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ABSTRACT 

. An. experimental investigation was conducted to determine the 
characteristics of ejector systems using very large cylindrical diffusers. 
Tests were conducted with nitrogen, carbon dioxide, and helium gases 
in systems having diffuser cross section to nozzle throat area ratios 
from 950 to 15, 300.    Limited effects of ejector nozzle configuration, 
diffuser length, system size, and diffuser wall cooling were investi- 
gated. . Excellent system performance was obtained, with test cell 
altitudes of 250, 000 ft being produced by the pumping action of the ejec- 
tor at nozzle total pressures of approximately 100 to 200 psia. 

in 
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SECTION I 
INTRODUCTION 

The requirement for simulated high altitude testing of rocket sys- 
tems is complicated by the extremely high volume pumping rates 
required for even a small mass flow of propellant gases.    Many tests 
have been successfully conducted, at moderate altitudes {100,000 to 
150, 000 ft) by exhausting the rocket into a diffuser, thereby compress- 
ing the  gases before entering into conventional exhaust machinery. 
This technique usually requires that the diffuser be of fairly small 
diameter,  and therefore the cell altitude produced is only moderate. 
Also, the small diffuser prohibits tests requiring large undisturbed 
exhaust plumes.    For tests requiring large plumes and/or high alti- 
tudes, very large cryogenically pumped test cells are used.    These 
tests have been limited to very small propulsion systems, and the 
limited test cell pumping capacity usually leads to testing with an alti- 
tude transient. 

One possible method for obtaining the high altitudes and large por- 
tions of undisturbed exhaust plumes would be to use very large exhaust 
diffusers.   This ''high-area-ratio'1 (diffuser cross section to nozzle 
throat area)  ejector system theoretically should provide a high test 
altitude.    However, the gain in test cell altitude obtained must be 
balanced against a low diffuser exhaust pressure required to maintain 
the ejector action. 

The purpose of the present investigation was to study the basic 
performance of simple, high-area-ratio ejector systems, to provide 
data for comparison with existing ejector theories, and to allow the 
designer of high altitude test systems to optimize the design of the 
system.   Experimental tests were conducted in an 18-in. test cell and 
also in the Cold Wall Vacuum Chamber (CWVC).    Nitrogen (N2),  car- 
bon dioxide (CO2), and helium (He) were used as the ejector gases. 
Exhaust diffuser to nozzle throat area ratios up to 15, 300 were investi- 
gated for simple cylindrical exhaust diffusers.    In addition, limited data 
were obtained on the effects of diffuser length, system size, ejector 
nozzle configuration,  and diffuser wall cooling. 

SECTION II 
APPARATUS AND TEST PROCEDURE 

2.1   18-IN. TEST CELL 

The majority of testing reported herein was conducted in an 18-in.- 
diam test cell with the ejector diffusers connected to a six-stage steam 
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ejector.    The test cell installation is shown in Fig.   1 {Appendix I), 
Tests were conducted using N2, CO2, and He as the ejector gases. 
Test gases were heated by an electric resistance-type heater and 
expanded through the conical ejector nozzle into the test cell and the 
diffuser.    The ejector nozzle had a throat diameter of approximately 
0. 1 in.,  an exit area ratio of approximately 26, and an exit half-angle 
of 16 deg.    Details of the test cell and diffuser installation are shown 
in Fig.  2, and the ejector nozzle configuration is shown in Fig.  3. 

Tests were conducted with three cylindrical diffusers correspond- 
ing to diffuser cross section to nozzle throat area ratios of 950,  2410, 
and 6045.    Diffuser length to diameter (L/D) ratios of 6 and 10 were 
tested for all three area ratios; and in addition, an L/D ratio of 20 was 
tested for the diffuser with an area ratio of 950.   The diffuser dimensions 
are given in Table I (Appendix II). 

