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ABSTRACT

Experimental data for the charging of an air receiver is
.présented and interpreted in detail. The data indicates a
substantidl departure from the adiabatic behavior. Tﬁe ex-~
,pgrimental results are used to evaluate existing closed form
‘expressions for the thermodynamic state of a gas in a re-
ceiver. A metpod for experimentally determining the convec~
tive heat transfer coefficient is developed, evaluated and
used in conjunction with these expressions.

The experimental work was performed from March 1969
through May 1969 at the Naval Postgraduate School, Monterey,

- California.
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I. INTRODUCTION

Systems using the charging of a receiver are often em-
ployed today. A common practice when analyzing a receiver
being charged is to assume that the process is adiabatic.
This simpiifies the governing equations for the system and
leads to a fairly straightforward expression for the state of
the gas in the vessel. During the course of the charging
process however, a substantial temperature difference ketween
the walls of the receiver ana-the gas in the receiver may
develop. Often the tank's thermal capacitance is of suffi-
cient magnitude to permit the extraction of large amounts of
energy from the gas with only a small change in the tempera-
ture at the outside surface of the tank walls. This obscures
the apparent effect of heat transfer, for the absence of a
noticeable temperature change at the outside of the receiver
walls may lend credence to the adiabatic assumption whereas
actually large amounts of heat are being transferred from the
gas to the receiver walls. Errors introduced by such an
assumption may lead to serious problems. For example, if
heat transfer is neglected, calculations for determining the
amount of gas needed to charge a vessel .,av lead to a pre-
dicted value lower than that actually required.

In order to aid in the analysis of this problem Reynolds
[Ref. 1] developed a theory which includes the effects of
heat transfer for determining the thermodvramic state of gas

in a receiver during the chargin ess. He develoned four
" PRECEDIG PAGE UK
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closed form solutions for the various magnitudes of the system
parameters. Using his criteria to determine the prover closed
form solution, many charging processes may be analyzed with-
out excegsive difficulty. The accuracy of these solutions de-
pends to a great extent on the accuracy with which the average
convective heat transfer coefficients can be estimated for the
.charging process.

In ‘his experimental investigation of the blowdown process
[Ref. 2] Reynolds tested his theory using an h (average con-
vective heat transfer coefficient for the entire blowdown
process) determined by taking the value of his heat transfer
parameter NTU (number of thermal units, see Appendix A) which
when used in his theoretical equation of state gave the best
fit to the experimental data. These h values were on the
order of those predicted on the basis of an assumption of
steady state turbulent free convection inside the receiver,
i.e.,

AL - 13(eren) V3

Therefore Reynolds suggested the use of an h based on this
assumption in his solution to the charging process.

The problem still remains, however, that unless h is de-
termined by an independent means it is difficult to come to
any quantitative conclusions as to the accuracy of Reynolds'
theory.

| The purpose of this study has been to derive a method for
experimentally determining the average convective heat trans-

fer coefficient between the gas and the receiver, and to

12
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apply these results to three of Reynolds' closed form solu-
tions in order to evaluate their accuracy. The three closed
form solutions evaluated are for conditions where the heat
transfer from the receiver walls to the surrounding medium
can be neglected. These three cases are the ones most com-
monly encountered. The fourth of these closed form solutions
deals with the case where the walls of the receiver are very
thin and the heat transfer from the receiver walls to the am-
bient medium must be taken into account. This sclution was
not evaluated due to the difficulties in experimentally deter-
mining the average convective heat transfer coefficient be-
tween the walls of the receiver and the surrounding medium.
Also presented in this paper are representative values for
the various heat transfer parameters determined in this
undertaking.

In the following sections of this thesis the theoretical
and analytical methods and results are discussed. Following
a description of the charging system, the theoretical model
due to Reynolds is reviewed and the methods for the experi-
mental evaluation of the heat transfer coefficient are devel-
oped. The experimental results are then discussed in the
light of their relevance to Reynolds' model and their useful-
ness in engineering problems. A final section is included in
order to summarize this work and indicate some areas for

future investigation.
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II. OBJECTIVES

Experiments on the charging of a gas receiver were con-
ducted at varying flow rates and heat transfer environments,
in order to accomplish the following objectives:

(1) Evaluate the closed form solutions developed by

Reynolds to approximate the thermodvnamic state
of a gas during charging.

(2) Develop, use, and evaluate an expression for ex-

perimentally determining the average instantaneous
heat transfer coefficient in a gas receiver being

charged.

III. DESCRIPTION OF EXPERIMENTAL APPARATUS

A. GENERAL DESCRIPTION

The test apparatus (Figures 1 through 4) consisted of an
aluminum cylindrical gas receiver with a volume of 1.03 cubic
feet. The complete physical dimensions of the test apvaratus
are listed in Table 1. The vessel was designed according to

the ASME Boiler and Pressure Vessel Code for a working pres-

sure of 200 psig. Its top was removable to allow access to
the interior of the tank, using an O-Ring flange arrangement
to insure airtightness when the top was in nlace. The re-
ceiver was fitted with a flow metering device mounted in the
center of the tank top. The other fittings consisted of a
mounting for a thermocouple probe, a pressure transducer

mounting, and a bleed valve arrangement.

14
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This test receiver was mounted so as to be immersed in a
larger tank which was either open to the atmosphere or filled
with ice water depending on the particular run. Air for
charging the test tank was supplied from two 117 cubic foot
air vessels charged by an air-cooled compresscr. The supply
pressure to the flow metering device was varied from 180 psig

to 10 psig.

B. FLOW METERING

The mass flow rate for each run was determined by maintain-
ing a critical flcw through one of two nozzles or through an
orifice. These small diameter (D) devices were machined from
stainless steel in accordance with a paper by Grace and Lapple
[Ref. 3] and the discharge coefficients (CD) given in their
paper were used in these calculations. The diameter and dis-
charge coefficients are listed in Table 1. The orifice or
nozzle was mounted on the tank top in a flange type arrange-
ment that was sealed by O-Rings and connected to a 1 inch line
that lead to the supply tanks. The stagnation pressure (PO)
was read by a local pressure tap and gage arrangement mounted
just upstream of the flow metering device. The stagnation
temperature (TO) was likewise found by using a thermocouple
mounted in the flow just upstream of the metering device. It
should be noted here that for velocities of the magnitude oc-
curring in these tests, it was safe to assume that the differ-
ence between stagnation and local conditions upstream of the
orifice was negligible. Thus, assuming adiabatic flow throuah

the orifice or nozzle, the temperature and pressure values of

15
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P, and T indicated by the apparatus just described can be

0
used in the critical flow equation,

Dz
'sz—PO
D fT—a

w = .,532 C

The air to the flow metering device was controlled by a quick

acting Jamesbury ball valve.

C. TEMPERATURE MEASUREMENT

The test vessel was fitted with a thermocouple probe con-
sisting of four 40-gage copper constantan thermocouples. The
thermocouple housings were designed so as to measure as
closely as possible the local temperature at four equally
spaced heights in the receiver (Fig. 1l). The thermocouples
were arranged so that the four could be read in series, and,
at the same time, any one of the four could be read independ-
ently. The series signal was recorded on channel one of a
two channel Moseley strip chart recorder, while the signal of

the thermocouple being read singly was recorded on a contin-

.uous Brown recorder. According to the manufacturer's speci-

fications thermocouples of this type are accurate to within
+1.5°R for the temperature ranges found in these tests.

Since the thermocouple probe readings were only used qualita-
tively, no further calibration was made. As was mentioned
above, the stagnation temperature of the inlet air was read
from a single thermocouple. The signal of this 40-gage copper
constantan thermocouple was monitored on a Leeds and Northrup

recorder.

16
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D. PRESSURE MEASUREMENTS

The pressure in the test receiver was obtained by use of a
Daystrom Wiancko pressure transducer attached to the receiver
whose signal was recorded on channel two of the Moseley strip
chart recorder. The input voltage (21 volts) to the trans-
ducer was supplied by a Philco power supply and the transducer
output signal was adjusted so as to read 10 psi/in on the
Moseley recorder. The pressure transducer was calibrated
originally using a test gage and later using a dead-weight
tester., When connected to the recorder the pressure trans-
ducer registered pressures within #* 1 psi of the actual pres-

sure throughout the range of these tests.

Iv. EXPERIMENTAL PROCEDURE

The experimental program was divided into the following

three cases:

1. In the first group of runs the receiver was charged
12 times under conditions corresvonding to the ad-
iabatic case in Reynolds' theory. The runs con-
sisted of three charges at each of four vossible
supply tank pressures; 190, 180, 170 and 160 psig.
The 3/8 inch knife-edge orifice was mounted for
these tests and the total elapsed time for a run
was approximately one second. The large tank en-
circling the test receiver was open to the atmos-
phere. Thus the rapid chargings gave NTU values

which dictated the use of Reynolds' adiabatic

17
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model for theoreticaliy determining the thermodvnamic
state of the gas in the receiver throughout the run
(See Section V-3A-3).

The second group of runs corresponded to the isother-
mal case described in Reynolds' theory. The 36 runs
consisted of 3 runs at each of 12 possible supply
tank pressures ranging from 180 psig to 10 psig, in
various intervals. The 1/32 inch nozzle was mounted
in the flow metering apparatus and the run time var-
ied from 150 seconds to 75 seconds. Once again the
large tank surrounding the test tank was open to the
atmosphere. The resulting very small mass flow rates
were introduced to correspond to NTU values in the
region of 7, a lower limit for Reynolds' criteria.
The last set of runs was made with the test receiver
completely immersed in ice water contained by the
large tank. The first 9 runs were made with the

1/32 inch nozzle in place, three each at suoply pres-
sures of 180, 160 and 140 psig. The last 18 runs of
this case were made with the 1/8 inch nozzle mounted
in the tank top, three each at suppnly pressures of
180, 150, 120, 90, 60 and 30 psig. The ice bath was
to maintain the receiver walls at a constant temvera-
ture and thus present the gas with an isothermal sink
to correspond to the one described in the analytical

model..

