
15 to 38 msec.    The collected sample pressures varied from about 1 to 
6 torr.    The gas samples were analyzed by an Associated Electrical 
Industries mass spectrometer.    The accuracy of mass spectrographic 
analysis was estimated to be within 1 percent for a sample pressure of 
0. 1 torr or higher.    The overall accuracy of the gas samples was esti- 
mated to be within 5 percent. 

Fig. 9   Typical Run Trace-Gas Sample Timing 

10 
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SECTION III 

TEST RESULTS 

3.1   GAS COMPOSITION 

Results of the test section gas sample analyses are shown in Table I. 

TABLE 1 
GAS SAMPLE ANALYSIS 

Run Conditions Composition by Volume 

Po' 
psia 

T' LO' Po'- 
amagat 

d*, 
in. 

Bafflet ~N2 02 A co2 H2 
H20 NO 

Type 
Sample** 

l   8,119 2950 .(K004 0.48 B 79.0 16.9 i.00 .   0.3     2.9 S          100- in. 
1/ 77. 1 17.9 0.90 1   0.4   0.2 3.6 R         Test 

8,410 3200 0.004 0.48 C 78.6 18.9 0.90 0.2   0.2 1.2 S         Sect ion 
77.4 17.7 0.90 D.3     --- 0. 2 3.5 R 

8, 168 2850 0.004 0.48 B 80.3 15. 6 0.90 0.7   0. 1 2.2 s 
78.6 17. 1 0.84 0.5     2.7 R 

9,380 3050 0.004 0.48 B 77.9 18.4 0.9 0.4 0.3   2.3 S 
81.2 16.2 0.9 0.6 0.7   1.5 R 

8.002 2800 0.006 0.69 B 81.1 16.0 0.9 0.5 —   1.3 S 
78.2 18.9 0.9 0.5 —   1.5 R 

7,870 3050 0.006 0.69 C 80.8 16.7 0. 9 0.5 —   1.0 S 
82.3 13.7 0.9 0.6 —   1. 9 R 

6,460 2610 0.006 0.91 B 77.8 19.3 0.9 0.6 — ... 1.4 S 
80.4 19.7   | 0.9 1. 1 —   2.9 R 

7,348 2064        0.01 0.91 B 81.3 16.7      1.0 0.3 — 0.4 0.4 S 
78.7 19. 1 0.9 0.9 — 0. 1 0.5 R 

9,353 2008 0.01 0.69 A 78.5 19.6 0.9 0.5 1 0.5     S 
78. 5 20. 1 0.9 0. 6 ' 0.6 0.5 0.2 R 

9,273 2387 0.01 0.69 A 78.3 19.3 0.9 0.5 0.5   0.4 S 
77.6 20. 1   . 0. 9 0.8 0.5   0.6 R 

9,528 2377 0.01 0.69 A 77.4 20. 5   ' 0. 9 0.8 ...   0.3 S 
78.2 20.9 0.9 0.5.     0.4 R 

9,560 2154 0.01 0.69 A 77.8 :9. 1 0. S 0.2 0.4   0.8 S 
78.3 20.1 0.9 0.4 0.2   0.4 R 

9,864 1878 0.01 0.69 A 77.4 18.7 0.9 0.4     0.2   0.4 S 
78. 9 19.8 0.9 0.9 0.2   0.4 R 

9,776 2020 0.01 0.69 A 78.1 19.3 0.9 0.4 0.2   1.0 S 

1 
76.4 20.7      0.9    .   0.9 0.4   0.7 R 

7,200 2269 i    0.01 0.69 A 77.2 21.3   1 0. 9    '    --- ... ... 1.7 R            54 in. 