2.2 COLD WALL VACUUM CHAMBER 

In addition to the tests in the 18-in. test cell, tests were conducted 
in the PWT Cold Wall Vacuum Chamber (CWVC) using CO2 as the ejector 
gas.    The CWVC is a liquid-nitrogen (LN2)-cooled chamber which cryo- 
pumps the CO2 exhaust gas.    The test cell installation is shown in Fig. 4. 
A complete description of the CWVC and its operating characteristics 
are given in Ref.  1.    The greater pumping capacity of the CWVC over 
that of the steam ejector system allowed tests to be conducted with 
larger ejector system sizes and higher ejector nozzle total pressures 
than possible in the 18-in. test cell.   Two ejector nozzles were tested, 
both having a throat diameter of approximately 0. 16 in.  and an exit area 
ratio of approximately 25.    The larger size of the CWVC made possible 
the construction of a 0-deg exit contoured nozzle in addition to a nozzle 
having a 16-deg exit half-angle.    A radius-of-curvature nozzle contour 
was chosen for the 0-deg nozzle to keep the nozzle length and boundary 
layer small and still give a reasonable exit Mach number profile. 
Based on an ideal gas with a specific heat ratio of 1. 28, the exit Mach 
number varies from 4. 01 at the nozzle wall to 4. 69 at the centerline. 
The ejector nozzle configurations are shown in Fig. 5. 

Tests were conducted with cylindrical diffusers at the same three 
nominal area ratios as were tested in the 18-in. test cell - 950,  2410, 
and 6045.    In addition, limited tests were conducted with a combination 
of the largest CWVC diffuser and the nozzle used in the 18-in.  cell tests. 
This combination gave an area ratio of approximately 15, 300.   All 
diffusers had an L/D ratio of approximately six, and all were tested 
with and without the walls cooled with LK2.    Small flow rates of LN2 
up to a maximum of 2 gal/min were used.   However, this rate was 
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sufficient to condense CO2 on the diffuser walls.    A schematic of the 
CWVC installation is shown in Fig.  6, and the dimensions of the 
ejector diffusers are given in Table I. 

2.3   INSTRUMENTATION 

Identical instrumentation systems were used in the 18-in. test 
cell and in the CWVC for all test instrumentation.    Primary test meas- 
urements were the ejector gas total temperature and three pressures. 
The three pressures required to evaluate system performance are the 
ejector nozzle total pressure, pt, the test cell pressure, pc, and the 
pressure to which the diffuser exhausts, pex« 

Since pj- ranged from 10 to approximately 700 psia, three instru- 
ments were used for this measurement.    Two Precision Pressure 
Balance Transducers were used for the ranges from 0 to 50 psia and 
0 to 500 psia,  and a strain-gage transducer was used for pressures 
above 500 psia. 

The pc and pex were measured on Datametric Barocells.    Dual 
measurements were made for the pc.   The Barocells have a maximum 
pressure range of 0 to 10 torr and have the capability of being ''down- 
ranged" over seven ranges to a minimum pressure range of 0 to 10"2 
torr.    The high range of pex was measured with a 0- to 5-psia Pre- 
cision Pressure Balance Transducer. 

Test cell pressures were not corrected for possible thermomolecu- 
lar pressure effects (Ref.  2).    Such a noncontinuum flow correction 
would be required only for the high temperature data and only for the 
lowest test cell pressures obtained.    This correction was not applied 
because of the generally small value of the correction and the uncer- 
tainty of defining a gas temperature at the measurement orifice. 

For tests in the CWVC, thermocouples were installed in the LN2 
exhaust passage from the diffuser.    The output of these thermocouples 
was monitored and recorded during the tests with cooled diffuser walls 
to determine if the LN2 flow was sufficient to cool the diffuser. 

2.4  PROCEDURE 

Because of the very low test cell pressures, He leak detectors 
were used prior to the start of testing to ensure that the test cell was 
free of leaks.   The cell was also rechecked after configuration changes. 
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Leaks into the exhauster system were not critical,  and no major effort 
was made to locate them. 

The test procedure was the same for both the CWVC and the 18-in. 
test cell.    A typical run consisted of setting pj. and T^. at some set of 
constant values while maintaining pex as low as possible.   The pex was 
then slowly increased over the operating range of the ejector.    Usually 
Pex was then decreased to check for possible hysteresis effects.    Data 
were recorded continuously throughout the run. 

