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The procedure and results of simultaneous measurement of the stagnation tempera- 
ture and specific mass flow of gas in a hypersonic flow by means of heated-cham- 
ber impact tubes is discussed. The construction of the tubes is described. 

In the investigation of hypersonic flows it is necessary to determine the velocity, den- 
sity, and temperature or enthalpy of the gas. For this purpose two or three independent 
measurements are made with different impact tubes. Nikol'skii [i] has consolidated measure- 
ments of the total head and heat flux to a hot-wire probe and from the results determined the 
specific mass flow of gas (i.e., the product of the density and velocity of the gas). 

For the investigation of hypersonic gas flows in intermittent (gun-type) facilities, 
difficulties arise insofar as it is impossible to perform measurements at one point of the 
flow with different tubes during one shot~ while measurements performed in different shots 
incur an additional error associated with scatter of the values of the flow parameters. 
Moreover, measurements of the temperature of a gas flow by measn of stagnation-chamber tubes 
are accompanied by the additional difficulty that there is not sufficient time for the 
thermocouple junction and chamber walls to be heated to a steady-state temperature. 

Accordingly, the conventional tubes that have been used successfully to measure the 
stagnation temperature of longer-acting (quasicontinuous) facilities [2] are inapplicable in 
intermittent facilities. However, if a changeover is made from the steady-state to the regu- 
lar measurement mode, it is no longer necessary for the tube to be heated by the gas flow 
to a steady-state temperature. 

The regular measurement mode with simultaneous steady-state heating of the sensing ele- 
ment has been used previously [3-5]. It entails heating the tube to a definite temperature 
under steady-state conditions in vacuum. This process can be described by the heat-balance 
equation formulated for the sensing element (thermocouple junction or working section of a 
resistance thermometer): Q = Q~ + QI' 

After the sensing element has been heated to a certain steady-state temperature T, the 
tube is inserted into the investigated flow or the test facility is fired. The sensing ele- 
ment will be heated if T< To, or it will be cooled if T> To. This process is described by 
the heat-balance equation 

from which we infer 

Q _+/~s (To - -  T) = Q~ + Q~ _+ 
cTb AT AQ~ -~- AQ~., 
2 AT 

+_Sh(To-- T ) = - ~  cyb AT -k AQ~ q- AQ~.. ( i )  
2 A'~ 

The thickness of the sensing element can be chosen in such a way as to minimize the radiant 
heat losses d~ring the measurement period in comparison with the heat flux accumulated by the 
el ement : 

AQ~__~ 4soT3AT << cTb AT 
2 A'c 
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For a given measurement error 8 this relation can be used to estimate the smallest allowable 

thickness of the element: 

8~oTaA~ 
b ~  (2)  

6c? 

M o r e o v e r ,  t h e  v a r i a t i o n  o f  t h e  h e a t  l o s s e s  t h r o u g h  t h e  l e a d s  c a n  b e  e s t i m a t e d  f r o m  t h e  
solution of the one-dimensional heating problem with heat input from the sidewalls of a rod 
of length I under the following conditions: a) At the attachment sites of the leads in the 
ceramic the temperature remains constant during the measurement period IT(0; T) = const, i.e., 
the ceramic has a high heat capacity]; b) the sensing element and leads are heated (or cooled) 
over their entire length by a uniform specific heat flux, equal to q = cYbAT/2AT. The con- 
vective heat flux to these objects is Qc = cYbATS/2A~ = ~eYbDIAT/A~. 

Instead of estimating the variation of the heat flux by heat conduction, it is more 
practical to consider the heating problem for a rod thermally insulated at the sidewalls and 
heated at one end at a constant rate (AT/AT = k). The initial temperature is uniform along 
the rod. The rod is thermostatically regulated at the other end: 

T(x; O ) =  T(O; -r O, T(I; T)=: k~:; - )" OZT __ aT 
c? Ox 2 OT 

The s o l u t i o n  o f  t h i s  p r o b l e m  can  be  w r i t t e n  i n  t h e  f o r m  

whereupon 

T(x; .O_ - k x  _ k E (--1)'z 2iac? [ ( n21Z2}~T i ] X 
i q- ~ -  aa/*a~, t -- exp -- sin em - -  , 

~ = 1  . c T I  ~ , l 

)~ OT(I; ,)  S'  
6 -  _XQ~. Ox ).'r 

Qc ac7 blDAT lZcy b 
A~ 

From this relation we can estimate the shortest length of the leads and, hence, the length of 
the tube chamber. For a given length as well as given values of the time and error of meas- 
urement, the variation of the heat losses by conduction can be neglected in comparison with 
the convective heat flux from the gas: 