8,203 195 7\ 0.05 0.69 A 78.7 20.7 0.9    1    --- ... ... 1.1 R            T6S 

Section 
10,966 1 2155* 0.04 0.69 A 74.6 19.8 0.9 --- ... ... 0.6 ■> 
10,500 |  2559 

i 

0.03 0.69 A 78. 1 19.3 0.9 ... ... --- 1.4 
» 

- DRY AIR 78.2 20.9 0.9 ... ... ... ... - 

**S - Start Sample 

R - Run Sample 
fSee Fig.   3 

Because of density and enthalpy decay of the reservoir, each sample was 
collected during a period of varying total conditions.    The parameters 
TQ and po represent average values of the temperature and density 
behind the normal shock on the pitot sampling tube during the sampling 

11 
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period.   The temperature and density at the stagnation point are deter- 
mined by iteration, using measured values of reservoir pressure, pQ, 
pitot pressure, p£, and stagnation point heat-transfer rate*,  qQ.    The 
data reduction procedure is described in Ref.  7.    For total temperatures 
in excess of 3000°K,  the oxygen content was 17 to 18 percent compared 
to 20. 9 percent for dry air.   There were no systematic differences noted 
between "start" and "run" samples. 

In Fig.  10, the percent oxygen by volume is plotted versus the stag- 
nation point temperature, TQ.  which is approximately equal to the reser- 
voir temperature,  TQ.   The scatter is fairly high, but there is some 
reduction in the oxygen content at increasing temperatures. 

These initial results are encouraging, in that the large amounts of 
oxygen depletion encountered in the past when testing in hotshot tunnels 
with air have been reduced to more reasonable values.   With further 
effort in baffle design,  additional improvements are expected. 

22 r 

a 
<x> a. 

20 - 

09 
E 

i is 
> 

CM o 
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12 

■" 

o 
oo 

o 
o °o o 

D 

o O 
□ 

' a 

a A 

- a 

0 Baffle A 

D Baffle B A 

A 

 1  

Baffle C 

i I " i i                   1 

1800 2000 2200 2400 2600 2800 3000 
Stagnation Point Temperature, TJ. °K 

Fig. 10  Oxygen Content of Test Gas 

3200 3400 

*The catalytic effects on the measured heat-transfer rate were esti- 
mated to be small and thus were neglected. 

12 
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3.2  PARTICLE CONTAMINATION 

A dual heat-transfer-probe (hemisphere-cylinder, Fig.  5) was used 
to monitor particle contamination {Refs.  7 and 8).   When the flowing 
gas contains solid particles, the stagnation-point heat-transfer rate will 
be higher than the corresponding heat-transfer rate for uncontaminated 
flow,  because of particles impinging on the heat-transfer gage.    The 
corresponding influence of particles on a shoulder heat-transfer gage 
may be assumed to be relatively small.    Thus,  a comparison of the 
measured stagnation point heat-transfer rate, qQ, with the theoretical 
value inferred from the measured heat-transfer rate to the shoulder 
gage,  q0(I)>  may be used as a monitor of particle contamination (i. e. , 
q0(I) = qs/0. 050).    Typically,  with "clean" nitrogen runs, these values 
agree within ±10 percent (Ref.  7).    For one series of air tests at high 
total temperatures, the ratio of measured to inferred stagnation point 
heat-transfer rate indicated a significant increase in particle contami- 
nation.    The particle contamination monitor q0/q0(I) is plotted against 
total temperature in Fig.   11 and against oxygen concentration in 
Fig.   12.    The use of baffle design A (Fig.  3) reduced the contamination 
level appreciably.    With baffle B, values of q0/q0(I) average about 1.3 
compared with an average of about 1. 08 with baffle A.    Test section 
oxygen concentration with baffle B was about 18 percent and with baffle 
A about 20 percent.    It was evident that considerable oxidation occurred 
in the arc-chamber and nozzle throat (as confirmed by visual inspec- 
tion after each test).    Baffle A design indicated a marked reduction in 
contamination level.    The improvement in baffle design forces the gas 
through six equally spaced holes; thus, better mixing of the gas should 
result.   The tungsten inserts, with rounded entrance ports,  definitely 
reduced spalling and erosion of the baffle as confirmed by inspection 
after a test, thus significantly reducing the amount of oxidation occur- 
ring in the arc-chamber. 