18
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The values of the supply pressure listed above represent
the nominal charging pressure. The actual stagnation pressure
just upstream of the flow metering device was recorded for
each run.

In making a series of runs, the supply tanks were first
charged to approximately 190 psig. The system was then iso-
lated from the compressor and the test receiver was allowed
to reach equilibrium with its surrounding medium. The quick
acting valve between the supply tanks and the flow metering
device was then opened. It was kept open until the pressure
in the test tank reached a value insufficient to maintain a
critical pressure ratio across the flow meter. The valve was
then closed and a run terminated. For the succeeding run the
supply tank pressure was adjusted to the desired value and
the test receiver was vented to the atmosphere. The next run
did not commence until the temperature of the gas in the re-
ceiver (as indicated by the thermocouple orobe) reached equi-
librium with that of the tank walls and thus the surrounding
medium. Having made one pass through the supply pressures
indicated for a particular case, the supply tanks were re-
charged and the procedure repeated for a second and third
time.

Throughout the charging process the pressure and tempera-
ture history of the gas in the tank was recorded on a two

channel strip chart recorder.

19
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V. THEORETICAL CONSIDERATIONS

A., THEORY DEVELOPED BY REYNOLDSl

1. Introduction

In an analysis of the charging process one object is
to obtain the time dependent thermodynamic state of the gas
in the receiver. A common practice is to express the tempera-
ture of the gas (the dependent variable) as az function of the
mass (the independent variable). For a constant volume re-
ceiver the perfect gas law may then be used to express the
pressure as a function of the mass. Knowing the mass flow
rate the thermodynamic state of the gas as a function of time
can be described. .

With this in mind Reynolds developed the following

model for a receiver being charged:

ULLLLLLLLLLL L,
7 oo,
.j Ri\z :o':,
Lllrdiiss] N L BSR,
<
////////4 3o
// ><j.\
7 g, -
IS

The thermal capacitance of the receiver walls and any other

.internal structure is lumped into a single cavacitance

lThe nomenclature used in this section is taken from Ref-
erence ., see Appendix A for listing.
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represented by Co and equal to the product of the mass of the
capacitance and its specific heat (Cc = Mccp). The heat trans-
fer resistance between the receiver walls and the surrounding
environment is represented by R_ and the heat transfer resist-
ance between the capacitant material and the gas in the re-

ceiver is represented by R..

2. General Differential Equation for Charging

Reynolds assumes that the thermal resistance as well
as the thermal capacitance are invariant with time. He also
assumes perfect mixing of the injected gas and the gas in the
receiver, and that the walls of the receiver are at a uniform
temperature throughout. Using these assumptions he extends

his model to include all the significant energy terms as

follows:

LLLLLLLLLLL L2 L L

A m,T o
/ -o.l
(L L R:I. SR ¢ 22 1
_, aM du L.
hyw=hy 35 ae v b4 T,
U S,
Vo

Combining an enerqgy balance for the above model and the heat
transfer rate equations,
T =Ty T-T

9% = TR, 94 7 Tx

the following non-dimensional general differential equation

for the charging is obtained (see Appendix B):

21



NTU+NTU
aze+ dw* o . dT*
wM X * *® %* : *
w=M —d-ﬁ*—[ + w [2W + NTU + M IuF + CO* M ]aﬁ;‘
NTU NTU_
b opur ST, ——;(NTU+NTU LA R R |, L
CUL O o
L gge NTUsNTU,  NTUNTU,

For the case of constant mass flow rate (w* = 1) this equation

reduces to:

dér*

M T

+[C+CM*1F+CT*+C4=O {1,

where Cl' C2' C3, and C4 are constants comprised of the sys-

tem parameters NTU, NTU and CD*; defined as,

NTU = 1 = (hA)i
- - 14
Ricvw0 wocV
1 (ha)
NTU = =
0 chvwo WSy
and
C * = "% Ce .
0 MocV MocV

The parameter NTU is used by Reynolds to represent the conduct-
ance (reciprocal of resistance) of the receiver as well as to
give a measure of the rate of the process. The CO* parameter
is the ratio of the capacitance of the receiver to the initial
capacitance of the gas.

Reynolds solves equation (l) analytically, however
the resulting series solution is seen to be impractical for
many engineering applications. Fortunately in many cases the

values of the system parameters are such that a simpler closed

22
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form soluticn may be obtained. These solutions can be obtain-
ed by simplification of the series solution or by returning

to the general differential eguation for charging. In his re-
port Reynolds nonetheless chooses to develop each closed form
solution from a simplified form of his original model. A
brief description of these and their solutions are presented
in the following four sections. A complete derivation of the
general differential equation for charging as well as deriva-
tions of the closed form solutions are presented in Appendix
B.

3. Adiabatic Charging

As has been mentioned, a common method of anaiysis of
a system being charged is to assume the process is adiabatic.
This assumption of no heat transfer to or from the gas may be
found to represent the case of a high mass flow rate charging
(wo large) process fairly accurately. This may be thought of
as due to the fact that tlie gas has not had time to transfer
a substantial amount of heat to the walls before the charging
process is terminated. Even if the high mass flow rate proc-
ess is fairly lengthy, the effect of the heat transfer is
small compared to the effect of introducing large quantities
of mass during the charge. Such an assumption may also be
justified for the case where the gas has been insuliated from
the thermal capacitance of the receiver walls (h = 0). This
case corresponds to the situation where NTU is verv small,

and the following model applies:

23
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/
/ ,/,
Ll LS §
hldM du = d(Mu) #
L/
T7TTTTTT7] %
7
;j M,T ;;
S Tl

The solutions for the dimensionless temperature and nressure

are,
kT%-1
[ - |,
T* = KT} - —p— (2)
and 3
P* = KT (M*-1) + 1 . (3) 3

4. Isothermal Charc:.ig

A receiver with a large thermal capacitance (Cc

large) and either charged very slowly (w0 small) or having a

high hA wvalue, will exhibit an isothermal behaviour. The

normal temperature increase in the gas due to comvression is

not observed because the energy is extracted from the gas bv

the thermal capacitance of the receiver before it can become

significant. As described above, a system of this type will

have large values for the system parameters NTU and CO*, and ’

may be represented by the following model:
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% SRR
L2220 L

77777 TT777) LT
/] .

/7 ' . RE
T 7777777777777
24

Bt niinsl ot




UL I PO LR -

2220 o

reae g
.

The temperature ratio for charging is by definition,
T* = 1 |
and therefore,
P* = M* |

5. Charging at Constant Mass Flow with Heat Transfer

to an Isothermal Sink

In some systems the thermal capacitance of the wall
is much larger than the thermal capacitance of the gas (Co*
very large). For this case it can reasonably be assumed that
the energy extracted from the gas is not great enough to sig-
nificantly affect the temperature of the receiver walls (Tc
is a constant). Thus the analytical model is modified to
describe the heat transfer between the gas and an isothermal

sink as follows:

y LLLLLLLL L LLLL LSS
4 du_ dmu) o
/1 de - ~de
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The solutions for this case are,

kT*+NT?Té - (kTi-l-NTU+NTUT;)M*‘(1+NTU) .

1l
Ch DS A - (4}

and

(kTi+NTUT*)M*._ (kT§-1«NTﬁ+NTUT*)M*"NTU:
p* = c . 4 s

14NTU



6. Charging at Constant Mass Flow with Inside Resistance

Negligible

A system having a high conductance can be assumed to
have negligible inside heat transfexr resistance (NTU high).
This implies that the temperature of the capacitance is the
same as that of the gas and the heat transfer is between the
capacitance and the surrounding environment. That is distin-
guished from the isothermal case in that here the thermal
capacitance is finite but not large (very thin walled cylinder
for example). Since systems of this nature are not too com-
mon, Reynolds feels that the greatest wvalue of this solution
is that it supplies information for determining the effect of
capacitance on the heat transfer in a charging process. The

model for this system is:
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The solutions for this case are

14+NTU

Cx+1
0
(l+NTUw-kTi-NTUmT;)(bg¥M*) + kT} + NTU_TX

T = T+NTU_ (6)
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B. CRITERIA FOR APPLICATION OF CLOSED FCRM SOLUTIONS
In the previous four sections, closed form solutions were

developed for the state of the gas in a receiver being charged.

These solutions ware develoved by simplifying the original

model with assumptions as to the magnitude and importance of

various terms in the general solution. For example, in the

adiabatic charging case the parameter NTU is assumed to be

very small, thus the mass flow rate is large compared to the

heat transfer coefficient and a solution based on no heat

} transfer is formulated. Similar tvpes of assumctions are
made for the other three cases. Reynolds then produces quan-
titative criteria for the use of such assumpntions. These

. criteria are based on a maximum deviation of 5% in T* at the

value of M*¥* = 9, They are determined by comparing the caée

in question with the case which would give the maximum depar-

ture from this behavior. Thus the adiabatic case (no heat

r o kane s
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transfer to the walls) is compared to the case where the ca-
pacitance of the receiver walls 1is infinite, the isothermal
sink case (large amounts of heat transfer to the walls).
When the percentage T* difference between the two solutions
is plotted against NTU, the value of the twe solutions agree

5 within 5% for valuns of NTU less than .25. In a similar




fashion criteria are developed for all the closed form solu-~
tions. Some solutions have more than one possible criteria
for their use, however, only the criter.a for the three cases
tested here which are met by our exverimental system are
listed below. As mentioned before, the three closed form
sclutions evaluated here are the most useful and the criteria
for their application are those most commonly found.
Adiabatic: 0 < NTU < 0,25, all C*

0

Isothermal Sink: 0.25 < NTU < 7 Ca > 40

Isothermal: NTU > 7 Ca > 40 .