12 ~ ~/cTb& (3) 

Under conditions (2) and (3) Eq. (i) acquires the form 

h (T o - T ) =  cTb AT 
2 k* 

As AT§ 0 the coefficient h(To--T) § and so T§ However, it is practically impossible to 
heat the sensing element to the temperature To, because To is not known prior to the experi- 
ment. The measurements were therefore performed several times at various initial tempera- 
tures T of the sensing element, which were established by varying the heater power input. For 
T> To the ratio AT/AT < 0, and for T< To we have AT/AT > 0. 

The initial temperature T of the sensing element was measured prior to each shot of the 
test facility, and during its operation (i.e., during the period in which the gas flow acts 
on the sensing element), its heating (or cooling) rate AT/AT was measured. 

Regarding AT/AT as a function of the initial temperature, the temperature T x at which 
AT/AT = 0 is determined by interpolation. In this ease AT = 0, and so h(To--T x) = 0, where- 

upon Tx = To. 

In the foregoing heat-balance equations it has been assumed that the rate of change of 
the temperature AT/A~ along the thickness of the sensing element (thermocouple junction) is 
uniform, 

The time required for equalization of the heating rates along the thickness can be esti- 
mated from the solution of the heat-conduction equation for an infinite plate: 
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Fig. i. Impact tubes. 

aT (b/2; 'r) aT (0; T) T(x ;  0 ) = 0 ;  - -0 ;  - - .< 
8x Ox 

2 ~ O T (x, x) OT (x; "0 

c? dx ~ Or 

x = 0 a t  t h e  s u r f a c e  o f  t h e  s e n s i n g  e l e m e n t .  

The solution of this problem has the form [6] 

T ( x  "0 - q-i- [ 2),~ b e -  12.v z - /  '-Tb ~ ___(--1/'2 
- - n==l ~2112 

- q ;  

a'-'l?"-),'C ~ 2.V 1 
]COS-- l,~ ! 

c?b z . b j ' 

whence we can determine the rates of change of the temperature of the plate and its median 
p l a n e :  

, . . " ( 4~21z2~'~ ', Or (0; T) = q '  ~- 2), b ~ (--1)'~8/.~ exo I 
oh 2. [ c?b 2 ~ c,?b 2 cyb ~ J 

1 1 ~  I ,' 

or(hi2; q V ]. 
O'~ ~ k c,gb j 

The e q u a l i z a t i o n  t i m e  o f  t h e  h e a t i n g  r a t e s  i s  d e t e r m i n e d  f rom t h e  c o n d i t i o n  t h a t  t h e i r  r e l a -  
t i r e  d i f f e r e n c e  s h o u l d  n o t  be  g r e a t e r  t h a n  t h e  a l l o w a b l e  e r r o r  o f  m e a s u r e m e n t  ( 6 ) .  I f  we 
assume that the allowable error is not to exceed 3%, then 

OT (0; T) 0T (b/'2; T) 
8 =  & 0z ( 4az)~z ) 

OT (b/2; ,c) ~ 2 exp , c? bz . 

& 

Accordingly, for a Chromei--Alumel thermocouple with c = 460 J/kg, Y = 8000 kg/m 3, I = 22.6 
J/m. sec.~ and b = 3.10 -5 m we obtain the following time of equalization of the heating 

rates along the thickness of the junction, providing an estimate of the response time of the 
tube: 

c~b 8 
% ~  l n ~ - ~  10-5 sec. (4)  

4a2~ 2 

T h i s  e s t i m a t e  o f  t h e  r e s p o n s e  t i m e  h a s  t h e  a d v a n t a g e  t h a t  i t  does  n o t  depend  on t h e  v a l u e  o f  
t he  h e a t  f l u x  ( i . e . ,  on  t h e  m a g n i t u d e  o f  t h e  i n p u t  e f f e c t ) ,  b u t  i s  g o v e r n e d  e n t i r e l y  by t h e  
t h e r m o p h y s i c a l  p r o p e r t i e s  o f  t h e  s e n s i n g  e l e m e n t  and t h e  a l l o w a b l e  m e a s u r e m e n t  e r r o r  6.  Thus 
d e f i n e d ,  t h e  r e s p o n s e  t i m e  o f  t h e  t u b e  w i l l  be  i d e n t i c a l  f o r  o p e r a t i o n  o f  t h e  t u b e  i n  d i f f e r -  
ant media and with different flow rates of the medium or velocities of the tube. This defini- 

tion is still not universal, because ro const under the condition ~ aT(0; T) = = q = c o n M .  
Ox 

It is essential to note that, as a rule, the relative error of measurement of To is 
much smaller than 6, because the initial temperatures T are measured with high accuracy under 
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steady-state conditions prior to firing of the tunnel, and 6 governs the correction error, 

which is determined from oscillograms. 

