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ABSTRACT

This report discusses an experimental investigation of two problems
of diffuser flow which are encountered in a gas-driven jet pump. The
first was concerned with determining the feasibility of diffusing a
free Jet of liquid, as contrasted with a stream of liquid flowing into
a diffuser under "connected-pipe" conditions. The second problem was
concerned with determining the effect of entrained gas in the flowing
liquid upon the Aiffusion process. In all ¢’ the experiments, conical
diffusers were employed with water and air as the working fluids.

In the free-jet experiments a nozzle was employed for furnishing
a free jet of water which was directed into a specially designed inlet
to 8 diffuser. Determinations were made of (1) the fraction of the
Jet which actually flowed into and through the diffuser, and (2) the
fraction of the original kinetic energy of the captured jet that wvas
converted into static pressure rise. The variables in these experi-
ments were the liquid flow rate, the distance between the nozzle and
the diffuser inlet, the ratio of the diameter of the jet to the diameter
of the diffuser inlet, the configuration of the diffuser inlet, and the
diffuser back pressure.

It was found that up to 86.5 per cent of the kinetic energy of the
free Jet could be recovered by employing the proper type and size of

diffuser inlet, with the appropriate back pressure. The experiments



indicated that the flow rate and the distance from the nozzle exit to
the diffuser inlet had little effect on the energy recovery.

The gas entrainment experiments were conducted in a "connected-
pipe" system with a two-phase mixture of air and water; the velocity of
the two-phase mixture entering the diffuser was maintained constant.
Determinations were made of the effect of (1) varying the amount of gas
entrained in the liquid, and (2) varying the static pressure at the
diffuser inlet, upon the diffuser pressure recovery.

The experiments indicated that when a gas is entrained in a
liquid being diffused, the pressure recovery of the diffuser is reduced,
the amount of reduction depending on the volume of entrained air and
the static pressure at the throat of the diffuser. A theoretical
analysis indicates that the reduction in pressure recovery due to gas
entraimment should become smaller as the entrance velocity to the Adif-
fuser is increased. The experiments indicated, however, the possibility
that compressibility effects may seriously reduce the pressure recovery

for high velocity, two-phase flow in a diffuser.



1 INTRODUCTION

The ability of the diffuser in a gas-driven jet pump to capture
and diffuse efficiently the high velocity stream of liquid directed
toward it is of great importance to the overall momentum recovery of
the pump. The momentum-recovery factor K of a gas-driven Jjet pump,

as defined by Elliott (3),%* is equal to

K = KK KK, ch; (1-1)

vhere Kl = the velocity-recovery factor of the drive nozzle;
K2 = the momentum-recovery factor of the mixer;

K3 = the mass-recovery factor of the separator;

Kh = the velocity-recovery factor of the separator; and

K3

Equation 1-1 shows that the momentum-recovery factor K is proportional

= the efficiency of the diffuser.

to K,, wvhich is the portion of the flowing liquid that actuslly enters

3)
the diffuser, and increases with the square root of Ka, vhich is the
portion of the dynamic pressure of the liquid entering the diffuser
that is converted into static pressure.

Certain problems are encountered in diffusing a jet of ligquid

in the diffuser of a jet pump that do not exist in conventional

% Numbers in parentheses refer to references appearing at the end of
the rerest.



diffuser applications; that is, "connected-pipe" diffusion processes.
Two problems peculiar to the diffusion process in a gas-driven jet
pump are discuseed herein.

One problem arises from the fact that the liquid to be diffused
enters the diffuser as either a free jet or a film, depending on the
type of jet pump configuration employed. In most reported applications
of diffusers, on the other hand, the fluid enters the diffuser through
a duct cornnected to the diffuser; that is, under ‘'connected-pipe”
conditions. Figure 1 illustrates schematically the flow of a liquid
through a conical diffuser with (a) free-jet, and (b) connected-pipe
entrance conditions.

Consequently, one phase of the investigation was concerned with
the flow of a free jet of a liquid into and through a conical diffuser.
Studies were made of the effect of the ratio of the diameter of the
Jet to the diameter of the inlet of the diffuser, and the effect of
the shape of the diffuser inlet.

If the separation of the drive gas from the liquid in the separa-
tor of a jet pump is imperfect, a two-phase mixture of gas and liquid
enters the diffuser (3). It was found that the amount of gas
entrained in the liquid affects the pressure recovery characteristics
of the diffuser. Accordingly, a study was made of the effect of gas
entraimment upon the performance of a conical diffuser. In that
connection the effects of the static pressure at the diffuser inlet
and the amount of entrained gas upon the diffuser pressure recovery

were investigated.
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The experiments were performed using water and air as th. working
fluids, with diffuser inlet velocities ranging from 70 to 220 fps. A
conical diffuser with an inlet diameter of 0.400 in., an exit diameter
of 1.200 in., and a total angle of divergence of 7°, discharging into

& plenum chamber, was employed in all of the experiments.



2 REVTEW OF THE LITERATURE

A study of the literature pertinent to diffusers revealed no
references which were directly applicable to the two specific diffu-
sion problems mentioned in the Introduction. Considerable experimen-
tal and analytical work has been reported, however, concerning flow of
liquids through diffusers, and also the flow of two-phase fluids.

Gibson's investigations of the flow of water through diverging
passages (L) constitutes the first significant work performed on
diffusion flow. He Tound that the optimum pressure recovery for a
conical diffuser occurred when the total angle of divergence of the
diffuser was 6°. In his experiments the effect of the entrance
velccity was negligible over a range of values from 1.83 to 21 fps.
The inlet diameters of the diffusers employed were from 0.5 to 2 in,

A recent paper by Kline, Abbott, and Fox (6) correlates the
findings of previous investigators of diffusers so that the flow
regime to be expected for a given geometry can be predicted. These
correlations include both the flow of liquids and gases. It is also
possible, for a diffuser of given length, to predict the angle of
divergence giving the optimum pressure recovery. The actual values
for the pressure recoveries obtainable with various geometries cannot,
however, be predicted accurately, because of the large number of

variables involved.



The range of Reynolds' numbers in the experiments reported herein
falls within that of the experiments reported in Reference 6.

Robertson and Ross (10) and Peters (9) discuss the effect of the
entrance conditions upon diffuser performance; their work primarily
concerns the effect of boundary layer development on pressure recovery.
Robertson and Ross used water as a working fluid, whereas Peters
worked with air. They both found that when a boundary layer existed
at the entrance to a diffuser, the pressure recovery of the diffuser
was reduced; and the thicker the boundary layer, the larger was the
reduction in pressure recovery. According to Robertson and Ross the
effect of the entering boundary layer upon the pressure recovery was
of the same order as the effect of the angle of divergence of the
diffuser.

