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Abstract-Enhancement of subcooled critical heat flux with the use of single and multiple tangential 
injectors placed on a 1.73 cm i.d. tube is investigated in this work. In the experiments Freon-l 13 was used 
as the coolant and the heated length of the tube was varied from 8.8 to 37.1 cm. The superposition of swirl 
was studied by using single and double injectors at one axial location and by varying the distance between 
injection locations. The results of the experiments show an enhancement of up to 80% in the critical heat 
flux. It is found that injection superimposed on already swirling two-phase flow is less effective in enhancing 

CHF than injection into a non-swirling flow. 

INTRODUCTION 

IN THE last three decades, numerous studies of critical 
heat flux during forced flow boiling in tubes have 
appeared in the literature. Most of these studies have 
lead to correlations of maximum heat fluxes under a 
variety of thermal, hydraulic and geometrical con- 
ditions of the flow channels. Though much is to be 
gained by increasing the now well-accepted upper 
limit of the heat removal rate by boiling, only a few 
studies have been made in the past to push this limit 
upwards without paying excessive penalty in terms of 
the pumping power. This paper deals with super- 
position aspects of the staged swirl flow concept pro- 
posed earlier in ref. [l] for enhancing the maximum 
heat flux. 

A review of most of the existing studies on critical 
heat flux under forced flow conditions in tubes was 
performed by Boyd [2, 31. Similar reviews have earlier 
been performed among others by Hewitt [4]. From 
these reviews it can be concluded that though we have 
learned a lot about the dependence of the maximum 
heat flux on various flow parameters, as yet no mech- 
anistic model exists for the occurrence of the 
maximum heat flux. Katto [5] has correlated a large 
number of existing CHF data for axial flow through 
tubes. Recognizing that saturated and subcooled 
CHF occur under very different hydrodynamic con- 
ditions, he provides different correlations for the vari- 
ous CHF regimes. 

The earliest study on enhancing critical heat flux by 
inducing swirl in the flow was made by Gambill and 
Greene [6]. In their experiments water was used as the 
test liquid and swirl in the flow was generated by either 
a helical ramp or a tangential slot vortex generator 
placed at the test section entrance. The study was 
limited to very short (0.1 cm id. and 5 cm long tubes) 
test sections. In another study Gambill et al. 171, 

inserted a twisted tape in the tube to induce swirl. 

Both of those studies showed up to two-fold enhance- 
ment in the subcooled critical heat flux. The enhance- 
ment decreased with decreasing mass flow rate and 
was insensitive to the liquid subcooling. 

Swirling flow can also be created by tangentially 
injecting part of the fluid along the axis of the tube. 
In an early paper, Kreith and Margolis [8] suggested 
the use of tangential fluid injection to enhance single- 
phase heat transfer. The first study using this concept 
to enhance CHF in subcooled flow was made by 
Weede and Dhir [I]. In that work experiments were 
conducted with Freon- 113 flowing through resistively 
heated tubes of 1.73 cm id. Tangential injectors, of 
0.25 and 0.38 cm i.d., were placed at three, evenly 
spaced locations along the test section. Heated lengths 
of up to 35 cm were used, and fluid injection took 
place with injected mass flow to total mass flow ratios 
of up to 0.8. Several important observations made in 
that work are listed below. 

(a) A more appropriate parameter for correlating 
the enhancement in CHF is the ratio of tangential to 
total momentum flux rather than the ratio of injected 
to total mass flow rate. 

(b) With tangential injection of sufficient strength 
downstream of the tube entrance, the location of 
occurrence of CHF could be shifted from the test 
section exit to a location just upstream of the point of 
tangential injection. 

(c) Swirl flow induced enhancement in CHF decays 
nearly exponentially with distance from the point of 
injection. 

(d) Tangential injection of equal flow rates at three 
locations with injected to total mass flow rate ratio of 
0.8 resulted in a CHF enhancement of 67% in a 35 
cm long tube. 