For a given measurement time to and error 6, relation (4) can be used to estimate the 
maximum thickness of the sensing element. 

To implement the method we used a tube whose chamber was made of Nichrome in the form of 
a cylinder with two notches cut along its generatrices. The chamber was heated by a current 
flowing along both sides of the cylinder (Fig. i). The junction of a Chromel--Alumel thermo- 
couple, serving as the sensing element, was installed at the forward orifice. The entrant 
opening of the chamber had a diameter of 0.8 mm, and the outside diameter was 1.2 mm. 

During the experiment the tube was placed so that the axis of its chamber was directed 
along the streamAines. The heater chamber was connected to a power supply. The desired ini- 
tial temperature of the sensing element was set by varying the heating current and was moni- 
tored with a PP63 potentiometer. 

During a shot (when the gas flow as acting on the tube) the temperature variation of the 
sensing element was recorded by means of an amplifier and an N-II5 oscillograph, which in- 
corporates M004-7,00 moving-coil elements with a natural frequency of 7 kHz, so that the ac- 
tual resolving time is less than or equal to 200 ~sec. The problem of determining the tem- 
perature of the gas flow from these measurements is equivalent to the reverse interpolation 
problem for the function AT/At = f(T), i.e., to determine the value of T x such that 
AT/AT = f(T x) = 0. Inasmuch as the heat-transfer coefficient is positive and nonzero for any 
values of T and To, the function f(T) is monotonic and single-valued for any T, so that the 
problem of determining To must have a unique solution. 

The heat-transfer coefficient is known to depend only very slightly on the temperature 
difference To--T. For example, in the Fay--Riddell equation [7] the heat-transfer coefficient 
depends on the temperature factor T/To to the power 0.I, so that in measurements with small 
differences To--T the heat-transfer coefficient can be assumed constant, and the function 
AT/AT ~ f(T) linear. 

From the results of measurements carried out for various freestream parameters and for 
temperature differences To--T not exceeding (in absolute value) 100~ we have plotted the 

linear regressions AT/AT = aT + b. In every case the correlation coefficients were greater 
than 0.97. 

Consequently, in order to determine the stagnation temperature of a gas flow it is 
sufficient to perform measurements for two different initial temperatures of the sensing ele- 
ment or with two probes during one shot of the test facility, where the sensing elements of 
the probes have different temperatures T' and T" prior to the shot (or prior to insertion of 
the tube into the flow). The temperatures of the junctions will change after the test facil~ 
ity is fired, and the heat-balance equations describing this process have the form 

Cl~lbl ATt -- h(Yo-- T'); c272b2 AT" = h(To--  T'), 
2 A~ 2 A~ 

so tha t 

To--=( clYlblAT'/AT T " - - T ' ) / (  cl?lblAT'/A'r 1). (5) 
, c2?,~b2AT"/A'c c2"y2b2AT"/A'~ 

Figure 2 shows a block diagram of the arrangement for measuring intermittent gas flows 
with a tube having two heated chambers. 

The ratios c~Y1b:/c2Y~b2 can be determined by writing the rates of change of the junc- 
tion temperatures in the gas flow without heating of the chamber. In this case the initial 
temperatures of the sensing elements are identical, and from the heat-balance equations (5) 
for the heating process we obtain 

c~v~bJc2v.2b2 = (AT'/A'r)/(AT"/A'r,). 

If To [given by relation (4)] is one-tenth the measurement time, which is determined by the 
lifetime of the investigated gas flow, the temperatures T' and T" and their variations AT~/A~ 
and AT"/AT must be regarded as time functions, from which the stagnation temperature of the 
gas flow can be determined as a function of the time. 
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Fig. 2. Block diagram of the measurement arrangement. I) 
Unit for emf compensation; 2) amplifier; 3) N-II5 oscillo- 
graph; 4) synchronization sensor; 5) synchronizer. 

Fig. 3. Oscillograms of sensing-element temperatures for 
initial values T' = 250~ (trace I) and T" = 325~ (trace 2) 
and graph of stagnation temperature (points): To, ~ vs 
T, msec. 
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Fig. 4. Measurement results for: 
i) M = 8; 2) 6; 3) 5. 