In the 18-in. test cell,  pex was controlled by a throttling valve at 
the entrance to the steam ejector; in the CWVC,  pex was controlled by 
inbleeding air, which is noncondensable on the LN2 cryosurfaces. 

SECTION III 
GENERAL EJECTOR OPERATIONAL CHARACTERISTICS 

3.1   OPERATIONAL CHARACTERISTICS 

A thorough discussion of the operational characteristics of ejectors 
without induced (secondary) flow has been given in Ref. 3, and only a 
brief summary will be given here to aid in understanding the discussion 
to follow. 

An idealized ejector operating cycle is shown in Fig.  7a.    For 
values of pex greater than that at point B, C, the flow in the ejector 
diffuser is "collapsed" and supersonic flow does not extend to the dif- 
fuser walls.    The system is then said to be "unstarted. "   As a result, 
changes in pex cause changes in pc as well.    However, pc remains 
lower than pex because of viscous entrainment by the nozzle flow. 

When pex decreases to point B, C,  a sudden decrease in pc occurs 
as the nozzle flow expands to fill the diffuser with supersonic flow. 
Thereafter as pex is decreased toward point D,  no change occurs in 
pc as downstream disturbances cannot propagate upstream through the 
supersonic diffuser flow.     The system is then said to be "started. " 

Ideally, the cycle will repeat exactly if pex is increased from point 
D to point A.    However,  in practice, hysteresis is sometimes observed, 
with the ejector remaining started to a slightly higher value of pex than 
was originally required to start it. 

Since an ejector system operating at point C will require the least 
possible exhauster equipment or allow the largest possible mass flow 
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for a given exhaust system, the location of point C is of prime interest. 
This point corresponds to the highest possible "rise ratio, " pex/Pc> 
for the system. 

3.2 ONE-DIMENSIONAL THEORY 

A simple method for rapidly estimating the system performance, 
referred to as a one-dimensional theory in Ref.  3,  is based on the 
assumption that the minimum cell and the maximum exhauster pres- 
sure ratios are defined by a one-dimensional flow corresponding to the 
Mach number determined by the ratio of cylindrical diffuser cross sec- 
tion to nozzle throat area.    Therefore, the cell to total pressure ratio, 
Pc/Pt' corresponds to the static to total pressure ratio of the one- 
dimensional flow.    Also, for straight cylindrical diffusers the maximum 
exhauster to total pressure ratio, Pex/Pt»  corresponds to the ratio of 
the static pressure after the normal shock to the total pressure before 
the normal shock.    This method does not include variables such as 
nozzle exit flow conditions or Reynolds number effects but does include 
changes of specific heat ratios.    For the calculations given in this 
report, specific heat ratios of 1. 28,   1.40, and 1. 667 were used for 
CO2, N2,  and He, respectively.    Pressure ratios as calculated from 
the one-dimensional theory are given in Table II. 

Ideally,  for a given configuration, the cycle shown in Fig.   7a is 
valid for all nozzle total pressures, being completely characterized by 
the cell and exhauster to nozzle total pressure ratios.    However,  as 
illustrated in Fig.  7b, these ratios are actually functions of the nozzle 
total pressure (Reynolds number).    This dependence is particularly 
pronounced for the test cell pressure (Ref. 4).   A much more detailed 
theory for the test cell pressure, proposed by Korst (Ref.  5) and modi- 
fied by Bauer (Ref.  6),  accounts for the viscous mixing on the boundary 
of the ejector jet and requires a detailed calculation of the jet impinge- 
ment and turning at the diffuser wall.    However, this detailed theory 
does not indicate a dependence on ejector total pressure (or Reynolds 
number) for turbulent jets.    The effect of total pressure on the test cell 
pressure is thought to be due to its effect on the nozzle boundary layer, 
which is not accounted for, and to the effect of regions of laminar flow. 
High jet gas temperatures will affect the test cell pressure through its 
effect on the Reynolds number and also by the creation of a noniso- 
energetic mixing process.     Note that real-gas behavior such as con- 
densation, varying ratio of specific heats, and possibly molecular non- 
equilibrium,  can cause the ejector performance to be dependent on the 
temperature,  pressure,  and system scale.    Generally, the exhauster 
pressure ratio is constant for moderate to high Reynolds numbers. 
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However, for the lower densities considered in this report, the char- 
acteristics shown in Fig.  7b are exhibited. 