Chenoweth and Martin (1) present a method for calculating the

pressure drop of gas-liquid mixtures in horigontal pipes.



3 EXPERIMENTAL RESULTS

All experiments described herein were performed using water and
air as the working fluids.

Figure 2 presents a drawing of the basic diffuser apparatus
employed in the experiments. A conical diffuser was employed, with an
inlet, or throat, diameter of 0.400 in., and an exit diameter of
1.200 in., giving an area ratio of 9 to 1. The total angle of diver-
gence was 7°, which is the angle for the maximum pressure recovery (6).
The diverging, or diffusing, section was 6.54 in. long; it was pre-
ceded by a rounded, converging nozzle to furnish an approximately
uniform velocity distribution at the inlet to the diffuser.

The diffuser discharged into a 6 in. diameter plenum chamber
wvhich was 12 in. long; the reduction in the velocity of the fluid was
such that its kinetic energy was negligible. The back pressure ca the
diffuser was varied by adjusting the opening of a valve downstream
from the plenum chamber.

In the course of the several investigations, the afore-mentioned
basic apparatus was modified as will be noted. A detailed description
of the entire apparatus is presented in Reference 1l.

3-1 Description of the Free-Jet Experiments

The experimental results presented in Sections 3-2 and 3-3 are
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based on the experiments conducted with diffusers operating under
free-jet entrance conditions (see Figure 1). For convenience of
discussion the free-jet experiments will be segregated into Series I
and Series II.

3-1.1 Free-Jet Lxperiments - Series I. The Series I experiments

vere of an exploratory nature; the objective being the determination
of the parameters bhaving the greatest effect on the overall energy
recovery characteristics of a diffuser operating under free-jet
entrance conditions. The experimental program was conducted in two
parts, denoted as Series I-a and Series I-b. The Series I experiments
are discussed in Section 3-2.

3-1.2 IFree-Jet Experiments - Series II. These free-jet experi-
ments were a refinement of the method of experimentation that appeared
most promising according to the experience obtained in conducting the
Series I experiments. In the Series II experiments, the variables
vhich had little effect on the energy recovery of the diffuser in the
Series I experiments were held constant. Thus the effects of the
pertinent variables were isolated, and then investigated individually.
The Series II experiments are discussed in Section 3-3.

3-1.3 Apperstus for the Free-Jet Experiments. Two additional
pleces of apparatus were required for conducting the free-jet experi-
ments; (1) & nozzle for supplying the free jet of liquid, and (2) an
appropriate inlet to the diffuser.

Brief descriptions of the nozzles and inlets employed in the
free-jet experiments are presented in Sections 3-2 and 3-3. A

detailed description of the apparatus is presented in Reference:11.
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3-1.4 Variables Investigated in the Free-Jet Experiments. In

the experiments, the influences of the following variables were
determined:

a. The mass rate of flow of liquid through the nozzle,
denoted by M, . (ML vas varied from M, = 4 to 12 b, per
sec.)

b. The distance between the exit plane of the nozzle and
the inlet plane of the diffuser, denoted by L and termed
the nozzle-diffuser distance. (L was varied from
L = 1/8 to 2 in.)

c. The ratio 6 = DS’J./D'm’ vhere D, denotes the dismeter of

ST
the free Jjet measured at the plane of the throat of the
daiffuser, and D,m denotes the diameter of the throat of
the diffuser (see Figure 1). (6 was varied from
6 = 0.72 to 1.41.)

d. The back pressure acting on the diffuser exit sectiom,
denoted by Pp..

3-1.5 Performance Criteria for the Free-Jet Diffusers. The
overall performance of a free-jet diffuser depends upon the following
three performance criteria:

a. The capture efficiency KCAP is defined by
Koae = Mons/™, G-
vhere MCAP is the liquid flow rate captured by the
diffuser, and ML is the liquid flow rate leaving the

nozzle.
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b. The pressure recovery factor K.P is defined by

Kp = Ppe / Fryy (3-2)

where P_., is the back pressure acting on the diffuser,

PC

and PDYN is the mean dynamic pressure of the free jet.

P is defined by

DYN
F--%|p . a (3-3)
DYN A DYN
A
vhere A is the cross-sectional area of the jet at any

given plane perpendicular to the axis of the jet, and
1
Poyn = 371 (3-4)
is the dynamic pressure at ar- point in that plane. (In
P o
that the flow at the exit of the nozzle was substantially

the Series I experiments was computed on the basis

one-dimensional.)

c. The overall efficiency l(o is defined by

K = Forp Tp (5-5)

3-2 Series I Free-Jet Experiments

The object of these preliminary experiments with free-jet aif-
fusers wvas to determine the influences of the parameters listed in
Sub-section 3-1.4 on the performance of free-jet diffusers. For con-
venience of discussion the Series I free-jet experiments are divided
into two different series of experiments, denoted as Series I-a and
Series I-b.



3-2.1 Series I-a Free-Jet Experiments. In these experiments

both the mass rate of flow ML and the distance L, the distance between
the exit plane of the nozzle and the inlet plane of the diffuser (see
Figure 1) were varied. The flow rates investigated vere M, = 4, 6, 8,
10, and 12 J.bm per sec, and the nozzle-inlet distances studied were

L =1/8, 1/2, 1, 1 1/2, and 2 in. Both a converging-diverging inlet
having a 0.400 in. throat diameter, denoted as Inlet A, and a diverging
inlet having a 0.600 in. throat diameter, denoted as Inlet B, were
employed in conjunction with three nozzles, designated as Nozzle A,
Nozzle B, and Nozzle C; the exit diameters of these nozzles were

0.374, 0.406, and 0.438 in., respectively (see Table 1).

Table 1

Nozzles and Diffuser Inlets Employed
in the Series 1 Free-Jet Experiments

Nozzle Exit Diameter, in.
A 0.37k
B 0.406
c 0.438
Inlet Type Throat Diameter, in.
A Converging-Diverging 0.400
B Diverging 0.600

Referene 11 presents a detailed description of the apparatus employed

in the Series I experiments.
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All of the afore-mentioned experiments were conducted with the
discharge valve downstream from the diffuser held wide open. As a
result of that type of operation the flow conditions for a given run
determined the value of the back pressure. During an experiment the
measured variables were the liquid flow rate ML, the flow capture rate
M.,p> 80d Po,, the back pressure (in the plenum chamber) in psig.

The performance coefficients calculated from the measurements
were the capture efficiency KCAP’ the pressure recovery factor K.P, and
the overall efficiency Ko ; these coefficients are defined by
equations 3-1, 3-2, and 3-5, respectively.