Figure 3 shows oscillograms of T' and T" obtained in the measurement of To with a two- 
chamber tube in a shock-driven (gun-type) wind tunnel operating in the Ludwieg configuration 
[8], with the gas in the fore chamber heated to 330~ Air was evacuated from the working 
section and nozzle, which were separated from the fore chamber. The tunnel was fired at the 
instant of bursting of the diaphragm, whereupon a rarefaction wave propagated in the fore 
chamber, followed by a reduction in the temperature of the gas. Also shown in Fig. 3 are the 
results of calculating To by graphical differentiation of these oscillograms. It was deter- 
mined from the measurement results that for the first 1.5 msec the gas flows with ahigher stag- 
nation temperature than during quasisteady flow (up to 14 msec). The gas with the elevated 
temperature is clearly produced by the compression of the residual air in the working section 
and nozzle during firing of the tunnel. 

From Eqs. (5), along with the stagnation temperature of the gas flow, we can also deter- 
mine the heat-transfer coefficient h = [caYabaAT'~AT--c~YIb~AT'/A~]/[2(T"--T')]. In the probes 
used for these experiments the sensing element was a thermocouple junction situated on the 
axis of the chamber at its orifice toward the impingent gas flow. Assuming that the gas flow 
in the chamber and at its orifice is laminar, we can write a relation between the specific 
mass flow (product of the density p and the velocity u) of the gas and the heat-transfer co- 
efficient, making use of the Reynolds analogy [9]: 

NUo = f(Reo; Pro), (6)  

where Nuo = hL/~o is the Nusselt number, L = const for each sensing element and in the pres- 
ent work is equal to the orifice diameter of the tube chamber (L = d), Reo = puL/~o is the 
Reynolds number, and Pro = poCp/Xo is the Prandtl number. Inasmuch as ~o and %o are evaluated 
from the measured temperature To and as the quantities L and Cp are constants, relation (6) 
can be used to determine the specific mass flow and to rewrite Nu 0= ~(pu). This function is 
usually writte~ in the form Nuo = ~(Reo). The relationship between the specific mass flow at 
the orifice of the tube chamber on its axis (pu) on the specific mass flow in the impingent 
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gas flow (free stream value p~u~) can be obtained from the equation of continuity 0p/~T + 
div (pu) = 0 written for the central gas streamer flowing around the thermocouple junction. If 
the measurement time �9 ~ L/a~, the gas flow in the tube chambers can be regarded as steady, 
so that ap/QT=0. Moreover, in transmission across the normal shock the direction of the gas 
particle velocity and the central streamer of the flow remain unchanged; it can therefore be 
assumed that 0~ptL)/0 U ~ ~(p~)/0z ~ 0 . From this result we infer that Opu/~x = 0 and so on pu = 
p~u~, i,e., the specific mass flow in the tube chambers is determined by the specific free- 
stream mass flow and Nuo = ~(p~u~L/~o). The form of this function in hypersonic flows does 
not depend on the Mach number M of the flow (M = u~/~). 

To calibrate the tube, i.e., to plot the function Nuo = ~(Reo), we performed experiments 
in intermittent facilities at numbers M = 5, 6, 8. The tube was placed in the working section 
of the wind tunnel at the nozzle orifice. The numbers ReQ were varied by varying the pressure 
in the fore chamber and the temperature To. The results of the measurements are shown in 
Fig. 4. 

NOTATION 

Q, heat input per unit time from heater to sensing element of impact tube; Qe, Q%, quan- 
tities of heat transferred from sensing element by radiation and conduction in loads; T, 
steady-state temperature of sensing element in heating before firing of wind tunnel; To, stag- 
nation temperature of gas flow; S, surface area of sensing element; c, Y, b, specific heat, 
density, and thickness of sensing element; AT, temperature variation of sensing element; T, 
time; AQe, AQ%, variations of heat losses by radiation and conduction in leads from sensing 
element during measurement period; h, heat-transfer coefficient; c, emissivity of surface of 
sensing element; q, Boltzmann constant; ~, measurement error; l, length of leads; D, lead 
diameter; S', cross section of leads; %, thermal conductivity; q, convective heat flux; %o, 
thermal conductivity of gas at temperature To; ~o, viscosity of gas at temperature To; Cp, 
specific heat of gas at constant pressure; p~, u~, freestream values of density and velocity 
of gas; M, freestream Mach number; a~, speed of sound. 
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