C. DETERMINATION OF CONVECTIVE HEAT TRANSFER COEFFICIENT

In oxder to test Reynolds' theory on the state of a gas
in a receiver being charged, a technique was devised to obtain
a value for the convective heat transfer coefficient in the
receiver in which the tests were run. To this end the follow-

ing model of the experimental system was constructed:

H.m
1
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dt /
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where,

m

the mass flow rate into the receiver

q = the heat transfer to the receiver walls
d(Mu) /dt = the rate of change of the internal energy

of the gas in the receiver with respect

to time

H, = the stagnation enthalpy of the entering gas
T

the temperature of the gas in the receiver

P

the pressure of the gas in the receiver
M = the mass of the gas in the receiver .

Several points should be noted here. First it was assumed
that the temperature throughout the receiver could be repre-
sented by a single value T (See discussion of imperfect mixing
section V-E). The same was true for the pressure term P. It
should also be noted that this development does not include
the case where there is heat transfer between the surrounding
medium and the walls of the receiver.

An energy balance on the receiver yields,

\
iy - q = gL
The kinetic energy of the gas in the receiver was neglected
for it can be shown that for the flow rates in this exveri-
ment, the welocity of the gas in the receiver was very small
when compared to the internal energy. Using the notation £

to represent the derivative of a function f with respect to

time, the above equation can be written as,
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Assuming the gas in the receiver is thermallv and calorif-
ically perfect,

q = ~m(ch-cpTi) - McVT (8)

where Ti is the inlet stagnation temperature of the gas. By
definition of the convective heat transfer coefficient,

hA(T—Tw) =q = -Mc T - m(ch-cDTi) .

In the same manner as T represents the average gas temperature,
Tw is used to represent the average temperature of the re-
ceiver walls. Thus the h defined here represents an average
instantaneous heat transfer coefficient for all points on the
inside of the receiver walls. The symbol A represents the
total inside area of the receiver walls. By use of the per-
fect gas law it can be seen that,

P_m T
=t T

for a constant volume system. Therefore the above equation
can be written as,

é L]
McVT(-I;)+chTi

h =
A(T—Tw)

or, using the perfect gas law again,

.V
. cvp(§)+mchi

: (9)
ALGGD T, )

The next step was to determine an expression for Tw if it
was not maintained a constant as in the isothermal sink case.
In doing so the difficult task of determining exverimentally

an accurate average wall temperature was avoided. Since, for

simplicity, no heat transfer from the outside of the receiver
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walls to the surrounding medium was assumed, an enerqgy balance

on the walls yields,
d o
a = ggM,,) = MCT,
where C is the specific heat of the walls and is assumed con-
stant. Combining this with eguation (8),
q = ~m(ch-cpTi) - Mc T = M _CT
is obtained. Integrating this equation over time from t = 0

to t = t gives,

t=t : _ (t=t . _ M
t=0 M, CT At = [ = [-m(c T c,Ty)-Me Tlat

orx

_ rt=t _d t=t
M C(T, Twc) = [i g ~ggMe,Tdt + [ 7o me T.dt .

In these tests Ti was a constant, therefore,

MwC(Tw—Tw ) = -MCVT + M

c T
0 v

0

where subscript 0 denotes the condition at time t = 0.

Solving for Tw gives

_ -MCVT+MOCVT0+M?pTi-MocpTi
Tw - M C + Tw :
W 0

Again using the perfect gas law to eliminate the term T, the

final form of the expression for Tw is obtained,

M.c
07p| (M
1 wo MwC M0 i

Equations (9) and (10) furnish a means for estimating the

ch

RMwC

[P—PO] . (10)

film coefficient h in terms of the tank pressure and gas mass
and their rates. The massive exverimental simolicity thus

introduced is the major justification for the acceptance of
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inaccuracies stemming from the definition of the heat transfer

in terms of spacial averages of gas and wall provnerties.

D, DISCUSSION OF ASSUMPTION OF NO EXTERNAL HEAT TRANSFER

In the derivation of the expression for h it was assumed
that there was no heat transfer from the outside of the re-
ceiver walls to the surrounding medium. This simplifies the

energy balance, for if there is no heat transfer from the walls

* to the outside medium, all the energy leaving the gas must be

stored in the receiver walls., This assumption is not only
valid for this experimental system, but for many pressure ves-
sels used in charging processes. A vessel capable of with-
standing a substantial pressure is likely to be constructed
with materials and dimensions that give it a fairly large
thermal capacitance when compared to that of the entering

gas. In the test receiver, for example, the thermal camac-
itance of the receiver was approximately 8.7 Btu/°R while

even at its highest mass the gas capacitance was only of the
order of .08 Btu/°R. Thus the gas temperature drop due to
heat transfer to the receiver walls would have to be extremely
large before any significant change in the wall temperature
waeg observed.

This assumption of no external heat transfer may also be
justified by considering the length of time it would take the
temperature increase due to heat transfer at the interior sur-
face to reach the outside walls. One method of analyzing this
transient conduction heat transfer problem would be to consider

the receiver walls a semi-infinite solid with heat transfer
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due to convection at the surface. Thus by determining the
time (t) required for an observable temperature change to

occur in the semi-infinite solid at a distance (x) from the

surface equal to the receiver wall thickness of 3/8 inch, some

idea of the temperature change at the outside surface of the
test tank will be obtained. According to Carslaw and Jaeger

[Ref. 4], the solution for this type of problem is given by

the equation,

<<

2
= arfc _5__)_ehx+h at erfc( X 4+ kﬁﬁa
270t 2/at

where

a = the thermal diffusivity of the material
h = h/k = the convective heat transfer coefficient/
the thermal conductivity
v = the difference between the wall temperature at
time t and a distance x from the surface and the
initial wall temperature
V = the difference between the gas temperature and the
initial wall temperature.
Using the highest value of V recorded throughout our runs
(L00°R) and a corresponding value for h we find that v is

still only approximately 1.5°R even after 2 minutes have

elapsed. Thus for our runs the assumption of no external heat

transfer during a charge is justified. This will be the case
for all receivers of thermal capacitance sufficient to store

the thermal energy, transferred from the gas, with negligible

increase in temperature.
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E. DISCUSSION OF THE EFFECTS OF IMPERFECT MIXING

In the derivation for determining h, and in the closed
form solutions derived by Reynonlds, it was assumed that the
effects of imperfect mixing could be neglected. In other
words, it was assumed that for analytical purnoses the gas
can be considered perfectly mixed so that no temperature or
pressure gradients exist. As was seen in an unpublished ex-
periment on the heat transfer in a closed container (with
similar dimensions to the test receiver) after gas injection
[Ref. 5], this is not actually the case. Temperature gra-
dients do exist and this leads to uncertainty in evaluating
the heat transfer data correctly. In order to determine the
effective temperature potential for heat transfer, use must
be made of some sort of average gas temperature so as to keep
the complexity of the experimental equipment and the data re-
duction process reasonable. If this average gas temperature
is dependent upon the degree of mixing, then the assumption
that the gas is perfectly mixed may lead to erroneous
conclusions.

In his paper [Ref. 1], Reynolds showed through the use of
a simple comparison between mixed and ummixed gas systems that
the pressure is independent of the degree of mixing in an ad-
iabatic receiver regardless of its magnitude. The magnitude
of heat transfer in these tests was never very large and,
since the average gas temperature used in the derivation for
determining h is based directly on the perfect gas law, the
temperature thus calculated is fairly independent of the de-
gree of mixing.
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Reynolds also showed that the temperature averaged with
respect to mass in such an adiabatic receiver was independent
of the degree of mixing. Realizing that this average temper-
ature would be very difficult to find experimentally, he went
on to compare the temperature averaged with respect to mass
and that averaged with respect to volume and found that the
discrepancy was so small "that use of a volume average tem-
perature in experimental investigation is entirelv satisfac-
tory."2 Therefore, the average temperature measured by the
four thermocouples connected in series at equal volumes
vertically in the tank could be used as the temperature refer-

red to as the gas temperature in the closed form solutiocns.

VI. SUMMARY OF EXPERIMENTAL RESULTS

A, FORM OF RESULTS

The data from a particular run consisted of a oressure and
temperature history for the test receiver during charging, and
values for the inlet stagnation pressure and temmerature.
From this data, using the critical flow equation, the mass
flow rate for each run was calculated and thus the mass of the
gas could be determined for any instant of time. Using this
mass and the pressure history of the run, the instantaneous
h values were determined by equations (9) and (10). The val-
ues of NTU were then calculated and used to determine which

class of closed form solution the criteria would designate

2Reference l, p. 85,
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for this run. The values of P* = P/P0 as determined bv the
appropriate closed form solution were then commared with the
experimental values. The average percentage deviation be-
tween these two values and the average value for NTU through-
out a run were then tabulated. Plots were made comvarinag the
P* values as predicted by Reynolds and those observed exveri-
mentally for representative runs, These results are in the
form cf P* versus M* = M/MO because the pressure readings
were slightly more accurate due to the uncertainties involved
in determining the temperature of a gas in motion,

The values of h used in determining NTU have been repnre-
sented by plots of the Nusselt number (NU = hL/kf) versus
the product of the Grashof and Prandtl (GRPR = L3p%foAT/
u%(cpu/wf) numbers for various runs. The subscript f here
indicates that the term was evaluated at the film temmerature,
which for this case was the mean temperature between that of
the gas and the wall. The characteristic length L of the
system was taken to be the receiver height for these

calculations.