Attempts to correlate the data obvained from the Series I-a
experiments on the basis of either the ratio of the nozzle exit
diameter to the inlet throat diameter, the mass rate of flow ML, or
the mean velocity of the jet \7, were unsuccessful. In general, the
results indicated that the smaller the Jjet diameter, the smaller was
the pressure recovery factor KP and the larger was the capture effi-
ciency K, .. In most cases M or V nhad little influence on the
magnitudes of Kc AP and KP. Furthermore, in most of the experiments
the nozzle-diffuser distance L appeared to have a negligible effect on
the performance coefficients; there were a few cases, however, vhere L
had a considerable influence upon them.

3-2.2 Series I-b Free-Jet Experiments. These experiments were

conducted with Nozzles A, B, and C and Inlets A and B. Each nozzle
was investigated with the two inlets. 1In all of the experiments the

nozzle-diffuser distance was maintained constant at L = 1/2 in., and
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the mass flow rate was held constant at ML =6 lbm per sec. The var-

iable was the back pressure PPC'

Since ML was constant, the dynamic pressure

Powm
stant, and it follows from the definition of the pressure recovery

was also a con-

factor K‘D , that

Kp = Ppo / PDYN @ constant x P, (3-6)

Hence, it is apparent that by varying P

BC the pressure recovery factor

K‘P was varied.

From the measurements the capture efficiency KC AP’ the pressure
recovery factor KP, and the overall efficiency Ko were readily
determined.

Figure 3 presents the overall efficiency Ko as a function of the
pressure recovery factor KP for Nozzles A, B, and C employed in con-
junction with Inlet A. Figure 4 pregsents similar curves for
Nozzles A, B, and C with Inlet B. It is apparent from referring to
Figures 3 and L4 that for each combination of nozzle and diffuser
inlet, there is a value of the pressure recovery factor KP at vhich
the overall efficiency attains its maximum value. The values of KP
and KO corresponding to that maximum depend upon the nozzle and
diffuser inlet combination.

3-3 Series 1I Free-Jet Experiments

These experiments were conducted in a manner similar to that
employed in the Series I-b experiments. M, was held constent at 6 b,
rer sec, and the nozzle-diffuser distance was maintained constant at

L = 1/h4 in.
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Nozzles of 0.350, 0.402, and 0.452 in. exit diameters, denoted as
Nozzles 1, 2, and 3, vere each employed in conjunction with three
different converging-diverging inlets, denoted as Inlets Cl, C2, and
C3, and three different diverging inlets, denoted as Inlets D1, D2,
and D3. Table 2 presents the exit diameters of Nozzles 1, 2, and 3,

and the throat diameters of the afore-mentioned inlets.

Table 2

Nozzles and Diffuser Inlets Employed
in <The Series II Free-Jet Experiments

Nozzle Exit Diameter, in.

1 0.350

2 0.ko2

3 0.452

Inlet Type Throat Diameter, in.

Cl Conve1ging-Diverging 0.332
c2 Converging-Diverging 0.415
C3 Converging-Diverging 0.500
Dl Diverging 0.332
D2 Diverging 0.415
D3 Diverging 0.500

Figure 5 illustrates the configurations of the nozzles and the
inlets employed in the Series II free-jet experiments. A typical

converging-diverging inlet is shown in Figure 5; the diverging inlets
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were fabricated by cutting off the converging portions of the
converging-diverging inlets. Figure 6 is a photograph of Nozzle 2 and
Inlet Cl, in position for the free-~jet experiments; the collar holds
the nozzle and the inlet in the desired positions relative to each
other.

A detailed description of the experimental apparatus employed in
the Series II free-jet experiments is presented in Referepnce 1l.

By employing all of the possible combinations of nozzles and
diffuser inlets, nine different values of the ratio of the free-jet
diameter to the diffuser throat diameter, hereafter called the Jet-
inlet diameter ratio 6, were investigated for each of the converging-
diverging, and the diverging inlets. The method employed for computing
the diameters of the free jets employed in these experiments is
described in Appendix B. Table 3(a) presents the values of 6 for the
nine nozzle-diffuser inlet combinations for the converging-diverging
diffuser inlets; Table 3(b) presents similar information for diffusers
employing diverging inlets. Appendix C presents the method of
determining the kinetic energies associated with the free jets of
liquid discharged from Nozzles 1, 2, and 3.

In all cases the back pressure PPC was varied so that the pres-
sure recovery factor KP varied from approximately 50 to 100 per cent.

Figure 7 presents the overall efficiency KO as a function of the
pressure recovery factor KP for Nozzles 1, 2, and 3 employed in con-
Junction with diffuser Inlets Cl, C2, and C3, with the jet-inlet
diameter ratio 6 as a parameter. Figure 8 presents similar curves

for Nozzles 1, 2, and 3 with diffuser Inlets D1, D2, and D3.
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Table 3

Values of the Jet-Inlet Diameter Ratio 6
for the Series II Free-Jet Experiments

(a) Converging-Diverging Inlets

Nozzle Inlet Cl Inlet C2 Inlet C3
1 1.14 0.91 0.76
2 1.30 1.04 0.86
3 1.4 1.13 0.94

(b) Diverging Inlets

Nozzle Inlet D1 Inlet D2 Inlet D3
1 1.09 0.87 0.72
2 1.2k 1.00 0.83
3 1.38 1.10 0.92

Figure 9 presents (KO)MAX as a function of 6 for diffusers with
converging-diverging inlets, and with diverging inlets. The curves
present the peak values of K, obtained, demoted by (KO)MAX , for each
value of 6 investigated.

3-4 Ges Entrainment Experiments

Figure 10 illustrates schematically the apparatus employed for
conducting the gas entrainment experiments. Since a detailed descrip-
tion of that apparatus is presented in Fefererce 11, only a brief
description is presented here.

All of the gas entrainment experiments were conducted under

connected-pipe conditions of entrance. An air injector located in the
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water line upstream from the diffuser, provided a means for supplying
a two-phase mixture of air and water to the diffuser. By adjusting
the control valves in the air and water supply lines upstream from the
air injector, the air and water flow rates could be varied. Figure 11
is a photograph of the experimental apparatus mounted on the test
stand for the gas entrainment experiments.

The diffusing section was preceded by a rounded, converging noz-
zle, so that the velocity at the inlet to the diffuser was approxi-
mately uniform across the stream. The diameter of the conical
diffusing section increased from 0.400 in. at the throat to 1.200 in.
at the exit section; the total angle of divergence was 7°. The
diffuser discharged into a plenum chamber. A valve downstream from
the plenum chamber was employed for controlling the back pressure, and
hence the static pressure at the throat of the diffuser, denoted by
Pm.

