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I. SUMMARY 

Convair-San Diego, is currently conducting an experimental 

research program on the subsonic turbulent mixing of an unheated 

free jet of air with the surrounding moving stream under imposed 

longitudinal pressure gradients. The program is divided into 

three phases: (1) Phase I includes investigations of previous 

work performed in the field, construction of the test set-up, 

and the experimental development of a mixing tube imposing a 

constant longitudinal static pressure; (2) Phase II includes 

experimental investigations to obtain velocity, pressure, and 

turbulence parameters which characterize this subsonic turbulent 

mixing; and (3) Phase III includes experimental investigations 

to obtain the above parameters for two other mixing tubes; one 

imposing an increasing pressure gradient, and the other imposing 

a decreasing pressure gradient. 

A mixing tube configuration (Figures 1 and 2) imposing a 

constant longitudinal static pressure over a length of approximately 

to primary nozzle diameters (Dp = 0.70") was experimentally de¬ 

veloped. The primary nozzle is the smaller driving jet. This 

jet punp configuration has an initial velocity ratio, oC = Vs/Vp * O.0719 

and a calculated initial area ratio, = ^P/Ag = O.OIOU based on ex¬ 

perimental results. 

The contour producing the constant longitudinal static pressure 

exhibits a linear area variation over the mixing region. 
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FOREWORD 

Tbe work presented herein was performed in the Thermodynamics 

Group of the Engineering Department of Convair, San Diego, A Division 

of General Dynamics Corporation. The work is being performed for 

the Office of Naval Research under the technical supervision of Dr. 

G. B. Matthews of ONR (Code 46l) under contract Nonr 2854(00). The 

principal investigator for this program is Mr. John W. Sbue, assist¬ 

ed by Mr. John K. Stauffer. Technical assistance is obtained from 

Dr. Paul Weyers, and Mr. Robert E. Forrette, both of Convair. 
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II« INTRODUCTION 

jet mixing occurs in a large number of problem areas of engineering 

such as jet punqps, combustion chambers, ejectors, etc. Significant 

attention has been given to Jet pumps both through theoretical and 

experimental analyses. The status of jet pump theory to 1950 was 

summarized by Kastner(l) as follows: 

"Previous investigations may be roughly divided into 
two classes — the first comprising the results of 
those workers who appear to have been chiefly inter¬ 
ested in the performance of the ejector as a whole, 
and the second, the work of those who have studied 
the processes occurring in free Jets and the mixing 
of one gaseous stream with another . . . . A theo¬ 
retical approach to the problem must necessarily be 
concerned with conditions arising when two jets of 
fluid, whose initial pressure and specific volume 
are known, unite, but a solution, when achieved, 
should be in such a form as to enable the performance 
of a complete ejector to be predicted, and to be com¬ 
pared with the results of experiment, when the inlet 
and outlet conditions vary widely." 

Although a large number of theoretical and experimental Jet pump 

investigations have been performed since I950, none has given any 

significant insight into the nature of the losses occurring in the 

mixing process despite the fact that this process is a primary 

determinant of the ejector performance. 

In order to establish a valid basis for the design of mechanisms 

involving turbulent mixing, a practical theory of turbulent mixing 

must be developed. This theory would provide an experimentally 

verifiable prediction of the heat, mass, and momentum transfer in¬ 

volved in the mixing process under specified boundary conditions or 

imposed pressure gradients. 



Ag gui ineight into this problem of turbulent mixing, Convair is 

conducting experimental investigations and evaluations of coaxial 

mixing. Within the scope of this program, Convair intends: 

1 - to obtain velocity, pressure, and turbulence 
parameters which characterize the subsonic 
mixing of a primary Jet of air at ambient 
temperature with a surrounding secondary 
ambient stream under the influence of im¬ 
posed constant, increasing and decreasing 
pressure gradients ; 

2 - to correlate the results of the experimented 
and theoretical studies; and 

3 - to determine the influence of the imposed 
longitudinal pressure gradients on coaxial 
Jet mixing. 

