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ABSTRACT

The design of a probe system capable of measuring enthalpy, impact
pressure and local mass flux within the hypersonic flow field produced by
the NASA/MSC Atmospheric Reentry Materials and Structures Evaluation
Facility (ARMSEF) is described. The design of the enthalpy probe, the mass
flow measuring system, and flow meter calibration system are included in
this report. Data obtained in evaluation of the probe system in the AVCO
ROVERS and the NASA ARMSEF facilities are also discussed.
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NOMENCLATURE

Area, ft2

Heat Capacity, BTU/1b °F
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Equivalent diameter, ft
Modulus of elasticity, 1b/7t2
Friction factor

Fnthalpy, BTU/1b
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Heat flux, BTU/ftg-hr
Heating rate, BTU /hr

Radius, ft

Nose radius, ft

Gas constant, lb-£t/1b-°R
Recovery factor

Reynolds number

Stress, 1b/ft2

Time, sec
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NOMENCLATURE (CONT'D)

Temperature, °R

Velocity, ft/hr

Distance along surface, ft

Distance perpendicular to surface, ft
Vertical distance, ft

Thermal expansion coefficient, (OR)-l
Ratio of specific heats

Density, 1b/ft3

Viscosity, 1lb/ft-hr

Stream function

Surface tension, lb/ft

Angle, degrees

Bulk mean
External
Gas
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Stagnation
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Saturation
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Free stream
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I. INTRODUCTION

Probes of various types have been employed to determine gas enthalpy and
mass flux in subsonic flow fields(l). The most successful of these thermo-
dynamic probes for subsonic flow field diagnostic studies are the tare probes(l,2,3).
Typical examples of the experimental data obtained with the tare probe are reported
in References 3 and 4. The concept of a tare probe requires that the assumption
be made that the total heating to the external probe surface is identical during
the tare and gas sampling modes of operation., It is obvious that the error in
the enthalpy determined with such a device due to this necessary assumption is
simply the ratio of the difference in external heat transfer for the two modes of
operation to the heat removed from the gas sample during the sampling mode.
Although the errors associated with the necessity of obtaining a tare measurement
may be small in a subsonic flow field, there is little or no information concern-
ing the magnitude of these errors in supersonic flows.

The ideal enthalpy probe for use in supersonic flow fields is one which will
completely eliminate the necessity of a tare measurement. Such an instrument in
general would consists of two basic portions: an inner calorimetric probe, and
an outer water-cooled probe to protect it from the external environment. When
the calorimetric section is properly insulated from the outer water-cooled probe,
the enthalpy of a gas sample drawn through an aspirating tube located on the probe
axls may be determined from an energy balance on the calorimetric section cooling
water and the gas sample:

h= (1Cuo AT /¥ag + Coy (5T o)

where AT is the coolant temperature rise, Tg is the temperature of gas sample
as it leaves the calorimetric section and Tp is any convenient base temperature
for the enthalpy computation.

In addition to its ability to accurately determine enthalpy, the ideal
probe should be capable of measuring the local mass flux (@u, ). Hence, the
tip of the probe must be such that at supersonic and hypersonic velocities the
shock at the leading edge of the sampling tube is essentially an attached shock.
With this shock structure, a stream tube having a cross-sectional area equal to
that of the sampling tube would enter the probe prior to passing through a system
of oblique shocks downstream of the leading edge of the calorimetric probe. The
probe can easily be made into an impact pressure measuring device simply by
placing a pressure transducer and valve in the sampling line.

With an instrument which accurately measured gas enthalpy, mass flux, and
impact pressure at hypersonic speeds the local values of density and velocity
as well as enthalpy may also be determined without any assumption as to the
degree of chemical equilibrium within the stream. TFor example, for Mach numbers
in excess of 5.0, the ratio of impact pressure to free stream momentum
(4%, /Aol ) has an asymptotic value in the range of 0.92-0.95 for specific
heat ratios between 1.2 and 1.4\5). Successful operation of the instrument as
a mass flux probe therefore implies:




(41

B/ flleo = 095 Ueo (2)

and
Poo = 0.95 (pa,uw)z/p% (3)

The knowledge of local density, enthalpy, and velocity provides an accurate des-
cription of the environment produced by a plasma generator. In addition, these
data when employed with a chemical equilibrium program would result in additional
information concerning the nature of the expansion process within the exit nozzle
of the plasma generator.

The design of an enthalpy-mass flux-impact pressure probe system for use in
the hypersonic exheust jet was accomplished keeping the general requirements of
an ideal probe in mind. The design of the instrument required detailed evalua-
tion of the local heat transfer rates, the establishment of proper coolant flow rates
for various facility operating conditions, stress analysis to insure the survival
of the instrument. Bach of these facets of the probe design are described in the
remaining sections of this report.
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II. DESCRIPTION

The probe system designed to measure impact pressure, mass flux, and enthalpy
in the supersonic exhaust jet produced by the NASA/MSC ARMSEF facility consists
of three basic subsystems: the probe system, the mass flow measuring system, and
the mass flow calibrating system. ZEach probe sub-system is described below.

A. Probe Description

The enthalpy-mass flux-impact pressure probe designed for use in the ARMSEF
facility is composed of an inner calorimetric probe, an outer probe, and a probe
strut.

The inner calorimetric probe basically consists of a gas sampling tube
(0.250 inch diameter) which is provided with two concentric annular cooling
passages. Cooling water enters the calorimetric probe through the outer annular
passage, makes a 180 degree turn at the probe tip and flows toward the rear of the
probe through the inner annular channel which is adjacent to the gas aspirating
tube located on the probe axis. 1In its path from the probe tip, the coolant flow
absorbs energy from any gas being aspirated through the probe. Since an accurate
measurement of gas enthalpy with energy balance techniques requires that there be
little or no heat transfer between the inner and outer probe, over 95 percent of
the interface between these two portions of the probe were provided with insulation
in the form of either low conductivity material or dead air space. To minimize
heat transfer in the remaining portion of the interface, coolant flow passages were
routed so as to minimize the temperature difference between the two streams.

The external probe is similar to the inner calorimetric probe in that it con-
sists of a 1.00 inch diameter body containing two concentric annular cooling
passages. In contrast, to the inner calorimetric probe, the outer probe coolant
flows through the inner annular passage toc the probe tip and returns through the
outer annulus. The internal configuration of this portion of the system is
designed to accomodate the inner calorimetric probe. The total length of the
internal and external probe bodies are such that the leading edges of the two
probes lie in the same plane., When assembled, the inner and outer probe are
designed to- fit into a socket located on the top of the probe strut.

The water cooled strut has a total length of 36 inches making it possible
for the probe to traverse a 30 inch diameter exhaust stream. The forward and
trailing edges of the strut are semi-circular cylinders both of which have a diameter
of 0.750 inch. The maximum width of the strut is also 0.750 inch and the length of
the strut parallel to the gas stream is 3.250 inches. The cooling requirements of
the strut are satisfied by cooling water flowing through 0.062 inch wide channels
immediately behind the external copper shell. The interior of the strut has pro-
visions for allowing passage of cooling water to both the external, and internal
probes as well as a tube for aspirating gas through the probe. In addition, all
thermocouples required for measurement of probe coolant temperature rise and the
temperature of the aspirated gas sample are located within the strut.




B. Ges Sampling System Description

The gas sampling system consists of a vacuum pump required for aspirating gas
through the probe and a flow meter to measure the gas sample flow rate. The
vacuum pump is a commercially available item while the gas flow meters are Venturi
flow meters. In addition to these basic items the sampling system includes the
necessary piplng, valves and instrumentation required for successful operation of
the entire system as a mass flux measuring device.

C. Gas Mass Flow Callbrating System

The flow meter calibrating system provides a means of introducing accurately
known flow rates through the Venturi flow meters and hence a means of calibrating
the meters. Gas of any desired composltion may be introduced from a series of
tanks of specified volume, through sonic orifices into the gas sample lines.