The pressure recovery parameter employed for these experiments is

the diffuser efficiency, defined by

K = (PPC - Pm) / %"Lvma (3-7)

where PPC and P,m

chamber and the diffuser throat, respectively, P, is the density of

are the static pressures measured at the plenum

the liquid, and V,m is the velocity of the two-phase mixture at the
throat; the flow at the throat was assumed to be one-dimensional.
The volumetric gas entrainment in the mixture crossing the throat

section 18 defined by

B =/ (@ + Q) (3-8)
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vhere Q’G and QL are the volumetric rates of flow of the gas and the
liquid, respectively, measured at the throat section of the diffuser.

Two methods for conducting the gas entrainment experiments were
investigated. In the first method the mass rate of flow of the liquid
ML was held constant while the mass rate of flow of the gas KG wvas
varied. In the second method, both the gas and the liquid flow rates
were varied in such a way that the velocity of the two-phase mixture
at the throat of the diffuser V,m was a constant. Since the second
method permitted data points to be taken over a greater range of the
values of the pertinent parameters, it was the method employed in the
experiments to be discussed. 1In all of the experiments the throat
velocity was V,m = 95 fps, and the throat pressures investigated were
Pog = 30, 40, 50, and 60 psia.

Quantities measured and calculated for each data point were PPC’
Prgs M., N;, and the temperature of the two-phase mixture at the
throat of the dittmr'rm. From these d;tcxnm determined as a
function of the volumetric gas entraimment E in the mixture crossing
the throat section of the diffuser (see equation 3-8).

Figure 12 presents the diffuser efficiency K‘D as a function of
the volumetric gas entrainment E, with the throat pressure P,m as a
parameter.

The theoretical diffuser efficiency KD for the isentropic flow of
a two-phase mixture of a gas and a liquid, with no internal tempera-
ture difference, is approximately given by

G( GTm PPC>
=1+ =—=l1- 1n == -
D * M v 2 P (3-9)
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The derivation of equation 3-9 is presented in Appendix D.

Figure 13 presents K (calculated by means of equation 3-9) as a
function of the volumetric gas entrainment E for the two-phase flow of
a mixture of water and air at throat pressures of PTH = 30 and 60 psia
and a throat velocity of V,'m = 95 fps. For comparison two of the
experimental curves presented in Figure 12 are also plotted in

Figure 13.
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4 DISCUSSION OF THE EXPERIMENTAL RESULTS

4-1 Free-Jet Experiments

Since the discharge pressure in the Series I-a free-jet experi-
ments was not controlled to give values of the pressure recovery
factor KP which could be readily compared for the various nozzle-inlet
combinations employed, little information of practical importance was
obtained from those eiiperiments. It was observed, however, that the
nozzle-inlet distance L and the liquid flow rate ML had little effect
on the performance characteristics of the diffuser. It is hypothe-
sized that variations in L and NL affected the diffuser performance
only insofar as they (1) changed the diameter of the free jet entering
the diffuser, or (2) caused gas to become entrained in the jet
entering the diffuser. The hypothesis cannot be justified without
additional experiments conducted so that tbhe back pressure is con-
trolled and the gas entrainment is measured.

Although the back pressure was varied in the Series I-b free-jet
experiments, the nozzles and inlets employed did not give a large
enough range of values for the jet-inlet diameter ratio 6, to yield
significant results regarding the influence of 6.

The Series II free-Jjet experiments indicated that each nozzle-

inlet combination, when investigated with a constant flow rate ML and
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a constant nozzle-inlet distance L, had a pressure recovery factor KP
for which the overall efficiency K, was & maximum (see Figures 7 and 8).
For the nozzle-inlet combinations employed, this value of KP vas
between 79 and 96 per cent, and the corresponding values of (KO)MAX
runged from 46 to 86.5 per cent.

It is of interest to examine the relative magnitudes of KP and
KCAP under conditions yielding high values of KO Table 4 presents
some experimental data points for which l(o was greater than 80 per
cent. It is apparent that the highest values of KO occur when xp and
KCAP are of the order of 90 and 95 per cent, respectively.

The curves obtained by plotting l(o as a function of KD for a
given nozzle-inlet combination (Figures 7 and 8) peak sharply for
values of Jjet-inlet diameter ratio 6 larger than unity. As 6 ir
decreased, however, the top of the curves flatten out. The flattening
is ascribed to the behavior of the jets for smaller values of 6; they
showed a smaller tendency to "spill over" the outside of the diffuser
inlet. The Jets for smaller values of 9 gave low values of energy
recovery, due probably to separation of the flow from the walls of the
diffuser; a jet for a small 6 does not fill the flow channel when it
enters the diffuser.

The Series II free-jet experiments also indicated that there was,
for each type of inlet investigated, a jet-inlet diameter ratio 6 for
which (Ko)mx (the peak value of K, for a given 6) had a maximum
value, Figure 9 shows that for the converging-diverging inlet, the

largest value of (KO)MAX occurs at a jet-inlet diameter ratio of



Table 4

Sample Data for the Free-Jet Experiments

(a) Converging-Diverging Inlets

Inlet Nozzle 2] K‘P Kc AP KO

c2 2 1.04 85.7 97.5 83.6

c3 3 o.94 88.6 95.5 84.6
c3 3 0.94 90.9 94.4 85.8
c3 3 0.9 94.7 86.7 82.1

(b) Diverging Inlets

Inlet Nozzle ] K‘P KCAP Ko

D3 3 0.92 89.2 97.1 85.6
D3 3 0.92 91.2 9.8 85.5
D2 1 0.87 93.5 92.4 86.4
D2 1 0.87 9.6 89.9 85.1

6 = 0.99. The corresponding value of the peak overall efficiency is
(KO)MAX = 86 per cent. For the diverging inlet the largest value of
(KO)HAX was 86.5 per cent and occurred at 6 = 0.91.

From Figure 9, it appears that for applications where 0 may at
times exceed unity, it would be desirable to employ a converging-
diverging inlet, since the latter type of inlet yields higher energy
recoveries for 6 larger than unity. The afore-mentioned conclusion is
also intuitively obvious, since the converging-diverging inlet pro-

vides a means for "funneling" a jet, having a diameter larger than
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the throat diameter of the diffuser, into the diffuser.

It is not obvious, however, that the diverging inlet would give
better energy recovery than the converging-diverging inlet for values
of jet-inlet diameter ratio 6 less than approximately unity, as is
shown in Figure 9. In fact, one would expect the two types of inlets
to yield the same values of (KO)MAX vwhen 6 is less than unity.

Accurate measurements of the amount of gas entering the diffuser
could not be made when the free-jet experiments were performed. There
is reason to believe that gas entrainment was responsible for a por-
tion of the energy losses in the diffuser, particularly when the free
Jet was considerably smaller than the diffuser inlet throat diameter.

