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ABSTRACT

In cryogenic propellants, the sub-cooling of crytigeropellants contained in tanks is an impordantt effective
method for bringing down the lift-off mass of latineehicle and thus the performance of the rockginenis
greatly improved. This study presents the techiindlexperimental studies conducted on cryogeqiads such
as Liquid Oxygen, Liquid Nitrogen and Liquid Hydesgusing helium injection method. The influenceadled
Helium on the degree of sub-cooling and the variain flow rate of Helium gas admitted are discds3ée
experimental and theoretical studies indicate thatsub-cooling technique using helium injectioraisery
simple method and can be very well adopted in pleogiganks used for ground and launch vehicleiegipbns.
The overall cooling effect for rocket applicati®adlso discussed. The critical values of the namedsional
parameters and injected helium temperatures aresiisnated.
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1. INTRODUCTION spontaneously evaporate and diffuses into the keubbl
) o due to diffusional mass transfer. This mass diffasi
The cryogenic propellants namely Liquid Hydrogen occyrs due to pressuredifferential across the heliu
and Liquid Oxygen are filled in the propellant tankhe  ppple. The evaporation of liquid takes away the
mass of tank shall be as less as possible inoodkmit |5¢ent heat from the bulk liquid, there by the temgture

the total lift-off mass of launch vehicle to a mnmmim - : ; .
f bulk liquid Nit duced (Chat al., 2006;
value (Rachdiet al., 2013). This keeps the specific EI—AL;\me:g;Iandl K:-glggadlz ;%1%0)? ( &

impulse of the cryogenic Engine to a higher valliee
helium gas injected inside the propellants conthiime
the tank, reduces the temperature of the propellan
(Frederking and Clark, 1963). The density of tr@ppliants 5 gone before pre-pressurisation, the warm up of
is increased which ultimately red_uces the volume Ofliquid takes place during pre-pressurisation period
tank. Yesteryears, several experiments are conductepence it is preferred to carry out sub-cooling mfte
on the helium injection cooling. Larsest al. (1962)  pre-pressurisation (Rohsenow and Choi, 1961).
have achieved best results of the experiments by The experimental studies have been carried out on
injecting helium gas inside the oxygen tanks. Saimi | jquid Nitrogen, Liquid oxygen and Liquid Hydrogém
(1963) has achieved sub cooling of Liquid Hydro@gn  predict the influence of different factors like ineh
similar technique of helium injection. Cleagyal. (1995)  injection temperature, helium injection flow raféhe
have sub cooled liquid oxygen by injected heliunbwi  hymerical and experimental studies conducted ttyz@a
various injection flow rates (Jurns and Kudlac, @00  the rate of sub cooling and the behavior of subiego
The basic principle behind sub coolisng of shows that the rate of sub cooling increases with
cryogenic propellants is diffusional mass transfer. decrease in injection helium temperature and irseréa
When a helium bubble passes through Liquid Nitrggen helium flowrate. Also the helium injection patteptays
the liquid Nitrogen surrounding the bubble will a major role in achieving higher sub-cooling rate
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In the launch vehicle, the sub cooling of
ropellants can be done either prior to pre-
gressurisation or after pre-pressurisation of taifilks
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(Buyevich and Webbon, 1996). Circumferential inj@et ~ Therefore the vaporization due to diffusiop.gai is the

yields better results than axial injection. main drive for cooling. Liquid Nitrogen sub coolirxy
In the study, analytical and experimental methods helium injection can be characterised by diffusimiven

have been used to study the sub cooling behavior ofvaporative cooling:

Liquid Oxygen, Liquid Nitrogen and Liquid Hydrogen

which are normally being used as cryogenic ligtiils Mz = Munzn + My, diff (1)

ground andlaunch vehicle applications.