Tbs special problem of an axially symmetric jet in a uniform 

stream was studied by Squire and Trouncer (2). The mixing Jet was 

divided into three distinct regions (Figure 10), After mixing has started 

at the boundary of the two streams, an undisturbed coniced core of fluid 

of uniform velocity exists for a certain distance downstream. Kuethe (3) 

showed that the length of tills initial core extends about 4.U1; diameters 

of the nozzle. This core defines region I. In region II, called the 

transition mixing region, the jet velocity along the axis decreases and 

the flow pattern begins to reach a steady state condition. In region III, 

the velocity profiles appear similar’. It has been observed by Corrsin 

(4) that similarity of the velocity profiles is achieved at about 10 

diameters downstream in a free jet. It will be determined in phase II 

if this similarity Is also achieved in a free Jet under an imposed 

constant pressure. 

Squire and Trouncer (2) presented an integrated momentum analysis 

which is based on Praodtl's momentum transfer theory. This theory 

assines dimensionless, cosine-shaped velocity profiles and a mixing 
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length proportional to the vifth of the mixing region. With this 

assumption, me entire flow field can be computed with the knovn 

velocity ratio of the two streams. The validity of this method vas 

checked by Landis and Shapiro (5) with the conclusion that this method 

is satisfactory to obtain representations of the turbulent mlviag pro¬ 

cesses for small density variations. The validity of the method of 

Squire and Trouncer for the mixing under a knovn imposed longitudinal 

pressure vill be determined in phase II. 

Corrsln (4) found that, in a fully developed turbulent Jet vith 

axial symmetry, a completely turbulent flov exists only in the core 

region out to a radius at vhlch the velocity is about one-half the 

maximum velocity of the cross section. Outside of this core Is an 

annular transition region and outside of this transition region Is a 

laminar flov region. It was noticed from oscillograph records of 

the velocity fluctuation near the edge of the jet that the flow vas 

intermittent. This intern!ttency may be defined by specifying that 

the flov possesses the ordinary irregular fluctuations for a certain 

time and the rest of the time the velocity fluctuations are slov and 

of small magnitude. This intermittency is believed to be a phenomenon 

for turbulent flov near a free stream and to be due to the interaction 

of large eddies vith the free stream. The intermittency in the con¬ 

stant pressure mixing process vill be determined if time permits after 

the velocity, pressure, and turbulence parameters are obtained. 

The technical discussions of the turbulence theory, traversing, 

and hot-wire anemometry equipment and techniques, will be included 

in the final report of phase II. 
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III. NOMENCLATURE 

Syabola 

A croas sectional area 

A* cross sectional area of airstreaa when M = 1.0 

D disaster 

K eapirical diffusion constant (see ref. 9] 

I. nixing tube length 

M Mach nunber 

P static pressure 

total pressure 

p differential static pressure - (p wall - p oo) 

rl/2 r£u^-UB where the local velocity is one-half the »»yin» 
velocity at a cross section (Jet in still air) 

R radius 

V velocity 

Wa weight flow 

oc velocity ratio at Initial plane - Vs/Vp 

jj. ... ratio (fAï)* /(fAV)p 

<f> area ratio at initial plane - ^/As 

Subscripts 

1 measured radii and static pressures 

2 calculated radii and static pressures for new contour 

s nixing tube conditions (secondary duct) 

p driving Jet (primary nozrle) 

oo ambient 
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IV. SXPERIMEMT/VL-FROGHAM - PHASE I 

Many investigators bave presented theoretical solutions for 

particular ejector designs. Most noteworthy of these were Keenan, Neiaann, 

and Lustvek (6), who presented designs incorporating a constant-area ■ixing 

section and a constant-pressure «ixing section, Helmbold (7), who presented 

a theory for constant-pressure «ixing, and Szczeniowski (8), who presented 

a theoretical analysis which was conducted to deteraine an optl«u« contour 

for the nixing section of a Jet punp. None of these theories were completely 

satisfactory in designing a constant pressure mixing tube. 