B, HIGH MASS FLOW RATE RUNS

A series of runs was conducted with the test receiver ex-
posed to the ambient atmosphere at high mass flow rates so as
to correspond to the adiabatic closed form solution develoved
by Reynolds. The dimensionless capacitance term
C6 = CC/Mocv, used in the analytical criteria was approx-

imately 657 for all runs. Based on the criteria NTU < .25

for any value of C*, all of these runs were found to corresvpond
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to the so called "adiabatic" case. Values of 1.4 for the
ratio of specific heats of the gas (air in this case) and 1.00
for the non-dimensional inlet stagnation term T¥, (the inlet
stagnation temperature of the gas, Tﬁ_/the original tempera-

ture of the gas, To) were used in calculating the theoretical
P* values from equation (3). Figure 5 is a graphical compar-
ison of the actual and theoretical P* values for representa-~
tive runs of this type. NU versus GRPR plots for a few
typical rung of this nature are seen in figures 11, 12, 13
and 14, the pocints having been plotted at 1/10 second inter-

vals throughout the runs. Table 2 summarizes the results of

this series of tests.

C. LOW MASS FLOW RATE RUNS

A second group of runs was conducted at low mass flow
rates so as to correspond to the isothermal closed form solu-
tion proposed by Reynolds. Once again, the test receiver was
exposed to the surrounding atmospheric conditions. Reynolds'

criteria for an isothermal charge solution to hold is NTU > 7

and Cs > 40. The value of Ca for this group cof runs was

again approximately 657 and the NTU values calculated varied
from 1.8 to 14.6. Thus these runs straddle the cutoff value
of NTU = 7 and can be used to determine the validity of this
figure. The solution for an isothermal charge is simply

P* = M*, for T is a constant and therefore T* = 1. The val-
ues of P* predicted by Reynolds and those observed exveri-
mentally are compared graphically in figure 6 for represent-

ative runs of this type. The h values found in a few
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typical runs are presented by the NU versus GRPR graphs of
figure 15, 16, 17 and 18. The points in these figures repre-
sent 15 second intervals throughout the runs. Table 3 sum-

marizes the results of this series of tests.

D. ISOTHERMAL SINK RUNS

The final group of runs was made, with the test receiver
immersed in an ice bath, at intermediate mass flow rates so
as to correspond to Reynolds' isothermal sink model. The
criteria for this case is simply CS > 40. However, in order
to avoid crossing into the adiabatic or isothermal solution
regions, the value of NTU must be greater than .25 and less
than 7 respectively. It should be understcod that the ice
bath was not necessary in order to meet Reynolds' criteria:
with or without it the value of CS (approximately 629 for this
case) was large enough to dictate the isothermal sink solution.
The ice bath was employed to ensure that the temperature of
the receiver walls was a constant and that a significant tem-
perature potential existed between the receiver walls and the
gas., Values cf 1.4 for the ratio of the specific heats of the
gas and 1.00 for the dimensionless inlet temperature, Ti, as
well as for the dimensionless wall temperature, T;, (the re-
ceiver wall temperature Tc/ the original temperature of the
gas TO) were used in calculating the theoretical P* values
from equation (53). Figure 7 is a graphical comparison of the
actual and theoretical P* values for representative runs of

this type. NU versus GRPR plots for a few typical runs of

this nature are seen in figure 19, 20 and 21. The points
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were determined at 15 second intervals for figure 19, and 1
second intervals for the other twe figures. Table 4 sum-

marizes the results of this series of tests.

VII. DISCUSSION OF RESULTS

In order to systematically analvze the test results, the
following section is divided into three separate sections.
The first section is devoted to an analysis of the equation
derived for the convective heat transfer coefficient. The
results obtained when comparing the experimentally observed
values of P* to those predicted by Reynolds are then discus-
sed. The last section deals with an analysis of the convec-
tive heat transfer coefficients obtained with emphasis on the
identification of general trends that might be investigated

in a more comprehensive study on this topic alone.



A. ANALYSIS OF THE EXPRESSION FOR DETERMINING THE CONVECTIVE
HEAT TRANSFER COEFFICIENT EXPERIMENTALLY

In an earlier section the exnression

L ] V *
cVP(§)+mcDTl

h = (9)

PV
) =M
A[(MR “w]

was derived with the value for Tw’ when 1t was not considered

a constant, given by equation (19).

(Moc) " (cVV \,
T =T 4+ || [ T.~T] = |oo—e| [P-P.] (10)
w w0 ch M0 i RMWC 0

As was mentioned before, these expressions were purposelv
developed to obtain a value for h from experimentally deter-
mined data. Due to the difficulty of measuring the effective
average temperature of the gas, this term was eliminated in
the above expressions. The equation for h is thus a function
of P and M, the other terms being system varameters which were
generally held constant and known to a high degree of accuracv
throughout a run.

First, considering the expression for the wall temperature,
equation (10), it is seen that even when the temperature of
the receiver was not held constant the temperature of the walls
changed very little during a run. This can be seen by notina
the magnitude of the terms in parentheses as well as the fact
that the pressure and mass of the gas are never more than one
order of magnitude larger than their original conditions (MO,
Po). An investigation of the values calculated for T, shows

that this was indeed the case for these tests.
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Next the expression for the heat transfer coefficient it-
self will be considered. Since the derivation of this expres-

sion was centered about the fact that,

it can be seen that the numerator of exoression (9) is an ex-
pression for the heat transfer g and the denominator is the
product of the inside area of the receiver walls and the tem-
perature potential between the walls and the gas. Considering
first the denominator, it can be seen that when the tempera-
ture of the gas and that of the walls are the same, this term
is zero. Of course in this situation, the heat transfer (the
numerator of the expression) is also zero and thus as would
be expected the convective heat transfer coefficient is un-
defined. Now, examining the case where there is a finite but
small difference between the wall an. gas temperatures, as
might be the case in a low mass flow rate charging process,

it is seen that the equation for h becomes very sensitive to
errors in the temperature of the gas or of the receiver walls.
It has already been observed that the expression for the tem-
perature of the walls is insensitive to small errors in the
values of the system variables, the gas pressures and mass.
Unfortunately this is not the case for the perfect gas rela-
tion used to express the gas temperature. Even though an
error in T may seem negligible when considered on a vercentaage
basis, it is not when considering small differences between T
and Tw. For example, an error of 1°R in the temverature of

the gas will cut the value for the denominator of h in half’
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if the temperature difference i1s only 2°R. A temperature error
of this magnitude is definitely within the experimental accu-
racy of these tests, therefore one must exercise caution when
applying this equation to runs in which the temverature voten-
tial between the receiver walls and the gas is small,

The numerator of equation (9) can be analyzed in much the
same manner. As was the case with the denominator, it can be
shown (by examining the normal magnitude of the various terms)
that except for the case of small temperature differences this
expression is capable of absorbing small errors in P and M
without producing a significant error in h.

Combining these results, it is concluded that equation (9)
is insensitive to small error in P and M when the temperature
difference between the gas and the tank walls is at least of
the order of 10°R or greater. Below this walue the calculated
values of the heat transfer coefficient may be subject to
substantial error.

The effect this conclusion has on the confidence in the
results of these tests is discussed in the following sections.
The actual value of h is used only in the equation for the
value of P* in the isothermal sink solution. The runs that
correspond to this model have substantial temperature voten-
tials throughout, therefore the values of P* can be calculated
with confidence. In the other two cases considered, the val-
ues of P* are not a function of the convective heat transfer
coefficient, but rather the value of h is used in determining
the range of NTU in order to determine the varticular solution
to be employed. The values of NTU for these runs are dictated
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to a greater extent by the mass flow rate than by the convec-
tive heat transfer coefficient. For this reason, although the
values of NTU may not be exact, they can certainly be used to
evaluate the relationship between NTU and the deviation of the
theoretical P* values from those actually observed in either
of these cases.

The situation is less clear cut when it comes to inter-
preting the convective heat transfer coefficient data. The
sensitivity of the expression for h at low values of the tem-
perature potential places the numerical values for some runs
in doubt. The low mass flow rate runs in particular are
greatly affected by this uncertainty. PFor these runs the tem-
perature potential was only on the order of 10°R for the ini-
tial runs and decreased as the charging pressure was progres-
sively lowered for each successive set of runs. This does not
mean that this data is not meaningful. There is no reason to
believe that the trends indicated by such data should not be
correct; however, it must be realized that the numerical re-

sults are subject to a large range of experimental uncertainty.

B. COMPARISON OF REYNOLDS' MODELS WITH THE EXPERIMENTAL
RESULTS

1. High Mass Flow Rate Runs

As was mentioned earlier, all runs of this nature were
meant to correspond to Reynolds' adiabatic solution criteria.
The value for Cg was 657 in all cases and the calculated val-
ues of NTU were well below .25 in each run, Reynolds would

then recommend that the solution to this tvoe of charaing be
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approximated by the assumption that there was negligible heat

transfer to the receiver walls. When a comparison of the val-

ues of the dimensionless pressure as predicted by this solution

and those observed experimentally was made the deviation be-
tween the two values was of the order of 7.5% of the actual
value (see Table 2), with the theoretical value being higher
than the actual.

The discrepancy between these two figures may be at least
partially accounted for by noting that the assumption that
there is no heat transfer is not exact. Since the effect of
heat transfer is to lower the change in internal enerqgy of the
gas and thus diminish the increase in the gas temperature, a
lower gas temperature results with a subsequent reduction in
pressure. With this in mind one expects the theoretical P*
value to be higher than that actually observed, as is the case
for this data.