(e) Swirl enhances CHF by inducing a centripetal 
force which pushes the vapor from the wall towards 
the center of the tube. 
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NOMENCLATURE 

a flow cross-sectional area of the test M, total momentum flux through the test 
section section, G+a/p, 

a, flow cross-sectional area of an injector iV number of injectors operational at one 
CHF critical heat flux location 
CHF, critical heat flux in pure axial flow p, injection effectiveness at location j 
CHF, critical heat flux with swirl r, liquid temperature at test section inlet 

cP1 specific heat of liquid at constant TM saturation temperature of the liquid 
pressure 9, inlet subcooling parameter, 

d internal diameter of the test section (>,‘I( T, - T,;,,)l&.. 
d, internal diameter of an injector 

G, injected mass flux at location j based on 

test section cross-sectional area Greek symbols 

G, total mass flux at test section exit based @ CHF enhancement based on total mass 
on test section cross-sectional area flux 

G0 total mass flux at test section entrance Q’, CHF enhancement based on total mass 
based on test section cross-sectional flux at test section exit due to 
area injection at location j 

h r!z latent heat of vaporization CD ,?I,,, CHF enhancement based on total mass 
I ‘excess vapor’ integral flux, at location n due to injection at 
I m,n ‘excess vapor’ integral between location m 

injection locations m and n CD m+n,l CHF enhancement based on total mass 
L Ied heated length flux, at location k due to injection at 

L, distance of injection location ,j from test locations m and n 
section exit PI density of liquid 

M, momentum flux at injection location ,i, P\ density of vapor 

(G,a)‘/p,a,V g surface tension. 

The purpose of the present work is to determine the two is the number and spacing of the injection 
as to how swirl introduced simultaneously at several 
locations along the tube axis superimposes. Also, to 

compare the enhancement in CHF resulting from 
injection at one circumferential location with that at 

two locations. The data are to be taken by varying the 
heated length, inlet subcooling, and momentum of 

injected flow. 

EXPERIMENTAL APPARATUS AN0 

PROCEDURE 

The experimental apparatus used in this study was 
essentially the same as that employed in ref. [l]. The 
Freon-l 13 loop consists of a heat exchanger, a res- 
ervoir, a centrifugal pump, 20 pm filters and a turbine 

flowmeter. The piping of the flow loop is schedule 40 
PVC. The reservoir and heat exchanger tanks are 
made of polypropylene. The valves and fittings are 
made of brass or stainless steel. The choice of 
materials was based on the ease in fabrication and 
control and compatibility with Freon-l 13. Figure 1 
shows a schematic diagram of the flow loop. 

The test section was resistively heated with current 
from a Plasmadyne P.S. 62 d.c. power supply rated at 
50 kW. The output of the power supply was controlled 
with a 115 V saturable reactor on the primary side of 
the transformer. The two test sections used in this 
work are shown in Fig. 2. The only difference between 

locations. The tube material was Inconel 600 alloy, 
cold drawn-annealed-redrawn. The tube had a 1.727 

cm i.d. and a 0.089 cm wall thickness. A brass elec- 
trical terminal was silver soldered to the tube at the 
exit and another movable brass terminal was located 

upstream. A hydrodynamic entrance region of at least 
2.5 diameters was always allowed upstream of the 
movable terminal. 

Pressure and temperature taps were installed in the 
fixed exit electrode and in the tube fitting at the 
entrance. Also, a glass sight section was located just 
downstream of the exit to allow viewing of exit flow 
conditions. Only the unheated portion of the test sec- 
tion was insulated, as insulation over the heated length 
would have interfered with the visual detection of 
CHF. Calculations on similar test sections [9] showed 
that the heat loss to the atmosphere from the heated 
length was less than 1% of the total power input. 

Details of the injector design are also shown in Fig. 
2. Brass rings, of 2.5 cm o.d. and 1.0 cm width, were 
silver soldered to the tube at the desired locations. A 
0.48 cm hole was then milled tangentially through the 
ring and the tube wall at a 70” angle to the tube axis. 
The injector tubes 0.38 cm i.d. and 2.54 cm long and 
made of stainless steel were silver soldered to the brass 
ring. The ring was deemed necessary to shunt electrical 
current past the area of injector attachment and to 
thereby render this small area unheated. 
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FIG. 1. Experimental flow loop. 

