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CHAPTER 1

INTRODUCTION

The basic purpose of this research was to design, construct and per-
formance test a device to be referred te as a fluid-to-fluid heat-meter.
The heat-meter is essentially a special-purpose type of heat exchanger.
As shown in Figure 1.1, it is a laminated structure consisting of a thermally
semi-conductive plate sandwiched between two metal siabs of high thermal
conductivity such as aluminum. Flow channels are machined into each slab,
allowing sufficient circulation of both primary and secondary fluids to
maintain each slab at approximately a uniform temperature. When heat flows
from the hot fluid to the cold fluid through the relatively thin semi-
conductive plate, a measureable temperature difference is generated between
the two slabs. This temperature difference is sensed by a thermopile am-
bedded within the slabs and connected across the conductive plate. Once
the device is calibrated, it provides a direct indication of the total

heat transfer rate in terms of the voltage output of the thermopiie.

1.1 Applications

The primary application of the heat-meter, for which it was basically
developed, would be in controlling and accurately measuring the heat transfer
rate from air spaces cooled or heated by fluid circulation.

In Figure 1.2, the arrangement for such an application is shown. Heat
gained by circulating the primary fluid in the space to be cooled, is con-
ducted through the semi-conductive plate to the secondary fluid. Then the

calibrated measure of the heat transfer rate between fluids would be deter-

1
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__ Heat-meter

3

. i i

\k_ \L_ Secondary circuit
Primary circuit

(Room)

Figure 1.2 - Heat-meter Application

mined by recording the ouput of the thermopile measuring the temperature

difference established across the thickness of the semi-conductive plate.

In this application, the conventional method of determining the cooling

load for the room would be to do an energy balance on the fluid entering and

leaving the air space [1 ]. This reguires measuring the fluid flow rate

and its temperature change. Accurate results obtained using this method

not only require accurate measurement of the fluid temperature change and

flow rate but also require detailed knowledge of the properties of the fluid.

Hence, this method is difficult to use for accurate measurement of the heat-

transfer rate, particularly when the fluid temperature change is very small.
The heat-meter may also have applications in certain process control

areas such as chemical processing.

1.2 Advantages

The major advantage of this particular type of heat-meter is in pro-

viding a direct calibrated electrical output proportional to the heat trans-
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fer rate from the primary to secondary fluid. Also, because of its simple

geometry, its range and sensitivity could be easily changed by replacing

the semi-conductive plate. It was expected that the effect of fluid flow
rates on the heat-meter performance would be small, and therefore the heat-
meter would provide an accurate measurement of heat transfer rate for a wide
range of fluid flow rates. As another advantage, fluid contamination would
not affect the heat-meter sensitivity. Accurate measurements of the heat
transfer rate would not require precise information about material properties,
geometry or fluid properties. Furthermore, the heat-meter would have bi-

directional heat flow capability.

1.3 Engineering Relevance

The fluid-to-fluid heat-meter idea appears to be a new concept. The
closest types of heat flow measuring devices in terms of the concept of
operation were found to be a heat flow meter [2], used for determining the
thermal transmission properties of loose insulating materials, a quarded hot
box [3], used for determining the thermal performance of building assemblies
and a special purpose thermoelectric heat flux transducer [4], used for
measuring the heat flux from various surfaces. A1l of the above mentioned
conventional heat-meters operate on the concept of measuring the heat flow
by measuring the temperature difference established across a thermally con-
ductive material. One of the unique features of the fluid-to-fluid heat-
meter is that the fluid-to-fluid heat-meter, by being basically a heat-
exchanger, can transfer heat to or from an air space in addition to providing

an accurate measurement of the heat flow rate.

1.4 Overview of the Chapters

Chapter 11 is concerned with designing and constructing the components



B
of the heat-meter prototype. In Chapter 111, the feasibilty of the heat-
meter concept is examined by testing the heat-meter. Chapter IV is con-
cerned with construction of an additional test facility for calibrating
the heat-meter. In Chapter V, heat-meter calibration tests and results are
discussed. Chapter VI is the summary of the work with recommendations for

future study.



CHAPTER II

PRELIMINARY DESIGN AND CONSTRUCTION OF THE HEAT-METER PROTOTYPE

The heat-meter basically consists of a thermally semi-conductive plate
sandwiched between two aluminum slabs. Flow channels are machined in the
slabs for fluid circulation. The purpose of this chapter will be to specify
geometrical dimensions of the flow channels, thickness and material of the
semi-conductive plate, and the thickness of the slabs for a scaled down heat-
meter prototype of 0-1 KW range. This will also include designing of a ther-
mopile section for providing an indirect measure of heat transfer by measuring

the temperature difference across the semi-conductive plate.

2.1 Derivation of the Heat Transfer Equations

In this section, a set of equations will be developed to describe the
relationship between the heat-meter heat transfer rate, heat-meter dimensions,
fluid flow rates, inlet and outlet temperatures of the fluids and the thermal
properties of the separating plate. In the analysis that follows it will be
assumed that the inlet temperatures of the hot and cold fluids, flow rates
of each fluid, dimensions of the heat-meter and the thickness and properties
of the semi-conductive plate are known.

A possible configuration for machining the flow channels in the aluminum
slabs is shown in Figure 2.2. The fluid stream entering the inlet port is
divided into two streams until the exit port. This arrangement of the

flow channels along with the high thermal conductivity of the aluminum slabs
6
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would create a relatively uniform temperature in the slabs. Therefaore,
in deriving the energy equations, the aluminum slabs are assumed to have
uniform temperatures. Figure 2.1 is a typical section of the flow channeis

of the aluminum slab shown in Figure 2.2.

T
=

) T -
My, » Thi — M i {__‘ ho

Figure 2.1 - Heat convection to a constant wall temperature

flow channel.

G, the heat transfer rate due to convection from the fluid to the con-

stant temperature flow channel wall, is calculated as follows
' - L N " -
Q = é hl P (Tbh{ﬁ) = Tl)dx (2 1)

where h1 is the convective heat transfer coefficient, L is the length of the flow

channel, Tbh(x) is the bulk temperature of the hot fluid, T1 is the temperature
of the flow channel wall and P is the perimeter of the flow channel cross
section.

Assuming fully developed conditions for which h1 is constant, equation
(2-1) yields

Q=hy Pyt (T (x) - T)) dy (2-2)

An energy balance on the fluid element shown in Figure 2.1 yields

. . y+oy
TP Malyesy 'f; hy P(Tpp(x) = Ty) dx = 0 (2-3)

(s

where my is the hot fluid flow rate and h' is the enthalpy per unit mass of
the hot fluid. Dividing equation (2-3) by &x and taking the limit as sy

approaches zero, yields
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dh' = »
__T) - hl P(Tbh(X) = Tl) =0 (2 4)
Assuming constant properties and constant Tl’ the first term in equation
(2-4) may be written

dT dit,, - T.)
bhy bh ~ 1 (2-5)

dh' _ _
== b U Con &

where Cph is the specific heat per unit mass of the hot fluid at constant

pressure. Therefore, substituting eq. (2-5) in eq. (2-4) yields

. d(Tbh -Tl)

mhcph(———a;—————d thy P(Tbh - Tl) = ( (2-6)
The boundary condition for the eq. (2-6) is

Tph = Thy 2t x=0 (2-7)

where Thi is the hot fluid inlet temperature.

Equation (2-6) is solved subject to eq. (2-7) yielding

~h.P+/m. C
=Ty = [T o Tl)e{ P/ Ph) (2-8)

T 1 hi

bh
Substituting eq. (2-8) in eqg. {2-2) yields

(“hlpk/mhc

Q= hpt (7. - T))e Ph’g, (2-9)

Performing the integration in eq. (2-9) yields

o (=h.PL/m.C_.)
- - - 1 h™ph .
Q thph(Thi Tl)(l e ) (2-10)
hh . \ a Hot fluid circuit
Aluminum Slabs— 1 e ) X
. S ! ] —— Semi-Conductive Plate
e —H oy ~— Cold fluid circuit

Figure 2.3 - Simplified sketch of the heat-meter assembly.

Referring to Figure (2.2) and (2.3), the lengths of the two parallel

flow channels "a" and "b" machined in each slab may be slightly different.
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Therefore eq. (2-10) can be written to express the heat transfer rate from
the fluid in channel "a" and the fluid in channel "b", to the constant
temperature slab in which they are flowing.

Equation (2-10), for channel "a" can be written as

(—hlPLa/thph))

0y = M ConlTps = T(1 - e (2-11)

hi 1

where La is the length of the flow channel "a" and Qa1 is the heat convection
rate from the fluid in channel "a" to the aluminum slab at temperature Tl.
For the fluid entering and leaving channel "a", overall energy balance

can also be written as

n CalT

Qa1 = ™lpn - _ (2-12)

hi =~ 'hoa

where Thoa is the temperature of the hot fluid leaving the flow channel "a".
Assuming the same flow rate and convective heat transfer coefficient for

the fluids in channels "a" and "b", eqs. (2-10) and (2-12) for the fluid in

channel "b" can be written as

. (-h.PL,/m C_.)
mCon(Tps = T(1 - e 1 7b""h™ph’y (2-13)

Q1 oh

and

2T (2-14)

%1 = ™Con(Thi = Thob
where Thob is the hot fluid temperature leaving the channel "b" of length
Lb and le is the heat convection rate from the fluid in channel "b".

A similar set of equations can be written to describe the heat con-
vection rate between the cold fluid and the aluminum slab in which it is
flowing. Therefore for channel "a" of the cold fluid, eqs. (2-10) and

(2-12) are written as

(-h

PLa/ﬁ C )
(T, - T (1 - e

N 2 c pc
QaZ mccpc ) (2-15)
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and

Q. =m Cpc(Tcoa - Tci) (2-16)

where the constants are as previously defined and subscript ¢ refers to

the cold fluid.
Equations (2-10) and (2-12), for the cold fluid in channel "b",

are as follows

. ~h.PL,/m C
= mP, (T (=hyPLy/me DC)) 1

pct 2 Tci)(l - B

iy

Qpp = Mg CpC(Tcob B Tci) (2-18)

where Tcob is the temperature of the cold fluid leaving channel "b"
and ébz is the heat convection rate between the fluid in channel "b" and
the slab in which it is flowing.

Assuming no heat Tosses from the heat-meter to the surroundings and
constant thermal conductivity for the separating plate, the heat conducted

through the plate separating the two slabs can be expressed as follows:

L fo - T
Qa1 * Op1 = Q2 * Qpp = KAl=5—) (2-19)

where KS’ A and t are thermal conductivity, area and thickness of the
separating plate, respectively.
The convective heat transfer coefficient, h, is estimated using the

"Dittus-Boelter" correlation [ 5]. Therefore

n

_ .8 n .3 cooling
Nu, = ,023 Re"“(Pr)" where i< .4 heating (2-20)

d

Nud is the local Nusselt number based on the hydraulic diameter, Re is the
Reynolds number and Pr is the Prandtl number.

The Nusselt number is defined as:

_ hD
Nud =% (2-21)
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where K is the thermal conductivity of the fluid and D is the hydraulic
diameter defined as:

4(cross sectional area of the flow channel) (2-22)

b= wetted perimeter -

2.2 Estimating the Heat Transfer Rate

Using the equations developed, for flow channels of dimensions and con-

figuration shown in Figure 2.2, the heat transfer rate and the temperature

difference across the separating plate were estimated. Values of Thi=

h
Table 2.1. The results of such calculations along with the estimates of

ch, mc, m,. and Kg that were used to make the estimation are listed in

the pressure drop in the flow channels are shown in Table 2.1. The results
indicate that using the easily available glass plate as the separating plate,
pumping of the cold and hot water at the rate of .126 %—(2 GPM) through the
flow channels of dimensions and configuration indicated, would require a
moderately small pump and also establish a measurable temperature dif-
ference across the thickness of the separating plate. Therefore, a decision
was made to construct the aluminum slabs of the heat-meter prototype using

the dimensions and the flow channels configuration shown in Figure 2.2.

