
jfhich existed in the experimental apparatus. I t does, however, 
yield a consistent set of solutions which is at least representative 

! 0f the actual diffuser conditions, and obviates the prr ' lem of 
; jppcifying the actual inlet void fraction for every test n. to use 
> jg input in the analysis. Also, the function of this a w y s i s is 
\ not to accurately predict values of Cp for a given diffuser con-
j figuration, but to establish the nature of Cp as a function of the 
| pertinent independent pararr : PIS in order to improve the under-
{standing of diffusers with +wo-phase flow. Finally, variation 
f of the inlet void fraction has only a second-order effect on the 
i pressure recovery in a diffuser. Calculation of pressure recovery 
* using measured diffuser inlet void fraction, a, rather than the 
j calculated inlet void fraction, <%, shows that small variation of 
I the diffuser inlet void fraction can have an effect on pressure 
j recovery; but the effects are of secondary importance compared 
j with the effect of the geometry and gas volume flow fraction /3. 

I The bubble radius rb, used in the bubbly flow analysis, was 
\ 0.0625 in., based on bubble measurements taken from photo-
> graphs of the bubbly flow. The drag coefficient, Cd, associated 

I
with a sphere of this size is 0.54, taken from experimental data 
of Haberman and Morton [21] resulting in a value of 8.65 in."1 

[or the ratio Cd/rb. The relative sensitivity of the results of this 
analysis to bubble size and drag coefficient in the range of interest 

I have been shown to be slight [14]. A significant error (the 
! order of ± 5 0 percent) in the determination of bubble size or 
i drag coefficient will not greatly affect the results. 

| A P P E N D I X B 

I Churn-TurbuEent Flow in a Diffuser 
When the two-phase flow regime changes from bubbly flow 

to churn-turbulent flow, the flow structure changes from a very 
orderly, stable flow pattern with relative uniform-sized spherical 
bubbles all moving at nearly the same velocity at a given location, 

' to a disorderly flow pattern in which some of the bubbles have 
j coalesced to form larger bubbles having a higher velocity than 
1 the smaller bubbles. The larger bubbles are not of a uniform 

size nor are they of simple shape; the}' may be nearly as small 
as the spherical bubbles, or almost as large as the flow channel. 
The motion of the gas phase in churn-turbulent flow is very 
violent, with very high levels of random motion. Because the 
flow structure is so complicated, analysis of the flow without the 
use of empirical constants and approximations will not be at
tempted here. Therefore, the variables in the equations de
rived previously for the bubbly flow regime are assumed to repre
sent the time and space averaged values of these variables at a 
given 2 location in the diffuser. This will permit using the 

» bubbly flow equations, in slightly modified form, to solve the 
churn-turbulent flow problem. 

The first modification which is made is to drop the virtual 
mass term, which applies only to spherical bubbles and is there
fore not appropriate for use in the churn-turbulent flow analysis. 
Furthermore, this term is generally negligible compared to the 
other terms in the equation. The second modification is to re
place the constant value of C'd/rb in the bubbly flow equations 
with an equivalent value of Cd/rb which is intended to describe 
the interphase drag in churn-turbulent flow. 

Both Cd and rb will cover a spectrum of values in churn-
turbulent flow, and a suitable relationship must be found to 
describe a time and space averaged value of Cd/rh. This is done 
by using an empirical equation for Cd/rb, based on churn-turbu-

* lent data of Zuber and Flench [17]. These data were obtained 
m a constant-area duct in which the net water velocity was zero, 

1 and the air was being blown upward through the water. Equa-
j tion (7), the general two-phase momentum equation for variable-
I area ducts, can be simplified to describe the constant-area duct 
j with zero liquid velocity: 

1 - (1 - a)p, = — = - — — » / , Pa « Pi ^' 
I 9c Vb 8 r 2g„ 

The form suggested by Zuber and Hench [17] for the churn-
turbulent void fraction correlation is: 

= __ fci 

" ' 1 - k,a 

The empirical relationship chosen, based on their data is: 

2.48 
v„ = ft/sec (10) 

1 — a 

Note that this expression is singular at a = 1 and should not 
be used for very large void fractions. 

Substitute this empirical relationship into equation (9) and 
solve for CdJrb: 

C 
— = 2.79(1 - a ) 3 in."1 (11) 
»'(. 

The same set of equations which was used for the solution of 
the bubbly flow problem was utilized for the solution in the 
churn-turbulent flow regime by replacing the constant value of 
Cd/rb which was used in the bubbly flow regime solution with the 
relationship of equation (11). This churn-turbulent analysis 
makes it possible to investigate the effects of varying parameters 
on the pressure recovery in the higher range of /3 covered in the 
experiments. 

The agreement between the analysis and the measured values 
of diffuser pressure recovery is generally good, with the analysis 
predicting the same trends with increasing area ratio and void 
fraction as was observed experimentally (see Figs. 15 and 16). 