. dT(LN2) _ .. . :
m,.. =Q,- +Q, 2
2. MATERIALSAND METHODS G g ™ My * Qo @
The schematic diagram of helium injection cooling Qu = M hy (3)
systems is shown iRig. 1. The very basic principle of
sub cooling of cryogenic liquids by helium injegtids In the theoretical studies conducted three limiting
diffusional mass transfer. cases can be arrived in terms of heat and massféran

Since the injected helium gas is pure, the diffeeen aspects. First case is instantaneous heat and mass
in the partial pressure of Nitrogen in helium bebbahd  transfer in which the bulk liquid and gas are alsiaty
the vapor pressure of liquid Nitrogen causes difiusl ~ thermodynamic  phase equilibrium  state.  This
mass transfer of Nitrogen vapor into the heliumideb ~ @Pproach gives maximum sub cooling rate and the
The diffusion of Nitrogen into the helium bubbles second case is f|n|tg heat transfer and instantaneo
continues until thermodynamic phase equilibrium is Mass transfer. In this case the temperature of bulk
reached. The diffusion process brings the coolingutk ~ 1duid and gas are different due to finite heansfer.
liquid caused by the vaporization of surroundirgid. However due to the assumption of infinite mass

P . oL transfer rate, the partial pressure of the Nitrogapor
_The pher)omenop of q_|ffL_JS|on taking place duringurel at the ‘b’ surface remains equal to that of theklgads.
injection is explained iifrig. 2.

4 . The third case is finite heat and mass transfeough
In order to clearly define the partial pressurehat

: ‘ X X the finite heat and mass transfer is the most sgali
interface surface, imaginary surfaces a and b efiaetl. description of the phenomenon, the finite heatgfan
As helium bubble raises just above the injectiomtpo

. SoES X and instantaneous diffusional mass transfer model
and when it travels liquid Nitrogen gets evapordtéd  giyeg satisfactory agreement with experimental data

helium gas stream. At ‘a’ surface mole fraction of {5, small bubbles and gas with high diffusion
Nitrogen x.,,, while at ‘b’ surface, gas phase quantity of ¢qefficient such as helium (Panzarella and Kassemi,
Nitrogen is present. When helium gas is injectet in 2003; Wahab and Sanusi, 2008).

liquid Nitrogen, the partial pressure of Nitrogeaper at In the case of finite heat transfer and instantaseo
the ‘b’ surface would differ significantly from thaof diffusional mass transfer model, liquid Nitrogen
bulk gas Wh_'Ch, causes diffusional mass transfer g\ anoration rate i, is calculated with the prescribed heat
according to Fick's law of diffusion (Wallis, 1969Jhe  ransfer coefficients (gas to interfacg hquid to interface

total vaporization rate of liquid Nitrogen (@ iS  pg) net bubble surface Areagpand interface temperature
expressed as the addition of two forms of vapdonat (Ti) for a given system as given in Equation 4:

taking place. One due to heat transfer between gas

bubble and liquid Nitrogen ., and the other due to Mz = Ay (hy (T, = T,)=hy (T = T,) / hy 4)

pure diffusion My g @s given in Equation 1. The

amount of vaporization due to the heat transfemftbe Liquid Nitrogen has finite vaporization rate
helium bubble to Liquid Nitrogen is normally negb®.  depending on the net bubble surface area and the

The rate at which the bulk liquid Nitrogen enerfpaoge  relevant heat transfer coefficients (Polieigal., 2001).