The total flow rate through the test section and was measured with a Dwyer ‘Spirahelic’ bourdon tube 

injectors was measured using a Flow Technology pressure gage. The pressure difference across the test 

‘Standard Line’ turbine flowmeter with an electronic section was monitored using Dwyer ‘Capsuhelic’ 

counter for the digital read out of the wave frequency. diaphragm pressure gages with Buna-N parts for 

A correlation of the wave frequency with Freon-l 13 Freon compatibility. The reservoir, fluid inlet and test 

flow rate was obtained from the manufacturer. The section wall temperature were measured with 30 gage 

flow rate through each injector was measured using chromel-alumel thermocouples. The thermocouples 

one or more of a bank of Dwyer VFB ‘Visi-Float’ were attached to the outer surface of the test section 

variable area flowmeters. The test section exit pressure using Epoxylite high-temperature epoxy. The epoxy 
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FIG. 2. Details of the test sections. 
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TEST SECTION NO. 7 
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was chosen for its high electrical resistivity and low 
thermal resistivity. The output of the thermocouples 

was recorded on a six channel Brush Mk 200 recorder. 
The occurrence of CHF was indicated by a rapid rise 

in temperature at one or more locations at the tube 
surface. Although this rise was often slow enough 

to permit manual power shut off before test section 
damage occurred, an automatic shut off circuit based 
on an Athena mode1 4000-B temperature controller 
[9] was used as a safety measure. The current through 
the test section was obtained from the voltage drop 
measured across a calibrated 1500 A, 50 mV shunt 

located inside the power supply. This voltage was 
continuously monitored on a Houston Instrument 

model 2000 recorder. Test section voltage drop was 
read on a Hewlett--Packard model 3465A digital mul- 

timeter. 
Prior to each run, the fluid temperature was 

adjusted to near the desired level by circulating it 
through the heat exchanger and/or by running water 

in the reservoir coils. The main pump was then started. 
The total flow rate and the individual injector flow 
rates were adjusted using the upstream gate valves 
and injector flowmeter valves. The downstream gate 
valve was used to set the test section exit pressure to 

the desired value. The d.c. power supply was then 
activated, and the current through the test section was 
increased in steps ranging in size from 300 A initially 
to 10 A as CHF was approached. Care was taken after 
each increment in power to make sure that test section 

temperature had leveled off before the current was 

further increased. This was important because, if heat 
flux was increased too quickly, the resulting sudden 
rise in surface temperature would bring about a 
premature CHF condition. It was assumed that a 
sudden rise in the output of any of the surface 
thermocouples indicated occurrence of CHF at 
that location. Once the CHF condition was recog- 
nized, the power was immediately cut off. 

Critical heat flux values were calculated based on 
test section resistance, inside surface area, and mea- 
sured current at the time of occurrence of the CHF. 
Test section resistance was found to remain constant 
as runs were made at any fixed heated length, and 
resistance measurements were taken after every 
change of heated length. Values of resistance also 

remained relatively constant with temperature in the 
range of interest and were calculated from values of 
voltage drop and current measured simultaneously 
near the onset of the CHF condition. 

RESULTS AND DISCUSSION 

The critical heat flux in 1.73 cm i.d. tubes heated 
electrically and varying in length from 8.8 to 37.1 cm 
was measured using Freon-l 13 as the test liquid. In 
a11 of the experiments the exit pressure was held at 
2.05x 10’ N m-’ while the inlet subcooling 

parameter, -. Y,, based on this exit pressure was varied 
from 0.18 to 0.30. In all of the experiments, the total 

mass tltow rate through the tube 1~~1s &%I ct)ns~an~ .! 
2107 kg m ‘s ’ and the ratio of the mass ffo;r, ca;i: 
through the injectors to the total ma>s &II+ F:L~C \+:I\ 