3.3   FLOW UNIFORMITY 

Pitot pressure profiles were measured in the 100-in. test section 
to determine flow uniformity.    Profiles of the pitot pressure surveys, 
referenced to the reservoir pressure, are presented for the three 
nozzle throat sizes in Fig.  13.    The uniformity was satisfactory for 
all throat sizes tested.    The pitot pressure variation over a 50-in. 
test core was about ±5 percent.    The pressure profiles were similar 
to those obtained for nitrogen runs (Refs.  1 and 2). 

13 
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Fig. 11   Effect of Reservoir.Temperature on Particle Contamination with Air as Test Gas 
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Fig. 12   Effect of Contamination on Oxygen Content of the Test Section Gas Sample 
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SECTION IV 
THEORETICAL CONSIDERATIONS 

4.1   EFFECT OF RESERVOIR DECAY ON COMBUSTION TESTING 

Since a hotshot tunnel involves expansion of a gas from a constant 
volume reservoir, the reservoir temperature and pressure decrease 
with time.   This decay is much more serious for combustion testing 
than for aerodynamic testing, because of the strong dependence of the 
reaction rates on both temperature and pressure. 

One parameter used here to estimate the duration of useful run 
time is the rate of change of combustor length relative to the flow 
velocity.    Testing in the quasi-steady mode requires that this param- 
eter be less than some value.    Based upon previous aerodynamic work, 
an upper limit of 0. 1 is provisionally chosen for this parameter.    If 
the flow velocity is U, and the combustion length Lc, then this require- 
ment is 

-L d-p < o.i 

The combustion length can be related to the ignition delays and 
reaction times by 

where T0 is the time required for 95-percent complete combustion.   The 
time for combustion can be estimated as the sum of two parts:   (1) an 
ignition delay, TJJ^J  and (2) a reaction period, TR.    These may be 
related to the static pressure and static temperature in the combustion 
chamber.   Expressions for the ignition delay and reaction time for con- 
stant pressure combustion of hydrogen in air have been given in Ref. 11. 
These expressions are: 

,«_.    9600/T .,. p r1D  =   8 .x   1(TS e (1) 

and 

in which 

p- -1.12T/1000 ._. 

p is the static pressure,  atm 

T is the static temperature,  °K 

TjD and Tp, jusec 
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The time required for combustion is the sum of these 

r° = rID + rR (3) 

Values given by Eqs.   (1) and (2) are shown in Fig.   14.    It is seen from 
this figure that changes in temperature of a few hundred degrees lead 
to small changes in the reaction time and large changes in the ignition 
delay time. 

PUTR 

p is in atm 

T is in ji sec 

0.5     0.6     0.7     0.8     0.9     1.0     1.1 
1000/T°K 

i i  i   i i i i i i i 

190017001500   13001200 1100 1000 

Fig. 14  Ignition (r|D) and Combustion Time (rR) 

1.2 
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The values of pressure and temperature to be used in the above 
equations are the static values at the entrance to the combustor, 
denoted by @ in Fig.  15.    Figure 15 is a schematic of the simpli- 
fied model of an integrated SCRAMjet,  discussed in this report, 
having a wedge inlet angle 6^,  and a cowl lip angle 62.   The static 
pressure and temperature in the combustor can be related to the 
free-stream Mach number and the angles 6j and 62 through which the 
flow is turned in a simple two shock inlet. 

Symbolically 

3= KM.,8,,« = kp (4) 

—J= HM.,8,,4)  =   k-r (5) 

These relations may be determined easily for the case of an ideal gas, 
and results obtained by using Ref.  12 for the case 6^ = 62 are presented 
in Figs.   16 and 17. 