IITI. PROBE DESIGN

EXTERNAL PROBE FLOW FIELD

A. Conical Probe Tip

In hypersonic flow, the inviscid velocity, density and pressure distributions
conical body of revolution may Be obtained from the predic-

about an open no?gg,
tions of Chernyi for the body shown in Figure 1. The results of Chernyi's analy-

sis are
(W)

W = Uy 0% 9+(‘6— )u

P= Pmu Sin e-l— (X.H\ P‘ (5)
Peo )
P (6*‘ P+PI - —i— ) ' (6)
) (‘6 ) |+( Msmeﬁ
where
S0 6 G 2 \ ¥+ pcouoor;z
" : ' z (1)
cose B Mot 29+ Pl
2 2 \
= Pole S (l+ %ﬁ. M‘sw.‘e)(w \+ Jg_] p«,umij
- Peo Ve s - Ao (8)
‘ 2 a
=] Lo | L r:)i(, ¥ )]
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(25\» pwuoot*})‘_\*w‘) M*sin'® X f’°] (9)
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and the stream function (W ) defined as

= [8-\ p..u,,r‘g cose
¥v= (K“B l+( ) (o
"E’. Mzsm

The pressure distribution on the surface of the body is given by:

{

P- o= o UpSin'0 H' Y m\(”(nxi@)l (11)

These préperty distributions were applied in conjunction with the local
similarity relationships to determine the heating distribution over the conical
surface. From local similarity:

A 3Ef§s Puwe Muehe ™

%W- i P"’ s Mug (%%%' sz 2 {_ S: P“’e Mug ue bldX]‘lL

with the stagnation point velocity gradient given by

(12)

(_gmg_) ,d,: (___Qm. (13)

ar

Since the veloc1ty close to the surface, as predicted by equation 4, is not a
function of distance along the surface, and if it is assumed that the surface
temperature is not & function of position, then the heating distribution is
simply:

- oy Y
gfcﬁéﬁs_@_“_ ?&&_Y‘ Per’ Z (1)

y) %
2
(2 Pufps)4 \ Ps U §. P rax
Numerical integration of the pressure dlstrlbutlon for conical tips having

half-angles of 30 and 40 degrees demonstrated (Figure 2) that over the Mach
number range of 3.0 to 5.6 that

P (V‘\f '
Palv _ . ~0-375

2.12
So = v) dx

(15)




1 -1662

FIGZ PRESSLRE DISTRIBUTION

\o
— | B EERR I [T T T 1T+
3
EiECA
_nge.s(i’ ]
(l-ld (NS é%
——
1
a 8: 5 Yo :
[ &(E) —_
o r1 - A _ KX——O.?QS' ]
. B g . ]
| REN
4f— ° —
— N UNVTS OF FEET ]
=21z x o%7°
2pb— _
X INCH
N | L Lt l L 1 1110
‘O-z 2 4 3 [] ld‘ ‘Oo
- 8 |



A

Therefore

. V. Ue Yoo & Xﬁo.y,s (16)
% \06 c r S(R‘,uw ps) (2 Poo/f"sy""

which upon substituting the relationships
V2 —0. 315 -0.40
(.‘2&.\ % = K (Ma)x (1)
e

as shown in Figure & results in

o = V06 9‘@_{5‘“ (‘?2!‘_ e KM X O° (18)
(2 Pao /Pﬁ)l4 PS Ueo

If a function defined as

v
f(M) = K(Mm)‘ Po Ue N | (19)

. \ Y4
(o 1P5)"\Ps U
it is found to be a function of probe tip half angle alone. Upon substitution

of this relationship into equation 18 the final form of the tip heating dis-
tribution is found to be

G OMS (gosﬂ> x4 o =3¢° (20)

‘q)w = 0.790 (%S \‘Eu X-°'4 fa :400 (21)

where x 1is the distance along the heated surface. The heating distributions
predicted by these relationships are illustrated in Figure<4 . A comparison if
the heating {a‘s,es calculated by equation 20 and the results of computer
calculations demonstrated that the two methods were in excellent agreement.

The total heat input to the probe tip is simply

Q= TREL (22)

where

dA = 2% (x+s) swmedx (23)

éotx) = C %sm x4 (24)

9
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which results in

; . ] 06 ( ~
Q:—. yi\y 5‘ (8 C s %JEN (}S_B {%4— g—l‘g\ (25)

where the quantity, 81'60 Sin®, has values of 0.82 rol'6 and O.SLLrol'6 for tip
half angles of 40 and 30 degrees, respectively. The resulting relationship
(Figure & ) indicates that for a probe tip having an internal diameter of 0.250
inch and an external diameter of 1.000 inch, the total heat input to the tip

is simply

Q = 0.03 isl_ﬁﬂ (26)

It is also of interest to consider the temperature distribution produced by
the external heating within that portion of the probe tip which is forward of the
internal cooling passages. The temperature distribution can be estimated from
an integral energy balance with the assumption that temperature gradients normal
to the heated surface are small in comparison to variations parallel to the
exposed surface. With this assumption the energy balance relationship is

- X,
kAW AT+ go o I =0 (21)
where
dA = 2T (S\-‘x) SO dx (28)
Aw=‘Ws7sm9{-’é-":anQY1~(§+|)— l:;- tow ¢ Coté_] (29)
and
X
: - e . . 0.6 _
J%Mdl\,- ATs sin@C %,Yé:(%_ {%q_%%} (30)
Therefore ’
o 3 %
AT _ ‘-‘37C9°<,S—R-: '+ 85 (31)
X 0.4 _ _E
% kan § %) §‘+§(\ hawzcog
o
tang KT . i+ % % A (x/s) (32)

l.e7C (%{ﬁ:.) S

0y ’ o4
% (1 - i‘av\gco e) (%/s

o
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The right-hand side of this equation may be expanded in a power series and then
integrated to yield

an@ Vs (o “ ¥
e e el )RR B

vith

d = 0.315 (3%)

R= \— tang @t (35)

The resulting temperature dlstributions for tip half angles of 30 and L0 degrees
are illustrated in Figure 6 It is noticed that at a stagnation point heating
rate (&g § Ry) of 600 Btu/ft37 2-sec a uncooled tip length of 0.20 inch that the
leading edge is 1230 F and TOOPF higher in temperature than the cooling passage
walls with tip half angles of 30 and 40 degrees, respectively.

B. External Probe Body

In order to determine the heat transfer to the cylindrical main body of the
probe, the flow along the probe tip was assumed to pass through a Prandtl-Meyer
expansion having a turning angle equal to the tip half angle. The Mach number at
the rear of the conical tip (My) was determined from the predictions of Chernyi
as to the local density, pressure, and velocity, ard the definition of Mach

number
M= w /(sp/p)"? (36)

Therefore,

Mo ]J;D Fﬁ Ek”

In order to simplify the heating analysis it was assumed that the pressure,
velocity, and density remained constant along the entire length of the cylindrical
probe body. The‘h?gs transfer rate was obtained from the standard laminar flat
plate relationship

Y2
Moo (Pp ) (37)

+ \0.5 »‘
Jew = 0.66% (P o PedeNs (38)
2 P fk; Me (_F2G£,_>
vhere starred quantities are evaluated at the reference enthalpy
.‘i = \+o.50-‘-! —i)-&- 0"2'26{( hs _ \> (39)
he he he

witha\ being the néovery factor, and the static enthalpy (he) in the external
flow field glven by

1k
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&_e. = £ L oud (10)

The resulting heatling rates as a function of the stagnation point heat transfer
(4 4 RN) are presented in Figure7?. Since there was little or no difference
be%ween the results obtained with the two tip configurations both bodies may be
considered to have the same heating distribution (Figure 8).

The total heat input to the cylindrical probe body may be obtained by
integrating the local heating rates over the entire surface

. X+

Q=2We g)( % d X o (41)

) K
= 2%, %\Y)—( ax_ (42)

"2

with the lower limit of integration being

% o= (Cn \>__\_. - 3 (13)
Yo \Y: S\ Swmo

for a probe body having inner and outer radii of 0.125 and 0.500 inch,
respectively. Hence

. . Y e
Q = 4T v, %&(é“_oy \_\ + \-__‘é‘“e] -1 (1)

Swe 3%

The total heat input to this portion of the probe system is depicted in Figure®
At a stagnation point heating rate, (§ {—ﬁﬁ), of 600 Btu/ft3/2-sec the total heat
input to an 8 inch long cylindrical section would be 25 Btu/sec and 28 Btu/sec
for probes having tip half angles of 30 and 40 degrees, respectively.

C. Rear Sections of Probe

The rear sections of the probe consist of a open nosed conical section
which 1s used to securely fasten the external probe to the mounting socket on
the top of the strut, and the external surfaces of the mounting socket. The
open nosed conical fastener has a 300 half angle, and minimum and maximum
diameters of 1.00 imch and 1.312 inch, respectively. The external diameter of
the mounting socket is 1.312 inch and it has an overall length of 3.500 inches.

16
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The heat transfer rates on these rear surfaces were determined in a manner
similar to those discussed above. It is recognized that the presence of the
boundary layer along the cylindrical portion of the probe results in velocity,
density and pressure distributions on the conical surface which are considerably
different from what would be ?rsdicted by Chernyi's analysis. This is demonstrated
by the study of Faye-Petersen 9) on the flow field about the conical skirt of
re-entry vehicles. Nevertheless, Chernyi's analysis was used to establish the flow
fleld over this section. The flow field properties were assumed to remain constant
over the remainder of the probe. This approach results in heating rates higher
than what would be expected in practice since it makés no allowances for the
reduction in heating downstream of the Prandtl-Meyer expansion at the rear of the
conical portion. The resulting heat transfer rates at the midpoint of the two
remaining probe sections are illustrated in Figure 10.

These heating rates were assumed to be representative of those experienced
over the entire surface and were used to determine the total heat.input to this
portion of the probe from the simple equation

Q=) 9. A, (15)
The total heat input to this portion of the probe is illustrated in Figure W

The total heat Iinput to all exposed surfaces of the external probe were used
to determine the heat load for this portion of the system as illustrated in
Figure W, .