varied parametrically. To study the: superposrirojl \I:’ 
swirl, the experiments were conducted with iinc !. i 
both injectors operating at one axial iocatlon t tmall~ 
at the inlet). Test section No. 7 v”as 13scd !;w ~LLldIC"; 
with one ofthe twin injectors operating at one io~~aao~; 
whereas test section No. 6 was uscti when Buid 1~~~5 
injected through both the injectors. Expcrimcnts tvt’rc 
also performed by having multiple injcclions a!ong 
the axis of the tube. In the following, the discussIon 0:’ 
the specific features of the swirl tlo;\ is preceded !+ 

general observation regarding the cspcrimcnrs rncitrd- 
ing correlation of the axial tlow CH t; dat,i. .AII 01 lhc 
data arc tabulated in ref. f i 01 

Gerzerul ohsrrvation,s 

During the course of the experimental study, I$ was 

found that after repeated runs on a test section. the 
CHF would start to occur prematurely just upstream 
of the test section exit. Visual observations showed 
presence of extraneous material at the location of 
occurrence of CHF. This material could bc scraped 
off. Although it has not been unequivocally suh- 

stantiated, it is postulated that the extraneous material 
is NiCI. It is known that at temperatures reached just 
after occurrence of CHF. this compound could easily 

form from a reaction between nickel in Inconel and 
the rather loosely bonded chlorine in Freon. Freon- 
113, being an organic would not dissotve this sait 
and crystals could build up locally over the course of 
several runs. It was found that 3--5 min sponging of 
the tube interior with I M HCl would remove all 
visible crystals and enable the test section to yield 
CHF values compatible with those obtained before 

the build up was observed. 
In agreement with the existing evidence in the litera- 

turc [2. 41. the presence of air in the flow loop was 
found to lower the critical heat flux. The air in the 
loop was drawn into the system through a defective 
seal on the suction side of the pump. After correction 
of the seal and removal of air from the loop, the 
critical heat flux was found to increase back to the 
values obtained prior to failure of the seat. 

The cavitation in the injectors was also seen to iowcl 
the critical heat flux. The cavitation in the injectors 
was either caused by the presence of sharp corners in 
the Swagelok fitting connecting the injector with the 
feed lint or a crimp in the injector tube itself. After 
remedial measures to eliminate cavitation were taken. 
the magnitude of critical heat flux reached the values 
obtained prior to occurrence of cavitation. .A11 of the 
data reported here are believed to be free of these 
effects. This is also confirmed by the fact that the axial 
flow data compare well with the correlation 
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FIG. 3. CHF vs xi for twin injector entrance injection. 

proposed earlier in ref. [ 11. 
It should also be noted here that the presence of 

brass rings on the tube at the locations where injectors 
were placed did not influence the magnitude of the 
critical heat flux in any noticeable way. The observed 
critical heat fluxes under purely axial flow conditions 
in tubes with and without injector mountings (brass 
rings) were about the same. 

Injection at one axial location with both or one of the 
injectors operational 

The data presented in this section was obtained 
when the movable electrode marking the entrance to 
the heated length was clamped immediately down- 
stream of the operational injector set. Figure 3 shows 
one set of such data obtained when fluid was injected 
through both of the injectors. The critical heat flux is 
seen to increase with liquid subcooling at inlet and 
with the ratio of injected to total momentum flux. If 
enhancement in critical heat flux is defined as 

@= 
CHF, - CHF, 

CHF, 

the data such as those plotted in Fig. 3 can be re- 
plotted. Figures 4 and 5 show the enhancement as a 
function of the ratio of tube length to tube diameter 
for several MI/MT ratios and a fixed inlet quality. The 
data plotted in Fig. 4 are for the case when both 
injectors are operational while the data in Fig. 5 are 
for a single injector. It is noted that in both cases 
enhancement decreases with increasing L,/d but 
increases with increasing M1/MP However, a com- 
parison of the data (except those for small MI/MT) in 
these two figures shows that enhancement decreases 
somewhat faster with distance from injection location 
for a single injector than for the twin injectors. A 
faster decay of swirl with single injector probably 
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FIG. 4. Enhancement data for twin injector entrance 
injection. 
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FIG. 5. Enhancement data for single injector entrance 

results from the fact that a larger fraction of axially 
flowing liquid has to be entrained with injection 
through a single injector than through two injectors. 