The parameter NTU is a measure of the thermal conductance
(h) relative to the rate of gas flow (wo). The value of NTU
should then be related to thne exactness of the assumption of
no heat transfer. A connection between NTU and the deviation
of the actual and theoretical P* values can be noted in a
single run. NTU is directly proportional to h for any vartic-
ular run, for L) is a constant. An increase in h for runs of
this sort is accompanied by an increase in the deviation (¥ig.
5). Although the quantitative relationshin between h and W
is not clear from the data for different runs, the increase in

h and W is such that their ratio, and hence NTU, increases

44



-
© e e —das

with increasing flow. The expected increase in the departure
of theory from experiment with increasing NTU is observed in
the comparisons (Fig. 8).

Reynolds proposed, on theoretical grounds, that for NTU
less than .25 the deviation between actual values of P* and
T* and those predicted by the adiabatic solution would be less
than 5% for values of M* as high as 9. In the experimental
data, this figure seemed walid at the lowest values of NTU
(=.08) recorded and appeared slightly optimistic at higher
values (10% deviation at NTU =,12). In any case, the accu-
racy of these tests was insufficient to discriminate 2 5%
deviation and the criteria developed by Reynolds is suffi-
cient for engineering calculations.

In conclusion, it has been seen that the deviation be-
tween the actual thermodynamic state of a gas and that pre-
dicted by the adiabatic solution for charaing is a function
of the actual magnitude of the heat transfer in the system.
The actual temperature and pressure were always found to be
lower than that predicted by the adiabatic solution for the
receiver. The parameter NTU proposed by Reynolds seems to be
a good measure of whether or not an adiabatic solution should
be attempted. His criteria seems satisfactory for all but
the most exacting engineering calculations as well. There is
also evidence to the fact that the values of the convective
heat transfer coefficient and the mass flow rate are not inde-

pendent in charging processes of this nature.
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2. Low Mass Flow Rate Runs

As was discussed in an earlier section, the runs of this
type were performed in order to be used in evaluating Reynolds'
isothermal model. The value for C6 in all cases was 657 and
the values of NTU ranged from 1.8 to 14.6. For values of NTU
greater than 7, Reynolds recommends the use of the isothermal
closed form solution for charging processes. When the values
of the dimensionless pressure, P*, as predicted by the isother-
mal solution and those observed exverimentally were compared
the deviation between the two values was somewhere between .5%
and 4.0% of the actual value (see Takle 3). In all cases this
deviation proved to be negative; that is, the actual pressure
and temperature were higher than those predicted in an iso~
thermal solution to the charging process.

The deviation in the isothermal values of P* and the
actual values for these runs were small and can be accounted
for by investigating the assumptions that lead to the iso-
thermal charging model. 1In this mcdel the thermal cavac-
itance of the receiver was assumed infinite while the internal
heat transfer resistance was taken to be zero. Therefore, any
tendency for the incoming gas to heat up was countered by an
immediate transfer of heat to the receiver walls. This con-~
dition was approached by charging so slowly that the gas and
the walls, initially at the same temperature, remained at that
state. This model can not be exact since the interfaces be-
tween the gas and the walls have a finite heat transfer resis-
tance, thus the resulting discrepancies between the actual and

theoretical values for P*.
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It seems reasonable to predict in view of the preceding
discussion that an increase in the heat transfer resistance
{a decrease in h) weculd lead to an increased deviation in the
isothermal and actual values for P*. Aalthough the wvalues for
h were subject o error in these runs (see section VII-A), a
definite downward trend throughout a single run was noted

(Fig. 15, 16, 17 and 18). As predicted, this decrease in h

was accompanied by an increase in the deviation of the p*
values (Fig. 6).

An examination of the effect of NTU on the deviation of
the isothermal and actual thermodynamic state of the gas was
then made. It was noted that tnhe values of h for different
runs remained constant within experimental scatter regardless
of the value of Wae Thus, unlike the adiabatic case where
the effects of changing Wg seemad tc be offset by correspond-
ing changes in h, the value of NTU for this type of charging
was inversely proportional to the value of Wy. Once again

NTU proved to be a good measure of the deviation, for as Yg

decreased the percentage deviation decreased (Fig. 9).
The criteria proposed by Reynolds suggests that for values i
of NTU larger than 7 an isothermal solution for a charging
process will give less than 5% deviation from the actual ther-
modynamic state of the gas. The data from these tests indi-
cates that for values of NTU as low as 2 the deviation is
still less than 5%, therefore it seems that Reynolds' criteria
is slightly conservative. Of course, it must be pointed out

+that the wvalue of CS for these runs was 657 and this is well
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above the value of Ca > 40 listed along with the NTU > 7 cri-
teria. Nonetheless, 1t can safely be asserted that for wvalues
of C6 above 40 and values of NTU cf 7 or greater, the isother-
mal solution to a charging process will give good accuracy.

In conclusion, it was observed that the actual temperature
and pressure in a receiver being charged are consistently
higher than those predicted by an isothermal soluticn. The
parameter proposed by Reynolds once again anpeared to be a gqood
indicator as to whether or not an assumption of isothermal
charging can be applied to a particular process. Reynolds'
criteric also proved to be very satisfactorv for engineering
purposes. Finally, evidence was observed that the value of
the convective heat transfer coefficient and the mass flow

rate can be considered independent in a charging process of

this nature.

3. Iscthermal Sink Runs

The last group of runs to be evaluated were those made
with the test receiver immersed in an ice bath. These runs
were performed at intermediate values of NTU so as to corre-
spond to Reynolds' isothermal sink closed form solution. The
only criterion specifiad for the use of this method is that
the dimensionless capacitance term be greater than 40, 1In all
th: runs of this natvre the value for C6 was 626, therefore
this criteria was easily satisfied. Of course, Reynolds im-
plies that the value of NTU dictating an isothermal sink solu-
tion (to approximate the actual conditions) be between .25 and

7, for if not the regions encountered nres~ribe e:ither the
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adiabatic or the isothermal solution. When the values of the
dimensionless pressure as predicted by the isothermal sink
solution and those observed =xperimentally were compared, the
deviation between the two values was somewhere between 8% and
14.5% of the experimental value.

It should be noted here that the isothermal sink solution
is an intermediate case between the two extremes of an adia-
batic solution and the isothermal solution. Therefore, the
thermodynamic state of the gas must be expressed as a func-
tion of the heat transfer coefficient and the mass flow rate
in the closed form solution (see equations (4) and (5)).

As before, physical interpretations were sought for the
deviation between the isothermal sink solution for the thermo-
dynamic state of the gas and that actually observed. The
assumption on which this model was built was that the temper-
ature of the thermal capacitance remained a constant even
after absorbing the energy released by the gas in the receiver.
If the comparatively small amounts of heat transferred to the
receiver walls were uniformly distributed throughout the very
large thermal capacitance, this assumption might be quite

accurate. However, as was seen by an investigation using the

heat conduction equation for a semi-infinite solid (see sec-
tion V-D) most of the internal energv (as indicated by the
temperature distribution) never gets any farther than the
first few tenths of an inch in a charaing orocess of this na-
ture. For this reason the temperature at the wall surface

does not remain constant but rather increases slightly even
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though the effective thermal capacitance of the receiver is
still extremely large. Bearing this 1in mind, the actual tem~
perature potential between the inside surface of the receiver
walls and the gas is overestimated by the isothermal sink
solution. Therefore, the amount of heat transferred out of
the gas and the accompanying temperature and nressure drops
arn slightly exaggerated in this closed form solution (Fig.
7).

To begin an evaluation of the parameters that affect the
deviation between theory and experiment, single runs, in
which the mass flow rates were constant, were examined, ¥or
the low mass flow runs there seemed to be only a very gradual
increase in the value of h as the run proceeds. At higher
values of the flow rate the increases in h during a run were
more substantial as were their magnitudes (Figs. 19-21).
Using both the low mass flow runs (almost constant h) and the
high flow rate runs (increasing h) it was possible to examine
the effect of h on the deviation between an actual run and
the thermodynamic state predicted for this run by the iso-
thermal sink solution. In analyzing the data (Figs. 7 and
10) the conclusion was reached that the deviation was avvar-
ently-not closely dependent on the value of h. In both the
low flow rate runs and the high flow rate runs the deviation
followed the same pattern throughout a run and likewise there
was no discernible connection between the magnitude of the
deviation and the values for h. In any case it is probable

that the effect, if any, of the value of h on the deviation




of experimental and isothermal sink values is masked by the
use of NTU = hA/w,c  as a parameter in equations (4) and (5).

For the two extreme solutions (adiabatic and isothermal)
presented in the previous sections, their accuracy increased
as the appropriate extreme condition was approached. This
might lead one to believe that the intermediate ranges of NTU
for the isothermal sink solution now being considered would
most closely correlate to the actual thermodynamic state of
the gas during charging. Since the data does not cover the
entire range of NTU between .25 and 7, no conclusive statement
can be made in this regard. Figure 10, however, supvorts the
notion that as NTU approaches an intermediate value of say 3.5
the deviation decreases. One thing can be asserted, and that
is that, due to the connection between ¥, and h in this type
of charging, the values of NTU do not vary greatly. Thus,
regardless of the connection between NTU and the deviation,
it seems certain that the deviation between the isothermal
sink solution and that actually observed is approximately
constant for a particular system as long as the flow rates
are of the same order of magnitude.