D. Probe Strut

The probe strut has a semi-circular leading edge with a radius of 0.375 inch
and the width of the strut is 0.750 inches. The length of the external surfaces
parallel to the external flow field is 3\ 1inches and the rear of the strut is
semi-circular, also.

The local heat transfer rate on t?e %eading edge of the strut was obtained
from the analysis of Hankey and Neuman as shown in Figure V3 . The stagna-
tion heating rate obtained on the strut was determined from the simple relation-

ﬁ (%‘m" )zo = (%sm Lb ()

The local heat transfer rate on the parallel sides of the strut was evaluated
from the standard laminar flat plate heating relationship

+

- 0.664 (8+}L oS EzueQ\s (47)
3° T2 Pt \ Pe Me (Re, )"

Flow properties over this portion of the external surface were evaluated
assuming that the flow passed through a Prandtl-Meyer expansion from the stagnation
point with a total turning angle of 90 degrees. The local heating rates obtained

20
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st

in this menner are illustrated in Figure 14.

The local heat transfer rates on all the exposed strut surfaces were
integrated to obtain the total heat input to this portion of the system as a
function of free stream conditions and the width of the flow field. For the
purposes of this analysis it was assumed that the ARMSEF exhaust stream was
uniform and that it was possible to expose a length of strut which was equal to
the nozzle exit diameter. The resulting total heat input to the strut is
illustrated in Figure 15,

INTERNAL FLOW FIELD

A. Probe Tip

The proper funetioning of the probe system as a mass flux (FL,\J,a) device
is governed primarily on the ability of the sampling system to pass the flow
without choking due to friction. If the combined length-to-diameter ratio of
the sampling train were too large, the flow at the rear end of the train would
be sonic and the mass flow which could be aspirated through the system would be
limited and would be independent of free stream mass flux. It has been Avco's
experience that in probes of this type, the gas flow through the system would
depend solely on the impact pressure of the stream. It is also required that the
portion of the sample lines within the internal calorimetric probe be of sufficient
length to cool the aspirated gas sample to a temperature level which can be measured
with a thermocouple.

The primary concern in insuring the survivability of the internal probe in
a high enthalpy gas stream is centered about the heat transfer rates and tempera-
ture distributions near the leading edge of the probe. For the purposes of
determining the heating rates within the sampling tube it was assumed that the
mass flow through the probe was equal to the free stream mass flux and that the
flow was free of shocks. The local heating rate may be determined from

0>

% = 0.66?4 (totlf Pe Ve Q\s (48)
2

Pe Ue, ) (.‘:%B‘L>Vz

where starred quantities are evaluated at the reference enthalpy defined by
equation 3®. The local heat transfer rate at a distance of one diameter down the
tube is presented in Figure le for several ARMSEF operating conditions. As a
first approximation it is seen the

] . s
.= %(D.) = %s\‘Qn (49)
As shown in Plgure I7, the leading edge of the internal probe is uncooled for
a considerable length and as was the case with the external probe it is of interest

to determine the temperature distribution within this portion of the probe. An
integral energy balance for the uncooled tip is simply

S
—kAw S-S 2700 : (S)JS (50)
&L
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vhere temperature gradients normal to the tube axls have been neglected. If we
define a heat transfer rate (qo) as that obtained in a straight tube at a distance
of one tube diameter back from the probe tip then the local heating rate is simply

$=9:(2)" (5.

or since the mass flow through the tube is constant at any axial station
e . y) ’
%= 9o (rs) (\2_) (2)
w )

N = =5 smf3 (53)

with

Therefore after integrating equation

— : Ve
QQA\»Q‘.I = — 4\ %or‘o (DOS) (5k)
ax
: Yy
= - 4’“-%or’o (D"X 3 (55)
Cos 3
The area of the wall available for heat conduction is
' Ay=T (v -a) (56)
with
vo= O -xton @ (58)

t

which results in
A =T (‘:avxow‘\:cm {3>'D: {\ +X (tov\u~tll“[3> (%3 (59)

After substitution of this expression into equation 54 and rearranging terms
it is found that

dr_ - -2Dg, \ { : ! (60)
dx/Dsy  h(cos@)* (tomet+tang) ("/D,"'[H %o(tand-ton@ii
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which may be integrated directly to give

T-T,, = 24D, l 2 tag! [%-(t""“’h’“@.f— (61)
° R(cosB) (tondtang) (tan o - tan @)%

For small values of o (and @ )

o [%o(tand -tanp)]‘/’ = tov?! [%o(d-(s)]"zz [(o(—p)'%:_\vz (62)

Therefore allowing equation 61 to be simplified considerably to the following

To-Tuo= — g (XD (63)
& (cosB) " (tana+ tonB)

e = % e (DD @
% (0 +@) (cos 3=

If the further restriction is placed that the angle FB shall not exceed 10 degrees

T "T!I - 4 , (x -Doy./z (65)
o +] %@ -__—ﬂ (¢+ rs)

At a heat flux of 580 Btu/ft2-sec and a total tip half angle 20 degrees, a
temperature drop of 1600°F (Figure \8 ) is obtained when x and D, are assigned
values of 0.126 inch and 0.250 inch, respectively.

It is also réquired to obtain some estimate as to the final temperature
of the gas stream leaving the sampling tube or conversely what length of
sampling tube is necessary to decrease the gas temperature to approximately
2000°F. For the purpose of this estimate it is assumed that the aspirated flow
passes through a normal shock immediately after entering the sampling tube.
An energy balance on the gas stream is simply

‘ d = -4 Nu (66)
(he-Hhy) d(xip) Re P-
(10)

Where the Nusselt number is given by
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Nu = Nuyg+ K, Re, R~ (D/x)
VK, Y_Re,,w /]

vith the constants being

Nueg = 3.66
Region Ky K’B ’ n
Entrence 0.104 0.016 0.8
Fully Developed 0.0668 0.04 2.3

The maximum length of tube would be obtained in the case where
N“= Num =3. 66

Since the variation in Rep is a direct result of changes in viscosity with
temperature, equation 66 may be rewritten as

\ (Mo) 3 - —4Nug
o) d(xIDd  (Re) Pr

or, since(ll)
Mo /,U. = (e\o/g\-yll?’
2./8)% 48 - —4Nue
(8s-00) D) (Rep), P
Defining

(2./8.)"
(!B

The energy balance may be written as
pdn = - 4 Nue )
7= (Re,), Pr

which can be integrated to give

33
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Sl (i) 3t e (e e

22 (@) e (2] B

\
z (N-)? 3 (Re,),Pr \D (75)

and

N= e fqu = (he /2., b | (7e)

with subscripts w and f referring to properties evaluated at the wall, and final
gas temperatures, respectively. Equation 75 may be rewritten as

~ [{(?\;}_Q(w - — 4Nug, &) (17)
3% Ho b (Re,) P \P
]

The two enthalpy functions indicated in the above expression were evaluated and
are illustrated in Figures 19 and 20. Equation 77 was employed to evaluate the
exit gas temperature as a function of free stream enthalpy, tube length and
initial Reynolds number as shown in Figures 21 and 22. This analysis indicates
that for all conditions listed in Table I with the gxception of condition 1 the
exit gas stream has & temperature of less than 1500 R if the sample tube

(0.250 inch diameter) is 8.0 inches in length. However, the same exit tempera-

ture for condition 1 can be achieved only if the sampling tube is 56 inches in
length.

PROBE COOLING REQUIREMENTS

The amount of forced convection cooling necessary to protect the external
surfaces of the probe from the environment was established from an evaluation
of coolant pressure drop, coolant convective heat transfer coefficients, and the
total coolant temperature rise., For this analysis the probe system is considered
to have two coolant supplies one of which is employed in cooling the external
probe surfaces and the second which is used exclusively in the calorimetric
probe. Each of these streams is considered separately in the following sections
of this report.

A. Pressure Drop

The coolant pressure drop in each section of the external probe coollng
passages may be determined from

2 2 1~ 8
P+ e_;{_- = P+ (o_%, - 4Ck%>%+h¢+§_,p+ F+ P(2z_z‘> (78)
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Condition No.

Mass Flow Rate, lb/sec
Plenum Pressure, atm
Enthalpy, h/RTO
Throat Diameter, in
Nozzle Dismeter, in
Impact Pressure, atm

Mach No.

Heating Rate (§ | rN),
Btu/rt3/2_gee

TABLE T

ARMSEF OPERATING CONDITTIONS

1.00
7.83
118
1.50
5.0
1.30
3.2
157

1.00
7.83
118
L.50
25.0
0.072
5.3
Lo

35

0.0k
2.64
766
0.75
5.0
0.1k
3.0
390

0.10
1.65
766
1.50
5.0
0.29
3.2
575

0.10
1.65
766
1.50
25.0
0.016
5.0
140




FIG 19 ENTHALPY FUNCTIOW
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FIG 2O ENTHALPY FUNCTION

iy

—_ —
- O« S
— . PR
- oo .

| S g
Pt 3 ———

AY
e JR——
S ——
S —_—
- 0 ]
— e
. ——
) JR—
3t o
Kol Mo

— —
S p—
. ———]
premtte: —
— D —
provmane e, |
provmemmm PU—
 em— p—

“4.0

Al



- wSti -

| [ 4
oL ! 25! ¢ 9! pOle 9 b 2 m.,O,O,
MmitTt Mt IR IHIRR IR °
| (%)
e I |
= R e
 — / \“ \\\\.\\\ .II..»Q
I 2IJI —
= =
— . mm,
T 12 —
5 —
N o J—
= Yy =
TN :_:__,_ e et _Umg

Y SeTTONVATY 'SA SANO LYY ToNITL SV LIX =

ez DL

¥991 -

38



S I HAIVYEHIAWIL SvSD X3

zZ O\3

_O, ] 9 v 2 oO,

T 11T 1T T T 3
X%y
, /%o%y . o
W<%/// / ’
An.\‘m.} \ 3

- < S _]

— 0ZE = aQ/x — |
sd BN [ ittt 1 __:___,_ | lwo,

€891 - 1.