2.3 Estimation of the Pressure Drop

The following is an estimation of the pressure drop of water in the flow
channels of dimensions indicated in Table 2.1 and the configuration shown in
Figure 2.2. Such a configuration, as opposed to a single flow channel
configuration, would minimize the pressure drop by dividing the fluid
stream into two smaller streams. In estimating the pressure drop, it is
assumed that the flow is fully-developed and that the fluid has constant pro-

perties. Relative roughness of the flow channels is assumed to be equivalent
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to the relative roughness of a drawn tube. Pressure drop in the bends is
expressed in terms of an equivalent Tength of straight flow channel. The
hydraulic diameter, defined by eq. (2-22), is used as the equivalent di-
ameter of the flow channels. Referring to Table 2.1 for properties of
the hot fluid, for a volumetric flow rate of V = .0631 %—(1 GPM) 1in each

channel of the parallel flow channels, the Reynolds number is calculated

to be:

3
y (0.631 x 1077 I
Rey = = = 7551 (2-23)

(0.127m) (658 x 1076 I

From reference [ 6], the absolute roughness of the drawn tube is taken to be

e = 1.52 x 10_6 m, which gives the following relative roughness.

= 92 10 (2-24)

oo

Using the moody diagram in reference [6 ], at Red = 7551 and«% = 12 x 10'5,
f, the average friction factor is determined to be f = .034.

From reference [ 6], the equivalent length for a 90° standard elbow is

%g = 30 (2-25)
Referring to Figure 2.2 and Table 2.1 for dimensions of the flow chan-
nels, n, the number of the bends in fluid path "a" is 15 and m, the number
of bends in fluid path "b", is 13. Therefore, using eq. (2-25), L., and
Leb’ the equivalent lengths for bends in fluid paths "a" and "b", respectively,

are caiculated as follows

it
It
]

Lag (D)(n}{30) = {.0127m)(15){(30) = 5.72 m

f

4.95 m

]
1t

Leb = (D)(m)(30} = (.0127m)(13)(30)

Therefore, the total equivalent length for each fluid path is



7.09 m {(2-26)

b 7 P 1. 37

-
[}]
—
+
-
u

ta ea a

and

n

+ L 4,95 + 2.13 = 7,08 m (2-27)

Ltb - Leb b
Then AP, the pressure drop in each fluid path, can be calcuiated from the

following eguation
AP = €yip 2

where V is the average fluid velocity and Le is the total equivalent length,

Substituting values in eq. (2-30) yields

- K m,2
(994.6 m—%—)(.391 )

7.00 m )

b = kN
L0127 m

= 1.44 =5 (0.21 psi)

AP = AP = (.034)( 5
m

a b Z

Since in the range of the operation of the heat-meter, the fluids flow
rate was not expected to exceed .126 %—(2 GPM), therefore, a moderately

small pump could be used to overcome the pressure drop of 1.44 Eg-in the

flow channels of dimensions and configuration shown in Figure 2?2. After
the censtruction of the heat-meter prototype, its pressure drop character-
istics were determined experimentaily. The predicted and the experimentally
determined characteristic curves are shown in Figure A.3 of Appendix A.
Comparison between the two curves indicates that, at a flow rate of .126 %
(1 GPM), the predicted pressure drop is 72% less than the actual pressure
drop. Assumptions made in estimating the pressure drop, the losses due to
exit and inlet ports, various fittings used in the fluid circuit, and the

difference between the viscosity of water at 40°C and 15°C, are thought to

be the major sources of error in the estimate.
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2.4 Aluminum Slabs Thickness Design

In designing the heat-meter slabs, the thickness of the aluminum slabs
was chosen such that it would provide an approximately uniform temperature
distribution over the surface in contact with the separating conductive
plate. A relatively uniform temperature distribution would cause the
heat transfer process between the two slabs to be approximately one-dimen-
sional heat conduction. The temperature distribution in the aluminum sliabs
was simuiated using an electrical analog model of the problem. Then, the
aluminum slab thickness was selected based on the temperature profiles

that were determined.

2.4.1 Conductive Sheet Analog. A side view of a typical section of the

aluminum slab that was simulated to determine its temperature profiles, is
shown in Figure 2.4. The complete side view of the aluminum slabs is shown
in Figure 2.10. The simu!gted section of the aluminum slab was part of the
siab between the twe neighboring flow channels. The simulation was possible
because of the analogy that exists between the steady state temperature
distribution in heat conduction and the steady state valtage distribution

in electrical conduction. By proper scaling and appropriately changing the
variables, experimental voltage data obtained for the model can be used to
obtain the temperature distribution for the heat conduction problem.

The conductive sheet analog model used in the simulation was constructed
from a carbon impregnated ("Teledeltos") resistance paper, using a scale of
six to one. Figure 2.5 is a schematic diagram of the model. The boundary
conditions of the analogous problem of heat conduction were simulated by
establishing appropriate voltages across points A, B and points A, C, shown
in Figure 2.5. A voltmeter was used to locate the points of constant voltage

on the conductive sheet. Such points corresponded to the points of constant



Figure 2.4 - Heat conduction in the aluminum slab

3Ii

33.8v—

R e 2 o R

Figure 2.5 - Conductive sheet analog
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temperature in the analogous problem of heat conduction.

2.4.2 Scaling and the Boundary Conditions. 1In simulating the boundary

conditions of the heat conduction problem shown in Figure 2.4, it was assumed
that there would be no  heat flux in the asymetrical direction. Using the
heat transfer equations developed earlier, for typical conditions, the heat

transfer through the simulated section of the aluminum slab was calculated

BT,
hr”

fluids in the two neighboring flow channels of the slab would be at 104°F

to be 46 W (157 Also, it was determined that for that condition the
(4OOC) and 103.60F(39.806). Therefore, the transformation equation for the

temperature and the voltage could be written as follows

T= 104 - CTV (2-29)
°F
where CT is a transformation constant for convenience taken to be 0.1 -
From reference [7 ], the relationship between the heat transfer and

the electrical current could be written as follows

Kt o
= j.8. 8y 0
= © [2-30)

where 1 is the current, Q is the heat transfer rate, K is the thermal con-
ductivity of the aluminum slab, t is the width of the simulated section of
the slab, Ke is the electrical conductivity of the resistance paper and te
is the thickness of the paper.

Equation (2-30) could also be written as follows

V.= IR = (R) (EE;EJ %; (2-31)

where Vac is the voltage and R is the electrical resistance of the conductive
sheet,

To determine the voltage difference between points A and C, shown in

BTU

Figure 2.5, to simulate the heat transfer rate of 157 ~in (46 W), substituting
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vaiues for the thermal conductivity of the aluminum and the electrical

resistance of the paper in eq. (2-21) yields

-4 -1
_ volts, 5.44 x 10 * ohms BTU
ap ® (4670 ohms ) ( = )(q el ¥ (157 _FF)
0.1°F 118 ————7;—-~——(1 Ft)
hr =“F - Ft
VaC = 33.8 volts

Referring to Figure 2.4, a temperature difference exists between the
two neighboring flow channels of the slab to be simulated. To simulate this
condition, the corresponding voltage difference, aV, was calculated using
eq. {2-31), yielding

a
& 104C- T _ (104 - 103.6)

T 1°F
T volts

= 4 yolts

This veltage difference was established across points A and B, shown in

Figure 2.5,

2.4.3 Test Procedure. Referring to Figure 2.5, & d.c. power supply was

used to estabiish 33.8 volts across points A and C, and 4 volits across points
A and B on the conductive sheet analog model. Using a digital volt-meter,
points of constant voltage with respect to point A, were located. By putting
a transparency over the conductive sheet, points of constant voltage were
connected to each otner to form the corresponding isotherms in the analogous
problem of heat conduction. Figure 2.6 is a graphical representation

of these isotherms. Two other similar tests were conducted to determine

the effect of closely spaced flow channels and fluids of the same temperature
in the neighboring flow channels. The graphical representation of the iso-

therms for these two tests are shown in Figures 2.7 and 2.8.

2.4.4 Conclusions. Temperature profiles in Figures 2.6 through 2.8



103.6%F
103.4°F
dy
8v
103.2%
BV /
103%F
10v
]
102.3%F
12v 02.3
Va 102.6°F
1A A\ !02
VY dul.= T
18v §8 .=

Figure 2.6 - Temperature distribution in the aluminum slab of Figure 2.4



104°7 S| & 103.8%
2| gl 2

103.4%
6V

103.2%

103°%F
1ov —

102.8%
12v

102.£%
14v

162.4%
16v
. 102.3%

\4

102.30%¢

19v

Figure 2.7 - Temmperature distribution in the aluminum slab of Figure 2.4,

with closely spaced flow channels.

21



i
106°F 104°F
103.6% !
dy ',I
i
|
By e 103.4%F
gv 103.29F
10v 103°F
13v 102.6°%7
18y 102.2%

Figure 2.3 - Temperature distribution in <he aiuminum slab of Figure 2.4,
with Tlow channels of s2me temperature.



23
indicate that the temperature distribution in the aluminum slab becames

relatively uniform at the thickness of about 1.5 inches. Since using the

one inch thick aluminum slabs that were readily available would still give
a fairly uniform temperature distribution in the bottom of the slab and the
performance of the heat-meter would not be greatly affected, therefore the

decision was made to use them as the heat-meter slabs.

2.5 Aluminum Slab Constructiocn

Two identical one inch thick slabs of aluminum were machined inta the
dimensions 12 in. x 12.5 in (30.5 cm x 31.8 cm). As shown in Figure 2.9,
two parallel flow channels, of dimensions .5 in. x .5 in, (1.27 cm x 1.27 cm),
were machined into ¢ne side of each of the two aluminum slabs. Aluminum
plates of dimensions 5/8 in. x 12 in. x 12.5 in (1.6 cm x 30.5 cm x 31.8 cm)
with 3/16 in. screw holes drilled in them, were bolted onto the aluminum
slabs to cover and seal the flow channels as shown in Figure 2.10. On each
plate, two entry ports were tapped for 1/4 in. F.P.T. In Figure 2.9, the loca-
tions of the 26 screw holes tapped in each aluminum slab are shown. Rubber
sheet, 12 in. x 12.5 in x 1/16 in. (30.5 cm x 31.8 cm x .16 cm) was cut to
form a gasket between the cover plate and the top of the channel wall for
each slab.

For measurement of the temperature difference between the two aluminum
slabs, a thermopile was connected between two aluminum plates of dimensions
1/4 in. x 12 in, x 12.5 in {.64 cm x 30.5 cm x 31.8 cm). The plates acted
as support for the thermocouple junctions which were epoxied in grooves of 1/8
in, (.32 cm) deep by 3/16in. wide on each plate. The thermopile consisted of 24
pairs of copper-constantan thermocouple junctions electrically insulated

from the aluminum plate using shrink tubing. Referring to Figure 2.11,
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the grooves machined in the aluminum piates were spaced such that once the
thermocouples were embedded in them, the reading of the thermopile would
represent an estimate of the average temperature difference between the
two aluminum slabs. Two terminal strips with 24 copper-constantan pins on
each were screwed to the side of each aluminum slab to connect the ends of
the thermocouples of the thermgpile,

A glass plate of dimensions 1/8 in. x 12 in. x 12.5 in. (.32 cm x
30.5 cm x 31.8 cm) was cut to be used as the semi-conductive plate, sepa-
rating the two aluminum slabs. By using the glass plate as the separating
piate, as a result of its thermal conductivity, heat could be transferred
between the slabs in the expected heat-meter range and establish a mea-
surable temperature difference across the thickness of the plate.

Two plywood sheets of dimensians 16 % in. x 16 in. x %—in. (41.6 cm x
40.6 cm x 1.9 cm) along with two plexiglass plates of dimensions 1/4 in. x
12 in. x 12.5 in. (.64 cm x 30.5 cm x 31.8 cm) were used to support the
heat-meter sections together. The entire assembly was clamped together

using twelve 5/16 in. x 7 in. long bolts.

2,6 Construction of Thermopiles for Measurement of Fluid Temperature

Difference

Two identical thermopiles were constructed for measurement of the
temperature difference of the fluids entering and leaving the heat-meter.
The readings of the thermopiles were used to estimate the amount of heat
gained or lost by the fluids circulating in the heat-meter.