The effects of a decay in total pressure and temperature on com- 
bustion during a test can be estimated with the use of Eqs.  (1) through 
(5).   If we assume that the fuel and air mix perfectly just downstream 
of the fuel injector in the combustor (in practice this would not occur; 
however, the assumption simplifies the analytical model considerably), 
then a prescribed length,  LTQ = U3 x TJJ^,  is taken by the ignition delay 
and a further length, LR = U3 x TR,  is required for the reaction 
period.   These are shown schematically in Fig.   18.    The values of 
TID anc* TR are ODtained from Eqs.  (1) and (2) using values of p and T 
calculated from Eqs.  (4) and (5).    As the reservoir conditions decay 
during a test,  the values of PQ and TQ decrease; and hence,   pg and T3 
decrease, causing TJQ and T^ to increase and hence LJQ and LR 
to increase. 

4.2  RESULTS FOR TUNNEL F 

Equations (1) through (5) were used to determine combustor lengths 
for conditions in Tunnel F, taking into account the decay in reservoir 
conditions.    This was accomplished by using empirical fits to existing 
experimental data of reservoir decay rates taken from many tests-in 
the VKF hotshot tunnels.    The empirical fits relate the total pressure 
or temperature at time t, to the initial maximum values (where t is 
set equal to zero). 
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Fig. 17   Static Temperature behind a Two-Shock Wedge Intake Diffuser (y = 1.4) 
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Fig. 18   Details of Quasi-Steady Combustion Process 
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The reservoir conditions chosen were a total temperature of 
4000°K maximum and a total pressure of 40, 000 psia maximum.   These 
are limiting conditions which have not as yet been attained simultane- 
ously but have been attained independently with nitrogen as the test gas. 
The empirical fits were extrapolated to the conditions mentioned above 
and have been plotted in Fig.   19.    The corresponding test section con- 
ditions used were: 

A. 100-in. test section, M0 = 18 (d* = 0. 69 in.) 

B. 54-in.  test section, M,,, = 12 (d* = 0.95 in.) 

C. 54-in. test section, M,,, = 14 (d* = 0. 69 in.) 

The latter two conditions correspond to testing at the upstream test 
section of Fig. 2. 

The wedge angles 6^ and 62 were taken to be equal, and a value 
of 20 deg was assumed.    This leads to a constant area combustor, 
rather than the constant pressure combustor for which Eqs.  1 and 2 
apply,  but the differences are relatively minor for the present analysis. 
The combustor lengths for a constant area combustor will be slightly 
less than those for a constant pressure combustor, because of the 
increases in temperature and pressure (Ref.   13). 

An angle of 20 deg was used throughout since this leads to reason- 
able estimates of the length required for combustion for a good pro- 
portion of the test time available at the 54-in. test section. Higher 
wedge angles would result in shorter lengths because of the higher 
ratios of pressure and temperature across the shock waves, but the 
rate of change of the length during a test would also be increased by 
the same ratios. 

Results of the estimates of combustion lengths are given in 
Figs.  20,  21,  and 22.    The total combustion length Lc,  obtained from 

Lc  = L3 r0 

is shown as a function of time.   Also shown is the reaction length, Lp, 
to be discussed later.    The first 20 to 30 msec are taken up in the 
starting process (Fig.  9) where the zero time corresponds to the reser- 
voir maximum conditions (see Fig.  9).    For the highest Mach number 
case,  M^ = 18 (Fig. 20), the combustion length changes by a factor of 
two during the time interval from 30 to 50 msec.    The lowest Mach 
number case shown,  M,,, = 12 (Fig.  21) has smaller values for the 
lengths, but the lengths are changing rapidly.   The curves are termi- 
nated when the combustor entrance static temperature drops below 
1000°K.   The intermediate Mach number case,  M^ = 14 (Fig.  22), 
yields smaller changes. 
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The rates of change of combustion length can be obtained by differ- 
entiation of Eqs.  (1) and (2),  with Eqs.  (4) and (5) used to determine 
the static conditions,  and empirical fits of existing data to determine 
the rates of pressure and temperature decay.    These results are sum- 
marized in Fig.  23,  where again the curves are terminated when the 
combustor static temperature drops below 1000°K.    Assuming that 
20 msec are used in the starting process,   condition B (M,,, = 12) offers 
25 msec of useful run time, with the latter portion at a marginal static 
temperature within the combustor.    Condition A (M^ = 18) offers a 
longer run time, but from Fig. 20, very large models are required 
to make full usage of this time.    Condition C (M,,, = 14) offers the pos- 
sibility of long periods of quasi-steady flow with a reasonable size 
model; however, the free-stream Mach number is higher than that 
envisioned for SCRAMjets for the immediate future. 