SECTION IV 
RESULTS AND DISCUSSION 

4.1   BASIC EJECTOR PERFORMANCE 

The experimental operational characteristics of the basic ejector 
systems are shown in Figs. 8 through 11.   Results are shown for simple 
cylindrical diffusers with an L/D of 10 with the exception of Fig.   11 
which is for an L/D of 6.   The data are shown in the form of Fig.  7b, 
giving the cell and exhauster pressure ratios corresponding to the condi- 
tions just before the diffuser unstarts {point C,  Fig.  7a).    In general, 
very little difference was found between this point and the point at which 
the ejector would become started when the exhauster pressure was 
initially lowered (small hysteresis in the start-unstart cycle). 

The data for the test cell pressure show an effect of the nozzle total 
pressure and a large effect of the nozzle total temperature (Reynolds 
number, nonisoenergetic mixing, and real-gas effects as discussed in 
Section 3.2).    Whereas the data for CO2 and N2 can reflect real-gas 
behavior, the data for He are for a truly perfect gas.   Note that the data 
for CO2 and N2 show the same general trends as the data for He, with a 
significant decrease in the test cell pressure being caused by an increase 
in the gas temperature. 

A Reynolds number correlation of the diffuser recovery (the exhauster 
pressure ratioed to the theoretical one-dimensional normal shock static 
pressure) is shown in Fig.   12.    The Reynolds number is based on the 
diffuser diameter and the one-dimensional flow properties defined by the 
diffuser cross section to nozzle throat area ratio.    The method of cal- 
culating the Reynolds number and the values of viscosity used are given 
in Appendix m.    The Reynolds number correlation is excellent for each 
gas.    It should be noted that the optimum diffuser recovery is not affected 
by the ejector gas temperature, whereas the test cell pressure ratio is 
affected.    For the higher values of Reynolds number (when Pex/pt is 

constant), the diffuser recovery is quite good, corresponding to approxi- 
mately 85 to 90 percent of the one-dimensional normal shock value for 
N2 and C02 and up to 80 percent for He. 
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It should be noted that the ejector performance shown in Figs.  8 
through 11 is for one of the simplest possible configurations.   Refine- 
ments in ejector design,  such as conical jet impingement surfaces 
(Ref.  7) and secondary pumping of the test cell (Ref.   8),  would be 
expected to lower the test cell pressure.    Also, the addition of a sub- 
sonic diffuser and/or a diffuser second-throat (Refs.   9 and 10) would 
be expected to raise the maximum exhauster pressure.    However, 
quite excellent performance is provided by the simple cylindrical-dif- 
fuser, with rise ratios (pex/Pc) UP "to 100 obtained at test cell to total 
pressure ratios as low as 2 x 10_6.    This test cell pressure, produced 
by the pumping action of the ejector,  would correspond to an altitude of 
250,000 ft for nozzle total pressures of approximately 100 to 200 psia. 

The disadvantage of the system is the low exhauster pressures 
required to maintain the started diffuser.    An exhauster pressure cor- 
responding to an altitude of about 150, 000 ft would be required for the 
previous example.   Although second-throat diffusers would help, the 
system might perhaps be best adapted to cryogenically pumped cham- 
bers, where the chamber could act as the exhauster system.   The 
ejector would provide a steady-state high altitude test condition for a 
short period until noncondensable gases or the heat load to the cryo- 
surfaces caused the exhauster (chamber) pressure to rise to the point 
of unstarting the diffuser. 