4.2 Gas Entrainment Experiments

The results of the gas entrainment experiments agree qualita-
tively with the diffuser efficiency curves obtained assuming isentropic
two-phase flow with no internal temperature difference. In both the
experimental and the analytical results the diffuser efficiency ICD
decreases with an increase in volumetric air entrainment E. Also, for
a given value of E, KD decreases vhen the static pressure at the
throat of the diffuser P,m increases.

As can be seen from Figure 13, however, for given values of E and
throat pressure P,m there is a large difference in the values of
diffuser efficiency ch obtained from the experiment and the predicted
values based on analysis; the experimental values of KD were much
smaller than the predicted values. One may explain the disagreement

between experiment and theory on the basis discussed below.
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There are three types of energy losses associated with a two-
phase mixture flowing through a diffuser. First, is the work required
to compress the entrained gas, and that type of loss was the only one
accounted for in the theoretical analysis. Second, there is the
inherent diffuser loss, which occurs even when liquid alone is
flowing through the diffuser; for the diffuser employed in these
experiments, this loss, vhich is caused by friction and turbulent
energy dissipation, is approximately 12.7 per cent of the entering
kinetic energy. Third, there is an additional loss, which will be
called the "two-phase" loss and denoted as LTP’ vhich occurs because a
diffuser does not diffuse a two-phase fluid as efficiently as a single
fluid, even when the compression work is not considered.

Table 5 presents the values of these three losses for throat
pressures of PTH = 30 and 60 psia, and volumetric gas entrainments of
E=0, 5, 10, 15, and 20 per cent.

It should be noted that the two-phase loss is not due to
increased pressure drop in the direction of flow because of wall
friction, since it may be shown by the method of Chenoweth and
Martin (1) that for a constant throat velocity the pressure drop due
to wall friction is smaller for a two-phase flow than for a single-
phase liquid flow.

Since the two-phase loss is appreciably smaller than the other
two losses for values of volumetric gas entrainment less than 5 per
cent, the theoretical curve gives a fair approximation (within 25 per

cent) of the decrease in diffuser efficiency to be expected with
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Table 5

Energy Loss Analysis for the Gas Entrainment Experiments

(a) Prg = 30 psia Volumetric Gas Entrainment, per cent

E=0 5 10 15 20
Diffuser Efficiency, K 87.3 83.8 18.7 72.6 65.k
Inherent Loss 12.7 2.7 12.7 12.7 11l2.7
Compression Loss 0 2.8 5.9 9.1 12.6
Two-Phase Loss, Lop o} 0.7 2.7 5.6 9.3
(v) Pog = 60 psia Volumetric Gas Entrainment, per cent

E=0 5 10 15 20
Diffuser Efficiency, K, 87.3 83.2 177.7 TM.7 65.0
Inherent Loss 12.7 122.7 122.7 12.7 12.7
Compression Loss 0 3.5 T.2 1l.1 15.2
Two-Phase Loss, Lpp 0 0.6 2.4 4.5 7.1

tvo-phase flow. Therefore, if the inherent, single fluid loss is
known, the total loss may be approximated for values of volumetric gas
entrainment up to 5 per cent, if the throat velocity is approximately
95 fps. For values of volumetric gas entrainment greater than 5 per
cent, however, the total loss in efficiency will be considerably
larger than the combined compression and inherent losses.

In actual Jet pump applications, the throat velocity would be
several times that investigated in these experiments. Figure 1k
presents the diffuser efficiency KD as a function of the volumetric

gas entrainment E for the isentropic, no internal temperature
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difference flow of air and water with a throat pressure of P'.m = 30

psia. Throat velocities of V., = 95 and 300 fps are shown. It is

TH
apparent that the decrease in KD for isentropic flow is less for
diffusers with high throat velocities than for those with lower throat
velocities. Preliminary experiments showed that for the flow of only
water, the velocity had little effect on the inherent diffuser loss.
Therefore, assuming that the two-phase loss does not increase vhen the
throat velocity increases, it follows that, for a given volumetric gas
entrainment E, the diffuser efficiency KD of a two-phase diffuser
increases as the throat velocity increases.

The experimental results of Karplus (5), which came to the atten-
tion of the present investigator only after the research reported
herein had been completed, may have considerable bearing on the
results of the gas entrainment experiments.

Karplus found that the acoustic velocity of a two-phase mixture
of air and water may be very much lower than that of water alone.
Since his experiments show that the acoustic velocity of an air-water
mixture is 95 fps for a volumetric air entrainment of E = 12 per cent,
it would follow that with that air entraimment, the Mach number,
defined as the local velocity of the fluid divided by the local
acoustic velocity, a;: the throat of the diffuser during the gas
entrainment experiments would equal ome. And at values of E greater
than 12 per cent, the flow at the throat would be supersonic, i.e.,
the throat velocity would be greater than the local sonic velocity.

The exact effect such a condition would have on the diffuser
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performance ig unknowvmn, due to the limited knowledge of this type of
two-phase flow.

It was of interest, however, to attempt & correlation of the
results of the gas entrainment experiments, basing the correlation on
the Mach number at the throat of the diffuser, denoted as M,m This
was accomplished in the following manner, with full realization that
the results of the correlation may have little or no validity, because
of the limited knowledge regarding the characteristics of the two-
phase flow, and also the simplicity of the method of correlation.

It was assumed that the two-phase loss, denoted LTP’ was a func-
tion only of the Mach number at the throat of the diffuser, Mm, such

that
Ly = A ()" (4-1)

The constants A and B in equation L-l1 were evaluated for both throat
pressures of 30 and 50 psia, based on the values of the two-phase loss
appearing in Taeble 5. The correlation was made to agree exactly with
the experimental values of the two-phase losses corresponding to

E =0, 10, and 20 per cent. The results of that correlation are

i

Ppy = 30 psia: Ly, = 2.9 (M,m)l“5

Ppy = 60 psia: Ly, = 2.2 (M,m)'ho

Based on the foregoing correlation, the two-phase loss is strongly

W

dependent on the Mach number at the throat of the diffuser. Referring
to the earlier discussion of the effect that increasing the throat

velocity would have on the diffuser efficiency, it is seen that



51

although the compression loss may be smaller for a higher throat
velocity than for that investigated, the two-phase loss may become
extremely large at a higher velocity, even for fairly moderate values
of air entrainment. For example, if P,

T™H
E = 5 per cent, then, according to Karplus, M, = 2.24 and hence,

= 60 psia, Vg = 300 fps, and

employing the correlation just developed, L., = 55 per cent!

