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THE DESIGN AND CONSTRUCTION 
OF THERMAL FLOWMETERS 

by 

R. W. Kessie 

A the rmal flowmeter has been designed and tested which will 
m e a s u r e a wide range of flow r a t e s for highly corros ive gases . Response 
to flow ra te changes is fast. The p a r a m e t e r s for changing the size and re
sponse of the flowmeter have been evaluated. 

INTRODUCTION 

Conventional f lowmeters a r e usually adversely affected by the r e 
moval from or addition of ma te r i a l to the fluid channel. Even a small 

amount of corros ion will ser iously 
Figure 1 
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al ter the calibration of very small 
orifice m e t e r s and ro t ame te r s . This 
difficulty is overcome in the c l a s s i 
cal thermal flowmeter, in which flow 
is measured by a t empera tu re dif
ference produced in a flowing s t r eam 
by adding heat at a known ra te . A 
d iagram of a c lass ica l thermal flow
mete r is shown in Figure 1. However, 
this forin of the thermal flowmeter 
has two important disadvantages: 

1) the calibrat ion curve is 
such that any par t icular reading can 

B. be given by either of 2 flow ra t e s ; 
and 

2) the t ime of response to 
flow changes is slow at lower flow 
r a t e s . 

The two-valued calibrat ion curve is a consequence of the following. 
For a given heat input r a t e , the t empera tu re difference dec rease s from a 
higher value as the flow ra te is increased . On the other hand, for a sym
me t r i ca l construction the t empera tu re difference is zero at zero flow. 
Thus the pat tern of the c lass ica l flowmeter is such that the t empera tu re 
difference r i s e s from zero to a maximum after which it falls asymptot i 
cally to zero again. The maximum value is determined by heat losses and 
conduction in the pipe. 
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A modified t he rma l flowmeter design has been developed which 
does not have the above disadvantages . In pr inciple , it consists of a short 
length of pipe with different constant t e m p e r a t u r e s maintained at the ends. 
With no flow, the t empera tu re along the pipe is determined by heat conduc
tion along the pipe wall due to the t empera tu re difference. Midway between 
the fixed t e m p e r a t u r e s , the pipe t empera tu re will be the average of the 
2 t e m p e r a t u r e s . As the flow i n c r e a s e s , the midpoint t empera tu re will ap
proach the inlet t e m p e r a t u r e . 

A design using 2 pipe sections in a symmet r i ca l U-configuration is 
shown in F igure 2. 

Thermopile 
Leads x -

- l l ! 4 m . - » 

2 1/2 in. 

I 
l i n . 

^1 

Differentia! 
Thermocouple - ' " 2 112 in. 

Bottom View 
I 

^-AIH 

• O T 

1-1/4-in. Diameter Cylindrical 
Block Held At Upper 

^ Terrperature 

E I 
.Differential '^X^ 
Thertiiocoupie 
Position 

1/4 in. OD 
Tubing 

} Thermopile 

_. Block at 
•" lower 

Temperature 

I -

Differential 
'Thermccouple 

Figure 2 

MARK II THERMAL FLOWMETER 
AND DIFFERENTIAL 

THERMOCOUPLE 

- I 

I is Chrome! 
E i s Alumei 

The top block shown in F igure 2 is held at a fixed t empera tu re 
above the lower block, which is not necessa r i ly at a controlled t empera tu re . 
This reduces the amount of control equipment and allows the bottom block 
to approach the inlet gas t e m p e r a t u r e . Use of 2 gas passes in opposite di
rect ions between the fixed t e m p e r a t u r e s and measu remen t of the output 
a c r o s s the two midpoints reduces the effect of external t empera ture changes 
and t empera tu re cycling of the top block. Associated instrumentat ion for 
the complete unit is shown in F igure 3. 

This vers ion of the the rmal f lowmeter has a very wide useful 
range. It is capable of measur ing gas flow ra te s of 10 m i / m i n to 100 i /min . 
Among the gases used have been hydrogen fluoride, uranium hexafluoride, 
bromine pentafluoride, and fluorine. 
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DETAILS OF CONSTRUCTION 

Two 2.5-in. lengths of 1.25-in.-OD b r a s s bar stock were dri l led 
with 54-in. holes for j - i n . tubing, and j ^ - i n . holes for the differential 
thermocouples and the thermopi le leads . A 180° bend with |--in. ID was 
made in the center of a s t raight length of nickel tubing. This sharp bend 
can be made without collapsing the tube by filling the tube with sand or by 
using a specially constructed or modified tubing bender. The tubing and 
holes for the tubing were painted with si lver solder flux before a s s e m 
bling. Good the rmal contact between the block and the tube can be achieved 
by flowing si lver solder between the block and the tube from the end of the 
block near the center of the unit until it appears at the other end of the 
block. 