The enhancement in CHF with both injectors is 
correlated as? 

@, = 0.92(A4,/MT)o~7(-xi)o~2e-0~059~L~~d~ (3) 

and for the single jet case the best fit to the data is 
obtained as 

@I = 0.83(M,/MT)0.7(-Xi)o.2e-0.074(Ll’d). (4) 

The larger constant in the exponent in equation (4) 
is indicative of the faster decay of swirl induced by a 
single jet. The dependence of enhancement on the 
ratio of the tangential to total momentum and the 
inlet quality is found to be the same in both cases. 
However, about a 10% larger constant in equation 
(3) may be indicative of the fact that even in the limit 
of L,/d + 0, the injection through both injectors is 
more efficient than through one of the injectors. A 
comparison of prediction from equations (3) and (4) 

t The subscript 1 refers to injection at one axial location. 
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FIG. 6. Camparison of the predictions from the correlation 
equations (3) and (4) with the data. 

with the data is made in Fig. 6. About 85% of the 
data are correlated within + 15%. 

Injection at two axial locations with both injectors 

operational at each location 

From the previous discussion. it can be inferred 
that increase in enhancement over ‘injection at 

entrance only’ values will occur when additional injec- 
tion takes place within the heated length. Figure 7 
shows enhancement data for this situation. In obtain- 

ing these data, the ratio of tangential to total momen- 
tum flux through the injectors at inlet was kept fixed 
at 0.9 while the injection rate through the second set 
of injectors and their location from inlet was varied 

parametrically. A sketch of the flow configuration is 
also shown in Fig. 7. In developing a correlation for 
enhancement in CHF due to superposition of swirl at 
two axial locations, it is postulated that injection is 
less effective when it takes place in an already swirling 

stream. Based on this postulation, the form of car- 
relation chosen is 

0 / 12 = 0.9-?[(M,.J/M,) 

+P2(M,,M,)]” ‘(I( __r,)” 2 e b l’$LJ(l d (7) 

where Mi,2ih4T represents the amount of swirl present 
at the downstream injection location (L,) due to injec- 
tion at the entrance (L,). It is calculated by first using 
equation (3) to find, Q,,, the enhancement at the exit 
of the tube due solely to injection at the entrance. 
Equation (3) is then reused to find the momentum 
flux ratlo. M,,z;M, injected downstream at I,? that 
will yield the same enhancement at exit. i.e. 

The injection eflectiveness parameter Pz depends 

on the amount of excess vapor present in the stream. 
When CHF occurs in a swirling flow. the vapor frac- 
tion is larger than that in the pure axial flow case 
because of the increased amount of vapor that is 
pushed to the middle of the tube by the swirl induced 
centripetal force. Since there is a slip between vapor 

and liquid and bubbles increase agitation in the flow, 
the presence in swirl flow of this ‘excess vapor’ will 
cause the injected fluid to be less effective in sup- 
plementing the swirl of the main flow. A phase differ- 
ence between the swirl associated with the injected 

fluid and that already existing in the tube can also 
reduce the effectiveness of the imposed swirl. The 
amount of ‘excess vapor’ in the flow at the down- 
stream injection location depends on the same swirling 
motion as does the enhancement in CHF. Its extent 
can be obtained simply by integrating the enhance- 
ment from the entrance injection location to the 
second location of injection to form the ‘excess vapor’ 
integral, I, >, as 

I 
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FIG. 7. Enhancement of critical heat flux with injection at two axial locations 
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FIG. 8. Superposition of swirl with injection at two axial 
locations. 