The effect of the exhaust diffuser to nozzle throat area ratio can 
be seen in Fig.  13, in which the optimum performance values from 
Figs.  8 through 11 are given.    The optimum data shown are the lowest 
test cell and the highest exhauster pressure ratios obtained for the test 
condition and configuration shown.    Also shown are data for smaller 
area ratio systems taken from Refs.  3 and 11 for air at stagnation 
temperatures of approximately 100°F and for solid-propellant rockets. 
This figure demonstrates the lower cell pressures obtainable by in- 
creasing the diffuser size as well as the resulting requirement for 
lower exhauster pressures.    It is encouraging that the optimum per- 
formance values do not diverge greatly from the simple one-dimensional 
theory predictions, although as previously shown,  careful consideration 
must be given to phenomena associated with the low Reynolds numbers 
of these systems. 

4.2  EJECTOR CONFIGURATION EFFECTS 

The decrease in the maximum exhauster pressure at low Reynolds 
numbers is analogous to the decrease in efficiency of low density wind 
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tunnel diffusers (Refs.   12 and 13).    Such wind tunnels frequencly employ 
very long constant area diffuser sections to improve their performance. 
Therefore,  in addition to the tests with an L/D of 10, tests were con- 
ducted in the 18-in. test cell with diffusers with an L/D of 6 for all area 
ratios and with an L/D of 20 for the diffuser with an area ratio of 950. 
Typical results of these tests are shown in Fig.   14.    Similar to the wind 
tunnel experience, diffuser performance is improved by lengthening the 
diffuser to longer values than the optimum length for conventional high 
density ejector systems (Ref.   11). 

Since the decrease in the maximum exhauster pressure is primarily 
due to viscous forces associated with the low Reynolds numbers, an 
improvement in performance would be expected for larger size systems. 
Some measure of this effect can be obtained by comparing data from the 
18-in. test cell with that obtained in the CWVC.    Diffusers tested in the 
CWVC had an L/D of 6 and the diameters were approximately 60 percent 
larger than those tested in the 18-in. test cell.    The effect of size is shown 
in Fig.  15.    For the tests with the higher gas temperatures, the larger 
size diffuser does show an improvement in performance by delaying the 
decrease in the maximum exhauster pressure to a lower nozzle total 
pressure.    Also,  a small decrease in the CWVC test cell pressure is 
shown for the low temperature ejector gas, which may be caused by 
real-gas effects. 

In the more detailed theories of ejector performance (Refs.  5 and 
6), the angle of the jet impingement on the diffuser wall is a significant 
factor in establishing the test cell pressure.    The jet with the smallest 
impingement angle will produce the lowest cell pressure, other factors 
being equal.    For the same exit Mach number ejector nozzle, the initial 
angle of the jet outside the nozzle,  and therefore the jet impingement 
angle, may be decreased by decreasing the angle of the nozzle exit. 
Therefore, tests were conducted in the CWVC with a 16-deg conical 
ejector nozzle and with a 0-deg contoured nozzle.    Results of these tests 
are shown in Fig.  16.    A decrease in the test cell pressure is shown for 
the 0-deg nozzle; however the decrease is small, becoming very small 
for the larger diffusers.    Perhaps the jet boundary viscous mixing is 
becoming large enough to overshadow the change in the jet impingement 
angle.    In any event, for the systems tested,  changes in the ejector 
nozzle exit angle have a small effect on the test cell pressure. 

Since the flow in high-area-ratio ejector diffusers is of a very low 
density, some improvement in performance might be expected by cool- 
ing or cryopumping the walls of the diffuser.    The requirement for LN2 
for the CWVC operation makes cooled diffuser tests relatively simple 
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in that chamber.    Results of these tests are also shown in Fig.   16. 
A consistent,  small increase in the maximum exhauster pressure was 
found with the cooled diffusers.    Also,  cooling has a very significant 
effect on the test cell pressures,  particularly at the low ejector total 
pressures.   As much as an order-of-magnitude decrease in the cell 
pressure is easily obtained.    Part of the decrease may be caused by 
the cryopumping of cell gas by the small amount of the diffuser wall 
exposed to the test cell; however, the major contribution is probably 
because of some cryopumping of low energy mixing layer gas in the 
jet impingement region.    The smaller effect of wall cooling on the test 
cell pressure at the higher total pressures may be because of the higher 
density of the flow and/or insufficient cooling of the impingement region 
because of the higher heat loads. 