In conclusion, it should be noted that the isothermal
sink closed form solution is a function of the convective
heat transfer coefficient and the mass flow rate, and thus
differs from the previous two closed form solutions. The
deviation between the thermodynamic state of the gas as pre-
dicted by the analytical solution and that observed exveri-
mentally was between 8% and 15% of the experimental value.
The closed form solution values were consistently lower than

51



those found in the tests. This discrevancy can be expnlained
by the fact that the predicted value of the temperature of
the thermal capacitance in Reynolds' solution is lower than
that actually existing. The heat transfer and temperature
drop are subsequently overestimated in this solution. For
runs of this nature it was also observed that the values of

h increase throughout a run and that not only the maanritude
of this increase but the values of h are increased when the
mass flow rate is increased. There seemed to be little or no
dependence of the accuracy of the isothermal sink assumption
on the values for h when Yo is a constant., No conclusive
statement can be made as to the connecticn between NTU and
the deviation of the isothermal sink solution and the actual
values, although there is evidence to support a prediction
that this solution is most accurate at intermediate values of
NTU. Due to the apparent connection between LA and h the
values of NTU do not change substantially for runs in this
region nor do the percentage deviation in the values for the
thermodynamic state of the gas. Lastly, for this varticular
experiment the discrepancy between the solution as nredicted
by an isothermal sink solution and that observed experimen-
tally, was slightly higher than that predicted by Reynolds
even though the value of Cs was well above the criteria value

of 40.
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C. DISCUSSION OF THE EXPERIMENTALLY OBTAINED HEAT TRANSFER

COEFFICIENTS

Having empirically obtained values for the convective heat
transfer coefficient throughout the various runs, an attempt

was made to obtain at least a qualitative explanation of the

behavior of these values. The charging situation was sub-

stantially different from those usually described in convection

theories. The pressure of the system is usually not varied

in such theories, nor is the direction and magnitude of the
flow velocity a function of variables other than position.

Since any attempt to arrive at a theoretical expression for
the convective heat transfer coefficient in a receiver being

charged would be completely beyond the scove of this paver,

no attempt was made. Some insight was gained, however, in

considering the possible non-dimensional parameters that
might affect an expression for the convective heat transfer
in a charging situation.

From the general equations of motion and enerqgy, an
average convective heat transfer coefficient evaluated over
the total surface area of a body (this eliminates any spatial
dependence) can be expressed as a function of the dimension-

less parameters as listed below:

NU = hL/k = £(PR, ER, GR, RE) .
An investigation of these parameters was then made in order
to come to a better understanding of the causes for the behav-
ior of h in the experimental data. First to be considered
was the Prandtl number. Defined as

PR = uco/k
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this dimensionless number can be considered constant and of
the order of 1 for solutions invelving perfect gases. Havinag
concluded that the effects of the Prandtl number necd not be
considered, the Eckert number was then considered. This non-
dimensional parameter expresses the ratio of the inertia terms
to the enthalpy terms and is defined as

— 2
/ D

where U is the characteristic velocity of the flow and cDAT
is the change in enthalpy across the boundary layex. 1In the
charging pfocesses carried out for this vnaver the average gas
velocities were small as compared to the enthalpy, therefore
the effect of the Eckert number is considered negligible.

As has been pointed out, a common practice is to take the
Grashof number as the governing parameter for the heat trans-
fer processes of the kind under consideration here. Defined
as,

GR = gL3BATp?/n?

this term is the ratio of the buoyancy to the viscous effects.
The buoyancy of the fluid aids the heat transfer by supporting
the motion of the fluid at the surface of the receiver walls.
Noting this, the Grashof number must be considered significant
in determining the convective heat transfer coefficient in a
charging process of the sort presented here. Since consider-
able motion is also present in the tank due to the stirring
action of the injection, the Reynolds number, defined as

RE = Upl/u
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must also be considered. 1In the above expression, U is again
a characteristic velocity of the flow and £ a characteristic
length for the flow. This dimensionless number can be seen
to be a measure of the relative importance of the inertia and
viscous effects and often occurs in the analysis of problems
in forced convection.

Investigating the variables comprising these non-dimen-
sional parameters leads to some understanding as to their
magnitude and behavior for charging processes. For small
temperature changes the density can be considered provortional
to the pressure. If the temperature changes are significant
the density is both proportional to the pressure and inversely
proportional to the temperature. The vigcosity is almost
independent of pressure and increases slightly with tempera-
ture. For situations of an isothermal nature, it is then ex-
pected that the wvariables in the Reynolds number are the
velocityv, the density (which is proportional to the pressure)
and perhaps, the characteristic length of the fluid flow. If
the temperature changes throughout a process are large, once
again the Reynolds number is provortional to the velocity, the
density (now proportional to the pressure and inversely pro-
portional to the temperature), the characteristic length, and
also inversely proportional to the viscosity (which is vnronor-
tional to the temperature). Now apnlying the same sort of
reasoning to the Grashof number, the effect cf u as a variable
in a moderats temperature change system can again be eliminated

along with the gravitational constant, g. The densitv behaves
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in the manner described in the Revnolds number discussion.

The coefficient of volumetric exvansion, 8, is defined as

8:-.‘];9_0.)

p 9T P

and varies as the inverse of the temperature for a perfect
gas. The term AT in the Grashof number is the temperature
change across the boundary layer and L is the characteristic
length of the system, a constant.

In preparation for applving what was learned about the
factors affecting the heat transfer coefficient to the behav-
ior observed in the experimental runs, the velority variations
in the test receiver were examined. When the inlet valve for
the receiver was first opened a pressure ratio (the receiver
back pressure/ the stagnation pressure upstream of the flow
meter) considerably smaller than the critical nressure ratio
existed across the flow metering device. Sonic flow was
established at the throat of the inlet to the tank. Therefore,
fluid entering at a pressure corresponding to the sonic condi-
tions was forced to adjust to the lower back pressure in the
tank. Regardless of the form of this adjustment it must have
been coupled to a substantial increase in the local velocitv.
As the back pressure in the receiver increased, the pressure
adjustment became less severe and thus the local velocity de-
creased throughout a charging process. Here the term "local"
applies to the conditions in the tank near the point of
injection.

For the low mass flow rate runs the temperatu e votential

between the gas and the walls, AT, was very small. For this
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reason it was felt that the Grashof number was not as sigrif-

icant as the Reynolds number throughout these runs. Having

seen that during a charge the velocity near the injector de-

creased, it was thought that perhaps the characteristic length

over which the incoming jet acts was also decreased. There~-

fore, although the density increased due to the increase in
pressure, it seemed reasonable to assume that the Reynolds

number decreased slightly throughout a run. A drop in the

Nusselt number, and thus the convective heat transfer coeffi-

cient, was predicted. In other words, forced convection gives:

way to free convection as the run slowly proceeds. Figures
15, 16, 17 and 18 seem to support a conclusion of this sort.

This notion also is supported in a paper by Ulrich et. al.
[Ref. 6] in which the mode of heat transfer following ¢as

injection was observed to proceed from forced to free convec-

tion. For the high mass flow rate and isothermal sink runs,

the temperature potential was much greater than that for the

low mass flow rate runs, thus the Grashof number was exvected

to be more significant in these processes. Since the Grashof

number is greatly affected by a pressure increase as dictated
by the p? term, it was felt that the Nusselt number would in-

crease throughout a run. Once again these assumptions seem

to be supported by the data, see figures 11, 12, 13 ard 14 as
well as 19, 20 and 21.

As to the actual magnitude of the convective heat transfer
coefficient as indicated by NTU, the data was hard to corre-
late. As seewed consistent with the conclusions drawn above,

the values of the Nusselt and Grashof numbers for the low mass
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flow rate runs were lower than those for the high mass flow
rate and isothermal sink cases. However, with the exception
of the set of runs at a very low wmass flow rate (perhaps cor-
responding to the low AT discussion above), the isothermal
sink values were above those for the high mass flow rate runs.
One possible explanation for this was the fact that the iso-
thermal sink runs were recorded in 1 second intervals for run
times of 7 to 9 seconds. The high mass flow rate runs, on

the other hand, were only of 1 second duration with the points
measured at 1/10 second intervals. Therefore it might be that
for runs of larger duration, the mixing motion caused by the
impinging jet could spread more thoroughly throughout the re-
ceiver, These types of forced convection phenomena could not
be adequately described on the basis of the results of these
tests. In any case, the values calculated in these tests are
at most 1 order of magnitude above those predicted by free
convection theories (Figs. 11-21). Therefore if no better
estimate of the heat transfer coefficient can be obtained,

a value based on these theories could be used for processes
of the nature discussed here.

The preceding discussion was based mainly on phvsical
intuition and is only crudely substantiated by the few experi-
mental runs performed in this undertaking. As will be
repeated in the recommendations, a much more extensive and
controlled study is needed in this area to draw any conclu-
sive relatiocnships between the convective heat transfer co-

efficient and the many variables in a system being charged.
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VIII. CONCLUJUSIONS

The general conclusions to be drawn from this investiga-

tion are summarized as follows.

(a)

(b)

(c)

(e)

Excellent gquantitative agreement between the
experimental values and those predicted by Reynolds
[Ref. 1} has been obtained for the thermodvnamic
stat: of a gas in a receiver being charged.

The parameter NTU prescribed by Revynolds is a good
indicator for describing the extent of heat transfer
in a receiver being charged.

The technique developed in this paper for experi-
mentally determining the convective heac t.ansfer
coefficient may be confidently used in conjvaction
with Reynolds' closed form soluticns if the tem-
perature potential between the receiver walls and
the charging gas is of an o-~der of 10°R or larger.
The convective heat trancfer coefficient is related
to the initial mass flow rate of the entering gas
for aLl but the extremely slow charaing rates

(wD < .003 lbm/zec.).
The heat transfer coefficient fc: charging of the
nature described in this paner can be estimated
within one order o: macanitude by free convection
theories. The heat transfer coefficirent thus
obtained will be egual to >r less than the actual

value. The effects of errors in this estimate
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will be small provided that the NTU is sufficiently

small (high injection rates).