Each thermopile consisted of two identical brass cylinders as shown in
Figure 2.12. On the circumference of each three inch long brass cylinder, a
total of ten holes were driiled radially through the cylinder wall. Ten,

24-gauge copper-constantan thermocouple junctions were electrically insulated



w |

Figure 2.12 - Schematic diagram of the thermopile for measurement of

Legend:

A
B

fluid temperature difference. (a) end view of brass
cylinder.

Location of thermcouple junctions

Plastic plates for mechanically connecting the two brass
cylinders

Hose connection for fluid flow
Direction of fluid flow
Brass cylinder

Threaded nylon rod and nuts
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from the brass support using shrink tubing and expoxied into the holes of

each brass cylinder. The separate thermocouples from each cylinder were
connected in series to form & thermopile. When using the thermopiles, they

were insulated from the ambient using blanket type insulation.



CHAPTER III
PRELIMINARY TESTING OF THE HEAT-METER PROTOTYPE

The main purpose of the preliminary testing of the heat-meter prototype
was to establish the feasibility of the heat-meter concept. In the pre-
Timinary testing of the heat-meter, measurements of the hot fluid heat loss,
the cold fluid heat gain and the heat-meter output were made to determine
whether & relationship exists between the heat transfer rate and the heat-

meter ocutput.

3.1 Test Setup

A schematic aof the test setup used in the preliminary testing of the
heat-meter is shown in Figure 3.1. Four, 1/4" x 5 in. long, brass nipples
were connected to the inlet and outlet ports of the heat-meter. To each
nipple, a 90° brass elbow was connected. Four other 1/4" x 3 in. long,
brass nipples were connected to the elbows. The thermopiles, for measuring
the temperature difference of the fluids entering and leaving the heat-meter,
were connected to these heat-meter nipples using short pieces of 1/2 in.
rubber noses to thermally isolate them from the heat-meter assembly. The
thermopiles were then insulated from the surrounding air by wrapping them
with blanket type insulation. Using 1/2 in. rubber hoses, hot and cold water
were directly connected from the tap to each side of the heat-meter. Number
24 gauge copper-constantan thermocouples were inserted into the outlet of the
hot and cold fluid hoses toc measure the outlet temperature of both fluids. A

digital thermometer with reference junction at 0° C, was used to make direct
30
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Figure 3.1 - Schematic diagram of the set up for preliminary testing ¢f
the heat-meter

Legend:
A Thermopile measuring the fluid temperature change
8 Thermocouple measuring the exit fluid temperature

C Storage scope

D 100G m1 >eaker
H Heat-meter

S Sink

Tl Hot water tap

P Cold water tap
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measurements of the temperature of the outlet fiuids. By a volume collection
method, fiuid flow rates were measured, using a 1000 m1 beaker and a digi-

tal stop watch.

3.2 Test Procedure

During the initial testing of the heat-meter prototype, no specific at-
tempt was made to insulate it. Hot tap water was circulated in one side of
the heat-meter while cold tap water was circulated in the other side. Both
fluids were emptied into a sink after leaving the heat-meter. In measuring
the temperature of the hot fluid, it was noticed that the fluid temperature
was not stable because of the way that the hot tap water temperature controls
functioned. A storage scope was then used te monitor the hot and cold fluids
temperature along with the output of the thermopiles. The hot fluid temper-
ature was changing in a periodic way, causing the thermopile outputs and the
cold fluid temperature to change in a similar way with a time Tag. Since
controlling the hot fluid temperature in the source was not possible, using
the storage scope approximate average values were determined for the fluid
temperatures, for the outputs of the thermopiles measuring the fluid tem-
peratures changes and far the heat-meter output. An enerqy balance on the
fluids indicated a large difference between the heat lost by the hot fluid
and the heat gained by the cold fluid. The difference was attributed to
a net heat transfer taking place between the heat-meter and the surrounding
air. Therefore, using 2 inch thick polystyrene foam, the heat-meter was
insulated and tested again using the same procedure. Table 3.1 is a sum-

mary of the data taken for both insulated and unsulated tests.

3.2.1 Sample Calculation. A sample calculation of the heat lost by

the hot fluid and the cold fluid heat gain will now be shown for testing of
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the uninsulated heat-meter. The heat gain by the cold fluid is given by
; AVS
Q. = (V.)(p )(C ) (=) (m) (3-1)

C GF NOEF SRS g
where & is the volumetric flow rate, ﬂVS is the output of the cold fluid
thermopile, n is the number of the thermocouple pairs in the thermopile,

p is the water density and m is the slope of the temperature-voltage curve
for a copper-constantan thermocouple in the operating temperature range.

. Vol
Vo= volume collected _ C (3-2)

" collection time At

Substituting values from Table 3.1 in eq. (3-2) yields

©.658(1) _ g
V= 59557 = (1093

Substituting appropriate values from Table 3.1 in eq. (3-1) yields

Y - & kg J_ .31 %y -
QC (.109 S)(.9985 g)(4180 Kg—oc)( 10'mv)(25.58 mv) = 360 W

Similarily, the heat lost by the hot fluid is given by
. L3 AVd
G = (V) (C ) (o) () (m) (3-3)

where AV4 is the output of the thermopile measuring the hot fluid temperature
change and n is the number of thermocouple pairs in the corresponding thermo-

pile.
Vol

= h _ volume collected _ .558(1) _ (gg7 & (3-4)

v " collection time = 6.15(S) S

h

Substituting the appropriate values from Table 3.1 in eq. (3-3) yields

" 4 0
0 = (.0907%)(.98475Q)(4180—-9——)(;%%-mv)(25.saﬁ%) = 621 |

) Kg-0c

3.3 Discussion of Preliminary Test Results

The results of the preliminary testing of the heat-meter are shown
graphically in Figures 3.2 and 3.3. In these figures, the heat lost by the

hot fluid and the heat gained by the cold fluid are plotted versus the
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millivolt output of the heat-meter. Both the insulated and the uninsulated

heat-meter test results are shown for comparison. As is evident from the
graphs in Figures 3.2 and 3.3, insulating the heat-meter appears to have
greatly reduced the heat transfer from the heat-meter to the ambient.
Within our ability to measure, the heat gained by the cold fluid and the
heat transferred from the hot fluid agree to within about =10 percent of
the heat transferred when the heat meter was insulated.

Calibrating the heat-meter tc an intended accuracy of +1 percent
or better would require careful measurement of the heat transfer to the
hot fluid. Measurement of the fluid temperature change to estimate the
heat transfer would not give accurage results particularly when the fluid
temperature was fluctuating. In the preliminary testing of the heat-meter,
lack of control over the hot fluid temperature made it impossible to study
the effect of a change in the mean temperature of the separating plate on
the heat-meter performance. By directly connecting the heat-meter to the
water taps for fluid circulation, studying the effect of flow rate change
was not possible because of the constant drift in the tap water flow rate
due to line pressure fluctuations.

The conclusion drawn from the preliminary testing of the heat-meter is
that indeed & relationship exists between the heat transfer rvate and the out-
put of the heat-meter. Therefore, the next step was to study the performance
of the heat-meter and determine its accuracy and repeatibility with a more

refined testing of it.



CHAPTER IV

MODIFIED TEST FACILITY FOR HEAT-METER CALIBRATION
Accurately calibrating the heat-meter prototype, and studying the per-
formance of it under controlled conditions, required an additional test
facility. For this purpose, a calorimeter box was constructed to accurately
measure and control the heat input to the hot fluid circuit. The setup was
used to study the heat-meter accuracy, repeatibility, the effect of fluid
flow rates and the effect of the mean temperature of the semi-conductive p]ate.

on the heat-meter performance.

4.1 Construction of the Calorimeter Box

To house and insulate the components of the hot fluid circuit, a cubical
insulating box with a removable 1id was constructed. The box had inside
dimensions of 18"x18"x18" (45.7cm x 45.7cm x 45.7cm) and six inch thick walls
constructed by using three, 2 inch thick layers of "thermax" insulation

fastened together with aluminum tape.

4.1.1 Construction of the Calorimeter Box Thermopile. To account for

the heat Tosses from the calorimeter box during the heat-meter calibration,
twenty four pairs of 24 gauge copper-constantan thermocouples were connected
to the inside and outside surfaces of the calorimeter box. The junctions of
the thermocouples were electrically insulated from the calorimeter box using
shrink tubing. A thermopile was formed to measure the average temperature
difference across the walls of the box, by connecting the ends of the thermo-

couple wires in series to a terminal strip which was epoxied to the outside
38
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surface of the calorimeter box. Details of the heat loss calibration tests

are discussed in Appendix C.

4.1.2 Construction of the Heating Element. A heat exchanger that would

be used in the hot fluid circuit for heat input, was constructed by housing

a 1500 watt electrical water heating element in a 2.5 in. 0.D. x 15 in. long
copper tube., Two, %—in. F.P.T. brass fittings were silver brazed to the

ends of the copper tubing as the inlet and outlet ports of the heat exchanger.
Using a small wood support, the heat exchanger was mounted on a 17 in. x 17 iin.
x 1/4 in. (43.2cm x 43.2cm x .64cm) plywood sheet and housed inside the
calorimeter box. Power input to the heating element was supplied from a

terminal strip epoxied to the outside surface of the calorimeter box.

4.1.3 The Hot Fluid Pump. For hot fluid circulation, initially a Teel

Magnetic Drive Pump Model 1P876 was mounted inside the calorimeter box.

During the heat-meter calibration tests, however, the high temperature of

the air inside the calorimeter box indicated that the pump was transferring

an excessive amount of heat to the air inside of the box. This would increase
the heat loss from the calorimeter box to the ambient air and also czuse a
temperature difference between the air inside the calorimeter box and the
connecting tunnel, which is explained in Section 4.2. Referring to Appendix
C, since the heat loss calibration tests were based on equal temperatures
inside the calorimeter box and the connecting tunnel, therefore using the
heat Toss calibration curve for estimating the heat loss from the system
would not give correct results. To solve the problem, it was decided to use
a submersible Little Giant Pump model 2E-N for the hot fluid circulation loop.
In this arrangement the pump would be cooled by the fluid being circulated

through it, and hence there would be virtually no additional heating of the
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internal air. From standard 8.5 in dia. x 1/4 in. thick P.V.C. pipe, an

11 inch long cylindrical canister was constructed to house the submersible
pump. On the top surface and on the side near the bottom of the canister,

two separate holes were drilled and tapped to receive 1/4 in. x 3 in. long
brass nipples as the exit and inlet ports of the pump. Another hole, on the
top surface of the canister was drilled and tapped for a 3/8 in. x 2 in. long
brass nipple. During the heat-meter calibration tests, a partially inflated
balloon was fitted over the nipple to maintain approximately atmospheric pres-
sure over the water in the canister and prevent evaporation from the canister
to the air inside the calorimeter box. During operation of the system, such an
arrangement would protect the fluid circuit against the stresses caused by
thermal expansion of the water, and would also allow for volume expansion

due to operation of flow control valves. Power was supplied to the pump
through a compression fitting seal on top of the cCanister. The external

power cord passed through the calorimeter box and was connected to a terminal

strip expoxied to the outside surface of the box.

4.1.4 Calorimeter Box Support. The calorimeter box was suspended off

a table using a support in the shape of a cross made from standard 2 in x

4 in. pine.

4.2 Construction of the Connecting Tunnel

To insulate the part of the hot fluid circuit between the calorimeter
box and the heat-meter hot side, an insulating box, referred to as the
connecting tunnel, was constructed with a removable top and outside dimen-
sions of 15.5 in. x 20.5 in x 20.0 in (39.4cm x 52.1cm x 50.8cm). The
four-inch thick walls of the connecting tunnel consisted of two layers of

2 inch thick "thermax" foam insulating material bonded together with aluminum
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tape. For determination of the heat loss from the connecting tunnel, by

measuring the average temperature difference from its walls, 8 pairs of

24 gauage copper-constantan thermocouples were connected between the inside
and outside surfaces of the connecting tunnel. The junctions of the thermo-
couples were electrically insulated from the connecting tunnel by using
shrink tubing. The connecting tunnel was connected to the calorimeter box
using aluminum tape and was suspended on a small wooden table along with

the heat-meter assembly. The relative position of the connecting tunnel

with respect to the calorimeter box is shown in Appendix Figure C.1.