39



.

where subscripts 1 and 2 refer to the inlet and outlet to a particular portion of

the probe system. The quantities F, F,, and Fexp contain the pressure drop experienced

by the fluid in changing direction (e.g. elbows), and changes in cross sectional
area of the flow. In particular, the pressure losses, over and above those

dir?ig%y attributable to changes in velocity, which are incurred in an expansion
are

2
| Y = ..I\ U »
oo = (1-B) g (19)

where subscripts 1 and 2 refer to the smaller and larger cross sections,

respectizel¥. Similarly in a contraction, the additional pressure drop is
given by 13

R= K ﬁggﬁ[z | (80)

where 2
K, = 0.40 (1.25-A,/A;) A;/A,<0.715 (81)
Ke = 0.75 (1-Ay/Ap) Ay/As%0.715 (82)

with subscript 1 referring to the smaller passage.

In its path through the probe the coolant was assumed to flow through the
following channels.

a) a 0.250 inch diameter circular tube 31.0 inches in length
b) a 1.250 inch wide by 0.250 inch high rectangular channel

c) a total of 19 parallel circular passages 0,078 inch diameter
1.875 inches long

d) a 0.078 inch by 1.00 inch slot

e) a‘total of 36 parallel circular holes 0.032 inch diameter

f) a 6.75 inch long annular channel, 0.650 inch ID by 0.750 inch OD
g) a total of 45 parallel circular holes, 0.032 inch diameter

h) a réctangular slot 0.032 inch by 0.500 inch

i) a total of 45 parallel circular holes, 0.032 inch diameter

j) a 6.75 inch long annular channel, 0.800 inch ID by 0.900 inch OD
k) flow through 4 0.250 inch diameter holes

1) flow through 2 slots, 0.062 inch by 0.312 inch

m) flow through a 0.250 inch diameter hole

n) flow through a 0.250 inch diameter tube 31.0 inches in length

Lo
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It was also assuming that during this process, the flow passed through a total
of 10 ninetry degree elbows.

The resulting pressure drop is illustrated in Figure 22. The coolant
pressure at the probe tip is also included in Figure Z3.

A similar proceduré was followed in determining the pressure drop
experienced by the calorimetric probe cooling water at various flow rates. In
this instance the coolant was assumed to flow through the following sequence
of passages:

a) & 0.250 inch diameter tube 31.0 inches in length

b) two parallel rectangular passages 0.318 inch by 0.063 inch

c) a total of 16 parallel 0.063 inch diameter holes ' |
d) an annular space 0.546 inch OD by 0.400 inch ID

e) an annular channel 0.460 inch OD by 0.400 inch ID which has a length
of 6.80 inches

f) a 180 degree turn at the probve tip

g) an annular channel 0.300 inch ID by 0.360 inch OD which has a length
of 7.50 inch

h) flow through two 0.250 inch diameter holes
i) flow through a rectangular changel 0.312 inch by 0.046 inch
j) flow through a single 0.250 inch diameter hole
k) flow through a 0.250 inch by 0.050 inch rectangular channel
1) flow through a 0.250 inch diameter tube 31.0 inches in length
The resulting pressure drop as & function of coolant flow rate is illustrated

in Figure 2k. Also included in Figure 24 is the coolant pressure at the probe
tip. :

[

In a similar fashion, the pressure drop at various coolant flow rates which
would be obtained in flow through the probe strut were calculated (Figure 25).

B. Heat Transfer

In addition to these considerations, the local convective cooling heat
transfer coefficients at critical locations within the probe were evaluated in
order to establish the maximum surviv&bilit¥ k%mits of the probe system. The
local heat transfer coefficient is given by 1

&% = 0.013 (e&fa)o'e (%&)0.4 (83)

L1
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for Reynolds numbers, in excess of 10,000. At lower Reynolds numbers, the heat
transfer correlation(ls) shown in Figure 26 was utilized. Regions of the probe
which were of primary concern in this portion of the design included the
forward edge of the internal probe, the forward edge of the external probe, and
the leading edge of the strut.

1. Internal Probe

The cooling water channels at the forward portion of the internal probe
flows through an annular channel having a width of 0:020 inch. The equivalent
diameter (Dg) of an annular channel is given by

De = 4A/P = D,-D. (84)

where A is the cross sectional area of the channel and P is the wetted perimeter.
Using the properties of water at an assumed temperature of lOOOF, the local con-
vective heat transfer coefficient was found to vary with water flow rate in the
manner shown in Figure 27. The internal wall temperature as a function of flow
rate and heat transfer rate is given by

g=R (Tw-T0) (85)

and are illustrated in Figure 28 for heat transfer rates in the range of 100 to
600 Btu/ft -sec. Also included in Figure 28 are the cooling water saturation
temperature as a function of coolant flow rate and inlet water pressure which may
be obtained from the computed cooling water pressure drop and the vapor pressure
curve for water. It is obvious in those situations where the wall temperature

as calculated from equation 85 exceeds the saturation temperature that boiling
will occur.

In these situations, the heat transfer rate(16) is given by

L]

%';'dﬂu_ = %convzc‘mou + %BOILING (86)

where the convection heat trafisfer is obzai ed in the manner described above and
the heat transfer in the boiling process 17) s

3
Cos (W) _ ooz} o | g By (87)
AW e My 8Hap \ g (PaA-Ps)

Since all the fluid properties are a function of saturation pressure

3
%Bcu.mc = K (P) (—“0 ':T—SMD (88)
where K(P) is a function of saturation pressure as shown in Figure Z9. Hence,
) g{ — E
%rurm.z (T =1 t) + K(P) (—T‘“ "TSW> (89)

The total heat transfer rate due to both convection and boiling is illustrated

b5
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in Figure 30. The calculations show that at & heating rate of 1500 Btu/ftg-sec
that cooling water having an inlet pressure of 300 psia flowing at a rate of

1.5 gpm is sufficient to maintain the internal wall temperature at a temperature
of 480°F. The temperature drop across the 0.025 inch wall of the copper sampling
tube is simply

g% = s& é;tﬁﬁﬁ( (90)

or gl degrees at 1500 Btu/fta-sec making the temperature of the heated surface
531-F. :

) Since the energy absorbed by this coolant stream is used directly in the
determination of gas enthalpy by means of an energy balance:

fighy = WiuoCpue AT + Wiy Coy (T3 —Te) | (91)

it is readily apparent that the magnitude of the cooling water temperature rise

must be such that the accuracy of the measurement does not suffer. The cooling
water temperature rise was estimated by assuming that the gas leaving the probe
was at an enthalpy of 266 Btu/lb (8 RT,). The coolant water temperature rise is
then .

av = (DPT Mg (Q\*"'z"") (92)
D,

™M w0 CP\-\,o

which results in the temperature rise curves shown in Figure 3\ for nozzle
diameters (DN) of 5.0 and 25.0 inches and a probe sampling tube diameter of
0.250 inch. Also inecluded in Figure 3| are the minimum cooling water flow rates
required to prevent boiling within the cooling channels as a function the stagna-
tion point heating rate (Figure3R ) since it is desirable to eliminate boiling
whenever possible. Typical examples of the use of this figure are given below
for the following free stream conditions:

Condition 3 b
he, Btu/lb . 26000 26000
e, 1b/sec 0.0k 0.0k
Dy» in. 5.0 25.0
ad Ty’ Btu/ft3/2-sec 390 99
n’nfho, Btu/sec 1040 1040

For condition 3, the minimum flow rate to prevent boiling at a 40O psia inlet
pressure is 0.69 gpm. At this flow and for a total free stream energy flux of
1040 Btu/sec the coolant temperature rise is found to be 26°F. TFor condition L
however, the same procedure results in a coolant temperature rise of 1.4°F which
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is clearly not sufficlent to 1nsure reasonable accuracy for the system. Reducing
the flow rate to a value which would produce a 10°F temperature rise implies a
coolant flow of 0.0klk gpm. Referring to Figure30O, it is found that, at this flow
rate, boiling would occur and the wall temperature would be approximately 30°F
above the saturation temperature.