The effect of smaller throat size, which leads to smaller decay 
rates (see Fig.   19),  is seen by comparing Conditions A and B in 
Fig. 23.   Condition C has a greater reservoir pressure and tempera- 
ture decay rate than Condition A,  but is significantly better in terms 
of the rate of change of combustion length, because of higher pressure 
recovery at the lower Mach number. 

From these results, it appears that the upstream 54-in. -diam test 
section (Conditions B and C) offers possible conditions with sufficient 
run time to permit meaningful tests of integrated SCRAMjets; however, 
further reductions in the reservoir pressure and temperature decay 
rates are,  of course,  desirable. 

These results also point out that the decay of the arc-chamber 
pressure and temperature is a more serious limiting factor for com- 
bustion testing than for aerodynamic testing,  because of the strong 
dependence of the reaction processes on temperature.    Reduction of the 
reservoir decay rates for the usual hotshot-type tunnel operating from 
a preheated fixed volume of gas demands,  of course,  either an increase 
in arc-chamber volume or a reduction in test section diameter to 
achieve a given test condition.    In view of the adequate capacity of 
the Tunnel F power supply, a development program to increase arc- 
chamber volume several fold is now underway. 

4.3 IGNITION DELAY 

Also shown in Figs. 20, 21, and 22 are the reaction lengths, 
determined from 

LR = UjT- R 
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These curves show that the large increases in combustion length during 
the test are attributable to the exponential dependence of the ignition 
delay time on the static temperature,  as shown in Fig.  14.    Therefore, 
the validity of the previously presented estimates of combustion length 
rests strongly on the estimates for the ignition delay (Eq.  (1)).    The 
ignition delay time will be influenced by many extraneous factors which 
have not been considered in the present analysis.    It is expected that 
most of these factors will serve to reduce the ignition delay time; thus, 
the limitations in test time indicated by the present estimates may ndt 
be so severe in practical combustors.   Some of the extraneous factors 
expected to influence the ignition delay time are: 

1. Fuel injection ports will have a boundary layer on 
them which will accelerate local mixing and increase 
the residence time of fuel and air in the vicinity of the 
injector. 

2. Shock waves are likely to be generated at or near the 
injector thus increasing the local static pressure and 
temperature and decreasing the ignition delay. 

3. As soon as some fuel ignites, the flame should spread 
rapidly through unburnt mixtures. 

If such is the case, then considerable increases in test time will be 
possible.    It is likely that the mixing delay, which has not been included 
in the present analysis because of lack of data, is approximately con- 
stant,  since the mixing rate should be a function primarily of the ratio 
of the flow velocity to the injected fuel velocity, each of which is rela- 
tively constant.   In the absence of an ignition delay 

Lc  =  LR   -   constant 

Another factor that deserves mention is the alternate possibility 
that mixing becomes the dominant process which could lead to large 
values of the combustion length.    The uncertain nature of the ignition 
and the unknown mixing delay point out the need for detailed experi- 
mental analysis. 

