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ABSTRACT 

Procedures are described for utilizing scale models for the development of 
thrust augmenting ejectors. Physical reasoning and the methods of dimen¬ 
sional analysis are used to argue that the Mach numbers must be matched, 
but that the Reynolds number is not a relevant parameter if its value is 
large. Numerical analysis is used to show that almost no change in 
performance may be expected from the use of cold air jets. Experimental 
data is presented to support these results. Thus, it is concluded that 
scale model ejectors powered by cold jets provide a close approximation 
to the performance of full size ejectors powered by hot jet exhaust flows. 
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INTRODUCTION 

Scale model testing of thrust ejector systems and their associated 
components provides a convenient low cost alternative to full size test 
and development programs. The applicability of model scale test data 
in the prediction of conventional aircraft performance through the 
use of certain scaling laws has long been accepted practice. Unfortunately, 
the development of full size thrust ejector systems utilizing model scale 
testing is not as universally accepted. 

Inconsistencies in the results of available ejector scaling studies 
imply that we cannot simply scale an ejector model geometrically and 
assume that its performance will be representative of its full size 
counterpart. However, by the use of physical reasoning and mathematical 
analysis, a scaling rationale for the design of useful model tests has 
been developed. Applying physical reasoning and the laws of dimensional 
analysis, it will be shown that the performance of model scale ejectors 
driven by cold air jets should approximate the performance of their full 
size counterparts driven by aircraft gas turbine propulsion systems. 

Utilization of this rationale in conjunction with highly controlled 
specific test procedures and methods has resulted in providing substan¬ 
tiation for utilizing rrcdel scale ejectors in the development for full 
size ejector systems. 

Ejector Scaling Rationale 

In order to set up a meaningful test, the fundamental parameters 
on which the thrust augmenting force depends must be identified. If it 
is assumed that this force is a function of the jet thrust, the ejector 
shroud geometry, and the physical properties of the fluid, dimensional 
ana.ysis yields for the scaling law 

F/T = f(Re, M, L/W, 6) 

in which the force coefficient, F/T, is the ratio of the augmenting 
force to the jet thrust, Re and M are Jhe jet Reynolds number and Mach 
number, and L/W and 6 give the length to width ratio and divergence 
angle of the ejector shroud. The force coefficient also depends on the 
surface roughness and ambient turbulence level, but these parameters 
should be controlled to insure that their effect is small. Temperature 
effects are usually assumed to be implicit in the variation of the Mach 
and Reynolds numbers; however, an additional effect of temperature 
on the turbulent mixing will be discussed separately. 

The geometry of a scale model can easily be made to duplicate the 
full size prototype, but H is not possible to simultaneously match the 
Mach and Reynolds numbers of the prototype} for example, if the Mach 
numbers are matched, then the change in scale means the model Reynolds 
number will be smaller. Similarly, if the Reynolds numbers are matched 
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by increasing the model velocity, then the model Mach number will be 
larger. However, because the velocity of the prototype jet is large (M > 1), 
the Reynolds number is also large (Re s 106), so that the flow is turbulent 
and the effects of viscosity are small. In this case, changes in the 
Reynolds number only affect the very smallest scales of the turbulence, 
which do r-'t interact directly with the main flow. According to this 
principle u. asymptotic invariance, the Reynolds number is not a relevant 
parameter if its value is large. 

Therefore, if the Mach numbers are matched and the Reynolds numbers 
are large, scale model tests car. be used to determine the variation of 
ejector thrust with nozzle geometry and diffuser angle for a given ejector 
configuration. On the other hand, the angle at which the flow separates, 
and other phenomena which relate to the exact details of the viscous 
stresses, are dependent on the Reynolds number. Thus, unless the Reynolds 
number is matched, model values of the separation angle cannot always 
be used to predict full size separation angles. Typically,separation 
will occur at a smaller angle on the scale model due to the nredominance 
of the viscous stresses resulting from the lower value of Reynolds 
number. Therefore, the assumption that the full size ejector separates 
at the same angle as the scale model should be a conservative estimate. 