It 1is noted that the above discussion has considered the convective heat
transfer coefficient to be equal to that which would be obtained in fully developed
flow in smooth passages. In reality however the coolant flow is in the process of
negotiating a 165 degree change in flow direction. By agﬁlogy with the pressure
drop experienced by fluids flowing through such a bend(l it is expected that the
local heat transfer coefficient would be increased by a factor of 60 over that
"~ obtained in smooth channels. At any particular heat flux it is expected that the
difference between the wall and fluid temperatures would by less than those shown
in Figure 28 would be reduced by the same factor. If it is assumed that the heat
transfer coefficlent is increased by a factor of 10 over that illustrated in
Figure 27, bolling does not occur at any of the ARMSEF conditions listed in
Tagle I even when the coolant flow is adjusted to produce a temperature rise of

" 107F.

2. External Probe Tip

Local heat transfer coefficients in the cooling channels behind the conical
tip of the external probe were determined in & similar manner and are illustrated
in Figure33. 1Included in this illustration are convective cooling coefficients
at various other positions along the external probe cooling passages. The external
probe tip convective cooling coefficients were used to ealcuate the wall temperature
on the surface of the cooling passage in the manner discussed above. By comparing
these temperatures with the saturation temperature of the cooling water (Figure34 )
it was determined that it was possible to cool the external probe tip without
boiling occurring at all the ARMSEF conditions listed in Table I.

3. Strut

The critical area of concern in the heat transfer analysis of the probe
strut is the leading edge of this portion of the system. Local heat transfer
coefficients were computed from the turbulent flow relationship

b

and are illustrated in Figure 3S for various wall temperature with the coolant
assumed to be at 100°F, Wall temperatures at various heating rates are shown

in Figure 36b. A comparison of the wall temperatures and the saturation tempera-
ture of the cooling water as a function of flow rate demonstrates that bolling
will not occur if the local heating rate is below 1700 Btu/fte-sec. This /2
corresponds to a stagnation line heat transfer rate (4 JTp.,) of 425 Btu/ft3/2-sec.
However since there is considerable lateral conduction with%g the external shell
of the strut, the amount of coolant available would be sufficient to cool the
strut at a considerably higher heat flux level, For example, if lateral conduc-
tion could be considered to produce & uniform temperature on the rear surface
strut leading edge, then coolant flow a&vailable is sufficlient to coolt the device
at an average leading edge heating rate of 1700 Btu/ftz—sec. Ihis average flux
level is equivalent to a stagnation point heating rate (és Y

5k

3D) of UT5 Btu/ft3/2-sec.
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In actuality however, the real convective heat transfer limit will be somewhere
between the two valyes cited above (the average of these two values is

QQf?ﬁ = 585 Btu/ft3 2-sec). Hence 1t is expected that the cooling water available
will be sufficient to provide the necessary protection of the strut from its
environment even at the most severe conditions produced by the ARMSEF with, at
most, a minimum amount of boiling at the maximum heating condition.

There is however & small region along the stagnation line of the strut where
interaction of the probe bow shock with the shock on the strut leading edge results
in augmentation of the local heat transfer rate by an approximate factor of two,

This shock interaction region is confined to a region having a width of approximately
0.3 strut leading edge diameters (0.225 inch). As shown by Comfort{9) in his
integral analysis of lateral heat conduction within the interaction region, the
external surface temperature on the strut leading edge can easily be maintained

at less than 800°F.

STRESS ANALYSTS

The stresses in critical areas of the probe were examined to insure that the
various tubes, etc. used to fabricate the instrument have sufficient strength to
withstand the maximum loading expected during operation of the device. The areas
examined included the outer and inner shells of both the exterior and inner
probes, and the outer shell of the water cooled strut. In regions where there
is no heat transfer, the stresses in the structure are due to pressure loading
alone, however in regions where there are temperature gradients thermal stresses
must be considered, also.

The outer shell of the exterior probe consists of a copper tube having inner
and outer diameters of 1.000 inch and 0.900 inch, respectively. At a internal
pressure of 600 psia, the stress in this portion of the probe caused by pressure
loading is simply

Se= P (_E:__D} = S700psi (91)
Z wtza".EDL

Since there is heat transferred through this wall, thermal stresses must be
considered, also. The(EBsrmal stresses on the outer and inner surface of a tube
may be determined from :

Sr, = AL EXT | 2(r/r) (95)

l .
2(1-m) (rele ) —1 L7 (Vo/ﬂ)]

S, = d+EaT 2 - ‘ ] (96)
‘ 2 (\-Yn‘) (Tklr1§1"‘ e (YY>’r\§

where the temperature difference across the wall is given by
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AT= %7;-:— L (97)
L

For the case where the heat transfer occurs on the external surface of tube, the
thermal stresses result in a compressive loading on the exterior and a tensile
stress on the interior wall. At a heat transfer rate of 320 Btu/fte-sec it was
found that with the followlng properties of copper

k = 220 Btu/ft-hr-COF
d r=9.8x 1076 (°r)-1

E = 15.6 x lO6 psi

0.355

m

The thermal stress on the inner tube wall was calculated to be 2900 psi (tension)
and -2780 psi (compression) on the inner wall. Hence the combined stresses are
8600 psi and 2920 psi on the inner and outer surfaces. The maximum stress is
well below the yield point of deoxidized copper: 12000 to 14000 psi.

A similar procedure was followed in determining the stresses in the external
walls of the strut. Since pressure loading produces the maximum stress when the
width of the strut 1s a maximum, stresses were calculated for the sides of this
member which are parallel to the flow field. At a pressure of 600 psia, the stress
due to pressure loading for a strut width of 0.750 inch and a wall thickness of
0.0625 inch is 3300 psi (tension). The stress produced by & temperature gradient
in the wall of the strut is given by

= CX e atv — CX E ' [ 9.4
Se= GESL = B (g ) .

which results in a tensile stress of 3400 psi at a heat flux of 170 Btu/fte-sec.
Hence the maximum stress on the strut wall is 6700 psi.

€0



IV. SAMPLING SYSTEM DESIGN

The measurement of the local gas enthalpy within the exhaust jet by energy
balance techniques with an enthalpy probe requires accurate knowledge of the
mass flow of the asplrated gas. If more informstion concerning the properties
(density and velocity) of the flow field is required it is also necessary that
the aspirated gas sample flow rate be identical to that in the free stream. To
satisfy this condition, there 1s a maximum pressure drop which can be experienced
by the gas sample and yet allow the probe to operate correctly. While operating
in this manner, the probe has "swallowed the bow shock" and operates as a mass
flux measuring device. If the pressure drop in the sampling system is allowed
to exceed the maximum allowable velue, the flow through the sampling train ad-
Jjusts to some value less than that in the free stream and there is a bow shock
off the leading edge of the probe tip. The design of the sampling train there-
fore is of critical concern if the instrument is desired to be capable of measur-
ing local free stream mass flux in the ARMSEF. The primary concern in this
portion of the probe design is in the pressure drop experienced by the flow in
passing through the sample system.

Probe and Strut Pressure Drop

The pressure drop experienced by the aspirated gas sample in flowing through
the 0.250 inch I.D. sampling lines contained within this portion of the system
was determined with the following assumptions. It was assumed that the flow
passes through a normal shock immediately after entering the gas sampling tube
and that due to the low Reynolds number of the flow cooling of the gas to a low
temperature (n-lOOOoR) takes place within. a short distance of the probe tip.

The change in pressure accompanying the cooling process was assumed to be
negligibly small. W1th these assumptions, the pressure at the tip of the probe-
is equal to that lmmediately downstream of a normal shock and the Mach number
of the flow is given by

V

* z

M= _M_(BI_) (99)
Ap P _3 ¥

where T, is assumed to be lOOOOR. The pressure drop resulting from flow down

the sam%%%gg tube can be obtained from the compressible flow analysis of .

Shapiro Shapiro shows that for any given initial Mach number there is a
maximum length of tubing, defined as the length required to produce sonic flow
at the downstream end, which is given by

R T
Dyax ¥ M? 2% 1(\‘"‘—%} Mz)

where ¥ 1s the mean friction coefficient defined as

L Mo

S
|

moyx “0
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and

£ (Re,) (102)

Shapiro further demomstrates that the length of duct required for the flow to
pass from a given initial Mach number, M;, to a final Mach number, Mo is given
by »

4?(]___)._._ 4?(.\:_3”0 - 4? L (103)
D D x’M‘ D max, M,

In addition, the change in pressure resulting in flowing from My to sonic flow at
(L/D)max is simply

(10k4)

Va,
plp = L Tl \ |
. g ~\ pA
Mol 2 (s %M.)
where'f)* being the pressure at (L/D)max (i.e., M = 1.0). The change in pressure

accompanying the flow from the initial Mach number (M;) to its final value (Mp)
can in turn be cobtained simply from

Y p*)
’Pl/’Pi ’(P‘ | P*>

Equations 100 and 10k are illustrated in Figures 37 and 3B, respectively.