TP
It is admitted that the latter result was obtained by an argument

based on limited information. Nevertheless, it points out the

possible importance of compressibility effects in two-phase diffuser

flow.
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5 CONCLUSIONS AND RECOMMENDATIONS

5-1 Conclusions

1. It is possible to design a diffuser inlet which will enable
86.5 per cent of the kinetic energy of a free jet of liquid to be
recovered in the diffuser. (In a free-jet experiment 95.1 per cent of
the jet was captured by the diffuser and 91 per cent of the kinetic
energy of the captured jet was converted to static pressure.)

2. For maximum total energy recovery, the jet-inlet diameter
ratio should be 0.91 for a diffuser with a diverging inlet and 0.99
for a diffuser with a converging-diverging inlet.

3. Entrained gas in a free Jjet entering a diffuser is detrimen-
tal to the pressure recovery characteristics of the diffuser.

4. Por values of volumetric gas entrainment less than 5 per cent
and a throat velocity of 95 fps, the decrease in diffuser efficiency
caused by the entrained gas is approximately the same for an actual
diffuser flow as for isentropic flow with no internal temperature
difference. For values of volumetric gas entrainment greater than 5
per cent, the energy loss will be significantly larger than that for
the isentropic flow.

5. The relatively low sonic velocities encountered in two-phase
diffuser flow are a possible source of compressibility effects which

may seriously reduce the energy recovery in the diffuser.
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5=-2 Recommendations

1. Additional investigation of the effects that entrained gas
has on the diffusion of a liquid are required, since the results
reported herein indicate that gas entrainment may greatly decrease the
pregsure recovery of the diffuser. In particular, this problem must
be investigated with velocities considerably higher than those
corresponding to Mach 1 at the inlet of the diffuser.

2. Pollowing additional gas entrainment experiments, free-jet
experiments conducted with a two-phase jet rather than a liquid jet
should be conducted to obtain information on the characteristics of
two-phase diffusion flov with free~jet entrance conditions. Such
experiments will no doubt be more difficult to perform, because of the
increased number of variables. Also, it is expected that additional
"side" problems, such as the divergence of the jet, would be encoun-
tered. Such experiments are needed, however, because of the lack of

information on the characteristics of two-phase flows.
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APPENDIX A

NOMENCLATURE

cross-sectional area of the free jet, fta.

cross-gectional area of the nozzle exit, fta.

specific heat of the liquid, B/lme.

constant pressure specific heat of the gas, B/lme.

diameter of the nozzle exit, in.

diameter of the free jet, measured at the plane of the throat
of the diffuser, in.

diemeter of the throat of the diffuser, in.

volumetric gas entrainment, Q, / (QG + QL), per cent,
specific enthalpy, B/lbn.

specific heat ratio of the gas.

capture efficiency, "bAP/ML’ per cent.

diffuser efficiency, (PPC - PTK) / %nﬁana’ per cent.

overall efficiency, KCAP KP’ per cent.

peak value of the overall efficiency for a given value of the
Jet-inlet diameter ratio 6, per cent.

pressure recovery factor, PPC / f;;;, per cent.

distance between the exit plane of the nozzle and the inlet

plane of the diffuser, in.
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distance between the exit plane of the nozzle and the plane of
the throat of the diffuser, in.

"two-phase' energy loss in a two-phase diffuser, per cent.
mass rate of flow of the liquid captured by the diffuser,
lbm/sec.

mass rate of flow of the gas, lbm/sec.

mass rate of flow of the liquid, lbm/sec.

Mach number at the throat of the diffuser.

power in the pover law relationship.

pressure of the two-phase mixture, psfa.

dynamic pressure at a point in a plane perpendicular to the
axis of the free jet, psi.

nominal dynamic pressure of the free jJet, %pﬁva, psi.

mean dynamic pressure of the free Jet, psi.

static pressure in the plenum chamber of the diffuser, or back
pressure; psig (free-jet experiments), psia (gas entrainment
experiments).

static pressure at the throat of the diffuser, psia.
differential pressure measured across the air orifice meter,
psi.

differential pressure measured across the weter orifice meter,
psi.

volume rate of flow of the gas, measured at the throat of the
diffuser, ft3/sec.

volume rate of flow of the liquid, ft3/sec.
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radial distance from the center of the free jet, in.

radius of the free jet, in.

gas constant of the gas, ft-lbf/lme.

specific entropy, B/ 1b R.

change in the specific entropy between stations 1 and 2,
B/lme.

entropy of the two-phase mixture, B/R.

change in the entropy of the two-phase mixture between
stations 1 and 2, B/R.

temperature, R.

temperature of the two-phase mixture at the throat of .he
diffuser, R.

specific internal energy, B/ 1b .

velocity, fps.

mean velocity of the two-phase mixture at the throat of the
diffuser, fps.

mean velocity of the free jet, ML/ PrAvoz’ TS

expansion factor in the equation for the gas flow rate.
ratio of the diameter of the free jet, measured at the plane
of the throat of the diffuser (see Figure 1), to the diameter
of the throat of the diffuser inlet, DST/DTH.

density of the gas, 1b m/ft3'

density of the gas measured at the upstream tap of the air
orifice meter, lbm/ft3.

density of the liquid, 1bm/ft3.
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# ratio of the dynamic pressure to the nominal dynamic pressure

of the free jet, Pm/Pm'.

¢MAY maximum value of @ for a given nozzle.

Subscripts

1 throat of the diffuser (Appendix D).
2 plenum chamber (Appendix D).

G gas.

L liquid.

FC plenum chamber.

TH throat of the diffuser.
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APPENDIX B

DETERMINATION OF THE DIAMETERS OF THE FREE JETS

OF LIQUID FROM NOZZLES 1, 2, AND 3

B-1 Introduction
To correlate the data obtained from the free-jet experiments, one

must know Dm and DST’ the diameters of the throat of the diffuser and

of the free jet, respectively; the diameter D P is measured at the

S
distance Ly (see Figure 1) from the exit plane of the nozzle.

The throat diameter DTH

micrometer. The detemination of the jet diameter, however, was dif-

wvas measured with inside calipers and a

ficult for two reasons. First, the jet diverged after leaving the
nozzle, so that the diameter of the jet was not equal to the exit
diameter of the nozzle DN Second, the jet was surroundsd by a fine
spray, making it difficult to define the exact boundary of the jet.

In this appendix the photographic method employed for determining
the diameters of the free jets of liquid downstream from Nozzles 1, 2,
and 3 is presented.

B-2 Description of the Experimental Apparatus

Figure B-l is a photograph of the apparatus employed for meas-
uring the diameters of the free jets. A light, seen at the top of the

photograph, was placed directly behind the free jet, relative to the



Fig. B~1 Apparatus for the Measurement of the
Diameters of the Free Jets

52



53

camera. It was found with that arrangement the light penetrated the
afore-mentioned spray, thus making the actual boundary of the jet more
visible.