IX. EKRECOMMENDATIONS

(1) It is recommended that an extensive and controlled study
of the effects of the various system parameters on the
convective heai transfer coefficient during charging be
nade with emphasis placed on the development of an
empirical formvla for use in this area.

{2} A possible extension of the technigue for expsrimentally
determining the convective heat transier cocfficient
Aeveloped in this paper couléd include the use cf anzlog
cozputer metheogdes to directly analyze the uressure and
temperature signals f£rom probes in the vessel.

{3) In any further investigation of the type discussed in
this paper, the following suggestions are made. A more
exact method of measuxing the mass flow rate should be
developed. Care should also be taken to eliminate any
possible transient effects in establishing flows used in
experiments of this nature. It is also recommended that
hot gases be used in order to obtain substantial temper-

ature potentiale between the receiver walls and the gas.
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APPENDIX A

Nomenclature of Reference 1

Engligk Letter Symbols .

)

[Ia}

=)

t’!

v

W

Area, £t

Thermal Capacitance of receivar shell, Btu/°R
Specific heat at constant pressure, Btu/{1b°R)
Specific heat at constant volume, Bta/(1bR)
Specific enthalpy, Btu/lb

Tait heat transfer convegtive wconductance;
Btu/ (hr £t2°R)

Thermsl conductivity, Btu/{hr ££2°R/ft)
¥ass, 1lb

Pressure, 1b/ft?

¥eat transfer rate, Btu/hr

Absclute temperature, °R

Total internal enexgy, Btu

Specific internal energy, Btu/lb
Yolume, f£t?

Mass flow rate, lb/hr

Greek Letter Symbols

6

Time, hr
Vigcosity, lb/(hr £t)
Density, lb/ft?

Derniotes a differencs
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Nondimensional Grouping

-3
Co

. i

Cc/(Mocv)

Cp/ Cv

H/M,

1/ {Ricvwg) =

lf(RachQ)

T/Tg
T/,

w/wO

Subscrigts

0
1

c

Refers
Refers
Refers
Refers

Refers

to
to
to
to

to

(hA)ifcvwo

{hﬁ)w/cvwo

initial conditicns
inlet state
capacitance

inside receiver

environmental conditions outside receiver
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APPENDIX B

Derivation of Generzl Differential Eguation and Closed Porm

Solutions for Charging

Assumctions and Idsalizaticns

{1}

()

(%)

{8}
(6)

The walls of the: receiver are zt a waniform tesperatures
throushocut.

The heat transfer resistances Soth ingide znd cutside
ars constant and uniform throughout thair respective
surface arsas.

Perfect mixing of the injected gas and the: gas in. the
receivar,

The working fiuid is a thermally and calorifically
perfect yas,

The spacific heat of the capacitance is: a constant..
The kinetic energy of the gas in the receiver may be

neglected.

General Differential Equation for Charging
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An energy balance on the receiver, using hl as the stagnaticn

L L LY E

enthalpy of the inlet gas gives,

. a4 _ au
"M TH - TY -

An energy balance on the receiver walls yields,

au,_
%= @ T -

The heat transfer rates can be dzfined in terms of the temper-

gture potential and the heat transfer resistance as follows:

- T-T - T T,
..j: - Ri - 2 25 Rco

The change in the tctal internal energy of the gas in the
receiver may bs written in terms of the masg and the specific

internal snexrgy as,

du dy

_ éM ;
as =~ ¥ge * Y@ - .

The rate of change of energy in the capacitance may be expres-
ged as,
au,, _ 6(CcTc) - at
as - a6 = “cdd

Thus, the energy balance con the gas may be written as,

. 77
aM _ ,.du aM (o]
hl & = ﬁa—e— <+ ua-é- + Ri
or
d(cVT) T-’i‘c
hy-ulge =Mt R .
and thus,

; - aM ar e
\CpTl Cv'f)a-é- = CVM-d-e- <+ Ri .

. 64 .

- ot ——

 m et W= e

P L

ML

R RO AR R

R



3

Y

3

Y

v eyt i y A RN I S
T TSI BRSO LA A ot Y=ok ook AR PR RN LA A S G N TR R R

Note here that T, is the stagnation temperature of the .inlet
gas. Therefere, dividing by c, gives,

M =T
o om - J. c

In a gimilar fashion the energy balance on ‘the capacitance

can be written as,

then diviging by C or

c_ _c
de R.C, Réﬁg
Ehez:e’fare:,
M m
a6 "~ RC, T RE. TR, R,

-and we can write,

GT _ 4T aM _ 4T
@& - ad - &

as well as,

GT dT dT
C
H’S" E" = wﬁ"' ’

The equation for the energy of the gas may then be written as,

-7
vy = T c
(‘le"T)vl W'Mag* v
or
ar - T
Wﬁaﬁ + e + {'I'-k’l‘l)w =0 . (1)
i v
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In a similar manner the energy eguation of the cavacitance
can be written as

daT T

m
c_ T = - gl .1
VYo “se tTEe s m tEY
& " RC_ T RC, TR, R,
or
e, el 1, 7 _ Te = (2)
@ T ECR; TR T RC, RC,

Expressing equation (1) in dimensionless form by dividing
through by TO ané noting that
d o | d d

b = *.
ST E T W yme
0 dig=)
0
we obtain,
T*..T*
dT#* c
* ELYemE =
wh*ges + Re, + (T*=kTHw = C .

Now dividing by Wy and noting the definition cf NTU, we ob-
tain the dimensionless form,

o
w*M*%%; + (TH-TXINTU + (P*-KT{w* = 0 . (1a)

In the same way, equation (2) can be non-dimensionalized by

dividing through by Towo/Mo so that,

* * * *
wioe  ffMoa 1, Ty TM o
a5F v C iy R, TR T RwCo T KT,

and noting that NTU/Cg is equal to MO/RinCc the following

is obtained,

dr* NTU
Wi + T% (NTUHNTU,) - ’éi” . - Eg._f:r; =0. (2a)

These two dimensionless equations can be combined to yield a

single eguation giving T* ag a function of M¥* by differentiation
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of equation (la) with respect to M* and guitable arithmetic

manipulations represented below:
gqT*
* *mk *oleMA Yo% = :
WM + (T TXINTU + (T*-kT¥)w 0. (ia)

Differentiation with respect to M* yields,

dﬁ
dw® are¥
W(M* + m;} + (‘5&'{.‘ + M W} + ( aﬁ‘;.')NTU
* *
(@D + T - kTR = 0
rearranging the following is cobtained,
are® G2 T*
arg _ wrFmw + o gpEr)  gue
am* = NTU A%

Ei‘; ( T*-:'M*m;) W*lea:-;
NTU NT0

Substituting this expression for dT%/dM* in egquation (2a),

2ma *®
v g | W o 4 oadre Vi (T
NTO NTO an* NTU

'w*kq%; T - NTU,
- —wu T ";'(NTU‘!-NTU ) - C* T* - -—';;-T* = .

0

Multiplying through by NTU and combining gives,

acr* Y i
RN ® RLNT %3
w*M IFFT + w* (2wr+NTU+M m’ F
NTU NTU
dw* m02
* * * - ¥}
T
+ sE(NTUSNTU )NTU = 0
0
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Now solving (la) for T2, 3

** * Ferk Reak
‘IM-a-ﬁ-*-‘!‘TNTU'i’TW leW

* ;

TC = NTU * ! -

L

Therefore the term, -
T %

cE {NTU+NTU ) NTU .

in the above expression can be written as,

NTU+NTU_
£GT* T*NTU yme
WM (e Z) + o (NTUNTU )
o 0
kTiw*
+ -«;—{NTU+NTU ) - —F—(NTU+NTU ) .
6 i

Substituting this in equation (3) we arrive at the general

differential equation for charging.

qux | NTUSNTU

wrardi T L ka4 () e O
“aM*e aF C§ aMF
aw* NTU NTU
+ EW*W + 0 (NTU‘*‘NTU Yw® + —-——-é-g-—-—]‘r*
aw* NI'U+NTU NTU NTU
- ® - % o
kT]*-W*W ——-——*—-—"'W kT ——-—-65——-— T 0 .

kY

Clesed Form Solution for Adiabatic Charging

VORIV IIINIVINIIY NS
/ /
; /

7/
A /
LLLLLLL LY AU = d(Mu) ;
hyaM L/
STITTTTTT] 4
/ /
/ M, T 7
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Since there are no heat transfer rates to consider in aa
adiabatic sclution it is not necessary to specify the mass
flow rate. 2An energy balance on the gas in the receivsr,
using stagnation Zunctions, gives
hldM = d{mu) = Mdu + udM
or
(hy-u)d¥ = Mdu .
Then cnhe can write,
(cPTlchT)dM = Mcv&T .
Dividing by <, gives,
(le-T)dM = Mdt .

In oxder to get this equation in dimensionless form, we
divide through by TyMy, thus obtaining

(K3 ~T%) dM* = M*AT*

Now geparating variables and integrating this eguation from

the initial conditions (T = TO' M= MO) to a state at a later
time (T =T, M= M),

T_ M_

T M

O gpr L0 gye
RTEoTF) = T

0 %

This gives,
~log(lei-T*) + log(kTi—l) = logM*

Rearranging, *this eguation reduces to

(kTi—l)
= ® o m*
-—-ﬁ-;‘-—— le T .
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Sclving for T*, the final result is obtained,

(kT}-1)
R o= LmE .,
TER T

Thus having derived a2 relation for T* as a function of M?,
the perfect gas zelation P* = M27T* is used to obtain,

P = kTH(*-1) + 1 .