(7) 

Substitution from equation (3) yields 

II * = 0.92(M,/MT)0.‘0 

s L,ld 

x ( _Xi)OZ e-0.059(L’d)d(L/d). (8) 
L,ld 

The swirl effectiveness parameter Pz which pre- 
sumably also includes the effect of phase difference is 
correlated with I, 2 as 

p 2 = l.42e-0.25’12. (9) 

The dotted and solid lines in Fig. 7 show the pre- 
dictions made from equation (5) when substitution 
for P2 is made from equation (9). Over a ten fold 
variation in M,/M,, the predictions lie within 5% of 
the enhancement data obtained with Lz/d = 18.5 and 
12.49. Here it should be pointed out that in the limit 
of (L, - L,)/d --t 0, Pz + 1.42. At first glance, a value 
of P, greater than one may not seem reasonable. How- 
ever, it should be recognized that in equation (5) the 
exponent of the group of terms involving Pz is 0.7 and 
the effectiveness of the swirl increases as the number of 
injectors at a given axial location is increased. Figure 8 
shows a diagram of the process by which equation (5) 
takes into account the injection effectiveness to predict 
CHF enhancement for a typical data point. It should 
be noted here that CHF will occur at a location along 
the heated length of the tube where the predicted value 
of CHF is the lowest and not at a location where 
enhancement is the lowest. 

Extension of the prediction method to three locations 
when both injectors are operational at each location 

The methodology developed above can be easily 
extended to the case in which injection occurs at three 
locations along the tube axis. The test section sketch 

in Fig. 9 shows the flow configuration. As in the two 
location case, equation (3) is used to find, Q,, the 
enhancement at exit due to injection at L,. This in turn 
is used in equation (6) to find the local momentum 
flux ratio, M,,JMT at L1. The injection effectiveness 
parameter P, is found from equation (9) after cal- 
culating the ‘excess vapor’ integral from equation (8). 
Equation (5) is then used to find @,+*, which in this 
case is the exit enhancement due to injection at L, and 
Lz. Thereafter, the exit enhancement, @, + *, is used 
in an equation analogous to equation (6) to find, 
M , + JMT, the injection at L, that would yield @, + z 
at exit, i.e. 

M ,+&MT = [1.09@,+,(-xi)-o~2e0~059(L~id)]‘~43. 

(10) 

The expression for M , +2,XIMT can be used in an 
equation similar to equation (5) to obtain 

@ 1+2+3 = 0.92W,+,,lW 

+P,(M,/MT)]o-70(-x,)o~2e-o~059(‘~id). (11) 

The parameter P3 in equation (11) is found from the 
‘excess vapor’ integral as 

or, because some injection occurs between L, and L, 

j 

L,ld 

I 

$/d 
113 = @ d(L/d) + @ d(L/d). (13) 

L,ld k/d 

Substituting from equations (7) and (5) into equation 
(13) yields 

1,~ = 112 +0.92[(M,,,/M,)+~~(M,lM,)1°~70 

5 

L,ld 
x ( -xi)o.* L ,d (De-“.os9(L’D)d(L/d). (14) 

2 

Figure 9 shows this predictive approach. In this figure 
a comparison of the predictions with the data of 
Weede [9] is also made. In the experiment cor- 
responding to that data, the momentum flux ratio was 
set to be the same at each location. It is seen that the 
prediction compares with the data within 10%. 

Prediction of location of occurrence of CHF. The 
above discussion was focused on the prediction of 
enhancement in CHF when the critical heat flux 
occurred at the exit of the test section. However, 
depending on the relative spacing of the injectors and 
the magnitude of the injected momentum, the CHF 
could occur just upstream of any of the injectors. 
Knowing the value Q in each region and combining 
equations (1) and (2), the magnitude of the predicted 
critical heat flux along the heated length of the tube 
can be plotted. The CHF would occur at a location 
where the predicted magnitude of the critical heat flux 

is the smallest. Figure 10 shows a comparison of the 
predictions with one of the data points obtained by 
Weede [9]. It is seen that the observed location and 
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magnitude of CHF compare quite well with the pre- 
dictions. 