is given in Equation 2 where Qgi is the heat transite  Since thermodynamic phase equilibrium in bubble
from the gas bubble to the liquid Nitrogen intefac requires the partial pressure of Nitrogen in thblbe to
Minzhig IS the latent heat transfer rate by phase chahge obe equal to the saturated vapor pressure of liquid
liquid Nitrogen and @, is the heat transfer rate into Nitrogen at particular temperature of liquid the
liquid Nitrogen from ambient. The liquid Nitrogen difference between the partial pressure of theoljén in
vaporization due to heat transferq i can be related to  the bubble and the vapor pressure of the liquithgén
Qgi is shown in Equation 3. Substituting Equatioari  propels the generated vapor into the bubble without
3 into the energy balance equation, Equation 2 thedegradation. The transferred Nitrogen vapor mixéa w
vaporization due to heat transferqay, is now cancelled.  helium gas instantaneously (Maletial., 2013).
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S pressurization of Dewar and helium injection circiair
—XHD) injecting helium inside the Dewar.
' Helium gas at constant volume flow rate was injicte
through submerged nozzles (4 nos). Each nozzlelbas
holes of 2mm diameter each. For varying the helgan
flow rate the upstream helium supply pressure veaied.
The volume flow rate of helium supply gas is meaduy
differential pressure transmitter. The heat-in-le&>ewar
was calculated from the measured Liquid Nitrogen
temperature for ambient condition where Liquid dien
exists at saturated condition (77.36 K at 1.0 &pgnd the

heat in leak value was 220W.
GHe bubbling

54 nozzle (4nos) 2.2. Experimental Procedure

Liquid Nitrogen is filled inside the Dewar by
operating the Electro pneumatic valve. During riji
process, the vent valve is kept open until thenfillis
completed upto 90% level of tank. Measurement of
Flg 1. Schematic diagram of helium injection COO|ing Syst pressure |S done by a pressure transducer Bdmtmg

‘ the experiments, the heat in leak of the tank lisutated
_a}b _ from the increase in LNtemperature and the resulting

| pressure increment over time (Bewilogtal., 1975).

| As seen fronFig. 5, larger helium injection rate brings

! out more amount of cooling. The reason is largdiune

: injection increases the helium gas fraction in boébles

| GHe and accordingly lowers the GG@raction which increases

|

|

|

|

|

LN2
the Liquid side heat transfer and net coolinghkn ¢ase 25
g/s injection rate the measured LOX temperaturehesaas
low as 75K at 4000 sec. The theoretical results and
experimental results almost matches well.
The curve with diamond marks kg. 6 is the case of
4 finite heat transfer and instantaneous mass trarisfe
/ curve with triangle marks is the case of instanbase
Interface of heat and mass transfer for comparison. This curve
LN2 and GHe indicates the maximum sub cooling of Liquid Oxygen.
i o o S The case of finite heat transfer and instantaneoass
Fig. 2. Schematic diagram of principle on helium injectimoling transfer shows much better agreement with expetahen
. data. The finite heat transfer model looks veryfulder
2.1. Experimental Set Up helium injection application (Areeratal., 2013)).)f

The schematic diagram of the experimental setup
is given inFig. 3. It consists of a Super Insulated

2.3. Parametersfor Analysis and Experiments

Dewar of 1000 liters capacity in which the testuii The difference in the Nitrogen partial pressurketium
to be sub cooled is filled. The photograph of Superbubble Ry, and the vapor pressure of Liquid Nitrogen
Insulated Dewar with fluid circuits is shown ig. 4. Psaicring) is the main source of diffusion driven evaporative

The Dewar has an inner vessel of diameter 900 nim ancooling. Two methods are conceived to increase the
shell height 1030 mm welded with semi-ellipticadteés at  difference and the net diffusion-driven evaporation
its top and bottom. The vacuum level of Super bited First method is to increase the vapor pressure. The
Dewar is maintained atx10* mbar. Axial temperature maximum vapor pressure that Liquid Nitrogen caaiatt
distribution is measured with 4 numbers of RTD type is the saturation vapor pressure correspondinghé t
temperature sensors (Greasteal., 1999). The Dewar has saturation temperature of Liquid Nitrogen. Since th
provision for filling the cryogenic liquids insidbe tank, a  vapor increases with Liquid Nitrogen temperature,
vent circuit with electropneumatic valve for renmipte saturated Liquid nitrogen is more susceptible thuhe
venting the vapors, pressurization circuit with £&dHe for injection cooling than sub-cooled one.
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Fig. 3. Schematic diagram of the experimental setup foicsnling with ambient/cold helium supply
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Fig. 4. Photograph of Super Insulated Dewar with fluiduis
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Fig. 5. Temperature of sub-cooling of LOX with variatiantielium injection flow rates (atmospheric condijio
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Fig. 6. Comparison of analytical and experiment resulth wistantaneous and finite heat transfer
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Second method is to decrease the partial pres$ure drablel. Medium of liquid: Liquid Nitrogen