SECTION V 
CONCLUDING REMARKS 

The investigation of ejector systems using very large diffusers 
indicates the following conclusions: 

1. Excellent performance is provided by even the simple 
cylindrical diffusers tested, with rise ratios (Pex/Pc) 
up to 100 obtained at test cell to total pressure ratios 
as low as 2 x 10~6.    This test cell pressure would 
correspond to test altitudes of 250, 000 ft for nozzle 
total pressures of approximately 100 to 200 psia. 

2. A large effect on the test cell pressure of driving gas 
total pressure and temperature was found, similar to 
results obtained for smaller diffusers. 

3. A significant decrease in the maximum exhauster pres- 
sure was found at high stagnation temperatures and low 
pressures.    A Reynolds number correlation was found 
that gives excellent agreement for the exhauster pressure. 

4. At the higher Reynolds numbers, diffuser recoveries 
corresponded to approximately 85 to 90 percent of the 
one-dimensional normal shock value for N2 and CO2 
and up to 80 percent for He. 

5. The decrease in diffuser recovery may be delayed to 
lower Reynolds numbers by increasing the diffuser 
length.    Similarly,  an increase in the system size 
will delay the decrease to lower unit Reynolds number. 



AEDC-TR-68-216 

6. Limited tests on the effect of ejector nozzle configura- 
tion were conducted and the effects were found to be 
small. 

7. A small increase in the maximum exhauster pressure 
and as much as an order-of-magnitude decrease in the 
test cell pressure was found with the cryogenically 
cooled diffuser walls and CO2 as the ejector gas. 
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TABLE I 
DIFFUSER DIMENSIONS 

18-in. Test Cell 

Nominal Diameter, Length, 
AD/A* in. in. 

950 3. 18 32. 1, 19.4 

950 3.20 64.3 

2410 5.05 51.1, 30.9 

6045 8.01 

Cold Wall Vacuum Chamber 

80.4, 48.4 

950 5.05 30.3 

2410 7. 97 47. 9 

6045 12. 75 76. 1 
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TABLED 
TEST CELL AND MAXIMUM EXHAUSTER PRESSURE RATIOS 
AS CALCULATED FROM THE ONE-DIMENSIONAL THEORY 

AD/A* Y_ P?J Pt Pex/Pt 

950 1.28 2.37 X 10-5 1.76 x 10-3 

1.40 1.05 X 10"5 1.56 x 10"3 

1.667 1.72 X 10"6 1.28 x 10-3 

2,410 1.28 7.06 X 10"6 7.00 x 10-4 

1.40 2.83 X 10"6 6. 18 x 10-4 

1.667 3.70 X 10-7 5. 10 x 10-4 

6,045 1.28 2. 16 X 10-6 2.82 x 10-4 

1.40 7.75 X 10-8 2.47 x 10-4 

1.667 8. 10 X 10-8 2.05 x 10-4 

15,300 1.28 6.50 X 10-7 1.12 x 10-4 
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APPENDIX III 
REYNOLDS NUMBER CORRELATION 

Because of the nonuniformity of the expanded flow approaching the 
diffuser,  free-stream conditions on which to base a Reynolds number 
cannot be readily defined.    However, flow conditions can be based on 
the same fictitious one-dimensional flow that is used to estimate the 
ejector performance (Section 3.2).    Therefore,  a Reynolds number 
based on these properties and the diffuser diameter for a characteris- 
tic length was chosen. 

Perhaps the largest uncertainty in the Reynolds numbers calcu- 
lated lies in the choice of values for the viscosity of CO2 and N2 at the 
very low temperature of the expanded flow!'   The values used are given 
in Fig. III-l.   Values for He are experimentally verified and are taken 
from Ref. III-l.    However, both CO2 and N2 are expanded near or below 
gas saturation conditions,  and equilibrium values for the viscosity do 
not exist at some conditions.   Therefore, the values shown in Fig. III-l 
were obtained from Ref.  Ill-2 and by extrapolating to zero viscosity at 
zero temperature. 
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