(105)

A typical sample of the method employed in evaluating the pressure drop
is as follows. The sampling line within the probe and strut is assumed to be
41 inches in length and to contain two 90 degree bends which for a 0.250 inch
dismeter line results in a total equivalent length of 225 tube diameters. For
a flow which has an initial Mach number of 2.3 x 102 and a Reynolds number of
15.3 i

£=16/Re, (106)

A0L/p = 945 (107)

and

(AQ _L_> — 1350 (108)
V/max

The Mach number of the flow at the end of this portion of the sampling line
corresponds to that at which

(4.&3 _L_> — 1350-945 = 305 (209)
D

™o ) Mo
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Referring to Figuredr , it is found that the Mach number of the flow has increased
to 4.8 x 10-2. From the initial and final Mach numbers, it is found that the
pressures at the inlet and outlet are given by

PIB= Mi/M.= 208 (120

Initial and final conditions for other typical ARMSEF operating points are listed
in Table 2.

Pumping Requirements

The size of the vacuum pump hecessary to insure that the sampling system is
capable of aspirating the required mass flow rates at the pressures expected can
be determined by comparing pumping speed curves (volumetric flow rate as a
function of inlet pressure) with the expected flow properties. A typical example
is shown in Figure 39, included in this illustration are expected pressures at
various mass flow conditions at ARMSEF. The inlet pressure to the pump as ob-
tained from the pumping curve must be lower than the line pressure in prder to
have a feasible system. Alternately for a mass flow rate of 2.5 x 107 lb/sec
at a calculated pressure of 186 mm Hg the inlet pressure to the pump is given by
the interesection of the pumping curve, and the constant mass flow line shown in
Figure 39 as 14 mm Hg. Hence the particular pump illustrated would satisfy the
pumping requirements of the probe system.

A comparison of the pump inlet pressures required for aspirating flow rates
typical of those expected in ARMSEF and the calculated pressures in the probe
sampling lines (Figure<40Q) makes it possible to consider measurement of the
aspirated flow with either orifice plates or Venturi flow meters. Orifice plates
have the advantage that the output of the meter can be made a maximum value at
any combination of flow rate and pressure; however, they do offer a high
resistance to the flow. On the other hand Venturi flow meters provide the least
resistance to the flow due to the low pressure drop.

The maximum output signal which could be obtained with an orifice plate
would result if the orifice diameter were made small enough to insure sonic flow
through the flow meter. In this case, the flow rate is directly proporticnal
to the pressure immediately upstream of the orifice and is given by

g ) 'l
v =PA la¥ (Z_S"“g (111)
1T \&+

which for air may be written simply as:

-z 0.533 PA (112)
&
A direct comparison of the flow rate at various pressures and orifice diameter
and the actual line conditions expected in ARMSEF is given in Figure 40. It

is seen that it may be possible to use & 0.100 inch diameter orifice to measure
all the flows expected at ARMSEF.
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TABLE IT

SUMMARY OF CONDITIONS WITHIN SAMPLING LINES

Condition 1 2 3 ) Y 5 6

Facility mass flow, 1lb/sec 1.00 1.00 0.0k 0.0k 0.10 0.10 |
Gas enthalpy, h/RT_ | 118 118 766 766 766 766

-Plenum pressure, atm 7.83 7.83 2.64 2.64 1.65 1.65

Mach number 3.2 5¢3 3.0 5.6 3.2 5.0

Probe Variables

i, 1b/sec 2.5x10-3( 1.0x107% 1.0x107% k.ox10°® 2.5x107% 1.0x1070
M 0.105 0.07k 0.039 0.023 0.048 0.033
Re (lOOOOR) 9000 370 370 15.3 900 37

f 0.0082 0.0k43 0.043 1.0k 0.017 0.4k32
Lf(L/D) 8.3 38.8 38.8 9ks 15.3 388

M, 0.115 0.091 0.043 0.048 0.051 0.053
P, atm 1.18 | 0.067 0.126 0.007k 0.260 0.015
Pys atm 1.08 0.055 0.114 0.0038 0.2hk 0.00935
Dy, T ’ 820 420 8T 2.90 186 7.10

P mpy T 270 11.0 11.0 0.47 26.5  1.18
hf(L/D)max : L5 Th 400 300 250 250
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V. MASS FLOW CALIBRATION SYSTEM

In essence the calibration system (Figure <4 ) consists of two manifolded
tanks of known volume each of which can be independently vented through a
restrictive orifice plate to provide a mass flow through the flow meter being
calibrated. The meter being investigated is positioned between the restrictive
orifice and the system vacuum pump thereby allowing the meter to be calibrated
at pressure levels comparsble to those which will be encountered during opera-
tion of the probe system in the ARMSEF exhaust stream.

The basic procedure which is employed in calibration of the flow meters
is as follows. With the exit valves of the two gas reservoirs closed, the two
tanks are loaded to & specified pressure, Py, at which time they are isolated
from the gas supply. Gas is then allowed to flow from one tank (the other re-
maining isoclated) for a measured time interval through the restrictive orifice
.and, in turn, through the flow meter being calibrated and to the vacuum pump.
During this period the response of the meter is monitored and then it is once
again isolated from the reservoirs. The total mass flow from the reservoir can
then be calculated from variations in the pressure and temperature changes in
the reservoir:

R{{To T
where subscripts 0 and 1 refer to conditions immediately before and after the
experiment. In order to provide an accurate measurement of the final pressure
(Pl) in the reservoir, it is .determined from the response of a differential
pressure transducer between the two reservoirs, i.e.,

?3':: F%,-—£>i> (h4)

am= M ) B _ D_')S (w3)

therefore

pm= RV L aP (us)
R T BT

Now if the temperature changes within theAsystem are small, this mmy be written
as

am= VY ibﬁ ' (Me)
RTL W

Furthermore, with s volume large enough to 1imit the pressure change to less

than 5 percent, the mass flow rate through the meter is simply

= N (aP

em —
~nt Ry ( ot ()
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The volume of the reservolr required to satisfy the stipulation the. pressure
changes are to be less than 5 percent is easily established from the relationship

LYV S AN
oV >

which for a mass flow of 2.3 x 1073 1b/sec for a 10 second period at 250 psia
initial loading pressure results in a minimum reservoir volume of 0.34 cubic
feet. This volume corresponds to a length of 10 feet of 2.50 inch inside diameter
pipe. To provide some means of obtaining a substantial pressure change at very
low rates, the volume of the second reservoir was chosen to be 0,10 _ft2. Actual
reservoig volumes .obtained in fabricating the system were 0.1075 ft° and
0.37h f£t2.

A series of calibration experiments were performed to determine the loading
pressures reguired to obtain mass flow rates with the restrictive orifice plates
that would be in the range expected in the ARMSEF., These orifice plates were
calibrated by allowing gas (air) to flow from the larger volume to the smaller
for a measured time period. The mass flow rate through these restrictive orifices
was computed from equation t\7 using both the pressure rise in the smaller volume
and the pressure drop obtained in the larger tank. The resulting calibration
curves are shown in Figure4Z, as expected each orifice (in the range of pressures
employed) acts as a sonic orifice with the mass flow being directly proportional
to the pressure on the upstream side of the orifice. These orifice plates there-
fore provide a means of obtaining mass flow rates of the magnitude desired for
the ARMSEF facility and hence can be used to calibrate the flow meters which are
to be used during the actual probe experiments conducted in the facility
exhaust jet. It is evident from the data presented in Figure 492, that the actual
orifice diameters are considerably different from the nominal diameters, for
example comparing the data for Q0.00k inch and 0.020 inch orifices the ratio of
the two mass flows is found to be 0.060. This is fifty percent greater than
?hatuw§uld be expected from the ratio of the square of the nominal diameters

0.040).

Three orifices ranging in size from 0.0995 inch to 0.140 inch in
diameter were calibrated in the manner discussed above with air in the system.
The results of these celibration tests are illustrated in Figure 43 while
similar data obtained with argon and a 0.120 inch diameter orifice plate are
shown in Figure44 . The mass flow through the orifice plates were found to
be linear in the pressure on the upstream side of the flow meter at pressures
as low as 2 mm Hg. The range of calibration employed in thege tests was from
105 1b/sec to 10-3 1lb/sec with air and from 3 x 1072 to 1073 for argon. A
comparison of argon and sir data with the same orifice plate show that the data
are in good agreement with the ratio of the two flow rates as predicted from
sonic flow. For example, sonic flow indicates that at the same pressure the mass
flow of argon should be 25 percent greater than the air flow rate; comparing
the data in Figures43 and 44 at 23.5 Torr the air flow is 1.0 x ].O'4 while for
argon it is 1.25 x 10-4 lb/sec.
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VI. PROBE EVALUATION

Evaluation of the probe system In highly heated gas streams was conducted
in two gh ses. The first portion of the evaluation was performed in the Avco
ROVERS( 53 arc facility exhaust jet and was primarily designed to determine if
the various portions of the probe system performed their desired functions. The
second portion of the evaluation was conducted in the NASA/MSC ARMSEF facility
to demonstrate the capability of the probe system,

ROVERS Arc PBxperiments

A number of experiments were conducted with the probe system in the super-
sonic exhaust jet produced by the Avco ROVERS arc facility (Figure4S) to pro-
vide a means of evaluating the probe design. The ROVERS facility consists of a
constricted arc plasma generator which exhausts through a supersonic conical
‘nozzle into a 6 feet diameter vacuum chamber. The arc heater employs a water-
cooled tungsten cathode and a water ccoled copper anode. High enthalpy air is
produced by passing nitrogen through the arc discharge and mixing oxygen to the
plasma in a plenum chamber prior to expanding the flow through the conical
exit nozzle. Measurement of the total power input to the heater (i.e., current
and voltage) as well as the energy absorbed in the arc cooling water allows the
enthalpy of the plasma stream to be eomputed from an energy balance.