D I S C U S S I O N 

R. Eichhorn8 

Hench and Johnston, in this paper, have given a valuable ad
dition to the growing bulk of literature on two-phase, air-water 
flows. The importance of the design of diffusers cannot be 
overemphasized and this work, with its parametric study of de
sign variables, will provide the practicing engineer with indis-
pensible information. 

Over the past several years some of my students and I have 
carried out research on the two-phase flow of air-water mixtures. 
For the most part, our work [22-25]9 has been concerned with the 
effect of compressibility on the flow properties, particularly when 
the flow can be classed as "supersonic." I believe some of these 
results complement the work of Hench and Johnston and I would 
like to present them here. 

All of our studies were made in convergent-divergent nozzles 
formed of parallel acrylic plates with the nozzle contour defined 
by 1/i in. thick aluminum nozzle blocks. All nozzles had a throat 
cross section measuring 1/i in. by Va in. The radius of curva
ture of each nozzle block at the throat was x/i in. 

Most of the work [22-24] was done on nozzles with a divergent 
section of opening angle 8 deg, but a series of tests [25] were also 
conducted on a convergent nozzle only, and on nozzles with 
divergent opening angles of 15, 30, and 45 deg. A few of the 
tests on the nozzle with a 15 deg opening angle were made under 
conditions in which the pressure change along the nozzle was 
small enough for the flow to be considered nearly incompressible. 
For this nozzle, the diffuser aspect ratio was 8.37 and the dimen-
sionless length, N/Wi, was 28. 

The test conditions and the results, for this case, are shown in 
Table 2. The bubble diameter at the nozzle inlet was in each 

8 Chairman, Mechanical Engineering Department, University of 
Kentucky, Lexington, Ky. Mem. ASME. 

0 Numbers in brackets designate Additional References at end of 
Discussion. 
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Table 2 Test conditions and results 

Run 
number 

81.7 
82.3 
82.4 
83.3 
83.4 
84.1 
84.2 

Run 
number 

81.7 
82.3 
82.4 
83.3 
83.4 
84.1 
84.2 

Pa 
(psia) 

62.6 
41.1 
46.6 
37.7 
39.4 
26.5 
28.9 

pt 

pa 
0.410 
0.500 
0.732 
0.726 
0.772 
0.787 
0.843 

T 
(°F) 
81 
82 
82 
71 
71 
75 
75 

Pi 
Pa 

0.394 
0.454 
0.704 
0.704 
0.756 
0.755 
0.817 

wi w0 X 103 

(lb/sec) (lb/sec) 

3.78 1.13 
2.61 1.59 
2.18 1.59 
1.78 1.96 
1.71 1.96 
1.18 2.24 
1.09 2.24 

Pi 2*. 
pa Pa 

0.843 0.57 
0.763 0.49 
0.892 0.35 
0.850 0.46 
0.882 0.46 
0.777 0.65 
0.845 0.65 

0 
0 
0 
0 
0 
0 

ft 
056 
156 
164 
263 
262 
469 

0.467 

g 
Pa 

0 
0 

23 
35 

0.28 
0 
0 
0 
0 

64 
23 
22 
17 

ft 
0.132 
0.278 
0.216 
0.328 
0.324 
0.540 
0.519 

Pi - pi 

1 
1.95 
0.88 
0.67 
0.24 
0.55 
0.1 
0.1 

ft 
0.137 
0.298 
0.223 
0.346 
0.328 
0.550 
0.527 

Xi 

(in.) 
0.1 
0.1 
0.1 
0.1 
0.1 
0.2 
0.3 

ft 
0.069 
0.202 
0.185 
0.304 
0.295 
0.543 

' 0.518 

Cp 

0.741 
0.566 
0.635 
0.493 
0.516 
0.090 
0.153 

ft + ft 
2 

0.103 
0.250 
0.204 
0.325 
0.312 
0.546 
0.522 

Cp0 

0.787 
0.636 
0.662 
0.530 
0.546 
0.099 
0.164 

fase about 0.05 in., increasing slightly at the throat. No in-
cormation on slip is available for these tests, but measurements of 
bubble velocity [23] with choked flow at the throat indicated slip 
ratios of 1.13, 1.2, and 1.25 for test conditions 81, 82, and 83, re
spectively. In addition, the complete pressure distributions 
show that the point of minimum pressure occurs somewhat 
downstream of the point of minimum area, probably a result of 
slip. This pressure, pi, was used in calculating the pressure re
covery coefficients given in Table 2 and discussed below. The 
distance downstream of the throat at which pi occurred, as well 
as the true throat pressure, are also given in Table 2. 

The dynamic pressure q was not measured. The values re
ported here were calculated from the minimum pressure in the 
diffuser using homogeneous mixture theory [5] 

1 Pi 
pa 

A r h r -
1 — Pa pa 

(1 - j8i)po (12) 

The values of fi shown in Table 2 were calculated from the 
measured mass flow ratio and the measured pressures. Except 
for runs 81.7, 82.3, and 82.4, the change in /? along the diffuser is 
small. In addition, for all runs except 81.7 and 82.3, the pressure 
ratios throughout the nozzle are greater than those determined 
experimentally as the value required to choke the flow (p*/po). 
In all runs but 81.7 the change in pressure in the diffuser is less 
than one dynamic head. The Reynolds numbers based on 
throat width and the mixture velocity, U\ = wa/paA + wi/piA, 
varied from 73,000 to 173,000 and were in the same range as the 
experiments of Hench and Johnston. 