As previously noted, the first order effects of temperature on 
the physical properties of the jet (density, viscosity, and compressibility) 
are implicit in scaling the Mach and Reynolds numbers. In particular, 
the Mach number (M 5 V/a) is independent of temperature, since both the 
jet velocity, V, and the speed of sound, a, have the same dependence on 
temperature: 

jet velocity V 

speed of sound a 

The jet thrust is also independent of temperature, since the velocity 
increase is balanced by a decrease in density. The variation of Reynolds 
number with temperature is shown in Figure i. The effect of reducing 
the jet temperature by 1000°F, as in the present case, does not change 
the order of magnitude of the Reynolds number. 

The effect of temperature on the rate of turbulent mixing is not 
as straightforward. For small density differences, the mixing rate is 
proportional to the velocity difference between the two streams. If 
the density difference is large, the mixing rate is proportional to the 
momentum difference. Thus, a small temperature difference will probably 
increase the mixing rate (aV -Tq *) while a large temperature change will 
probably decrease mixing ( a p V - TQ -*)» although this has not been 
proven. u 
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The net effect of the 1000° temperature decrease used for these scale 
model tests was calculated with the TKE program to be a .03 increase in 
augmentation. This is almost within the accuracy of the calculation pro¬ 
cedure; however, the available data seem to support this result.'"4 
This is shown in Figure 2. Although all the data except that of Lockheed 
also included a scale or configuration change, the trend is consistent. 
Thus, a small increase in performance may be expected as a result of 
using cold jets in the scale model testing. However, for the temperature 
range of interest, the temperature effect is almost within the range of 
computational and experimental error. 

Therefore, based on theoretical arguments, if primary flow Mach 
numbers are matched while Reynolds numbers are held large enough to 
assure turbulent flow, it may be concluded that model scale ejectors 
powered by cold jets should approximate the performance of large scale 
ejectors powered by hot flow jets. 

A study of ejector scale effects performed at Pennsylvania State 
University indicated that the thrust augmentation increases with ejector 
scale. However, aircraft scale ejectors built by both Boeing and DeHavilland 
produced less augmentation than the laboratory models from which they were 
developed. While initially these results appear inconclusive, it is 
believed that the inconsistencies may relate to differences between the 
model scale and full size tests. Model construction techniques, primary 
jet temperature, and test procedures all must be accounted for during 
investigations of ejector scale. 

Ejector Test Techniques 

In order to minimize the influence of experimental error which may 
in some part explain the observed inconsistencies in previous ejector 
scale investigations, attention must be given to developing well con¬ 
trolled test procedures and methods. 

At Rockwell, scale model ejector tests are normally performed at the 
Columbus plant’s thermodynamics laboratory utilizing test stands specially 
designed and fabricated for ejector test applications. Each test stand 
is basically a floating frame attached to an outer fixed frame through 
a set of load cells to measure the ejector's forces. Figure 6. Tension 
is maintained on the load cells with dead weight cable suspended pre¬ 
loads. Air flow is supplied from the laboratory's compressor via four 
individually controlled supply lines. The air supply system is equipped with 
particle filters and dryers in order to remove contaminants from the 
primary air supply. Excessive variations in air flow temperature are 
eliminated through the use of a compressor system cooling tower. 

Each air supply line has a venturi meter with the necessary instrumen¬ 
tation attached to calculate mass flows using standard venturi meter 
equations. The four lines are fed to the diffuser, centerbody, eleven, 
and endwall blowers (BLCS) through four flexible 2-inch hoses. These 
flexible lines prevent excessive tare when bringing the lines across the 
metric part of the load stand. 
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Load cells, pressure transducers, and thermocouples are connected at 
appropriate test points on the load stand, model, and air supply system 
to monitor forces, pressures, and temperatures. These transducers are 
periodically calibrated using standard laboratory practice with calibration 
equipment traceable to the National Bureau of Standards. 

The Thermo Lab's data system is capable of monitoring 48 channels of 
transducer analog output data and incorporates all signal conditioning 
and amplification prior to signal processing by an IBM 1800 computer. 
The data system also has the capability of performing an electrical 
test of the transducer's bridge integrity by use of a resistance cali¬ 
bration test (R-CAL). This is routinely done by the computer prior to 
each test run, and any drift in transducer excitation or signal amplifi¬ 
cation is automatically compensated for by the computer. Prior to 
each test run, the load cells are checked by preloading with calibrated 
lead weights, thus assuring their accuracy before collecting test data. 