The conical exit nozzle hasg an area ratio of 9.0 and an exit diameter of
3,00 inches. For a specific heat ratio of 1.20 the ares ratio corresponds to
an exit Mach number of 3.20. The statlc pressure in the nozzle exit plane for
this Mach number is 1.46 percent of the stagnhation pressure of the flow
measured in the arc heater plenum. However since the exilt nozzle is conical in
shape, the flow continues to diverge downstream of the nozzle even when the
static pressure in the vacuum chamber is slightly in excess of the static
pressure in the nozzle exit plane.

The enthalpy probe assembly was mounted in the RQVERS vacuum tank with
the axis of the probe sampling tube coincident with the axis of the facility
exhaust jet. The long length of the strut and associated mounting hardware
made it necessary to place the base of the strut in the recessed viewing ports
located on walls of the vacuum chamber. Hence axisl and lateral movement of
the probe within the exhaust jet was severely limited. The only positions
which could be achieved were on the flow field axis at distances of 12.250 and
6.125 inches from the nozzle exit plane. A photograph of the probe during a
typical experiment can be found in Figure4b.

A series of enthalpy probe measurements were performed at an axial dis-
tance of 12.250 inches from the nozzle exit plane. Arc heater parameters
in these tests are listed in TableIX . The enthalpy measurements made with the
probe were considerably less than those calculated from the energy balance.
The average being approximately 42 percent of the energy balance value. In
one series of experiments (ROVERS Run No. 434-1) the coolant water flow to the
inner calorimetric probe was varied from 0.21 gpm to 1.T74 gpm while maintaining
the outer probe cooling water flow rate at a constant value of O.44 gpm. The
variation in enthalpy measured in these tests was from 3800 Btu/lb to a maximum
of 4150 Btu/1b with the mean value being 3985 Btu/lb. This amounts to a spread
of th.5 percent about the mean value.
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As is demonstrated by the results listed in TableTil there is no consistent
variation in the measured enthalpy with changes in the coolant flow rate. If
there were energy transfer from the inner to the outer probe cooclant streams,
there would be g change in the heat exchange between the streams as the flow
varied and hence a variation in gas enthalpy would be observed. Since essentially
no variation in enthalpy was noticed even when the inner coolant flow was changed
by a factor of 8 (Figure<47) it was concluded that there was no energy transfer
between the two coolant streams.

This observation was substantiated by placing a Nichrom heating element
within the probe sampling tube. When 4O watts of power was dissipated in the
heater the energy absorbed by the inmer probe cooling was measured to be 38
watts. This small discrepancy can be attributed to losses from the bare leads
of the heater and the small portion of the heating element which was allowed to
remain outside of the sampling tube.

A second series of experiments were performed with the probe tip located
at an axial distance of 6.125 inches from the nozzle exit plane. The results
of these tests are included in Table TL. Each experiment conducted in this por-
tion of the evaluation program was identical to experiements performed at
12.250 inches. In each case, higher values of enthalpy were measured closer to
the nozzle exit plane. For example, in Run No. 434-1 and 435-5 enthalpies of
3985 Btu/lb and 6600 Btu/lb were measured at 12 and 6 inches, respectively,
thereby further demonstrating that the discrepancy between measured and calculated
enthalpies is due to jet mixing.

The difference between the enthalpy calculated from the facility energy
balance and the measured value was therefore assumed to be caused by mixing
of the exhaust jet with the external recirculatory flow within the vacuum
chamber. This mixing process is considerably more rapid than that which occurs
in a free jet since use of the relationships and experimental data of Warren
gquantities would have values identical to those in the nozzle exit plane. The
reasons for the enhanced jet decay mey be seen by considering the flow patterns
in the two cases which are illustrated schematically in Figure 48, In the free
Jet case, the jet entrains fluid from the enviromment and the total mass flow
within the jet increases with distance from the nozzle exit plane. Furthermore
it is noted that the entrained fluid has an axial momentum which is identically
zero. As is the case with all free shear layer mixing processes the total
momentum and energy passing through any plane normal to the jet axis is conserved.
However with a jet that issues into a chamber which is maintained at steady
state conditions of pressure and temperature there are important differences
which alters the rate of mixing. As with the free jet the conservation laws
still apply and the total mass flow in the Jet increases with distance down-
stream. Since the vacuum chamber is maintained at steady state, only that
portion of the Jjet mass flow which entered the vacuum tank through the arc
heater nozzle leaves the system at the far end of the chamber. The remainder
of the flow recirculates along the outer wall of the tank to be re-entrained by
the jet in the vicinity of the nozzle exit plane. Hence, when in the vacuum
chamber, the jet leaving the nozzle mixes with an opposing external flow field.
Furthermore, the recirculating external flow, when it reaches the forward end
of the vacuum chamber is directed radially inward towards the exhaust jet and
hence increases the amount of fluid entrained in the initial portion of the jet
and increases the rate of jet decay.
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In each run where more than three measurements of enthalpy were made each
data point was compared to the mean value for each run. The results are included
in Figure MBas a function of cooling water flow rate. The average deviation
of the data from the mean value in any experiment was found to be 2.6 percent
further demonstrating the adequacy of the insulation between the inner and outer
probe cooling systems. -

ARMSEF Experiments

A similar series of tests were conducted in the NASA/MSC ARMSEF facility.
The probe was located with its tip located at a distance of 4.25 inches down-
stream of the nozzle exit plane. During these experiments the probe was capable
of being moved radially across the flow field sc as to provide information con-
cerning property variations within the free stream.

Facility operating conditions in the experiments are listed in Table IV.
Notice that the enthalpy of the gas stream produced by the facility is obtained
by three methods:

a) by an energy balance (he ) using power input to the facility,
energy absorbed by the ~'"° cooling water and the gas flow
through the arc heater.

b) by use of the sonic flow relationship (h ) which relates
plenum pressure, throat area, gas mass fiéw'rate, and gas
enthalpy

c¢) by use of the relationships for stagnation point heating rates
( ) to calculate enthalpy from measured stagnation point
heatiflg rates and impact pressure.

Data were gathered with the enthalpy probe at each of the ARMSEF operating
conditions. The gas flow measuring system employed in these tests was that
described in the previous sections of this report with an orifice diameter of
0.120 inch, The enthalpy computed from the guantities measured with the probe
are included in Table IV for comparison with enthalpy determined with the various
techniques described above.

The gas enthalpy measured with the probe system was for the most part
considerably greater than that determined by either the energy balance or sonic
flow techniques. Since each of these methods provide some average value of the
flow field properties, this comparison is as expected. When the enthalpy
calculated from measured heating rates is compared with the value obtained with
the probe, it is found that with the larger nozzle (larger free stream Mach
number) the former value is considerably greater than the probe enthalpy.
However, with the smaller nozzle,values measured with the probe are in good
agreement with the enthalpy deduced from heat transfer rates. The reason for
this variation is not understood at the present time.

The data gathered with the probe in Runs 337 and 338 clearly indicate

the enthalpy variation across the nozzle exit plane are small. If the data
gathered in Run number 339 is disregarded it is found that all data obtained at
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the same radial position with comparable arc parameters agree to within

6 percent with no apparent variation in calculated gas enthalpy with variations
in inner probe coolant flow rate. The data obtained in Run 339 appears to be
anamolous and 1s in poor agreement with results obtained in the previous two
experiments. The cause of this discrepancy is unknown, since all probe data
with the exception of the coolant temperature rise 1is in good agreement with
previous results.
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APPENDIX I
OPERATION OF THE ENTHALPY PROBE

The enthalpy probe is a simple, calorimetric device which allows one to
measure the enthalpy of a gas sample drawn through an aspirating tube located on
the axis of the instrument. As the sample travels down the aspirating tube energy
is transferred to the tube walls and in turn to the cooling water flowing slong
the outer surface of the tube wall. Upon its exit from the sampling tube, the
gas stream is at a temperature Tg and hence has some residual energy. From a
simple energy balance it is obvious that

tghs= (G, (T =T) + (mGe) (=) (1)

where T; and T, are the inlet and outlet coolant temperatures, T 1s the base
‘temperature fo¥ computation of the gas enthalpy, and m_ and i Care the gas
sampling rate and coolant flow rates, respectively. e gas 2 sampling rate

is measured by means of sonic orifice plates located in the vacuum line located
between the probe and a vacuum pump and the coolant flow rate is measured by any

of the commercially available flow meters. Inlet and outlet cooling water tempera-
ture and the gas temperature at the end of the sampling tube are obtained from

the output of chromel-alumel thermocouples supplied with the probe system.