As a basis for the design of the constant- pressure nixing tube to 

be used in Convair's test facility, the theory proposed by Helmbold was used 

to establish the basic design. Since Helmbold had designed and tested a Jet 

punp with a nearly constant pressure mixing section (9), it was decided to 

use his results as a basis for developing the mixing tube. Identical Telocity 

ratios and area ratios were used in order to simplify direct comparison of the 

data. A larger primary nozzle diameter was used in order to obtain a slightly 

larger nixing tube to facilitate traversing and data handling. 

In Helmbold's original design computation of 1953, he used a nunsrical 

ralue of K2 = 0.00432 for the diffusion constant which was derived from Infor- 

nation given in the first German edition of Schllchting's "Boundary Layer 

Theory which later turned out to be in error. The correct value is K2 = 0.0068 

according to Helmbold. The calculated results for the original constant pressure 

contour together with the experimental data are given in Table I. Tabulated 

contours and experimental data are also given in Table I for the two «edifi¬ 

cations to the original mixing tube. The corrected value of K^ was used. 

The Mach number of the primary Jet was chosen a* Hp = 0.460 in order 

that the data nay be directly comparable to that of Helmbold. The temperature 

ratio between the primary and secondary streams is unity. 
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V. APPARATUS, INSTRUMENTATIOH, AND TEST SET-UP 

Since the constant pressure contour was to be developed experi¬ 

mentally, sectional wood construction using blocks of hardwood along 

the axis was chosen for ease in making modifications to the contour, 

length, and instrumentation. A schematic diagram of the jet pusjp is 

shown in Figure 1 and a picture of the completed test stand is shown 

in Figure 2. Alignment was attained through recessed step Joints and 

four tie rods. Protective wood sealer was used to minimize wood ex¬ 

pansion. 

The basic requirements of the jet mixing problem stipulate a 

flat velocity profile in both the primary and secondary streams at 

the initial plane of the mixing tube. To obtain this flat velocity 

profile, both the internal and external contours of the primary nozzle 

and the internal contour of the bellmouth were designed according to 

the theory of the design of the contraction cone for a wind tunnel by 

Tsien (10). The primary nozzle was machined from aluminum and the 

bellmouth was fabricated from Fiberglass. 

Static pressure taps of l/l6 inch in diameter are located in the 

■w-ing section at one-inch intervals along the horizontal plane on one 

side and at two-inch intervals along the vertical plane on top of the 

ml-rtng tube. Several static taps are located along the diffuser section 

to establish the complete profile. 
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Tha ^ tube static pressure ^asure^ts are obtained fr« 

« inclined aieobol differential nano^ter. Inclination of 10;1 

allows a reading discrinination to within 0.01 inch of alcohol. 

Tbe inclined nanoneter board was calibrated against the nlcro»ano. 

and each pressure measurement was corrected accordingly. Photo- 

Staph, «re taken of the tub, bank during each of the run. and the data 

was obtained from these photographs. 

A sensitive pressure regulator is used to control the primary 

»otzle airflow. Measurements are mad, from an orifice plate. The 

bellmouth airflow is measured by means of four static pressure tap. 

squally spaced around the belWh throat and ^folded together. 

The micromanometer is used to measure the bellsaruth static pressure. 

The bellmouth with the primary nótele inserted was calibrated 

by COmralr,S ™0U“ faclllty and a calibrated flowmeter 

(Figure 3). The primary nozzle was not operating during the call- 

bration runs. 

— OF TrocoETAW PRESSURE MTYTm 

Operation of the jet pump configuration based upon Helmbold's 

design (9 ) using the corrected value of w2 . ,r , 
ue ôr K , a design velocity ratio, 

* = 0.069, and a design area ratio of á - o m . 
oi _ o.oi, did cot produce a 

constant longitudinal pressure profile over the miming region. 