4.3 Air Circulation within Connecting Tunnel and Calorimeter Bax

A small electrical fan was mounted both inside the calorimeter box and
inside the connecting tunnel to circulate the internal air and maintain the
internal air temperature approximately uniform. Details of the electrical

circuits for the fans are shown in Figure C.3 of Appendix C.

4.4 Heat-Meter Assembly

The glass plate used in the preliminary testing of the heat-meter was

replaced by a phenolic plate of 1.5mm (0.6 in.) thickness and a nominal

BT h——-’ﬂ%—).
m="C hr-Ft-"F
heat-meter, to minimize the contact resistance to heat flow between the slabs,

thermal conductivity of .29 Prior to assembling the
a thin layer of "thermalmastic", a commercially available highly conductive
paste, was applied to both surfaces of each of the heat-meter thermopile
plates. In preliminary testing of the heat-meter, "thermalmastic" was only
applied to the surface of the thermopile plates in contact with the bottom
surface of the heat-meter slabs. After assembling the heat-meter, blanket
type insulation was wrapped around the heat-meter slab sides and then using

2-inch thick layers of "thermax" insulating material, the heat-meter assembly



_ 42
was insulated on ail sides. To indicate the temperature difference across

the insulation, twelve pairs of 24 gauge copper-constantan thermocouples

with electrically insulated junctions were connected to the inside and out-
side surfaces of the heat-meter insulation to form a thermopile. The ends

of the thermocouples were connected in series to a terminal strip epoxied

to the outside surface of the heat-meter insulation. The heat-meter assembly
was then orijented vertically and attached to the connecting tunnel as shown
in Figure 4.1. This arrangement would thermally guard the hot side of the
heat-meter because the connecting tunnel and the heat-meter hot side slab
would be at approximately the same temperature as the hot fluid. Figure 4.2

is a photographic view of the modified test setup for heat-meter calibration.

4.5 Hot and Cold Fluid Circuits

4.5.1 Hot Water Circuit. The hot water circuit shown in Figure 4.1

was setup using 1/2 inch rubber hose connecting lines. The basic components
of the circuit were a submersible pump for hot water circulation, turbine
flow meter for measurement of the fluid flow rate, heating element for

power input to the hot fluid, flow control values for controlling the fluid
flow rate and thermopiie section for measuring the hot fluid temperature
change. To make it possible to control the hot fluid flow rate after sealing
the system for testing, an opening of 5 in. x 5 in. (12.7cm x 12.7cm) dimen-
sions with a replacable plug of insulation was made on the wall of the
calorimeter box to give access to the globe control valve Y1 shown in Figure
4.1. For charging the hot fluid circuit, using 1/2 inch rubber hose, a con-
nection was made between the water tap and the inlet of globe valve A shown
in Figure 4.1. Another connection was made between globe valve B and the

sink. Valve V was closed and globe valve V1 was fully opened. By slowly
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Legend:

44

Globe valve for charging the hot fluid circuit

Globe valve for charging the hot fluid circuit

Bucket overfilled with water

Turbine flow-meter in the hot fluid circuit (ME-3907)
Turbine flow-meter in the cold fluid circuit (ME-3909)
Sight glass

Heating element

Filter

Submersibie

Cold fluid pump

Standard resistor in the heating element electrical circuit
Sink

Thermopile measuring hot fluid temperature change
Thermopile measuring cold fluid temperature change
Check valve

Globe flow control valve in the hot fluid circuit
Globe flow control valve in the cold fluid circuit
Water tap

Thermocouple measuring of the hot fluid temperature

Thermocouple measuring of the cold fluid temperature



A photographic view of the modified test set up.

Figure 4.
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opening the valve A, water from the tap was forced into the heat-meter hot
side and out to the sink through the vaive B. Valve B was slowly closed
until the submersible pump cannister had only about one inch of air column
above the water level in it. Both valves A and B were closed and the hose
connections to them were removed. By turning the pump on and opening valve
V, water was circulated in the system and charging of the hot fluid circuit

was complete.

4.5.2 Cold Water Circuit. A schematic diagram of the cold water circuit

is shown in Figure 4.1. The circuit basically consists of a Potter turbine
flow meter for measurement of the fluid flow rate, a globe valve for flow
control, a Teel Magnetic Drive Pump for cold water circulation and another
thermopile section for measuring the cold water temperature change. Ini-
tially, the cold fluid thermopile was insulated from the surroundings by

encasing it in a box of "thermax" insulating material.

4.5,3 Measurement of Coolant Flow Rates. Two Potter turbine flow meters

model 5/8 - 215 B, were calibrated and used in the hot and cold fluid circuits
for flow rate measurements. The frequency outputs of the turbine flow meters
were connected to a Hewlett Packard Electronic Counter model 5212A. The
detailed discussion of the turbine flow meters calibration is presented in

Appendix B.

4.6 Measurement of the Power Inputs to the Calorimeter Box

4.6.1 Measurement of the Power Input to the Heating Element. Power

was supplied to the heating element in the hot water circuit from a 0-150
voit variac. The variac and the pump were connected to a 0-500 W constant’

voitage transformer to maintain a constant supply voltage. The electrical
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circuit for power input to the heating element is shown in Figure 4.1, The
resistance of the standard resistor used in the circuit was determined to

be .330 9 = .27%, following the same procedure used for measuring the
resistance of the standard resistors in the fan circuits as discussed in
Section C.3 of Appendix C. The power input to the heating element was deter-
mined by measuring the voltage drop across the standard resistor and between
points C and D of the circuit shown in Figure 4.1. The instrument used for

measuring the voltage was a Fluke Digital Multimeter model 8600A.

4.6.2 Power Input to the Hot Water Pump. Power input to the hot water

pump was directly measured by using a 0-250 W Weston A.C. wattmeter. The

pump circuit is shown in Figure 4.1.

4.6.3 Measurement of the Power Inputs to the Fans. Using the Fluke Digi-

tal Multimeter model 8600A, power inputs to the fans in the calorimeter
box and the connecting tunnel, were measured by recording the voltage drop
across the standard resistor and between points A and B of each circuit.

as shown in Figure C.1.

4.7 Temperature Measurements

Accurate determination of mass flow rates, for use in the energy balances
on the hot and cold water circuits, required measurement of the fluid tem-
peratures at the turbine flow meters. Therefore, 24 gauge copper-constantan
thermocouples were inserted into the hot and the cold fluid circuits close
to the exit of each turbine flow meter. Thermocouples, used for measurement
of temperature difference and absolute temperature, were connected to a
millivolt potentiometer and a thermocouple thermometer through a multiple

position selector switch. A Digitec digital thermocouple thermometer mode]
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590 TC Type T was used to make temperature measurements of the air inside
the calorimeter box and the connecting tunnel, the ambient air, the outside
surface of the calorimeter box and the hot and cold water at the turbine
flow meters. A Leeds and Northrup millivolt potentiometer model 8686 was
used to measure the output of the thermopiles for the heat-meter output,
the temperature difference across the calorimeter box, the temperature dif-
ference across the connecting tunnel, the hot fluid temperature change, the
cold fluid temperature change and the temperature difference across the

heat-meter insulation.
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Tzble le,

Jritieal Zompressibility, I

Comperison cetween Predicted and Zxperizental Values of the

Frediction

Yo, Structure znd nane Ixperimert Deviation
1 0255 0.285 0,254 -2,0035
ethane
2 0323 0.281 Q.279 -J,0071
Fropanse
. Gkﬁlo 0.274 0.275 0.00736
‘n-butane
4 :uﬂzo 0,283 0.275 -3,0283
iso-butane
5 cﬂﬂlz 0.262 0,270 0.0705
n=nentans
5 3.212 0.271 0.270 -0,0037
Z=methylhutane
o 05H12 0,269 0.289 2.0C00
neg=2enians
3 céglh 0,260 0.24%5 2.212
n-hexane
9 06}!1u 0,287 0.268 3,007
2-msthylpentane
10 Sty 0.273 0,266 -0 ,0256
3-methylpentane
11 Cshyy 0.272 0,26 0,024
2,2-dimethylbutane
12 C?Hlé 0.263 0,261 -0 ,0076
n-pentane
13 G?Hlé 0.267 0.280 -0,0262
2,2,3-trimethyltutane
14 GZH# 0.275 0.276 0,000

athylene
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Table e, (Continusd)

Yo, Structure and name Sxperiment Prediction Javizatien
15 CBHG 0.275 0.277 2.0073
Drepylens
14 CZJ-HS 0.277 0.272 -0,013¢0
l-butenes
17 C'J'HB 0.272 2.270 -0,0074
cis-2-butene
13 cbﬂs a.274 0.273 0,007
’ trans-2-hutene
19 26512 0.2¢0 0.263 0.0115
1-hexene
20 33!{4 0.271 0.271 0.0C00
‘ progadiene
21 GP-I-HS ‘ 0.270 0,270 G 00oco
1,3 tutadiene
22 GZHZ 0.271 0.271 acceo
acetylens
23 GBH"-P 0.270 0,270 0.0000
Propyne
2
24 0-5]-110 , 0,275 0.275 -0,0036
cyclopentane
f.n 0.273 $ 0,270 -0.0110
5| sy
nethylcyclopentans
0.273 0.272 -0 .0037
26 D)
cyclohexane
- p 0.272 0.272 0 ,0c06
cyclopentene
28 _ 0.271 0,271 £ ,3020
478

Tenzene
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".Table le, (Zontinued)

3-56

1,5 hexadiene

No. Structure and name Sxgperiment Prediction Deviaticn

29 . G?Hg 0.264 0.2€3 0.91%2
toluens

X GBHIO 0.243 0,257 0.0208

o=x7lene

) Csﬂlg 0.250 3,248 0,2228
a=-xylane

32 ’33!-{10 0.2%0 2.277 7.0650
p=xylens

33 ”'7:{15 0.267 ¢.281 -0 ,2225
3-athylpentane

3h Ca :18 Q.259 €.256 -0 .08
n-octane

35 :12325 0.240 0.238 =0, 0083
n-dodecane

36 :3318 ‘ 0,2¢2 ' 9.255 =0,022%
2,3 dinethylhexane

37 28315 0.25? 0,256 -0,0229

g 2,5 dinethylhexane

38 CI7H36 Q0.220 0.21%5 -0,0227
n-heptadecane

-39 CSHIO 0.280 0,263 -0,0407
cis-2-pentene

4o 05H10 9,280 0,265 -0,05238
trans-2-pentene

4 CSHIO 0.282 0.248 -2,0594
J-methyl-l-tutene

L2 céalo 0.2% 0.241 02,0038




Table 1o, (Continued)

3=57

Predictica

No. Structure and nane Exraerinent Zeviation
43 cﬂﬂlu 0.259 0. 260 0.0335
" athylcyclopentane
L GEHIZ 0,276 Q.277 0.,0036
1,2,3 trimethyltenzene
us cgﬁ,z 2.258 0,254 -0,0153
1,2,4 trinethylbenzene
ug C9H12 0.260 0,260 0.0
1,2,5 trimethylbenzene
7 Cs 0.265 0.25% -0.0226
n-propyibenzene
L8 CHBOH C,224 g.222 =0, 0045
: methanol
43 cjugo 0,253 0.251 -0,0079
1-propanol
50 cu“;}” ‘ 0.257 0.252 -G, 0186
isobutanol R
51 06360 0.240 0,240 2.0.
phenol
52 G7H8° 0.240 C.239 0,0042
o=cresol
53 THg0 0.241 0,200 -0,0041
m=-crescl
54 C7H80 0,246 0.243 0.0122
p-cresol
5 8,440 c,287 0.277 -0.07348
dimethyl ‘@ther
56 Catig0 0.267 0,272 0.0187
sthylmethyl ether




Table le, {Continued)

3-58

o, Structure and name Experiment Predicticon Deviation

57 05H120 G.265 0.253 -0,00755
ethyloropyl ether

=8 ":122-!100 0.260 0.23% -0.0823
diphenyl ether ’