Optimization of enhancement with both injectors 
operational at three axial locations. The methodology 
for injection at three axial locations was used to find 
the spacing of injection locations and the momentum 
flux through each pair of injectors to maximize the 
enhancement at the test section exit. A computer pro- 
gram was developed to take the fixed parameters and 
constraints of the test section as inputs and then 
calculate the enhancement at exit for each change in 
flow rate and injection location. Two cases were 
examined. 

(1) Enough pumping power was assumed to be 
available to force all the flow through one pair of 
injectors if so desired. 

(2) An injected to total mass flow rate ratio of 0.6 
was assumed to be the maximum possible for any one 
pair of injectors. This value was chosen so as to have 

near maximum enhancement for a given pressure 
drop. 

It can be seen from Table 1 that for case (l), the 
maximum enhancement of 81% is obtained when all 
of the flow is injected through the injector pair at 
the entrance. For case (Z), the injector spacing and 
injection rates for the highest enhancement indicate 
that the maximum enhancement can be achieved 
by having the maximum injection rate through the 
farthest downstream injection location possible (L3) 
without shifting the location of occurrence of CHF. 
The remaining flow is divided between the injectors at 
L, and Lz with the middle injector set (at L,) placed 
either near the set at the entrance (at L,) or near the 
set closer to exit (at L3). 

In order to insure that CHF occurred only at exit, 
the CHF location prediction method described earlier 
was built into the computer program. It is noted from 
Table I that G0 values are almost zero. It should be 
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Table 1. Inputs, constraints, and results from enhancement optimization 

(a) Inputs 
x, = -0.24 
d = 1.73 cm 
d/4 = 4.47 
L, = 42.5 cm (L,/d = 24.59) 
L,,, = 37.13 cm 
GT = 2107 kg m-* s-’ 
Number of injection locations = 3 
Number of injectors per location = 2 

(b) Constraints 
All flow injected: G,/GT+G2/GT+GI/GT = 1 
CHF condition always at exit : 
CHF,, extt -=z CHFs, anywhere else 
L 2, mar = 39.8 cm Perform exhaustive search for maximum @ : 
L *, m,n = 1.7 cm Increments for L : 1 cm 
L J, mai = 38.8 cm Increments for G,lGr : 0.1 
L 1, m,n = 0.6 cm 
Pz > 0.1; P, 10.1 

(c) Results 
Case (1) : No constraint on maximum G,/G, at any one location : 

cp mll = 0.81 with MI/MT = 10.0 (no injection at L, or L2) 
Case (2) : G,/G, < 0.6 at any one location : 
Top six values : 

21.54 15.16 =O 0.10 0.90 3.60 0.75 
17.20 15.16 -0 0.90 0.10 3.60 0.73 
22.99 15.16 NO 0.10 0.90 3.60 0.73 
21.54 16.61 UO 0.10 0.90 3.60 0.71 
22.99 16.61 NO 0.10 0.90 3.60 0.70 
20.09 16.61 UO 0.90 0.10 3.60 0.70 

realized that these results are purely theoretical and 
with no axial flow at inlet. Also, the location of occur- 
rence of CHF may shift away from the test section 
exit at M3/kfT values significantly lower than those 
listed. 

CONCLUSIONS 

(1) The enhancement in CHF as a result of tan- 
gential injection has a power law dependence on the 
ratio of tangential to total momentum flux and decays 
exponentially with distance from location of injection. 

(2) The enhancement due to injection through one 
of the injectors at a location decays faster than with 
injection through both of the injectors at that location. 

(3) When tangential injection induced swirl is super- 
imposed on an already swirling flow, the injection is 
less effective in enhancing CHF. 