Chromel -a lumei junctions have been used in the differential t he r 
mocouple and the thermopi le because of the high strength and s imilar i ty of 
stiffness of the w i r e s . These p roper t i es great ly facilitate the construction 
of the thermopi le . The thermopile was constructed using number 30 wire 
and contains 4 junction pa i r s . It was wrapped around the 2 tubes midway 
between the 2 blocks. For e lec t r ica l insulation of the thermopile , high-
tempera tu re insulating varn ish was baked on the tubes before wrapping the 
thermopile , (it can also be insulated with very thin sheets of mica.) After 
the thermopile is in place, the junctions were fixed with insulating varnish 
or Sauereisen cement. This also aids thermal contact between the the rmo
pile and the tubes. Thermopile lead wires were brought through a ^ - i n . 
hole in the bottom block by means of porcelain thermocouple tubing and 
Sauereisen cement. 

The differential thermocouple was constructed with nunaber 20 Chro
mel and Alumei wire . The upper junction should be in contact with the 
b r a s s block in o rder to reduce t ime lag. The lower junction was wrapped 
with a single layer of g lass tape. 



The space between the blocks was wrapped with some stiff insulat
ing ma te r i a l such as mica . A s t r ip about j in, wider than the block spacing 
was held in place with g lass adhesive tape. The cylinder so formed should 
be rigid enough to prevent any contact with the thermopi le . Extensive and 
tight taping is n e c e s s a r y to prevent a i r leakage. Insufficient taping has p r o 
duced noise signals in the output of the thermopi le of severa l hundred m i c r o 
vol ts . These noise signals dropped to l e s s than 10 jjv after re- taping. 

Heating of the upper block with any type of contact hea ter should be 
sat isfactory. Tube furnaces of the radiation type were found to have too 
large a t ime lag. When a high flow ra te is stopped, the heat demand of the 
upper block may change from around 300 to 10 w. If the heating element is 
appreciably hot ter than the upper block during the high heat demand with 
flow, the upper block t e m p e r a t u r e will r i s e above the control setting after 
the flow is stopped. Three -hundred-wat t s t rap hea te r s were used on mos t 
of the f lowmeters . Another hea ter used was made by winding a coil of 
Nichrome wire d i rec t ly on the b r a s s block by mieans of a thin sheet of mica 
between the wire and the block. The wire can be spaced very closely by 
winding a s t r ing with the wire as a spacer which is removed after the coil 
is wound. The coil is then coated with a Sauereisen cement to hold it in 
place. This type of hea te r has a smal le r t ime lag than the s t rap heater . 
The rma l insulation around the upper block will inc rease the flow-
measur ing capacity of the m e t e r . The bottom block should not be insulated, 
as this will cause the t e m p e r a t u r e to r i s e excessively under some conditions. 
If it is n e c e s s a r y to prevent condensation of the flowing gas , the lower block 
may be heated without insulat ion. 

A NOTE ON TEMPERATURE MEASUREMENT 

The use of a normal on-off type of pyromete r control ler for the 
block hea ter will give a cycle t ime of the o rde r of one minute. This osc i l 
lation will appear in the the rmopi le output with an amplitude of the o rde r 
of 10 percent of the DC output voltage. For pr int ing-type r e c o r d e r s this 
will give an unsat i s fac tory r eco rd , unless the printing frequency is much 
higher than the input osci l la t ion frequency. In this case , or in the case of 
a continuous record ing , the osci l la t ion can be averaged to give a reading. 
Propor t ioning- type pyrorae ter con t ro l l e r s will give a cycle timie of about 
5 sec . In this case , the osci l la t ions of the output a r e less than 10 jdv under 
all flow conditions. 

In one installation^ a Brown s t r i p - c h a r t r e c o r d e r gave sudden 
smal l changes in the r eco rded output when the hea te r switched opened or 
closed. A filter consis t ing of a 100-jUf e lec t rolyt ic capacitor.,and an induc
tor el iminated the effect. Apparently, a smal l amount of 60-cycle voltage 
is produced in the output by magnet ic linkage between the hea ter and 
the rmopi le . 



USE OF THERMISTORS 

The rmi s to r s (high-temperature-coeff icient r e s i s to r s ) have been 
used instead of the thermopi le to obtain higher output voltage at low flow 

r a t e s . This method provides a more flexible unit 
because the zero-flow output voltage and output 
voltage change (with flow) a re independently adjust
able. A d i r e c t - c u r r e n t power supply is requi red 
with sufficient stability for the accuracy desi red. 
A schematic of the circuit is shown in Figure 4. 
Output sensit ivity var ies with t empera ture of the 
bottom block and some degree of control of block 
t empera tu re is required . The t e rapera tu re -
sensit ivity relat ion is shown in Figure 5. 