59 C&HSO 0.270 n,872 £.00748
vinylethyl ether

&0 033{50 0,232 9.231 -0,0042
acetone

- 61 _ 053100 0.259 G.222 -0,1747
di ethylketons
- 62 653100 0,250 0,222 =-2,1120

nethyl-n-proylketons

£3 CZHH-OZ 0.200 0.248 =) ,2250
acetlc acid

Al G&HBDZ 0.295 .21 =0,0135
n-butyriec acid '

65 t:zﬂh'(ll2 0.255 0.2% 0.0198
methyl formate

66 G,_‘_Haoz 0.259 0,251 ~0,030%
n-propyl formate

a7 CZJ_HBD., 0.252 0,248 =0 .0139
sthyl acetate

63 GI.+!-1802 0.256 0.243 -0,0213
nethyl propionate

59 03H9N 0,267 0.270 Q.0112

n-propyl anine




~ Table 2a.- Group Contributions for Ideal Gas Heat Capacity

No. . .. _.Group a bxinz cxm4 dx155
1| - -5.8307 4.4541 | -0.4208 0.012630
2 .| -CH -3.5232 3.4158 | -0.2816 0,008015
3 | w2 ~2.301 3.061 -0.2132 0.005596
R T 0.606 | 2.127 -0.08285 0.001041
50| cua 0.6087 2.1433 | -0.0852 0.001135
5| =C- -0.9439 | 2.0500 | -0.1829 0005414
7| -t -0.2866 1.6383 | -0.09885 0.002275
8| sche 0.5266 1.8357 | -0.0954 0.001950
9 | =¢= 1.9627 0.8316 | -0.0648 0.001778
10 | =c- 2.32 0.235 0.02125 | -0.001875
n | =cH 2.8443 1.0172 | -0.0690 0.001866
12 | - (ring) -5.8307 | 4.4541 | -0.4208 | 0.012630
13 | CH (ring) -3.5232 3.4158 | -0.2816 0.008015
14 | -CH2 (ring) 0.3085 | 2.1363 | -0.1197 1.002596
15 | =¢- (ring) -0.9439 2.0500 | -0.1829 0.005414
16 | =CH (ring) -0.2493 1.6223 | -0.0964 0.00218
17 | =C= (ring) 1.9627 0.8316 | -0.0648 0.001778

3-59



Table 2a. (Continued)

né.' Group a bx]Oz cx]D4 dx105
18 | "=C- (ring) - - - -

19 | 4-4:3 0.1219 1.2170 -0.0855 0.002122
20| -c‘?: -1.3883 1.5159 -0.1069 0.002659
21 | Hcf; -1.4572 1.9147 -0.1233 0.002985
22| e % s = o
23 | Mo - - - -

24 H2C++ - - - -

25 |~ -0~ 2.8461 -0.0100 0.0454 -0.00218
26 | =0 - - - -

27 -0- (ring) -7.4888 §.4531 -0.4395 0.01694
28 0:: =3.7344 1.3727 =0,1265 0.003782
20 -0H (to ~¢::-) 6.5128 -0.1347 0.0414 "-0.n0162
30 | -0H (to -CH) 6.5128 | -0.1347 0.0614 | -0.00162
31 | -0H (to -CH2) 6.5128 | -0.1347 0.0414 -0.00162
32| -OH (to -CH3) 4,128 -0.0237 0.0414 -0.00162
33 -0H (to cn ring) -4.832 2.3509 -0.0614 -0.001916
34 -0H (aromatic) 0.1133 -3.2 -0.4296 0.018886
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Table 2a. (Continued)

No. Group a bx102 extot dx10
35 | -¢=0 1.0016 2.0763 | -0.1636 0.004404
[ |
36 | -C=0 3.5184 0.9437 0.0614 -0.00698
o0
37 | H-C=0 5.607 0.754 0.0713 -0.005494
¢
8 | -C-0- 2.7350 1.0751 0.0667 -0.00923
g
39 | -C-OH 1.4055 3.4632 | -0.2557 0.006886
] 0 '
40 | H-C-OH 2.798 3.243 -0.2009 0.004817
9 ki 1
& <Ll 4.8808 1.2528 | -0.02613 -0.009069
0 :
42 | -C- (ring) -4.1212 1.7667 0.1665 -0.01918
;
43 -C-0 (ring) - - - -
0
44 -C-0H (ring) - - - -
l:; B .
45 | -C=0 (aromatic) 5.7743 0.7606 0,044 -0,005244
46 | -n- -3.4677 2.9433 | -0.2673 0.007828 -
47 | MM -1.2530 2.1932 | -0.1604 0.004237 -
48 | -NH2 4.1783 0.7378 0.0679 -0.00731
a9 | =N - - - -
50 | =NH - - - -
51 | =N - - - -
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Table 2a. (Continued)
No. e Group a bx10° extot dx10°
52 -N- (#i1g) -3.4677 2.9433 -0.2673 0.007828
53 -tK (ring) -1.2530 2.1932 -0.1604 0.004237
54 -NH2. (ring) -A 4.1783 0.7378 0.0679 -0.00731
55 | N2 (aromatic) . -1.0027 4,1606 -0.5026 0.02143
.86 | =NH {aromatic) = = = -
57 =N (aromafic) = - - -
58 Néf 2.4458 0.3436 0.0171 -0.00272
.59 -N=0 7.009 -0.0224 0.2328 -0.001
60 -NO2 1.0898 2.6401 | -0.1871 0.004750
61 -NzC . 5.186 0.3492 0.0259 -0.00244
62 N=C- 4.5104 0.5461 0.0269 -0.00379
63 5= . 4.2256 0.1127 -0.0026 - "}-0.00007
64 <SH ™ ; . 2.5597 1.3347 -0.1189" 7" "0.003820
65 =S - # “ #
66 .| -S0 - - - -
87 | -s02 . = ¥ s
68 -SO3H 6.9218 2.4738 0.1776 -0.02245




Table 2a. (Continued)

No. Group a bx102 ; cx104 dx1ﬂ6
69 -S- (ring) 4.2256 0.1127 -0.0026 ~0.00007
70 | -S0 (ring) - ” - .

71 -502 (ring) - - - -
2 s% a.0826 | -0.0301 0.0731 -0.00708
13| -F 1.9382 0.3452 | -0.0106 -0.001128
| - 3.503 .| 0.2122 | -0.02355 0.0C0276
75 | -Br 2.9605 0.4731 | -0.0455 0.001420
7% | -1 3.2651 0.4901 | -0.0539 0.001782
77 -%1- 4.6977 0.5272 0.001945 0.0013
78 | -6- 2.2716 0.000 0.000 0.000

79 | cis 1.4705 | 0.5614 | -0.0431 _ | 0.001144
80 | trans 1.4776 | -0.2542 0.0179 | <0.00044
81 | ortho (1,2) 4.602 -0.7372 | -0.3058 1-0.001548
82 | meta (1,3) 0.422 0.0628 | -0.3784 0.000722
8 | para (1,4) 0.000 0.000 0.000 0.000

8 | 1,2,3 position - - . -

85 1,2,4 position = - = =
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Table 2a. (Continued)

NGVl © “Group bx10° ex10? ax10®
86| ~1,2,5 position’ - = -
87 | 1;3,5 position - - -
*qg | Side-chain with- -~ - o -
2 or more C atoms
| . . -
*89 3 adjacent -CH2 groups - - -
L 1 |
90 - '9' adjacent to -gH - - -
N 2 adjacent -é- groups = * =
92 single branching™ - - s
93 double brancHing (1,1) L = -
84 | cis (1,2) . - -
Jele
95 trans (1,2) - = -
*k
36 CiS (1,3) - - 2
97 trans (1,3) = - -
38 | cis (1.4) - - oo
*39 trans (1,4) - - .-
%k .
100 single branching = = -
Rk
101 double branching {1,1) - - =
162 - - -

cis 1,2)
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Table 2a. (Continued)

3-65

No. Group bxloz cx'lD4 deO6
*733“_ trans (1,2) - = = -
o4 | cisa,3) - - - - “
05 | trans (1,3) e - - - -
*{%6 | double branching {1,2) - - - -

et - .

107 double branching (1,3)" - - - -
108 double branching (1,4) - = &4 -
08 triple branching (1;2,3) - - . - - -
it triple branching (1,2,4) E = g =

1 triple branching (1,3,5) = 2 = e
wedevededr s . .

12 C3 cycloparaffin ring - 3.532 -0.03 ..0.Q747 | -0.00851
TRk kh ;

113" | c4 cvcloparaffin ring - 4.505 1.078 |  0.0425 | .0.0255

114 C5 cycloparaffin ring -12.285 1.8609 -0.1037 0.002145
dedrdevrd - ¥

115 C6 cycloparaffin ring -13.88 1.7818 -0.0345 0.00059T.

Wk

118" | pentene ring -+ -10.9923 | 1.4892| -0.0829 | -0.00187
kW

17 hexene ring - 8.0233 2.2239 -0.1915 0.005473

* branching in paraffin chains

kol brapching in six-membered rings (cvcloparaffins)

#x* [pranching in five-membered rings (cycloparaffins)

#4dk | branching in aromatic

Jedeve e

ring correction




Table 29,

Comparison betwsen Ixperimenial and Predicted Values of GCas Heat Catacity

3-66

A

Yo, Structure and Name ?empe;iturs, Zxperinent, Prediction, Jeviation,
"X 2al cal %
znole, K gnole, “X
meithane 800 12,28 13.88 0,0
2 |cHg 298 12,85 12,55 =
athane 800 28,8 22,3 0
2 CBHB 298,15 7.57 17,64 0.28
Dropans 1000 41.283 41,93 0.24
Ay 298,15 9.67 |  37.95 4,3k
n=hentane 1000 91,2 %2.27 1.17
3 G?Hlé o 298,15 39.33 33.75 1.06
2,2,2-trinetryl butane 1000 92.22 33,03 0,76
6 a3, o 298.15 10,41 10,40 0.1
ethylene 700 18.75 18,74 <011
7 % 298,15 20,47 20,34 .2 |
1-hutene 700 38.71 38,93 0.57
3 Chﬂe 263 20,99 20,62 0
trans-2-tutane 200 £1.50 k1,50 0
5 |%H, 298 20,23 31.85 5.96
1,3-dimethyl-l-butene 800 63,80 85.7% 3Ly
12 Gng 298.15 19.01 13,07 -4, 94
1,2-butadiens 1000 40,52 39.61 -2.25
1 |odH 298 25,0 24,14 =35
2-methyl-l,3-butadiene 200 48,0 47,29 -1,43
12 |cH, ' 273.15 10,53 10.29 -2.28
acetylene 700 k.27 15,45 0,56
12 | G,H, 298,15 1,50 14,75 -1.74%
methylacstylene 1000 27,71 27.57 ~0,49
W | edl, 293 22.5¢0 23.95 1.53
2-pentyne 400 45,50 L6,39 1.97




Table 2%, (Continued)

3-67

Yo, Structurse and Hame Tempeg'aturs, Sxperinment, | rredietiocn, | Devliation,
’ T X 22l cal 4
gmole, X gmole, °K
15 | Gy 700 L7.81 La,26 0,95
cyclopentans 1600 59,80 60,02 0,37
18| Gy 300 25.6 25,95 1.37
cyclohexanes = 800 86,8 6t,39 -2,11
17 | Gy, - 750 80,57 81,37 T L.oa
nethyleyclopentans 1100 75.80 76,00 i 0.27
18 | Cglty 300 18.0 18.05 : 0.28
cyclorentans 800 45,8 46,03 { 0.50 |
19 | CHy, 298 32,14 33.26 i 3,48
eis-1,3-dinethylcyclopentans 800 75,84 7347 P -3.13
20 | CgH, o 100 27.18 26,52 -2,43
henzene 800 44,92 bb, 09 i 0,18
}
21 | Ca, 200 10.87 0.45 [ -1,
OgH4C,Hs 700 61,77 61,74 3,05
22 | Cgiyy 300 31.89 30,95 “2.54
c-¥ylene 800 74,35 73.91 . 9.0
{
23 | CgH, 300 .30, 4 29.97 , -1.57
n-xylane 200 61,1 61.1%5 i 0.46
2% | g, 200 30,43 0,15 | -0.95
p=¥xylene 800 66,22 56,29 IT 0,11
i s ‘1 -
25 | G, 298 3€.22 35.06 | 3.2
p=ethylioluene 800 77,50 77,70 i 0.13
26 | €850 | 298 38,19 17,24 | a2t
2-rethylnaththalene 200 £2.03 81,523 L
|
27 | c.cH 200 10.5 10,78 ' 2,67
nethanol 800 15.0 B | L
L 28 | CyHOH - - -
| 1s0-propyl alcohol 00 24,3 24,39 i ~2.07
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Table 2b, (Continued)