4.4  EFFECT OF GAS COMPOSITION ON COMBUSTION OF PREMIXED HYDROGEN/AIR 

A theoretical study of gaseous contamination has been undertaken 
in order to determine whether the effects of current contamination levels 
are significant.   Since there are many complex aspects to combustion 
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testing in Tunnel F,  it is again essential to know whether contaminants 
can produce changes in combustion parameters in addition to those 
described previously.    Two regimes of combustion catalysis can be 
recognized: 

1. Ignition catalysis 

2. Reaction catalysis 

It has been shown previously that the theoretical ignition delay time 
and hence ignition length increases exponentially with the reciprocal 
temperature; thus, if catalysis takes place which significantly reduces 
the ignition delay, then the combustion length would follow the LR 

curves more closely in Figs.  20 through 22.    If the reaction length is 
also altered significantly, then the measured performance of the 
SCRAMjet model will be altered appreciably by catalysis. 

A theoretical model for combustion of premixed hydrogen/air has 
been used to investigate catalysis.    The flow model assumed is similar 
to the analyses of Refs.   13 through 17:   one-dimensional,  nonradiating 
flow.   These assumptions are not too restrictive in the present analysis 
since the approximations introduced should not be affected by pure cata- 
lytic effects.    For simplicity,  constant area flow is also assumed.    (It 
would be difficult to design a constant pressure combustion chamber for 
quasi-steady conditions considered herein.) 

The fluid-dynamic equations solved are those of Ref.  15 since the 
computer program was already available at AEDC.    The chemical 
kinetics scheme and reaction rates are taken from more recent litera- 
ture (Refs.   13,   17 through 23). 

Chemical Kinetic Scheme for 
Hydrogen/Air Combustion 

OH + H2 » H20 + H (1) 

02 + H * OH + 0 (2) 

H2 + 0-OH + H (3) 

H + 02 + M ~H02 + llS 20H + M (4) 

H + H+ M — H2 + M (5) 

H + OH+ M-H20+ M (6) 

Reaction 4 is written as a composite reaction using a reaction rate 
obtained from Refs. 20 through 23. Thermodynamic data are tabulated 
in Ref. 24, and polynomial equations have been fitted to the data. 
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This kinetic scheme is suitable for investigating the effects of oxygen 
depletion and the presence of water.    Oxygen concentrations of 20. 9 per- 
cent (dry air), 20 percent,  19 percent,  18 percent,  and 16 percent (by 
volume) are considered to be representative of the air analyses obtained 
in Tunnel F.    The hydrogen concentration was maintained constant for 
all calculations and corresponds to a stoichiometric mixture for the 
20. 9-percent oxygen case. 

In Fig. 24, the effect of oxygen concentration on the hydrogen atom 
concentration along the duct is shown.   The ignition delay, which is 
determined by the position of maximum hydrogen atom concentration 
(Ref.   25),  is seen to be affected only slightly by oxygen depletion.    The 
oxygen depletion cases do indicate a change in heat release rate and 
pressure rise (Figs.  25 and 26) along the combustor.    These differences 
would probably be difficult to isolate from factors mentioned previously 
in all but the lower oxygen concentrations. 

Calculations using the water concentrations found in air samples 
from Tunnel F tests (Table I) revealed no significant changes in the 
ignition delay or heat release rate. 

SECTION V 
CONCLUSIONS 

Experiments carried out in Tunnel F using air as a test gas indi- 
cate that: 

1. There is small oxygen depletion for operation at total 
temperatures up to 3000°K. 

2. Particle contamination and flow uniformity with air as 
the test gas are not significantly different from those 
obtained using nitrogen as the test gas. 

3. The effects of quasi-steady total conditions show p 
marked dependence of ignition delay on total tempera- 
ture decay. 

4. Test times in excess of 20 msec may be obtained at the 
54-in. -diam test section with the present Tunnel F arc- 
chamber.   A larger arc-chamber will offer a much 
broader combustion test capability. 

5. Theoretical calculations indicate that small oxygen deple- 
tion (< 3 percent) and water vapor concentrations 
(< 1 percent) do not appreciably influence the combustion 
process. 
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