nitrogen in helium bubble. To decrease the partial Parameter
pressure of nitrogen, high volume rate of helium is No Parameter variation Ref.
preferred. However, if the injected helium temperatis 1  Pressure of 1.0

higher than Liquid Nitrogen, the high mass flow Dewar, Ry
accompanies high energy influx which vaporizes Idqu in bar, a

Nitrogen by heat transfer between the warm helimech a 2 f'roevl\;urr;énggefst)'on 15,20, 25

Liquid Nitrogen. This heat induced vaporization 3 |njection helium 85,150,295  To obtain 100K,
subsequently increases gaseous nitrogen partissyme temperature [T, (K) 150K helium is
in helium bubbles. We have to consider, therefheeriet cooled in LN bath

effect of helium flow rate.
To effectively lower the partial pressure of nigogin ~ Table2. Medium of liquid: Liquid oxygen

helium bubble at high helium flow rate, low temgera Parameter

helium can be utiized (Hnat and Buckmaster, 1976)N0_Parameter variation Ref.

Theoretically if the injected helium has the same g;ﬁ?rg of 1.0

temperature with the liquid nitrogen, the vapoiaratiue to inbara

heat transfer is zero and all the injected helisrnsed to 2 Helium injection 15, 20, 25

lower the gaseous nitrogen partial pressure inlbablihe flow rate (g/s)

variation range of main parameters for experimemd 3  Injection helium 100, 150, To obtain 100K,
analysis is given ifable 1-3. temperature {, (K) 295 150K helium is

cooled in LN bath

3. RESULTS Table 3. Medium of liquid: Liquid hydrogen
. Parameter
3.1 Re&_"ts f(_)r Helium _Su_pply_ Temperature No. Parameter variation Ref.
Variation in Case of Liquid Nitrogen 1 Pressure of 1.0
. .. . Dewar, R
To examine the effect of injected helium tempemtur inbar, a
tests were conducted under atmospheric conditidh wi 2 Helium injection 30, 35, 40
helium temperature variationFigure 7 shows the flow rate (g/s)
experimental results for Liquid Nitrogen wunder 3 Injection helium 100, 150, To obtain 100K,
atmospheric condition. Three cases were studidilinhe temperature e, (K) 295 150K helium is
at 295 K, 150 K and 85K. cooled in LN bath
80
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Fig. 7. Temperature of sub-cooling of LN2 with variatienhielium injection temperature (atmospheric coonditi
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Fig. 8. Temperature of sub-cooling of LOX with variationhielium injection temperature (atmospheric coondjti
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Fig. 9. Temperature of sub-cooling of LH2 with variationhielium injection temperature (atmospheric coonditi
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3.2.Results for Helium Supply Temperature
Variation in Case of Liquid Oxygen and
Liquid Hydrogen
The results obtained by sub cooling Liquid Oxygen

and Liquid Hydrogen with injection of atmospheric
helium and cold helium is given Fig. 8 and 9.

3.3.Results for Variation in Helium Injection
Flow Rate in Case of Liquid Oxygen and
Liquid Hydrogen
The results obtained by sub cooling Liquid Oxygen

and Liquid Hydrogen with different injection flovates
of Helium gas is given ifig. 10 and 11.

4. DISCUSSION

4.1 Effect on Sub-Cooling with Varition in
Helium Supply Temperature

The degree of sub-cooling becomes more when thehelium temperature.