Data acquisition and reduction is handled by an IBM 1800 computer 
that contains a 48 channel multiplexer and a 14 bit plus sign analog 
to digital converter. 

Data reduction is accomplished by appropriate user-written computer 
programs. Conversion constants for all transducers are contained in the 
software and utilized to convert transducer electrical outputs to 
equivalent engineering units. Appropriate equ'tions are programmed 
to calculate augmenter air flow parameters such as isentropic thrust, 
flow coefficients, velocity Reynolds number, etc. A typical printout 
of relative ejector performance parameters is shown in Figure 3. 
Selected parameters are calculated and punched into cards for additional 
data analysis utilizing a timeshared IBM 370 computing system. 

Data Error and Repeatability 

Prior to applying model scale test results to the development of 
full size ejector systems, it is useful to develop an understanding of 
the test data accuracy and repeatability. The definition of augmentation 
ratio (¢), utilized in Rockwell's ejector development program is 

- Ejector Lift (Thrust) _ Load Cell Measured Lift 
* ~ Nozzle Isentropic Thrust " (Mass Flow) (Velocity) 

Measured Isentropic 

Therefore, the fractional error in <f> may be computed by: 

M _ I ¿Lift 2 T ¿Mass FIovT** T ¿Velocity 2 
4i _ ^Lift Mass Flow Velocity 

where the (¿) symbol signifies the probable error in the parameter of 
interest. 
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A close examination of the calibration accuracies of the 
instrumentation utilized to isolate the major parameters in the augmen¬ 
tation ratio (¢) definition resulting in 

Lift (load cell accuracy and hose tare corrections) * .25¾ 

Mass Flow (calibration accuracy venturi and associated pressure 
transducers) = 1.29¾ 

Velocity (calibration or pressure transducers) = .117¾ 

Therefore: 

At = g (.0025)2 + (.0129)2 + (.00117)2' = .0132 

Therefore, an expected error in measured performance of 1.32% can be 
related to the accuracy of the instrumentation utilized during the 
scale model test program. 

To determine the possible variation in augmenter performance over 
a short period of time and the possible error encountered by taking 
lift and pressure data at an instantaneous time slice, a series of 
runs were made comparing results where ten data samples were taken, 
averaged, and compared to results of a single sample data point. 
Figure 4 presents a comparison plot of single sample/data point vs. ten 
samples/per data point (@ one sec. time interval between samples). Results 
show that $ at any given time is comparable to <|> over a period of 
ten seconds. 

This sampling/averaging technique was further tested by increasing 
the time between samples from one sec. to ten secs. The lower plot 
on Figure 5 shows the results of one sample/sec. vs. one sample/ten 
sec. for a ten sample data point. 

Based on these investigations the 10 sample-1 sample/sec. technique 
was incorporated as the standard sampling method in the data reduction 
routines. 

Long term data repeatability was established by periodically restoring 
the model to a baseline configuration and examining its performance. 
Figure 10 presents a <f> vs A3/A2 comparison of a four run series over a 
two week time period. The maximum scatter in ¢1 was on the order of 
±.013 A4>. 

By collectively evaluating the experimental error due to instrumen¬ 
tation accuracy and the data repeatability, it is possible to establish 
a band of experimental data scatter. For the example discussed this 
band was about ±.02a<J;. Isolating and controlling the experimental data 
quality is an integral part of effective ejector scaling. 
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Experimental Data 

A survey of larae scale ejectors previously developed by Rockwell 
International provides substantiating evidence that model scale ejectors 
can be utilized in the design of prototype scale ejector systems. In 
general large scale ejector systems have performed as well as or slightly 
better than their model scale counterparts. Figures 7 and 8. In one 
case shown in Figure 9 where a great deal of attention was given to 
exact geometric scaling, the same level of augmentation ratio (¢) was 
achieved. 

CONCLUSION 

Through the use of physical reasoning, mathematical analysis, and 
carefully controlled test techniques, scale model testing can be utilized 
in the development of large scale ejector systems. Experimental data 
have beer, obtained which provide substantiating evidence that model 
scale ejectors powered by cold air jets provide a close approximation 
to the performance of full size ejectors powered by hot jet exhaust 
flows. Further study of ejecto’. scale and temperature effects is 
recommended to establish scaling relationships for ejector systems. 
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