Figure 4 
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The the rmis to r r e s i s t ance 
is accurate ly descr ibed by the 
equation: 

R = Rr 3 / T 
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RELATIVE SENSITIVITY OF 
THERMISTOR CIRCUIT TO 

AVERAGE THERMISTOR 
TEMPERATURE 

(See Figure 2) 

(1) 

where Rg and B a re constants and 
T is absolute t empera tu re of the 
t empera tu re of the the rmis to r . 
The t he rmi s to r s used had speci 
fications l imits of l20 percent on 
Rg and ±5 percent on B. In o rde r 
to reduce the change in zero-flow 
output voltage with t empera tu re 
of the bottom block, the t h e r m 
i s to r s should be matched with r e 
spect to their t empera tu re coefficients 
Figure 4 is 

The output of the circui t in 

EQ - Ei 
R R 

R + Ro e B / T ' R + Ro e B/T" (2) 

where T' and T" a re the rmis to r t empera tu re s . The condition for minimum 
change in sensit ivity with t empera tu re is 

(aT')' 
= 0 (3) 

and gives 



R = Ro e B/T 2B 
B + 2T 

(4) 

The t e m p e r a t u r e in t h i s r e l a t i o n s h i p i s the a v e r a g e t e m p e r a t u r e of the 2 
t h e r m i s t o r s , o r a p p r o x i m a t e l y the t e m p e r a t u r e a v e r a g e of the u p p e r and 
l o w e r b l o c k s , and i s u s e d to s e t the 2 f ixed r e s i s t a n c e s in the b r i d g e . Z e r o 
a d j u s t m e n t w a s t hen m a d e by chang ing the 2 r e s i s t o r s whi le k e e p i n g the 
s u m of the 2 c o n s t a n t . The t h e r m i s t o r s u s e d w e r e V i c t o r y E n g i n e e r i n g 
C o r p . Type 32A12, They w e r e m o u n t e d by c e m e n t i n g with i n s u l a t i n g v a r 
n i s h in sha l l ow n o t c h e s f i led in the i n n e r s ide of the t u b e s m i d w a y b e t w e e n 
the b l o c k s . 

M A T H E M A T I C A L ANALYSIS O F DESIGN 

In o r d e r to s impl i fy the m a t h e m a t i c a l a n a l y s i s , the fol lowing a s 
s u m p t i o n s a r e m a d e : 

1. The two b l o c k s a r e at a u n i f o r m t e m p e r a t u r e . 

2. The gas l eav ing a b l o c k i s a t t he s a m e t e m p e r a t u r e a s the 
b lock . 

3. The gas t e m p e r a t u r e in the t u b e s b e t w e e n the b locks is con 
s t a n t and a t the s a m e t e m p e r a t u r e of the b lock f r o m which it 
left . 

F o r the condi t ion : t e m p e r a t u r e change = (heat conduc ted a long 
tube) - (hea t l o s t to f luid) , the b a s i c equa t i on i s 

.11 = -L a^T hAz 
^ t pc Sx pcAj 

(T - Tl) (5) 

The b o u n d a r y cond i t i ons a r e 

X = 0 

X = L 

t = 0 

T = Tl 

T = T2 

T = Tl + X 
(T2 - Tl) 

(6) 

The g e n e r a l s o l u t i o n i s 

T = T, + 
2 ( T 2 ^ T i ) n . n'^x s m —-— 

n=l 

nTTk \ _-(;Z ^ nrrk 
LZ InTT LZ r ,(7) 

w h e r e 



9 

hA2 
Z = r - + 

kTT^n^ 

pcAi pcL^ 
(8) 

The t i m e t r a n s i e n t in the above so lu t ion d e c a y s exponen t i a l l y w i th a tinae 
c o n s t a n t of l / Z and h a s a m a x i m u m va lue when n = 1. The t i m e c o n s t a n t 
would be l e s s than t h i s m a x i m u m va lue a t t he beg inn ing of a t r a n s i e n t and 
would a p p r o a c h t h i s m a x i m u m . 

The s t e a d y - s t a t e so lu t ion i s 

T - Tl + (T2 - Tl) 
s i nh (ax) 
s i nh (aL) 

(9) 

w h e r e 

a = V hA2/kAi 

The t e m p e r a t u r e d i f f e r e n c e b e t w e e n the c e n t e r s of the 2 t u b e s i s 

AT = (T2 - Tl) 
2 s i n h ( a L / 2 ) 

s i nh (aL) 

(10) 

(11) 

when 

and 

a L <;< 1 

AT = (T2 - Tl) a ^ L V s (12) 