Figure 6 present, a documentation of this miming tube using a value 

of the velocity ratio near the design value, and value, of the velocity 

ratio above and below the design val.. Kon, of the off-design value. 

OF the velocity ratio produced a longitudinal pressure profile that was 

constant over the complete miming section. 
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It bas not been detemined why Helabold ' s configuration did not 

produce a constant pressure. His original configuration using the lower 

value of the diffusion constant produced a pressure that vas closer to 

constant than this corrected configuration. In order to ascertain the 

magnitude of change required in the mixing tube configuration, the primary 

nozzle was translated to several positions fore and aft of the initial plane. 

These tests indicated that the length of the mixi"g tube would have to be 

increased. In addition to these tests, a new contour was calculated using 

the test data (oC = 0.0703) and the wall static pressure at the initial plane. 

This method for data correction assumes that the total pressure is equal to 

ambient pressure over the mixing length. Therefore, it is only applicable 

during the free mixing region or until the primary Jet expands to the wall. 

The subscript 2 is used to represent the new calculated radii which produces 

the constant static pressure and the subscript 1 to represent the measured 

radii and pressures from the test results. With the assumption that the 

total pressure is equal to ambient over this mixing length, the corrected 

radius would be obtained from: 

^^> 

in which y,, „ f (, j 

A,/A* = f ( / ) 
17 Plpt7 * 

Rp is the radius of the expanding primary airstream calculated from the 

half maximum velocity radius (Ref. 9) which is 

r -^2 = 0.0931 L . 



TM. Mthod VM uMd to calculate the new area contour to the point 

Where th. primary Jet etarted to reach the MMng tub. «01. Be^nd thl. 

point the total preuure cannot nece.MrUy be aaeuned ..blent. The cum. 

«re faired fro. the la.t calculated point abo« into the cylindrical „ction 

or diffuser. 

The original contour based upon Helabold's design vas aodlfled using 

this Mthod. This second design Inrolred a nixing section that vas four inches 

longer than the original nixing tube. Doc—ntation of this nixing tube 1. .hovn 

la Figure 7. A velocity ratio of <X= 0.0729 produced the nost constant pressure 

proflie for this configuration but a decreasing gradient still existed. As a 

point of interest, this second design bas a conical section from station 5 to 

station 16 and produced a decreasing pressure gradient that was approximately 

of exponential font. 

This second configuration was modified by using the sane method 

described above and the data obtained from the second configuration (oC = O.O729). 

The third configuration required the additional extension of the mixing section 

by three inches. To simplify fabrication, the mixing section vas extended into 

the cylindrical section. Consequently, no cylindrical section exists on the 

third configuration. 

The dociaentatlon of the tblrt configuration 1. shown in Figure 8. 

The eight rise in pressure between etatlone 10 and 20 for oc , 0.0719 

that the second contour ray ha« b«n .lightly overcorrecttd. The (aount of the 

ria. we not con.id.rad intolerable eine. it. «galt*, bordar, on th. .curacy 

of the ln.trwent.tlon. During the initie portion of phn.. II, the prlwry 

note, will be shifted into the «leng tube to deteralne if deersMlng the 

eff.ctl« length of the eeng tube will «feet thl. .light ri.e m the wei 

•tatlc preaoure. The dip in preeeur. occurring in the transition region between 

the eeng «ction and the diffuser rill be .Urinated by additionri recontouring. 
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A significant observation that may be helpful in designing Jet 

pumps with constant pressure mixing sections is shown in Figure 5. The 

mixing tube area varies linearly with the length over the entire mixing 

region until the beginning of the transition region to the diffuser. Further 

investigations of this observation will be made during phase II. 