Also the results obtained using infinite heat tfans
and instantaneous mass transfer model shows marked
improvement compared to finite heat transfer model.

5. CONCLUSION

A very detailed Study has been -carried out
analytically and experimentally to find the effeot
cooling Liquid Nitrogen, Liquid Oxygen and Liquid
Hydrogen at atmospheric condition by varying thietin
temperature and injection flow rate of helium dasthe
case of Liquid Nitrogen and Liquid Oxygen as the
helium supply temperature is lowered the sub cgolin
rate increases, where as in the case of Liquid éhein it
is unaffected. It is noticeable that the vapormatilue to
the vapor side heat transfer and Liquid side heatster
is more or less same. Therefore for Liquid Hydrotien
cooling is unaffected. Initially saturated Liquidtiégen
sub cooling is easily achieved regardless of iegct
The finite heat transfer and

Helium gas supply temperature is reduced. The reasoinstantaneous diffusion mass transfer model isiegpl

for this effect is that the amount of heat trangférfrom
injected cold Helium gas to the bulk liquid
(LN2/LOX/LH2) is less compared to the heat transfdr
from injected to ambient Helium gas to bulk liquid.

4.2 Effect on Sub-Cooling with Varition in
Helium Injection Flowrate

The sub-cooling temperature of bulk liquid (LOX)
keeps on reducing when the Helium injection flowerist

for the analysis. The experimental results andréteal
model results are closely matching. Thus lowering
injected helium temperature is an effective meams f
lowering gaseous nitrogen partial pressure in heliu
bubble (Jalil and Sampe, 2013; Kamila, 2013). Als®
nozzle Patten plays a major role in cooling rateis|
noticeable that instead of having the nozzles alibreg
axis if it is placed radically it gives a stirrirdfect to the
bulk liquid and more surface area contact takesesla

increased. The reason is more surface area contacthis increases the cooling rate. The liquid metalling

prevails resulting in higher amunt of diffuced oryg
vapour into the Helium gas. However in the caskHi?
the degree of subcooling due to higher Helium itjec
rate is very less. The reason is less amount olingpo
due to vaporization takes place since both vapale s
and liquid side heat transfer is more or less same.

4.3.Comparision of Results with Previous
Published Materials

The previous studies conducted by Ghal. (2006)
is based on the finite heat transfer and instaotame
diffusion mass transfer model considering the ktnin
of heat transfer in a bubbling system. The abovdeho
was applied to Liquid Oxygen alone. However the

present study was conducted on various cryogenic

liquids such as Liquid Nitrogen, Liquid Oxygen and
Liquid Hydrogen using finite heat transfer and
instantaneous mass transfer model. The resultsnedta
are closely matches with the Cétcal. (2006) studies.
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is expected to open a new world for computer chip
cooling because of its evident merits over tradaio
coolant. As has been widely used in the nucleaustrgt,
liquid metal coolants would probably be adoptedhip
cooling on a large scale in the near future.

6. REFERENCES

Areerat, T., K. Hiroshi, N. Kamol and Y. Koh-En, 28
Contract broiler farming. Am. J. Econ. Bus. Admin.,
4:166-171. DOI: 10.3844/ajebasp.2012.166.171

Bewilogua, L., R. Knoner and H. Vinzelberg, 197%atl
transfer in cryogenic liquids under pressure.
Cryogenics, 15: 121-125. DOI: 10.1016/0011-
2275(75)90178-2

Buyevich, Y.A. and B.W. Webbon, 1996. Bubble
formation at a submerged orifice in reduced gravity
Chemical Eng. Sci., 51: 4843-4857. DOI:
10.1016/0009-2509(96)00323-5

AJAS



Ramesh, T. and K. Thyagarajan / American Journ&ppiied Sciences 11 (5): 707-716, 2014

Cho, N., O. Kwon, Y. Kim and S. Jeong, 2006. Larsen, P.S., J.A. Clark, W.O. Randolph and J.L.