!
o, Structure and Name Tampeg‘:-.’:ura, Sxperinent, | Fredictiorn, I Caviaticn,
. i K zal o2l &
L gnels, °K gmole, K |
| - T T
29 03.170}!- . : i
iso-propyl aleokol 350 26.¢ 25,05 | -2,08
0| G L00 33.76 213 Ay |
toluene 200 558,55 55.5% ; n.ls |
RN | gEeE : 298 27,08 28,43 | b, z2 r
2-butanel : 200 52,43 54,33 | 3,13
32 | ogH, (o) (oH) 208 29.75 | 30.7% 1.65
r-crescl ) 200 61,11 a 61.29 £.29 |
3 GH.J,OGHE ’ 200 5.8 E 15,78 9.13 |
dimethyl ethsr — — i e —_ !
| 2400 : 298 37.83 7.0 -2,13
isopropyl sther ) 800 74,29 78,33 2.7
]
3 ] T, 2T, 300 18,0 18,50 2,76 |
| acetone 300 34,2 ! 32,23 S5
3B L TLWCE, 298 24,58 23,58 4,5
- - J : '
| netiyl stayl ketone 200 18,08 45,85 188
1
7 | W 200 13.20 i 13.02 R
acetaldehyds 800 420 | 24,32 0.5 !
8 | oH,000C,H, L0 2570 | 0.1 18 |
ethyl acetate 500 35.30 38,48 1,07 !
39 | Ci,oN - 100 12,5 12,5 .72
acetonitrite 800 21.3 21,55 1.17
50 | o, 400 13.6 13.77 1,22 |
cyancgen ' 700 15.9 16.70 1,20
i
b} (aHg) N - 298 21,93 21.97 0,18
trimethylamine 200 45,62 bz, 45 0,09
b2 | oo 298 17,44 17.43 7
proploni trite 300 32,14 32.96 2,55
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Table 2b, (Continued)
Yo, Structure and Name Tamperature, | IZxzeriment,! Preilcstion, ! Daviation,
°x cal cal |
grole, K gnmole, Ok l
!
h3 Cl-}H?NoZ 299 29,51 29,42 =2.2
2-mitrabutane 300 25,448 5975 ‘ 0,52
Ly CHJCI 300 $.7 10.25 5.62
methyl chloride 800 17.0 16,73 -1.58
s | oy, 300 13.3 13.0 l <.20
nethylene chloride 800 19.1 19.08 | 2.1
LE C!!'IC!'.!.3 300 15.6 16,21 3.9
Shloroforn 700 21.2 2.3 0.
Lo GGIL“ 00 19.9 19.83 0.35
carhon tetrachloride 800 24,6 24,68 0.23
ba I'JC'.LZFZ 00 17.3 17.65 2.02
dichloredifluorsmethane 8ca 24,4 23,30 ' -2.07
59 | Gy %00 10.6 10,61 | . 0,07
methyl lodide 800 17.5 17,50 _ 0.4
0| 47, 298 16,24 16,73 S 0.55
1,1-difluoreethane £Q0 29,89 29,83 . 0.1
£l CMFS 298 "37.32 27,31 ; 0,027
nctafluorceyclcohutane 800 58,65 88,50 0,07 |
52| CghgBe 298 23.35 22,42 -3.98
tromobenzene aco L7.78 47,31 -0.58
53| e, 298 19,17 18,2 1 4,35
trichloroethylene g00 26,94 26,45 [ ~1.,82
| cusH 300 17.% 17.02 -3.29
stiyl mercaptan 1000 15,2 35.09 -0.3
55| o 298 17.3 17,07 -1.33
thiophene 1000 27.2 26,01 -4, 4
6 C‘,-I’}'KQSC!I-{3 298 33,54 2.2 | -3,82
tutyl methyl sulfide 800 46,53 54,93




. Tatle 2%, (Zontinued)

3=70

No.[ “Structurs and Mane Temparature, Ex;ezdment,i Prediction, Deviation,
K cal cal a
gmole, °K Zmole, X
a7 Gﬁjar 300 10.2 10.22 1,18
mathyl bromide 200 17.3 17.45 0,87
&8 GHJHG 200 12.8 12,71 -5,7
800 21,3 21,3 3
g9 CHBCOOH 300 14,0 14,0 g
acetic azid 200 29.1 23,18 0,22
50 | (,)q¥ 200 2.1 22.1 i q
trimethyl amine 800 45,8 4s.7 0.2
él 3ic1, 300 21.7 22,07 i 1,70
|
800 25:1 25,07 : 2,21
i




CHAPTER VI

SUMMARY AND CONCLUSIONS WITH RECOMMENDATIONS FOR FUTURE WORK

6.1 Summary and Conclusions

This research project was specifically concerned with the design, con-
struction and performance testing of a special-purpose prototype heat exchange
device referred to as a fluid-to-fluid heat-meter. The heat-meter prototype
consists of a thermally semi-conductive plate, sandwiched between two aluminum
slabs in which flow channels were machined for fluid circulation. Its function
is to provide a calibrated measure of the heat flow between the fluids indi-
cated by the output of a thermopile measuring the temperature difference across
the semi-conductive plate.

In the preliminary design of the heat-meter prototype, heat-transfer
equations were developed to describe the relationship between the coolant
flow rates, coolant temperatures, slab temperatures, dimensions of the flow
channels, thermal conductivity and dimensions of the semi-conductive plate
and the heat-meter heat transfer rate. Using the heat transfer analysis,
along with estimates of the pressure drop in the flow channels, the dimensions
and the configuration of the flow channels were determined. A conductive
sheet analog simulation was used to design the thickness of the heat-meter
stabs such that the temperature distribution over the surface of the slabs
in contact with the semi-conductive plate would be approximately uniform.

Based on the results of the preliminary design, two identical slabs
for the heat-meter prototype were constructed. Each slab included a thermo-
pile section for measurement of the temperature difference across the heat-

meter semi-conductive plate.
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After completing the construction of the heat-meter prototype it was
first tested to determine the feasibility of the heat-meter concept by
circulating hot and cold tap water in the heat-meter slabs. Results of the
preliminary testing of the heat-meter without insulation were plotted as
power versus heat-meter thermopile output. Although there was considerable
scatterlin the data, it indicated that the heat-meter was working satis-
factorily. However, a large disagreement existed between the estimated
values of the heat loss from the hot fluid and heat gain by the cold fluid.
This suggested that heat loss from the heat-meter was significant. The
simple addition of a layer of polystyrene foam insulation to the heat-meter
seemed to reduce the effects of heat loss to a negligible Tevel.

During the preliminary tésting of the heat-meter, measurement problems
were encountered due to instability in the supply tap water temperatures
and flow rates. Therefore, an additional test facility consisting of a
calorimeter box and a connecting tunnel was constructed to control and
accurately measure the heat input to the hot fluid circuit. The heat loss
from the calorimeter box and the connecting tunnel were taken into account.
For accurate measurements of fluid flow rates which were used for an energy
balance on each fluid, turbine flow meters were calibrated and used in the
hot and cold fluid circuits.

A series of calibration tests were conducted to determine repeatibility,
accuracy and the effect of flow rate and mean temperature on heat-meter
performance. Plotting a calibration curve as power transferred versus heat-
meter thermopile output for the basic calibration tests indicated very little
scatter in data, in comparison with preliminary test results. The initial
phase of tests showed that the heat-meter was repeatable to well within %%

of the power transferred, in the tested power range of 89W-4504.
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The basic calibration test results also indicated that, for a given

heat-meter output, there was disagreement between the calculated values of

the net power input to the hot water, the heat transfer from the hot water

and the cold water heat gain. The trend of the disagreement indicated the
possibility of either heat loss from the heat-meter or a measurement error.
Calculating the thermal conductivity of the heat-meter semi-conductive piaﬁe
from the test results yielded a value within about 5% of the nominal thermal
conductivity as specified by the manufacturers. This close agreement of

the calculated value of the thermal conductivity with its nominal value sug-
geste¢ that the heat loss from the heat-meter was probably not entirely
responsible for the disagreement mentioned above. This left instrument

error associated with measurement of either the hot and cold fluid temperature
change or the fluid flow rates as the most probable sources of the differences
in calculation of the power transfer. Crudely insulating the thermopiles
measuring the hot and cold fluid temperature changes improved the agreement
somewhat, suggesting that the heat exchange between thelthermopi1es and the
air surrounding them affected the temperature difference measurements.

Based on a heat transfer analysis of the heat-meter, a heat-meter sensi-
tivity curve was plotted as net power input to the hot fluid divided by
heat-meter thermopile output versus heat-meter mean temperature. Plotting
of the sensitivity curve on this expanded scale, indicated that the heat-
meter sensitivity was decreasing with increasing mean temperature.

A test was conducted to check the repeatibility of the heat-meter with
respect to mean temperature. Analyzing the results of the test indicated
that there was some heat loss from the heat-meter hot side and that it was
apparently affecting the sensitivity of the heat-meter.

A heat-meter flow rate test was conducted to determine the effect of
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decreasing the heat-meter coclants flow rate on its performance. The test
results showed that, within the accuracy of the measurements, the data fell
on the same sensitivity calibration curve; thus indicating that the perfor-
mance of the heat-meter was not significantly affected by the f?uid flow
rates for the limited range of flow rates tested. It should be mentioned
that accurate testing of the heat-meter over a wide range of flow rates
was not possible due to instrumentation limitations and that the flow rate
test of the heat-meter represented the effect of only a 30% decrease in the

fluid flow rates.

6.2 Recommendation for Future Study

The heat-meter mean temperature testing indicated that the sensitivity
of the heat-meter was being affected by the heat loss from the heat-meter.
Therefore, for further studying the heat-meter repeatibility with respect
to mean temperature, it is recommended that the prototype device be thermally
guarded. The turbine flow meters measuring the fluid flow rates and the
thermopiles measuring the fluids temperature change represent potential
sources of the observed measurement errors. The thermopiles appear to be
the most 1likely source of error and should be given further investigation.
During the heat-meter calibration testing, the drift in the frequency output
of the turbine flow meters was thought to be due to an actual change in the
fluid flow rate. Therefore, checking the globe flow control valves as the
potential sources of the problem is recommended. Finally, since the flow
rate testing of the heat-meter was limited to only a small decrease in the
fluid flow rates, therefore further investigation of the effect of the

fluid flow rates on the heat-meter performance is recommended.
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APPENDIX A

PUMP SELECTION FOR HEAT-METER PROTOTYPE

Two separate pumps were needed to circuiate the primary hot fluid and
the secondary cold fluid in the heat-meter. In calibration of the heat-meter,
for accurate measurements of the power input to the hot fluid circuit, the
pump, intended for hot fluid circulation, had to operate on a power smaller
than the externally controlled power input to the heating element in the hot
fluid circuit. Both pumps were intended to circulate fluid in the heat-meter
at the rate of about 1.5 GPM. In the absence of external piping, the minimum
pumping requirements could only be specified after the flow characteristics

of the heat-meter were determined.

A.1 Test Setup

A schematic diagram of the test setup, consisting of a pressure trans-
ducer, flow control valve, flow meter pump, and a typical heat-meter slab,
whose pressure drop versus flow characteristics were to be determined, is
shown in Figure A.1. A schematic diagram of a similar setup to determine

the flow characteristics of a typical test pump is shown in Figure A.Z2.

A.2 Test Procedure

Tap water from the sink was pumped through the hot fluid slab of the
heat-meter, through the flow meter and then back to the sink as shown in
Figure A.1. A differential pressure transducer of 5 psi range manufactured

by "Pace" was used to measure the pressure drop across the plate. The trans-
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Pressure Transducer

_/'\J_______I Device
V.o orihe.T.