Figure 4 presents the contours and mixing tube longitudinal static 

pressures for the three configurations tested. 
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TABLE I 

\Al\l STi.riG i- R ■; ; ' T,IE Jl jTRIB'JTIU” ;nB CORREGPO^r'^ 
TIJREE COMF1 v/javno^j TECTED 

Ä-.011 FOR THE 

(iritLal plxre loo-itcd it Etatior G) 
Mp = 0.460 

ORIUP-IL design 
«X. * 0.069 

MODIFICATIONS 

Axial 
Station 

inches 

Run 4,** 0.0703 
Axi al 

Station 
inches 

First Modification 
Run 8,«. s D.C729 

Second Modification 
Run 9| oc * 0.0719 

Radius 
inches 

Aps 
psf 

.ladius 
inches psf 

Radius 
inches Ap? psf 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
34 
42 
50 

3.515 
3.410 
3.320 
3.240 
3.160 
3.080 
3.010 
2.945 
2.875 
2.815 
2.750 
2.690 
2.635 
2.575 
2.525 
2.480 
2.44O 
2.4I5 
2.400 
2.395 

2.397 
2.405 
2.410 
2.420 
2.430 
2.445 
2.460 
2.480 
2.815 
3.310 
3.980 

- 2.08 
- 2.18 
- 2.28 
- 2.42 
- 2.59 
- 2.76 
- 2.89 
- 2.93 
- 3.05 
- 3.23 
- 3.42 
- 3.57 
- 3.68 
- 3.83 
- 3.92 
- 4.05 
- 4.16 
- 4.06 
- 3.68 
- 3.48 
- 3.13 
- 2.87 
- 2.67 
- 2.45 
- 2.30 
- 2.01 
- 1.80 
- 1.38 
- 0.90 
- 0.78 
* 1.08 
+ 4.25 
+14.60 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
13 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
38 
46 
54 

3.515 
3.472 
3.430 
3.382 
3.342 
3.290 
3.238 
3.180 
3.121 
3.063 
3.007 
2.947 
2.890 
2.834 
2.775 
2.720 
2.662 
2.603 
2.545 
2.497 
2.459 
2.429 
2.408 
2.395 

1 

2.397 
2.405 
2.410 
2.420 
2.430 
2.445 
2.460 
2.480 
2.815 
3.310 
3.980 

- 1.87 
- 1.89 
- 1.82 
- 1.78 
- 1.87 
- 1.89 
- 1.87 
- 1.89 
- 1.93 
- 1.92 
- 1.95 
- 2.05 
- 2.02 
- 2.11 
- 1.95 
- 2.16 
- 2.23 
- 2.28 
- 2.36 
- 2.40 
- 2.53 
- 2.58 
- 2.48 
- 2.32 
- 2.28 
- 2.18 
- 2.08 
- 1.90 
- 1.85 
- 1.65 
- 1.59 
- 1.13 
- 0.74 
- 0,64 
+ 0.96 
+ 3.87 
+ 5.83 

3.515 
3.472 
3.430 
3.382 
3.342 
3.292 
3.245 
3.197 
3.149 
3.IX 
3.050 
3.000 
2.949 
2.896 
2.842 
2.788 
2.733 
2.676 
2.619 
2.568 
2.525 
2.486 
2.455 
2.431 
2.413 
2.400 
2.396 
2.397 
2.405 
2.410 
2.420 
2,430 
2.445 
2.460 
2.480 
2.815 
3.310 
3.980 

- 1.78 
- 1.76 
- 1.80 
- 1.78 
- 1.86 
- 1.88 
- 1.86 
- 1.80 
- 1.79 
- 1.79 
- 1.78 
- 1.74 
- 1.74 
- 1.77 
- 1.60 
- 1.78 
- 1.73 
- 1.69 
- 1.77 
- 1.74 
- 1.76 
- 1.84 
- 2.08 
- 2.26 
- 2.03 
- 1.88 
- 1.84 
- 1.68 
- 1.64 
- 1.38 
- 1.34 
- 0.99 
- 0.57 
+ 0.56 
+ 1.08 
+ 3.82 
+ 5.86 

CONVAIR SO I-UU-1A 



UNCLASSIFIED 

UNCLASSIFIED 