Investigation of helium injection cooling to liquid Vaniman, 1962. Cooling of cryogenic liquids by gas

oxygen propellant chamber. Cryogenics, 46: 132-  injection. Adv. Cryog. Eng., 8: 507-520.

142. DOI: 10.1016/j.cryogenics.2005.11.002 Mahvi, AH., V. Alipour and L. Rezaei, 2013.
Cleary, N.L., KA. Holt and R.H. Flachbart, 1995. Atmospheric moisture condensation to water

Simplified liquid oxygen propellant conditioning recovery by home air conditioners. Am. J. Applied

concepts. National Aeronautics and Space  SC -1 917-923. DOL:

Administration (NASA), pp: 66. 10.3844/ajassp.2013.917.923

El-Ahmady, A. E. and A. Al-Rdade, 2013. Deformation Panzarella, C.H. and M. Kassemi’ .2093' On the glid
retracts of the reissner-nordstromspacetime and its of purely the_rmodynamlc desgrlptlons of tWQ-phase
. . . ) . cryogenic fluid storage. J. Fluid Mech., 484: 41-68
foldings. Am. J. Applied Sci., 10: 740-745. DOI: DOI: 10.1017/S0022112003004002
E dloi(3.844/6_}!aHSS£'201?&'7§0A74Ec’:| K 1963 Natural Poling, B.E., J.M. Prausnitz, O.C. John Paul an@.R.
rederking, 1.M.K. and JA. arx, - hatura Reid, 2001. The properties of Gases and Liquids. 1s
convection film boiling on a sphere. Adv. Cryog. Edn.. McGraw-Hill. New York
Eng., 8: 501-506. . Rachdi, A., L. Qoaider, M. Ben-Amara and A. Guizani
Greene, W.D., T.E. I_(_novyles and T.M. Tomsik, _1999' 2013. Experimental efficiency investigation on heat
Propellant densification for launch vehicles: recovery system used in a solar-powered
Simulation and testing. Proceedings of the 35th

_ _ desalination process. Energy Res. J., 3: 27-36: DOI
AIAA/ASME/SAE/ASEE Joint Propulsion 10.3844/erjsp.2012.27.36

Conference and Exhibit, Jun. 20-23, Los Angeles, Rohsenow. W.M. and H.Y. Choi. 1961. Heat. Mass and

Colifornia. DOI: 10.2514/6.1999-2335 _ Momentum Transfer. 1st Edn., Prentice-Hall, New
Hnat, J.G. and J.D. Buckmaster, 1976. Spherical cap Jersey, pp: 537.

bubbles and skirt formation. Phys. Fluids, 19: 182- Schmidt, A.F., 1963. Experimental investigation of

194. DOI: 10.1063/1.861445 liquid-hydrogen cooling by helium gas injection.
Jalil, M.I. A. and J. Sampe, 2013. Experimental Adv. Cryog. Eng.

investigation of thermoelectric generator modules Wahab, H.A. and H. Sanusi, 2008. Simulink model of

with different technique of cooling system. Am. J. direct torque control of induction machine. Am. J.
Eng. Applied Sci., 6: 1-7. DOL: Applied Sci., 5: 1083-1083. DOL:
10.3844/ajeassp.2013.1.7 10.3844/ajassp.2008.1083.1090

Jurns, J.M. and M.T. Kudlac, 2006. NASA glenn Wallis, G.B., 1969. One-Dimensional Two-Phase Flow.
research center creek road complex-cryogenic  1st Edn., McGraw-Hill, New York.
testing facilities. Cryogenics, 46: 98-104. DOI:
10.1016/j.cryogenics.2005.11.014
Kamila, S., 2013. Introduction, classification and
applications of smart materials: An overview. Am. J
Applied Sci., 10: 876-880. DOl:
10.3844/ajassp.2013.876.880

////4 Science Publications 716 AJAS