Figure A.1 - Test set up to determine the flow characteristics of the

heat-meter

"'*E;“43§ i 33

P — — e —— o R -

L . T
| B

Figure A.2 - Test set up to determine the flow characteristics of the pumps

Legend:
F Flow-meter

Pressure gauge

[ep)

H Heat-meter slab

P Pump

o]
—

. Pressure transducer
S Sink

V Flow control vaive
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ducer was connected to the inlet and cutlet ports of the heat-meter plate,

through two identical 1/4 inch brass elbows and two 2 inch long 1/4 inch
brass nipples. For different settings of the flow control vaive, readings
of the fiow meter and the output of the pressure transducer were recorded.
Following the same procedure, the heat-meter cold fluid slab was tested.
Table A.1 1ists the data taken for both slabs. Flow characteristic curves
plotted as pressure drop versus volume flow rate for both slabs are shown
in Figure A.3.

After determining the flow characteristics of the heat-meter slabs,
two pumps of similar size and available from the mechanical engineering
shop were tested using the setup shown in Figure A.2. The two pumps
selected were & submersible Little Giant Pump model 2E-N and a Teel Magnetic
Grive Pump model 1P876. Both pumps required power inputs of about 80 watts,
and were able to pump water up to several gallons per minute through the
heat-meter siabs. In the final design, the submersible pump, because of its
jower power (75 watts) and the fact that it would be cooled by the fluid
peing circulated through it, was selected to be used in the hot fluid cir-

culation.



Hot Fluid Slab

Cold Fluid Slab

V, GPM AP, psi vV, GPM AP, psi
4.6 3.6 4.6 3.4
4.0 2.8 4.4 3.0
J.b 243 4.2 2.8
3.4 2.0 4.0 2.5
3.0 1.6 3.8 2.4
2.6 1.2 36 2.1
2.0 .80 3 1.7
1:6 .50 2.0 .80
1.0 .20 1.0 k)

Table A.1 - Summary of the data to determine
the flow characteristics of the
prototype heat-meter of dimensions

indicated in Table 2.1.
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APPENDIX B

CALIBRATION OF THE TURBINE FLOW-METERS

Turbine flow-meters used in measuring the flow rate of the water cir-
culated in the heat-meter, were calibrated by a simple volume collection
method wnich consisted of collecting water for known periods of time and
measuring the freguency output, F, of the turbine flow-meter.

Since the flow-meters would be used to measure the flow rates of water
at different temperatures, it was therefore necessary to account for the
effect of viscosity change due to temperature change. The results of the
turbine flow-meter calibration were plotted as a universal curve. Such a
curve consists of a plot of K-factor, the frequency output of the flow meter
divided by the volume flow rate versus the frequency output divided by the

kinematic viscosity.

B.1 Test Setup

The fluid circuit, consisting of a submersible pump, a globe flow con-
trol valve and the turbine flow-meter, is shown in Figure B.1. Table B.1l
indicates the name and the model number of the instruments used to make

measurements of time, mass, frequency and temperature.

B.2 Test Procedure

In order to have a constant head at the pump inlet, tap water was pumped
out of a bucket overflowing with water. The frequency counter was set to

indicate the output of the flow-meter every 10 seconds. A small capacitor
81
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Figure B.1 - Schematic diagram of the apparatus set up for calibration

Legend:

of the turbine flow-meter.

1000 m1, beaker

Bucket constantly filled with water
Frequency counter

Location of the thermocouple junction
Digital thermocouple thermometer
Turbine flow-meter

% inch rubber hose

Submersible pump

Sink

Water tap

Flow control valve
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was used to filter out background noise from the turbine flow-meter signal.
A copper-constantan thermocouple inserted into the outlet flow stream was
used to measure the water temperature. For every flow control valve setting,
six consecutive readings of the frequency counter were recorded. Two readings
were recorded prior to mass collection, two readings during mass collection
and two after it. Water was collected in a 1000 m} beaker. Measurements of
time were made by a digital stop watch. Data was taken for several different
valve settings, covering the range of the operation of the flow-meters ex-
pected during the heat-meter calibration. Following this same procedure,
additional data was taken over a period of several days to examine the repeat-
ibility of the flow-meter calibration. Results of the calibration tests of
the flow-meters are plotted as universal viscosity curves and presented in

Figure B. 2 and B. 3.

B.3 Sample Calculation

A sample calculation is shown for test No. 1 to calculate the K-fattor and
F/v for turbine flow-meter No. ME-3909. A summary of the results of such
calculations are listed in Table B.2 and Table B.3.

At T=14.3%, density and kinematic viscosity of water are as follows:
p=999.2 3 and v = 1.161 ctsk

i} Volumetric Flow Rate

~ Mass coliected . 98b.1g _
time of collection 21.495

g
44.44 g

y . _m_ 44.44 g/3 _ 2
V, volumetric flow rate 5 = 999.7 9/t 0.4448 S

ii) Average Frequency

O AR 115.1+115.1+115.32115.2+115.1+115.2 o (3E B
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iii) Scaled Freguency

F _ 115.2 Hz _ Hz
v S T8l sk - 992 toek

iv) K-Factor

F o élzﬁﬁst - p5gg Sycles
v . RS %

B.4 Error Analysis

In the following section a sample calculation is shown for estimating
the error in the value of the K-factor and the scaled freguency F/v asso-

ciated with the universal calibration curve.

B.4.1 Error in Measurement of Mass. Error in measurement of the mass

of the water has two components:
i) Instrument uncertainty

o = standard deviation = .05g

"

em1=]1m1t of error (95% confidence) = 2¢ = .1g

ii) Resolution error

&5 2 (smallest scale division) = 2(.1g) = .2 g

Since €1 and e.p are twe independent components of error, therefore,
rms of them is taken to estimate the uncertainty in measuring the mass of

the water.

- 2 2 _ 2 2
e, = \/eml tens ~\/ (.1)%+(.2)° = .22g

B.4.2 Error in Time Interval Measurement. The uncertainty in measure-

ment of time interval was thought to be due to the way that the fluid stream
was directed into and out of the beaker at the beginning and the end of

volume collection. To estimate the error, in a series of tests, three sets



87
of data were taken for two different flow rate settings. In Figure B.4,

the relative position of the flow stream with respect to the side of the
beaker is shown for the three different tests that were conducted. By
assuming the small error in measurement of mass to be negligible, and the
flow rate to be constant for each valve setting, the average fiow rate for
each setting was calculated. Then the maximum deviation of the flow rate
from the average flow rate for each valve setting was calculated. The
deviatiaon expressed in percent of flow rate reading was multiplied by the
corresponding value of the time measurement to get the error in measurement
of time. The most likely error in time interval measurement, e, = .047 sec,

was calculated by taking the average of the error in time measurement for

the two flow rate settings.

B.4.3 Uncertainty in Frequency Measurement. The standard deviation

of the sample for the six measurements of the frequency is calculated as

' N (F.-F)E
g s\/f‘l—l ( i (B-1)

n-1

follows

where n is the number of measurements and T is the average frequency and is

calculated from the following equation.

n
%o F.

= _ i=1 "1

F S (B-2)
Therefore the standard deviation of the means would be

S
S== =— (B-3)
F v on

then

er = 2 SF' (B-4)



Figure B.4 - Relative position of the flow stream with respect to the

side of the beaker

88
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where ep is 1imit of error (95% confidence) in measurement of the frequency.

B.4.4 Uncertainty in Temperature Measurement. Error in measurement of

the temperature of the water has two components:

i) Instrument uncertainty as specified by the manufacturer is

e =\ﬂicepoint accuracy)2+(conformity)2+(ana1og to digital conversion)2
Tl

e =v(.3)%(.5)%+(.02% of Rdg+l digit)°  °C (B-5)
T1

ii) Thermocouple wire error as specified by the manufacturer of the

thermocouple wire used is
hp = .75% of Rdg
Therefore the total error in temperature measurement is

A =\!:«El + AEE % Rdg (B-6}

where X 1s instrument uncertainty in percent of reading.

B.4.5 Uncertainty in the Value of K-Factor and F/v.

K-Factor = L = 2 (B-7)
v

where F is the average frequency, t is the time, p is the density and m is

the mass.

Therefore, the uncertainty equation for K-factor could be expressed as

DU - i 2, 2
A 'J"F LR S (B-8)
and for the scaled frequency

S R (B-9)

where Aps Ags AD, - and A, are errors expressed as percents of reading in

the values of frequency, time, density, mass and viscosity, respectively.
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B.4.6 Sample Calculation. Sample calculation of the error in the

value of the K-factor and the scaled frequency, F/v, is performed for test
number 1 of the calibration of turbine flow-meter No. ME-3909.
i) Error in measurements of mass

e
_ .22 _ o

B

K, =

ii) Error in measurement of time

e
(100) = =222 (100) = .34 % of Rdg (B-11)

Ay T 71.49

£

crled

i11) Error in measurement of frequency

From eq. (B-1), S, the standard deviation of the sample is expressed as
JEﬂ?l (F,-F}*°
g N_i= i
n-1

Substituting the values for F, and F from section (B-4) yields

S = ,082 Hz
Then from equation (B-3), SF’ standard deviation of the means would be
S.F?z §*=—'18§'=.033HZ
/n 6
Therefore
. g _ (2)(.033){100)
e —%7-(100) - 115.7 = 057 % of Rdg (B-12)

where hF is the uncertainty in measurement of the frequency expressed as

percent of reading.
iv) Error in measurement of the temperature

e
A T
- —Tl (100) (B-13)

Substituting for e;q from eq. (8-5) in eq. (B-13) yields

N(.3)%(.5)%(.103)°

A 14,3

(100) = 4.14 % Rdg
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But, from equation (B-6)

12 = .75 % of Rdg.

Therefore

A=Al + 2 =q(4.18)2 + (175)7 = 4.20 % Rdg

where Ay is 1imit of error as percent of reading in the value of the tem-

perature.
Ap = 4.20 % Rdg = .60°C (B-14)

The error in measurement of the density due to 4.2% error in temperature
measurement is .0086% and is negligible compared to .34% error in time
measurement.

Therefore, ignoring Ap, the error in viscosity of water due to error

in temperature measurement would be

e = (a\)

=GP, e (B-15)

where %%-15 the rate of change of the viscosity with temperature in the

temperature range of 10°C to 20°C and 4T is the error in temperature mea-

surement.
Substituting the values for %%-and e, eq. (B-15) yields:
e = (.03 555K ) (6 deg €) = .018 ctsks
Y 0C
then
e
LS _ (.018)(100) _ .
A, = = (100) = S~y = 1.57 % Rdg (B-16)

where A, is the error in the value of the viscosity of water expressed as a
percent of reading and v is the viscosity of water at 14.3°¢.