Closed Form Solution for Isothermal Charging

LLLLLLSIILL S LL L

7] -t

7 L

. / TTLT
LLLLLL L et
TT %

FT7T77777) S
/] L

g R
STTTTITITTIII7 77

Since T = constant = To =T then

cl

=]

T*z"—:lo
0

2

Therefore the isothermal pressure mass relationship can be
obtained directly from the perfect gas law, and is

P¥ = M*
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Closed Forn Soluticons for Charging at Constant Mags Plow with

Beat Transfer to an Iscthersm=l Sink

LLLLLLE L L LIS
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M, T -
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An energy bziarce on the cgas using stagnation fimctions gives,

R

- G4 d{Mua) _ , M @&
Gty YT T Tt & -

By definition of the heat transfer resigtance R;r

3 T-T

_ ¢
% T R,
-

and using w = ¢éM/de, then

+’{%—-fwﬁv

1 %Y =

or
: . T-T
3 . _ c dT
cp‘Ile,- ———Ri + Hc vao + WG, T .
Using the following relation,

dr _ ar a d"
de " am a8 -

and dividing by LI and rearranging the expression becomes,

-c T +ch+cT+ =0
p 1 A v B W, ’
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Note that all functions xafer to stagnation conditions. Ian
czder to get this eguation in disfensionless form it is divided

oy To so that,

H az 1
B_CL & px o k72 & (TA-T2)—2_
Ty a 1 c'RowgS
Since
Ly
é () .
M a7 21 G 4T 1
— = = M*Sor and NTU = ———n
To @ My g s R;¥0%y
0
this expression can be written as,
Ml & (TH-KTE) + (DH-TEINTU = 0 .
amx TR v WTELREE = ‘

In oxrder to obtain the closed form solution the wvariables
are separated and the expression integrated from the initial

conditions (T = TO’ M= Mg) to a state at a later time (T = 7T,

M= M), .
T_ M |
Lo ar* | Mo am*
TE*(L+NTU) ~kTF-RTOTX] ~ - LI
To Mg

This gives
1
1IERToy log[—kTi-NTUTZ+(l+NTU)T*}

- TI-T’T}!T!TY Log [~KP4-NTUTA+ (1+NTU) | = -log*
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oxr

-kT} - NTOUTZ + (L+N70)T* = u¢~ (OO fpr momas (Lasere) )

Solving this expression for T* as a function of M* the Follow-

T
YRR YR YR VAT YOKF R TS [ENTUSOUA 2 TS W e LA

g ing is cbtainsd:

N anre,
.

KT$HNTUTE- (KT§4+NTUTE~1-NTU) - (1HUTU)
* = = <
= (1+37TU; .

AR, TR

Using the perxfect gas law,

et A

, _ (RT{HNTUTE) M- (KT{-1-NTUSNTUTY) ngTU
B = . =

L~

Closed Form Solution for Charging at Constant‘Masstlgwaﬁith

Inside Resistance Negligible

NN,

au _ dpu)  [ede X o
=W |- '

* ’ / , T
1 h =h : i LI '!
4 RS Al s YT TH T,
4 c . ?»4
; 777777 %
7 N
7 TN
STT7777777 777777777

2n energy balance on the gas and the capacitance combined
yields,

ar
dM _ d(Mu) c
MEE =" *Comm f Y -

By definition of the heat transfer resistance between the

capacitance and the surrounding medium, R_,

o - Tl T-T,
® Roo RW )
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Now since vy = dM/de the expression

aT ar aM
- *’o&‘

can be written. Using this expression and the perfect gas
relationships in the oziginal energy balance,

o
aM |, aM a7 4ar T T,
"’CPTla'é‘ + a'éCVT + Mc a-' + CCO,Q R =0 .,

(<]

Dividing through by c, dM/de or ¢ Wy and noting that ch/da

= dT/d6,
T T
“le+T1°(M+ )ar-+a—ﬁ-;:? =0 .

in ézder to express this equation in terms of non-dimensional
temperature, T*, it is divided by T, to obtain,

»aT*

*

1

+ TH(T*-TA)NTU_ = 0 .

The variables are now separated and the expression integrated
from the initial conditions (T = Ty, M= Mo) tc a state at a

later time (T =T, M = M).

T_ M
To - i Mo o
T, T® (I+NTU_) ~KT3-NTO_T% ~ M, MFCE
% i
The solution to the above gives,
(M*+C*)

® . . -
log [T* (14NTU ) le NTUTX] = -(1+NTU_ )loqm-igy—-

+ log [~kT§-NTU TE+(1+NTU )]
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T* (L+NTU_} - kTf - NTU_TX

(escy) |~ HIHTUS)
[-kT§-NTU T2+ (14NTO) ] .

(}

Solving this expression for T¥% givas

P 14+NTO
e o (14NTU_~kT§~NTU_T.) \CEHIF| + KT} + NRU,TY

14870,

This exprsssion may be combined with the perfect gas law in

order to cobtain an expression for P* as a function of M*,

(cs 1 1+NTU

kP 3 % %

I (L4NTU-KPA-NTUT) (CFFMF  + KT34NTU TS
T+0T0,, “
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Table 1

Physical Dimensions of Experimental Anparatus

1.

Test Receiver

Volume: 1.03 cubic feet

Internal Area: 5.61 square feet
Nominal Internal Diameter: 10.19 inches
Nominal Outside Diameter: 18.75 inches
Nominal Internal Height: 21.75 inches
Mass of the Receiwvar: 38.5 lbms,
Material: 6061-T6 Aluminum

Specific Heat: .228 Btu/lbm. °F

 Thermal Conductivity: 126 Btu/hr. ft. °F

Flow Metering Devices
3/8 in. knife~edge orifice -~ discharge coeff. = .620
1/8 in. nozzle ~ discharge coeff., = .858

1/32 in. nozzle - discharge coeff. = .856
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Table 2

Summary of High Flow Rate Runs

E Cg = 657 k= 1.4 T = 1.00
o
5 Run Totzl Run Hass Flow Averagée Average § P¥
4 Ho. Time Rate NTUO Deviation
’ {sec) {1bm/sec)
2 ——e
1 1 . 327 .123 7.33
2 1 .325 .082 8.1
3 1 .325 .104 5.59
] 4 1 .310 .101 7.47
; 5 i . 309 .088% 6.33
A 6 1 .308 .085 6.11
f 7 1 .294 121 10.06
\ 8 1 .293 -084 5.58
: ] 1 .293 .084 .92
10 1 »278 .102 €.93
1 il 1 .277 .105 7.35
12 1 .277 .115 9,63
2]
¥
é
1
]
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Table 3

Summary of Low Flow Rate Runs

C5 = 657
Run Total Run
No. Tine
— {sec)
1l 105
2 105
3 105
4 165
5 105
6 105
7 105
8 105
9 105
10 105
1l 1058
12 105
13 105
14 105
15 105
16 105
17 105
18 105
19 105
20 108
21 105
22 105
23 105
24 105
25 105
26 105
27 105
28 105
29 105
30 105
31 90
32 90
33 90
34 75
35 75
36 75

*a negative deviation indicates that the P* values predicted

0031
0031
L0031
.0029
.0029
.0029
.0028
.0028
.0028
.0024
.0025
.0025
.0022
.0022
.0022
.0018
.0018
.0019
.0015
.0015
.0015
.0012
.0012
.0012
.0009
.6009
.0009
.0007
.0007
.0007
.0006
.0006
.0006
.0004
.0004
.0004

Mass Flow
Rate

(1bm/sec)

Average Average % P¥
HTU Deviationt
3.9¢% -2.61
2.86 -3.41
2,90 -3.18
3.69 ~-2,84
3.01 -3.11
4.78 -2,71
1.26 -3,68
3.49 -2.83
2.18 -3.39
2,92 -2.76
3.39 -2.65
5.54 -2.22
5,34 -2,50
7.78 -1.97
5.61 ~2.09
4.52 ~2.02
7.80 -1.67
4.43 -2.01
5.17 -1.70
8.00 ~1,44
7.21 -1.27
4.89 ~1,54
6.02 -1.33
3.83 ~-1,70
4.32 -1.43
6.01 -1.12
6.21 -1.07
4.538 -1.49
3.77 -1.36
3.47 -1.45
4.45 -1.07

13.88 -0.46
11.19 -0,52
14.49 -0.54
14.62 -0.54
12.39 -0.51

by Reynolds were lower than those actually observed.
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Table 4

Sumnary of Isothexrmal Sink Runs

*a negative deviation indicates that the P* values vpredicted

Run Total Run Mags Flow Average hverage % P*
Sl No. Time Rate NTU Deviationt
4 — (sec) {1bm/sec)

% 1 150 .0031 2.69 -10.38
2 150 .0031 2.24 - 8.84
3 150 .0031 2.17 -11.08
4 150 .0028 2.07 -11.59
5 150 .0028 2.41 -10.35
6 150 .0028 1,97 ~11.47
L 7 150 .0025 3.02 - 9.10
, 8 150 .0025 3.30 - 8.58
9 150 .0026 2.94 - 8.94
10 9 .0488 1.18 -13.32
g 11 9 .0478 1.41 ~13.40
12 9 .0486 1.38 -13.22
t 13 9 -0420 1.39 ~12.67
: 14 9 .0422 1.28 -13,37
15 9 .0422 1.18 -14.34
16 9 .0350 1.41 -12.49
17 ) .0348 1,03 ~13.68
18 9 .0349 .94 ~13.57
19 9 .0274 1.73 -10.78
20 9 .0272 1.13 -12.36
21 9 .0272 1.20 -12.47
22 9 .0194 1.85 - 9.92
23 8 .0192 1.09 ~11.14
24 8 .0190 1.05 -11.14
25 7 L0111 1.29 - 7.68
, 26 7 .0111 1.20 - 7.85
¥ 27 7 .0114 1.15 - 7.98

by Reynolds were lower than those actually observed.
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