The light source was a No. 2 photoflood lamp in a reflector. A
sheet of tracing paper was fastened over the reflector, but not in
contact with the lamp, to diffuse the light from the source. The
camera was & Crown Graphic 4 x 5 press camera mounted on a tripod.

The axis of the nozzle and jet was parallel with the planes of the
lens of the camera and the film. Consequently, the dimensions of the
jet and nozzle were proportional to the respective dimensions of their
images on the film.

B-3 &pgrimntal Procedure

Photographs were taken of the jet from each nozzle at flow rates
of M = 4, 6, 8, and 10 1b_per sec. Exposures were 1/200 sec at £16
using Kodak Royal Pan film.

To facilitate the scaling of the image, an enlargement of each
photograph was made on 8 x 10 in. glossy paper. Figure B-2 presents
a smaller enlargement than that used for making the measurements.

The diameter of the nozzle exit was taken as the reference

dimension, and all other dimensions were referred to it. Thus

b on photograph _ diameter of nozzle exit on t
actual length - actual diameter of nozzle exit

The diameters of each jet were measured at positions 0.25, 0.50, 0.75,

and 1.00 in. downstream from the nozzle.
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B-4 Results

Figure B-3 presents the jet diameters as a function of the dis-
tance from the nozzle for Nozzles 1, 2, and 3, for a flow rate of
M = 6 b per sec (the value of M for the Series II free-jet experi-
ments). A smooth curve vas drawn through the data points for each
nozzle, and the jet diameters employed in the Series II free-Jjet
experiments were obtained from the smooth curves. Table B-1 presents
the values of jet diameter obtained from such curves for Nozzles 1, 2,
and 3, at distances of 0, 0.25, 0.50, 0.75, and 1.00 in. from the

nozzle.

Table B-1
Jet Diameter as a Function of the Distance
from the Nozzle for Nozzles 1, 2, and 3
Distance from Nozzle, in.
0 0.25 0.50 0.75 1.00
Nozzle 1 0.350 0.32 0.311 0.378 0.384
Nozzle 2 0.402 o.llk 0.423 0.431 0.437

Nozzle 3 0.452 0.459 0.465 0.470 0.U7h

B-5 Sources of Error
Possible sources of error in the experiments discussed herein,
are discussed below.
a. The actual boundary of the Jjet may be different from that
observed, due to refraction and reflection of light by the

Jet and the spray.
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Distortion of the photograph of the jet may be caused by
improper alignment of the camera and the nozzle, and by
improper alignment of the enlarger employed for making the

8 x 10 in. print.

The final image may be distorted due to stretching of the
film and the photographic paper during processing.

Variations in the exposure and processing of the film and
the photographic paper may cause some of the 8 x 10 in.
prints to be lighter or darker than others. If that occurs,
the photographed jet would appear either narrower or wider in
such prints than if all the prints were exposed and processed
in exactly the same manner.

Errors may be made in scaling the dimensions of the Jjet from

the enlarged photographs.
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APPENDIX C

DETERMINATION OF THE KINETIC ENERGIES OF THE FREE JETS

OF LIQUID FROM NOZZLES 1, 2, AND 3

C-1 Introduction
The pressure recovery factor KP is defined in the Series II free-

Jet experiments as

Kp = Ppc / Pryy (c-1)
where P is the dynamic pressure representing the kinetic energy of

DYN
the free jet. By definition

— ]
Poyn = KLPD!N aA (c-2)
where A 1s the cross-sectional area of the Jet at any given plane

perpendicular to the axis of the jet, and
1
Poy = 3V (c-3)

is the dynamic pressure at any point in that plane. If it is assumed

that the Jet is of circular cross-section and that V, and hence PIJYN’
is a function of the distance from the center of the jet only,

equation C-2 may be written

R
F-=2—Sr1> ar (c-4)
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vwhere R is the radius of the jet at the given plane, and r is the
distance from the center of the Jjet.

It is necessary to know the relationship between PD!N and r, so
that T’B;N- may be evaluated employing equation C-4. The method employed
for determining the afore-mentioned relationship for Nozzles 1, 2, and
3 will now be described.

C-2 Description of the Experimental Apparatus

Figure C-1 is a photograph of the apparatus employed. A total
pressure tube having an outside diameter of 0.020 in. and an inside
diameter of 0.010 in. vas mounted with its axis parallel with that of
the nozzle. The tube was mounted at the vertex of a wedge having a
total vertex angle of 20°. The wedge could be moved in the direction
rerpendicular to the axis of the nozzle. The end of the total pres-
sure tube was between O and 0.01 in. downstream from the plane of the
nozzle exit.

C-3 Experimental Procedure

The free Jets from Nozzles 1, 2, and 3 were investigated at a
flow rate of "'L =6 lbm per sec. For each jet, total pressure
readings were taken every 0.018 in. along one diameter of the jet.
Since the flow rate was not exactly the same for all of the data
points, the ratio of the dynamic pressure P. to a nominal dynamic

DYN

pressure P__ ' was calculated for each data point. This ratio is

DYN
denoted by

¢ = PDYN/PDYN' (C"S)

The nominal dynamic pressure is defined as
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R S ;- -
Pom' = P (c-6)
vhere V was calculated by the continuity equation
V= M/ oAy (c-1)

using the measured flow rate ML and the measured nozzle exit area ANOZ'

Equation C-4 may then be rewritten, in terms of § and Py’ Thus

, PR
—  *Poyn
Povn = T r¢ar (c-8)
0

Figures C-2, C-3, and C-4 prasent the total pressure ratio ¢ as a
function of the distance from the center of the jet r, as determined
experimentally, for Nozzles 1, 2, and 3, respectively.

To integrate equation C-8 analytically, the functional relation-
ship between # and r is needed. For the purpose at hand, a power law

relationship was employed. Thus
B =By (@ - 2/R)P (c-9)

For each nozzle the value of p was chosen, by trial and error, for
vhich the power law curve most closely approximated the experimental
plot of ¢ as a function of r. Since the experimental total pressure
readings were believed to be more accurate near the center of the
stream, more emphasis was placed on fitting the calculated curve to
the experimental data in that region. Figures C-2, C-3, and C-4
present the resulting power law relationships and curves for Nozzles
l, 2, and 3, respectively.

Substituting equation C-9 into equation C-8 and integrating,
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yields

P~ Pomy’ Pk I () (c-10)
C-I4 Results
When the appropriate values of ¢MAX and p for a given nozzle are
substituted into equation C-10, the ratio of P_.. to P ' is obtained.