COMPARISON O F F L O W M E T E R DESIGNS 

An e a r l y t h e r m a l f l o w m e t e r b a s e d on the c l a s s i c a l d e s i g n and r e 
f e r r e d to a s M a r k I ' l ) i s shown in F i g u r e 6. T h i s d e s i g n o r i g i n a t e d at Oak 
Ridge N a t i o n a l L a b o r a t o r y and i s a d e q u a t e for low flow r a t e s . The s t r a i g h t 
p a r t of the tubing loop w a s 0 .006 - in . w a l l , | - i n , OD Incone l tubing , and the 
bend w a s c o p p e r tub ing . The un i t w a s a s s e m b l e d wi th s o l d e r and i n s u l a t e d 
by f i l l ing a s u r r o u n d i n g box wi th e x p a n d e d m i c a . The output w a s o b t a i n e d 
f r o m 6 i r o n - c o n s t a n t a n p a i r s a c r o s s the c e n t e r s of the l eng th of Incone l . 
The p o w e r input to the h e a t e r w a s abou t 14 w for the c a l i b r a t i o n shown in 
F i g u r e 7. The t i m e c o n s t a n t of the f l o w m e t e r w a s about 10 m i n a t low flow 
r a t e s to a r o u n d 5 m i n a t flow r a t e s of 100 m l / m i n . The u s e of a l eng th of 
10 in. in the t i m e - c o n s t a n t equa t i on g a v e a m a x i m u n a t i m e c o n s t a n t of 
8 m i n at low flow r a t e s . 



Figure 6 

ORNL FLOWMETER 
(Mark l) 

Heater Leads 

-rP^ 
Copper ~— 

Thermopile 

Brass ~ » 

Drilled 
Holes - • l 

R -:h 
—- 2 1 2 i n 

Figure 7 

CALIBRATION OF THREE THERMAL 
FLOWMETERS WITH AIR 

[5 i 0 

»_ —. CALCULATED FOR IvlARK I I I 

MEASURED 

• EQUATION !I8) 

10 !0 10 

A R FLOW.cc/m f a' 30°Cond latm 

The modified wide-range flowmeter is designated Mark II and is 
shown in Figure 2. The cal ibrat ion in Figure 7 was obtained with a t em
pe ra tu re difference ac ros s the blocks of 150°C. The measured time con
stant was 3 sec and was independent of flow. The calculated maximum 
time constant is 5 sec. 

The Mark III flowmeter is s imi la r to the design given in Figure 2 
except for an inc rease in block spacing to 1.5 in, and a coiling of the tubing 
in the top block. A 6-turn one-in. OD coil was formed and cast in an 
aluminura block 4 in. long by 1 | -in. OD. 

THEORETICAL ANALYSIS OF MARK III CALIBRATION CURVE 

The 3 calculated curves in Figure 7 were for the Mark III dimen
sions. The 2 curves at the higher flow ra te s were based on the a s sump
tions previously stated, which includes that of a constant gas t empera tu re 
in the tubes between the blocks. 

For turbulent flow, the dimensional relat ionship for air is '^) 

16.6 c G°-VD°-2 (13) 
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For •— - in . - ID tubing, turbulent flow s t a r t s at 7 l / m i n . Fo r laminar flow, 
the l i t e ra tu re gives average values of h for constant wall t empera tu re and 
as a function of tube length to take ca re of entrance effects. The following 
theore t ica l re la t ionship for fully developed laminar flow was used(3): 

h = 4.1 k / D . (14) 

It is apparent that the assumpt ions a r e not valid in this flow range, and 
the curve was included only to show the region of t ransi t ion between the 
other two calculated cu rves . 

At low flow ra te s the gas t empera tu re will approach the wall t e m 
p e r a t u r e . Setting the two equal gives 

(15) 

w h e r e 

d^T 
dx2 

a = 

T = 

d T 
- ^ d x = 

MCp/kAi 

Tl + (T2 

0 

- Tl) 
e ^ ^ - 1 

AT = (Tz - T l ) 
2 ( e a L / 2 . i ) ^ 

e^^ -1 

(16) 

(17) 

when 

a L « 1 

AT = (T2 - Tl) ^ . (18) 

E q u a t i o n (18) i s p lo t t ed on F i g u r e 7 and i s a p p r o a c h e d at low flow r a t e s a s 
w a s e x p e c t e d . 

N O M E N C L A T U R E AND UNITS 

Ai tubing w a l l c r o s s s e c t i o n a l a r e a , sq ft 

Ag tub ing i n s i d e a r e a p e r l eng th , sq f t / f t 

c tub ing h e a t c a p a c i t y , B t u / ( l b ) ( F ) 

Cp gas h e a t c a p a c i t y , B tu / ( l b ) (F ) 

D i n s i d e tub ing d i a m e t e r , in . 
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tubing t e m p e r a t u r e 
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t ime 

density, Ib /cu ft 

m a s s flow of gas , Ib /h r 

distance along tube 
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