(4) The superposition methodology developed for 
multiple injections along the heated length of the tube 
can be used to predict the magnitude and location of 
occurrence of CHF in a given flow configuration. 
The methodology can also be used to maximize the 
enhancement with respect to flow parameters. 
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ACCROISSEMENT DU FLUX THERMIQUE CRITIQUE PAR SUPERPOSITION 
D’INJECTIONS INDUISANT UN TOURBILLONNEMENT 

R&sum&On etudie l’accroissement du flux critique, en sous-refroidissement, par utilisation d‘un ou 
plusieurs injecteurs tangentiels places sur un tube de 1,73 cm id. On utilise dans les experiences le Freon 
113 comme refrigerant et la longueur chauffee du tube varie entre 8,8 et 37,l cm. On itudie la superposition 
du tourbillonnement en utilisant des injecteurs simples et doubles a une position axiale et en faisant varier 
la distance entre les points d’injection. Les resultats montrent un accroissement du flux thermique critique 
allant jusqu’a 80%. On trouve que l’injection superposee a l’ecoulement diphasique tourbillonnaire est 

moins efficace que l’injection dans un tcoulement non tourbillonnaire. 

ZUR ~~BERLAGERUNG VON WIRBELN, ERZEUGT DURCH EINSPRITZUNG, 
Wb;HREND DER ERHOHUNG DER KRITISCHEN WARMESTROMDICHTE BE1 

UNTERKOHLTEM SIEDEN 

Zusammenfassung-In dieser Arbeit wird die Erhiihung der kritischen Wlrmestromdichte bei unterkiihltem 
Sieden durch einzelne oder mehrere tangentiale Diisen, die auf einem Rohr mit 1,73 cm Innendurchmesser 
montiert sind, untersucht. Die Versuche wurden mit R113 als KiihImitte.1 durchgefiihrt ; die beheizte tinge 
des Rohres wurde zwischen 8,s und 37,1 cm variiert. Die fTlberlagerung von Drallbewegungen wurde tmter 
Verwendung von Einzel- und Doppeldiisen an einer axialen Position und durch Veriindenmg des Abstandes 
zwischen den Diisen untersucht. Die Versuche ergeben eine Erhiihung der kritischen W&mestromdichte 
urn bis zu 80%. Es zeigt sich, dal3 die Einspritzung in eine Zweiphasenstriimung mit Drall eine geringere 

Erhohung bewirkt, als die Einspritzung in eine Striimung ohne Drall. 

0 BJIMXHHM OEYCJIOBJIEHHOfi MHXEKuREfi 3AKPYTKM l-lOTOKA ITPM 
WHTEHCAcPMKA~Rki KPHTWiECKOl-0 TEl-UlOBOrO I-IOTOKA l-IPM HEAOI-PEBE 

AtolOTWIll-kiCCJN?AyeTCff ysemveHse KpHTWieCKOrO TennOBOrO nOTOKa npH iIenorpeee 38 CseT 

AClIOnb30BaHWR OAHOti Hnki HeCKOAbKHX TaH~eHlWaJlbHblX HHxeKTOPOB, paClTOnOZ%eHHblX Ha Tpy& C 

BHyTpHHHM AHaMeTpOM 1,73 CM. B 3KCIlepHMeHTe B KaWCTBe Te”,IOHOCHTenll HCnOnb30BaJE4 &eOH- 

113, a narpesaeMbr1 yqacrok ~py6br mh4eHmcn 0~ 8,8 ~0 37,l CM. &iaLIMOAekTBtie mxpek u3ywnocb 

npH BCIIOnb30BaHHH CAHHWiHO~O H ABOiiHbIX HHxeKTOPOB, PaCIlOJIO~eHHbIX Ha OAHOii OCB, B3MeHRR 

paCCTO,,HHe MemAy HUM&i. 3KCIlepHMeHTaJlbHbIe p3ynbTaTbI yKa3biBalOT Ha yBeAHWHHe Kp&iTEi’ECKOrO 

TennOBOrO nOTOKa A0 80%. Hameno, 910 BAyB, HanO;rteHHbIii Ha y*e 3aBHXwHHbIfi AByXlja3Hbtfi 

IIOTOK, MeHee 3++ZKTHBeH AJIll H3MeHeHHI KpHTH’IeCKOrO Te”AOBOrO IIOTOKB, 4eM BAyB B HesaBHXpH- 

HOM ITOTOKe. 