DYN DYN
Table C-1 presents PDYN/PDYN' for Nozzles 1, 2, and 3.

Table C-1

Ratio of the Mean Dynamic Pressure
to the Nominal Dynamic Pressure
for Nozzles 1, 2, and 3

Nozzle FDTN/P%'
)| 1.084
2 1.111
3 1.060

The results presented in Table C-1 were employed in the Series II
free-jet experiments by (1) calculating Ppyy' from measurements of M,
and Agy) and (2) multiplying Pm' by the appropriate value of
-P;!;/Pm'.
C-5 Sources of Error

The two primary sources of error in the experiments described in
this appendix, are (1) inaccuracies in the measured values of the
dynamic pressure, especially near the outer edge of the jet, and
(2) errors introduced by the discrepancies between the experimental

data and the power law relationship.



APPENDIX D
THEORETICAL EFFICIENCY OF A TWO-PHASE DIFFUSER

D-1 Introduction

This appendix presents the derivation of the equations for calcu-
lating the diffuser eificiency KD for the flow of a two-phase mixture
of a liquid and a gas through a diverging diffuser.

Figure D-l1 is a schematic diagram of a two-phase diverging diffuser.
Station 1 is the entrance, or throat, cross-section of the diffuser, and
station 2 is the exit cross-section of the diffuser, corresponding to
the plenum chamber of the experimental diffusers.

D-2 Ass ions

The assumptions presented belov were employed in the analysis of
the two-phase diffuser.

(1) Tohbe flow is steady, frictionless, and one-dimensional.

(2) The gas and the liquid are uniformly mixed and travel at

the same velocity.

(3) No heat is transferred across the boundaries of the diffuser.

(k) No external work is performed by the two-pbase mixture.

(5) The cnly forces acting on the two-phase mixture are pressure

forces.

(6) There are no changes in potential energy due to elevation

changes.
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(7) The gas is perfect and has constant specific heats.

(8) The liquid is incompressible, has a constant specific heat,
and has no vapor pressure.

(9) The kinetic energy leaving the diffuser is small compared
with that entering the diffuser.

(10) The mass rate of flow of the gas is small compared with
that of the liquid.

(11) The temperature of the gas remains equal to that of the liquid
as the two-phase mixture flows through the diffuser.

D=3 Notation
At the entrance to the diffuser, station 1, let RG denote the gas

constant, C_, the specific heat of the gas, k its specific heat ratio,

P
e the density of the gas, MG the mass rate of flow of gas, A the
density of the liquid, CL its specific heat, and ML the mass rate of

flow of liquid. Assume that the gas and liquid are thoroughly mixed at
station 1, and the temperature, pressure, and velocity of the two-phase
mixture are '1'1
Let u denote specific internal energy, s specific entropy, and

s Py, and Vl, respectively.

h specific enthalpy; the subscripts G and L attached to those symbols
denote gas and 1iquid, respectively. Let S denote the entropy of the
two-phase mixture.
D-I Derivation of Equations for Diffuser Efficiency

In view of assumptions 1 through 6, the steady flow energy equa-

tion, applied between stations 1 and 2, yields
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B, P Va-V
My (ugp - “01*_' b )
Po1
- .y
+ur‘(%2-x&‘l+P2 P1+-—r2 l)-so (D-1)
vhich may be rewritten as
B-P N P, P V.- v"’ v
BT g vt e D oy -y e AR
(D-2)

Dividing equation D-2 by (V2 - V3)/2, and noting that by virtue of

assumption 7
+2 an =c 1
Vg g O PG
substitute for Yg in equation D-2, yielding

Po-h ﬁ( a"r"cn’oa)) 2‘“1.1';2)
?Li;x';a) ln&' o ;1';a ' 1" Y2 )

S8ince the kinetic energy of a fluid is proportiocnal to the square
of its velocity, essumption 9 yields

B s

1 2 1

By definition, the diffuser efficiency ‘D is given by

Kp = (P - "1)/5&. v
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It follows that

M c, (T
c(1+ P ‘"ol

Ky =1+ i - Ta2) ) s 2 (‘ilv%j.e) (D-4)

1 1l

From assumption 11, it is seen that TG = 'I'L = T. Examine the last

tern in equation D-4. For the 1iquid component Qv = C,AT, 8o that

Uy < o = Cp (T - Tp) (-5)
Substituting equation D-5 into equation D-4, yields

xD-1+:—LG-(1+

2, (1'1 - '1-2)) ) 2¢ (T1 - '1'2) (0-6)

v

1l 1

Employing assumption 10, it is noted that

¥, p (T, -T, 2¢, (T - 1)

Y '—vf—) <« (-7

1

Hence, the expression on the left-hand side of inequality D-7 may be
neglected in equation D-6 without introducing appreciable error. Thus,
equation D-6 reduces to

% 26 (1 -1) (0-8)

KD =] + "—L +
1l
Since the gas and the 1iquid remain at the same temperature as the
two-phase mixture flows through the diffuser, any transfer of heat from

the gas to the liquid is reversible. Since the flow of the mixture is
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odiabatic and frictionless, there is no change in the entropy of the
mixture, or

AS =0 (0-9)

The change in the specific entropy of the gas between stations 1

and 2 is given by

Ta P2
ASGscplnT—l-RGlnF; (D—lO)

The change in the specific entropy of the liquid between stations 1
and 2 is given by

ABL = CL in ¥ (D-ll)

Since
AS =M Bsg + My Asy

it follows from equations D-9, D-10, and D-11, that

T2 Py T
HG(CPln-T—l--Rcln-rI)+HLCLlnq=O (D-12)

Solving equation D-12 for Tz/'rl, yields

’_‘!-al 3
n

"
N
’_;ul n;u

P L
) (D-13)
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Based on assumption 10, the right hand side of equation D-13 may
be approximated by the first two terme i its exponential series ex-

pansion. Thus

. R My/M, P>
L SR o

’-]lwl-l

Equation D-1k may be further simplified by noting that assumption 10

yields
Cp nu/uL +0 x Cp (D-15)

Substituting equation D-15 into equation D-1k and rearranging, yields

ROy ¥ P
P e n s == ln = (D-16)
2 1 CL I(L Pl
Combining equations D-8 and D-16, gives
"% ( 2 Rgty Pa)
2 ) 4 == - 1n =— (D-17)
LI " " I A

1

Equation D-17 is an approximate expression for the diffuser ef-
ficiency for isentropic two-phase flow with no internal temperature
difference. It cannot be solved explicitly for KD’ but can be solved

by iteration.
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"Distribution of this report has been made in accordance with the Joint
Army-Navy-Air Force Liquid Propellant Mailing List of March 1962."