To compare our results with those of Hench and Johnston, two 
pressure recovery coefficients are plotted in Fig. 20. The 
abscissa is the average of the gas volume flow rate ratios at the 
exit and at the point of minimum pressure. The first pressure 
recovery coefficient uses the measured pressure difference nondi-
mensionalized with the difference between the upstream stagna
tion pressure and the minimum pressure, and ignores the effect of 
compressibility. This definition is identical to that of Hench 
and Johnston. 

The second pressure recovery coefficient uses the value of q cal
culated from equation (12) as a nondimensionalizing factor. In 
the limit p/pa —>• 1, the two coefficients are identical. The dif
ference in results for most of the cases given here is slight, but all 
appear to define a single curve. This is further evidence that 
the effect of compressibility is small. The results of Renau, 
et al. [6] were used to estimate Cp at /? = 0 for our case. 
The value of 0.75 corresponds to their thinnest initial 
boundary layer. According to Renau, et al., the maximum 
pressure recovery at N/Wi = 28 occurs at A R ^ 5. Our diffuser 
thus operates somewhat above the optimum aspect ratio. Also 

T -~| 1 1 T 

D Hench and Johnston,/R= 4,N/W,s 17 
® Renau,et al. 
A Cp 

o, CpC (bars indicate range of p ) 

O.I 0.2 0.3 0.4 0.5 0.6 0.7 0.0 
/3+/S 

Fig. 2 0 Pressure recovery coefficient for 15 deg diffuse; AR = 6.37, 
N/Wi = 28 

included in Fig. 20 are Hench and Johnston's data for AR =[ I, 
N/Wi a* 17. 

The measurements reported here differ from those of He-i'-li 
and Johnston in the following respects: 

1 The diffuser depth was not large compared to its width. In 
our case, the aspect ratio of the channel cross section (widtl :•• 
depth) varied from 2.0 at the throat to 0.24 at the exit. 

2 The ratio of bubble diameter to throat width was as larg'1 ••"• 
0.4, whereas in Hench and Johnston's experiment, the ratio ivn 
about 0.06. 

3 Our diffuser was preceded by a converging section an'I ••; 
short throat region. Although this probably leads to •inn 
boundary layers, the slip at the throat was no doubt greater tr.."ii 
that in the Hench and Johnston case. 

The general trend of the pressure recovery coefficient repo '•'••.•'• 
here is similar to that observed by Hench and Johnston. 'I !•'• 
effect of the two phase flow is greater, but the level of Cp at ."'•'•' 
values of /3 appears to extrapolate well to the expected value i-'i' 
two-dimensional diffusers indicated by the work of Renau el : • 
Since this is the case, it seems unlikely that the low values of >'•'•' 
pressure recovery at high values of fj result from the small chain'''' 
aspect ratio. 

Hench and Johnston have presented a churn-turbulent 1"'>' 
analysis which agrees well with their experimental results- •• • 
N/Wi = 6. I t would be interesting to learn whether or not - • • •"* 
analysis compares as well with their results for N/Wi = 17 •,|l:'1 

if it agrees with the results I have presented here: 
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Additional Nomenclature 

CfC = pressure recovery coefficient accounting for compressibil
ity effects 

pe = stagnation pressure upstream of converging nozzle 
p, = throat pressure 
p* = pressure required to choke nozzle 
X\ = location of point of minimum pressure 
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Authors' Closure 
The authors would like to thank Professor Eichorn for his com

ments on our paper and for his interesting addition to our diffuser 
study. The work of our paper was intended to cover diffuser 
performance for incompressible two-phase flow only. Our ex
periments were carefully designed to avoid compressibility and 
the analysis also assumed incompressibility. Professor Eichorn's 
work is thu i a valuable supplement to our effort. 

The differences between Professor Eichorn's data and ours may 
be caused by the following: 

1 Our diffuser aspect ratio of 6 at the throat was chosen to 
result in a two-dimensional diffuser. Professor Eichorn's test 
section had an aspect ratio of 2 at the throat, which surely intro
duced significant three-dimensional effects. 

2 Oar flow passages were much larger than the bubble sizes, 
whereas in Professor Eichorn's experiment the throat diameter 
was close to the bubble sizes. This may have resulted in greater 
viscous force effects in his experiments. 

3 The throat design in Eichorn's experiment is considerably 
different from ours. The small size and low aspect ratio would 
tend to make the boundary layer blockage effect morepronounced; 
the shortness of the throat would also tend to make the throat 
slip ratio higher, such that the apparent pressure recovery in the 
diffuser based on homogeneous throat momentum would be 
lower. 
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