The probe system itself consists of an external probe, an intermal
calorimetric probe and a probe strut each of which is provided with a separste
cooling system. The primary function of the external probe which completely
surrounds, and is insulated from the inner calorimetric probe is to protect the
inner probe from the external enviromment. The water cooled probe strut is of
sufficient length to allow the probe sampling tube to be located with its axis on
the axis of the flow field produced by the ARMSEF facility.

The amount of cooling water required to protect the probe sysﬁem at various
heating levels can be found from the analyses presented in the main body of this
report. The minimum cooling requirements for the probe strut may be found in
Figure A-1 as a function of environmental conditions (g J RN) and inlet coolant

. s
pressure to the base of the strut.

Minimum coolant requirements to protect the external probe from the
enviromment are illustrated in Figure A-2 as a function of external heating
while similar curves for the internal calorimetric probe are presented in
Figure A-3. As discussed in those portions of this report dealing with the
design of the probe system the minimum cooling flow rates are determined from
the desire to prevent boiling within the system at particular heating rate., It
is noted however that in the design the heat transfer correlations employed
were those applicable to fully developed flow within channels. The critical
heating area in the calorimetric probe is near the probe tip in a region where
the coolant flow is in the process of negotiating a 165 degree change in
direction. Hence the use of the heat transfer relationships employed in the
analysis 1s open to question. In this situation the actual heat transfer
coefficient would be considerably higher than those employed in establishing
the minimum coolant flow rates. Hence it 1s expected that the information
presented in Figure A-3 is conservative and that boiling can be prevented even
at flow rate less than those shown in this illustrationm.
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In addition to these data, the inner calorimetric probe coolant tempera-
ture rise which would be expected at various facility operating conditions is
shown in Figure A-L4. These results are based on the assumption that the stream
leaving the nozzle of the ARMSEF facility is of uniform properties and that the
probe acts as a mass flux measuring instrument.

Installation of the probe in the facility consists of providing coolant
inlet and outlet lines (with flow meters) for the probe strut, the external
probe, and the inner calorimeter probe. 1In addition, a vacuum line is provided
between the gas sampling line and the vacuum pump which is located within the
mass flow calibration system console. The vacuum line between the base of the
probe should have as small a length-to-diameter ratio as possible in order to
minimize frictional losses within the sampling train. A vacuum solenoid valve
is included in the line to provide a means of sampling gas at will and when this
valve is closed the impact pressure in the free stream can be measured by
locating a pressure transducer between the valve and the probe tip. In addition
a flow meter to measure the mass flow rate of the aspirated gas stream is placed
in the vacuum line between the valve and the vacuum pump. A schematic diagram
of the probe system is presented in Figure A-5.

The procedure followed in making a measurement of enthalpy in a flow field
is discussed below. Following insertion of the probe into the stream with the
sampling valve closed, the temperatures in the inner probe cooling water stream
are observed until they come to steady state. At this time, the gas sampling
valve is opened drawing gas through the probe until the calorimetric probe
coolant temperatures reach steady state once again. During this period the
output of the instrumentation associated with the flow meters for measuring
sampling rate and coolant flow rate as well as the temperature of the gas leaving
the inner calorimetric probe are monitored also. At this time the valve in the
sampling line is closed ans the probe can then be moved to the next position where
8 measurement is desired.

The enthalpy of the gas sample drawn through the probe can then be
calculated from an energy balance on the calorimetric probe:

= (V;\C:p;)uzo'(_\:l“?') <+ CPS(TS_ o) (A-2)

Mg

and the mass flux in the external flow field is obtained by dividing the‘gas
sampling rate by the cross-sectional area of 0.250 inch diameter sampling tube:

(pw),,= Amg (a-3)
% T o,
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APPENDIX II

OPERATION OF THE MASS FLOW CALIBRATING SYSTEM

The mass flow calibr%ting system consists of two manifoleded reservoirs
having volumes of 0.374 ft2 and 0.1075 £t3 which are connected by appropriate
valves and a restrictive orifice to the inlet of a 5.6 CFM vacuum pump. A flow
meter being calibrated is positioned in the line between the restrictive orifice
and the vacuum pump. The system is such that gas flows ranging from 4 x 107° to
4 x 10-3 1b air per second may be obtained by proper choice of initial pressure
in the reservoirs and the diameter of the restrictive orifice plates. The
restrictive orifices range in size from 0.004% inch to 0.020 inch. In the flow
rate range of interest, the static line pressures in the system between the
restrictive orifice and the vacuum pump are in the range expected during operation
of the enthalpy probe in the ARMSEF facility. Hence the calibration system pro-
vides a means of calibrating flow meters at the pressures and flow rates expected
during operation in the facility.

The procedure followed in various operations performed during calibration
of a flow meter are described below.

a) Filling: With valves 3, 4, 5, 6, 7 and 8 opened and valves 1,
2 and 9 closed gas is introduced into the system through the
fill line located in the console containing the system
(see Figure A-6 for valve designation).

b) Venting of the gas inlet line: With valves 3, 4, 5, and 6
opened and valves 1, 2, 7, and 8 closed, the regulator valve
on the gas supply is closed and the vent valve (Valve No. 9)
is opened.

¢) TIsolating a reservoir as a constant pressure volume: To employ
reservoir no. 1 as a constant pressure volume valves 1, 2, 5,
7 and 8 are maintained in the closed position and valves 3, by
and 6 are kept open. If the other reservoir was selected as
the standard volume the position of the valves would be
identical except that valve 6 would be closed and valve 5 would
be open

i

d) FEquilizing the pressure in the two volumes: With valves 1, 2,
7 and 8 in the closed position, the pressure can be equalized
by opening valves 3, 4, 5, and 6.

e) Gas flow from reservoir #2 with reservoir #1 maintained as
a constant pressure volume: Valves 1, 2, 5, 7 and 8 maintained
in the closed position and valves 3, 4, and 6 open, valve 1
is then opened to allow gas from reservoir 1 to flow through
the restrictive orifice through the flow meter being calibrated
and then to the vacuum pump.
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f) Venting of entire system: With valves 1, 2, 7 and 8 initially
closed and valves 3, k4, 5, 6 and 9 initially open, valves 7 and
8 are then opened.

These operations are summarized in Table A-T

During the calibration of a flow meter the following sequence of operations
is followed:

1.

Proper pressure transducers and restrictive orifice are selected based
on the data presented in Figure A-T.

Pressure transducers and orifice plates are installed in the system.
The system is filled with gas to the correct pressure level.
The gas inlet line is vented.

One reservoir (usually the smaller of the two) is isolated from the
remainder of the system.

Gas is allowed to flow from the larger reservoir for a measured time
period. This flow passes through the restrictive orifice, the flow
meter being calibrated, and then through the vacuum pump. During
this period the output of the flow meter pressure transducers are
recorded.

The valve between the larger reservoir and the restrictive orifice
is then closed. It will be observed that immediately after closing
this valve that the temperature in the tank begins to rise as the
gas absorbs energy from the environmment. At the end of this time
period it will be noted that the pressure difference between the

two reservoirs also comes to a steady state value at which time the
pressure in the reference volume and the pressure difference between
the two reservoirs is recorded. The total mass flow from the large
reservoir during the period the valve was open is then

am= N AP (A-1)
RT
and the average mass flow rate is
= M (/g_?) (a-5)
RT\at

which can be correlated with the output of the meter being calibrated.
The two reservoirs are allowed to come to the same pressure.

The entire system can then be vented (if desired) to some lower
pressure.
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TABLE AT

SUMMARY OF CALIBRATION SYSTEM OPERATIONS

OPERATION

1.

2.

Fill reservoirs

Vent inlet line

Isolate small reservoir
Isolate large reservoir
Flow from small reservoir
Flow from large reservoir

Equalization of reservoir
pressures

Vent entire system

Evacuate reservoirs

3,
3,
3,
3,
3,
3,

3,
3,
3,

INITTAL VALVE POSITION
CLOSED

OPEN
L, 5 6, 7,8
b, 5 6
b, 5,6, 9
4, 5,6, 9
L, 6,9
b, 5,9
b, 9
k, 5,6, 9
k, 5, 6,9

96

2, 9
2, T,
2, T,
2, 7,
2, 5,

2) 6’

2, 5,
2J 75

2, T,

s
s

8
8

7, 8

EXFCUTTION

OPEN 9
CLOSE 5
CIOSE 6
OPEN 2

OPEN 1

OPEN 5, 6
OPEN 7, 8

OPEN 1, 2
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10. Steps 5 through 9 are then repeated to obtain the next calibraticn
point.

Selection of the restrictive orifice plates and the operating pressure of
the system reservoirs is made from the data presented in Figure A-T at the
desired gas flow rate. For gases other than air it is obvious that the data
presented can be easily modified by use of the sonic flow relationships for
choked orifices:

. xet ) o
m= PA ¥ Z_\" -6
(&) ()

The length of time that gas may be allowed to flow from the large reservoir to
obtain pressure drops of 1.0, 2.5, and 5.0 psia are illustrated in Figure A-8.
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