From equation (B-8), the error in K-factor is expressed as

.o ].2 2 2 2
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Substituting into eq. (B-8) for Aps A, and a_ from equations {B-12}, (B-11)

and (B-10) and neglecting Ap yields

ae = (0578 + (L30)% + (L023)% = .35 % Rdg

therefaore
K = 2589 C—y%]-‘?-s— s .35% (£9.1 515—1?2)

Also, from equation (B-9), the error in the scaled frequency is expressed as

_ 1.2 2
}rf-?/v_ \/AF # Ay
Substituting into eq. {B-9) for A and k from equations (B-12) and (B-16)
yields

2 2 c
X = J(0.57° + (1.57)° = 1.57 % Rdg

therefore

" cycles . . cycles
;= 99.20 S = 1.6% {=1.58 e

< |l

Following this same procedure, the values for Mg and A?VU, for calibration
tests on the turbine flow-meters were calculated and are tabulated in

Tables B.2 and B.3.
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Electronic Counter
Frequency Model: 5212A Hewlett Packard

Sartorrus balance Model: 2250
Mass Weighing range: 0-300 gr

Digital Thermocoupie Thermometer

Temperature Model: 590 TC Typeé T
Range: -190 to 400°C

Digital Stop-Watch
Time Model: Cronus

Table B.1 - Instruments used in calibration of turbine
flow-meters



No. v F F/V A F/v % Ffv
1/min Hz c/1 % Rdg Hz/ctsk % Rdg

1 2.669 L15.¢ 2589 .35 99.20 1.6

2 3.388 115.8 2758 .43 134.2 1.6

3 4,154 197.0 2845 .54 169.7 1.6

4 5.002 241.2 2894 .63 207.8 1.6

5 5.662 o 2900 A E 237.5 1.6

6 6.552 318.2 2913 .80 276.9 1.6

¥ 4.122 1953 2842 el 169.9 1.6

8 2.714 117.8 2603 .41 102.2 1.6

9 7.750 377.0 2919 .95 323.9 1.6

10 7.741 377.4 2925 .97 324.2 1.6
11 3.669 171.6 2806 51 147.8 1.6
12 3.672 171-5 2802 57 147.7 1.6
13 3.304 151.8 2743 .43 130.1 1.6
14 2.664 115.1 2592 - 99. 37 1.6
15 2.999 134.1 2683 .46 115.8 1.6
16 4.822 23).2 2877 .61 199.7 1.6
17 6.243 302.1 2904 .72 260.9 1«6
18 6.533 316.38 2910 .82 2735 1.6
19 6.521 316.6 2913 .83 273.4 1.6
20 7.367 358.4 2919 .94 309.5 1.6
il 7.360 358.3 2920 .90 309.4 1.6
22 8.297 402.8 2913 .99 347.9 1.6
23 8.272 402.7 2921 1.0 347.8 1.8
24 2.824 124.7 2649 s 109.1 1.6
25 2.824 124.5 2645 A1 108.7 1.6
26 4,415 209.5 2849 .58 182.9 1.6
27 7.141 346.0 2907 .84 301.9 1.6
28 T l22 346.0 2915 .95 301.1 1.6
29 4.377 2075 2844 58 180.6 1.6
30 3703 172.5 2795 .48 150..5 1.6

Table B.2 - Summary of calibration for turbine flow-meter Mode]l
5/8-215B, manufactured by Potter Aero Co. (ME-3909)



No. F ?/'t.f ) F/v AF/v

v

1/min Hz . C/1 % gdg Hz/ctsk % Rdg

1 2.619 116.8 2676 .33 100.6 1.6

2 2.622 116.9 2674 .36 100.6 1.6

3 2.928 133.1 2728 .44 114.7 1.6

4 2.930 133.1 2727 =36 114.7 1.6

5 3.261 150..3 2766 A4 129.5 1.6

6 3.258 150.3 2768 .38 129.7 1.6

7 3.760 175.3 2798 .45 151.4 1.6

8 4,107 193.0 2819 .54 166.6 1.6

9 4.113 192.8 2813 .49 165.7 1.6

10 4,844 229.2 2839 b2 196.9 1.6
11 5.744 272.0 2842 .69 233:7 1.6
12 6.860 326.0 2851 .91 280.1 1.6
13 7.580 359.4 2845 .96 308.8 1.6
14 8: 571 406.4 2845 1.1 349.1 1.6
15 8.567 406.4 2846 | 349.2 1.6
16 4,417 207.6 2820 81 178.3 1.6
17 8.549 406.7 2854 1.1 351.2 1.6
18 g:51.3 406.7 2867 .98 3612 1.6
19 8.538 406.8 2859 1.1 352.2 1.6
20 4,431 209.1 2831 57 182.0 1.6
21 2.842 128.6 2715 B 111.9 1.6
22 2.840 128.6 2717 .40 111.9 1.6
23 6.146 291.6 2847 oAl 253.8 1.6

Table B.3 - Summary of calibration data for turbine flow-meter
Model 5/8-215B manufactured by Potter Aero Co.
(ME-3907)



APPENDIX C
HEAT LOSS CALIBRATION

In the calibration of the heat-meter, it was necessary to accurately
account for the heat losses from the calorimeter box and the connecting tun-
nel. Therefore, heat loss calibration tests were conducted to measure the
heat losses from the system at different temperature differences across the
walls of it. A calibration curve was then plotted for the heat Toss as a

function of temperature difference across the walls of the system.

C.1 Estimation of the Heat Losses

Referring to Figures C.1 and C.2 for dimensions of the system, heat
losses from the calorimeter box and the connecting tunnel were initially

estimated as follows.

C.1.1 Heat Losses From the Calorimeter Box. Accounting for the heat

losses from the edges and corners of the box, from reference [ 9], the total

heat loss, é, from a cubical box is calculated as follows:

.

Q=5 kaT (c-1)

where 47 is the temperature difference across the walls of the calorimeter
box, k is the thermal conductivity of the box material and St is the total
shape factor for the cubical box.

The total shape factor is calculated from the following equation:

Sp =Sy + S+ S, (C-2)

where Se is the shape factor for the edges of the calorimeter box, SC is

96
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Figure C.1 - Three-dimensional view of the calorimeter box and the
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Figure C.2 - Side view of the calorimeter box and the connecting tunnel
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the shape factor for the corners of the box and Sw is the shape factor for

the walls.

The shape factors Se’ SC and Sw are calculated as follows:

4

i) Shape factor of the corners

S
o

(n)(.15)(L) (C-3)

8 is the number of corners.

where n
i1) Shape factor of the edges

S
e

(m)(.54)(D) (C-4)

where m 12 is the number of corners.

i1) Shape factor of the walls

A
= (nw)(IJ (C-5)

W
where n, = 6 is the number of the
number of walls, A is the area and

L is the thickness of the walls.

-

L = 152mm { 6 in.)

D = 457mm (18 in.)

1
(6 in.) T

457mm (18 in.)

457mm (18 1dn.)

™ L £152mm (6 in.)

1

Referring to Figure C.1, for identical temperatures inside the calori-

meter box and the connecting tunnel the surface of the calorimeter box in

contact with the connecting tunnel would be an adiabatic surface.

Therefore

accounting for the percent of the surface area of the calorimeter box insu-

lated by the connecting tunnel and using equations (C-1) through (C-5), the

heat transfer equation for the calorimeter box can be expressed as follows.

éc = (10.32) k aT W

(C-6)

where k, the thermal conductivity of the insulating material, is specified

to be 0.020 ——%— at a mean temperature of 24°C and 0.018

m=- CO
temperature of 5°C.

at a mean
m-C
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C.1.2 Heat Loss From the Connecting Tunnel. Accounting for the heat

losses from the edges, the heat loss from the connecting tunnel is calculated

as follows.
ét = 5! k AT (o=7)

where S% is the total shape factor for the connecting tunnel, k is the thermal
conductivity of the connecting tunnel material, and AT is the temperature dif-

ference across the walls of the tunnel.
St = Se + Sw (C-8)

where Se is the shape factor for the edges and Sw is the shape factor for
the walls of the connecting tunnel.

The shape factors Se and Sw are calculated as follows, [ 9].
i) Shape factor for the edges

S = (m)(D)(.54) (c-9)

where referring to Figure C.1 for dimensions, m, the number of the edges

is 4 and D is equal to 394 mm.
ii1) Shape factor for the walls
_ A
8 = (njr) (C-10)

where n=4 is the number of the walls, A=1929 (mm)2 is the area of the

connecting tunnel walls and L=102 mm is the wall thickness.

Using equations (C-7) through (C-10), the heat transfer equation for

the connecting tunnel can be expressed as follows:
Qt = 5.67 k AT W (C-11)

where k is the same as the previously indicated thermal conductivity for

the calorimeter box material.
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C.2 Heat Loss Calibration Setup

A schematic diagram of the test setup, consisting of two electrical
circuits for power input to the calorimeter box and the connecting tunnel,
is shown in Figure C.3.

A dual regulated 0-20 VDC range power supply was used to control the
power input tc the calorimeter box and the connecting tunnel. Cold tap water
mixed with hot water to give the same temperature as the air inside the con-
necting tunnel, was circulated in the heat-meter using a submersible pump.
Water temperature was measured using a 24 gauge copper-constantan thermo-
coupie inserted into the water flow. Two small electrical fans were used
to circulate air inside the two chambers. Two thermopiles consisting of
23 and 8 copper-constantan thermocouples, were used to measure the tempera-
ture difference across the walls of the calorimeter box and the connecting
tunnel, respectively. Thermocouples, used for measurement of temperature
difference and absolute temperature, were connected to a millivolt potentiv-
meter and a thermocouple thermometer through a multiple position selector
switch. The thermocouple thermometer was used to make temperature measur-
ments of the air inside the two chambers, the ambient air, the circulating
coolant water and the outside surface of the calorimeter box. The milli-
volt potentiometer was used to measure the voltage output of the thermo-
piles for determining the temperature difference across the walls of the
calorimeter box, the connecting tunnel and the heat-meter insulation, as
well as the heat-meter output and the temperature change of the water
entering and leaving the heat-meter. The instruments used in the heat

loss calibration tests are listed below in Table C.I1.



Calorimeter Box . Connecting Tunnel
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—— e |
v | — S
2102 D
:. -..' -r ..“. +
oo SR Y \
FAN ; PS%;3P Heat-Meter
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Figure C.3 - Schematic diagram of the apparatus set up for heat loss

Legend:
&
D

calibration test

Bucket

Silicon Diode (voltage regulator)
Submersible Pump

Standard Resistor of the calorimeter box (3.00gz.070%)
Standard Resistor of the connecting tunnel (3.00q+.019%)

0-20 VDC power supply

Voltage across points A and B on the calorimeter box circuit
Voltage across points A and B on the connecting tunnel circuit
Voitage across the standard resistor, RS1

Voltage across the standard resistory, R

52
Water sink

. Water tap



Quantity Measured

Absolute temperature

Thermocouple thermometer
Model: 580 EC Type T0
Range: -190°C to 400°C

Millivolt output of
the thermopiles

Millivolt Potentiometer 8686
Model: Leeds and Northrup
Range: =-10.1 mv to +100.1 mv

Voltage and Current

Digital Multimeter
Model: Fluke 8600 A
Range: Multiple range

Voltage supplied

Dual Regulated Power Supply
Model: LAMBDA
Range: 0-20 VDC

Table C.1 - Instruments used in heat loss calibration

test,

C.3 Measurement of the Resistance of the Standard Resistors

102

Resistance of the standard resistors, used in the calorimeter box circuit

and the connecting tunnel circuit for measuring current, were determined by

setting up an electrical circuit as shown in Figure C.4.

Figure C.4. - A, ammeter, V, voltmeter

For three different settings of the power supply, current through and

voltage across the standard resistor were measured.

This same procedure

was repeated to measure the resistance of the second standard resistor.

Tables C.2 and C.3 summarize the data taken, along with the estimated

resistances of the two resistors.

The estimated resistances were assumed

to be constant during the heat loss calibration tests and the effect of

temperature change on them was neglected.



v
Source Yoltage Veys Volts Il’ A Rgq = T§ , 0 ﬁi, Q
. 968 .323 3.000
5 . 967 .322 3.003 3.00
. 964 .321 3.003 +.070%
10 2,034 .678 3.000
2.031 3.000
15 3.115 1.039 2.998
3.124 1.043 2.995

Table C.2 - Summary of the data for measurement of
of the standard resistor number 1.

the resistance

Source Voltage Vgp» Volts I,, A Rgp = E%E ﬁé, Q
5 wSid «aLh 2.997 3.00
10 2.032 678 2.997 il 2
15 3.122 1.042 2.996
3.104 1.036 2.996

Table C.3 - Summary of the data for measurement of
of the standard resistor number 2.

the resistance

103
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C.4 Test Procedure

In calibrating the heat-meter, there was assumed to be essentially no

heat transfer across the wall of the tunnel connected to the heat-meter.

This assumption was based on the fact that during the testing, the air

inside the connecting tunnel and the heat-meter hot side slab would be

almost at the same temperature as the hot fluid being circulated in the heat-
meter. The calorimeter box and the connecting tunnel were also assumed to

be at the same temperature in steady state because of the hot fluid circula-
tion in them. To simulate these conditions in the heat loss cajibration test,
warm tap water, at the same temperature as the air inside the connecting tun-
nel, was circulated in the heat-meter to prevent heat transfer from the
tunnel to the heat-meter. Power inputs to the electrical heaters were ad-
justed to get the same steady-state temperatures in the calorimeter box and
the connecting tunnel. A summary of the heat loss calibration data, for four
different power inputs to the system, is given in Table C.4.

During the testing, it was noticed that for the same temperature inside
the calorimeter box and the connecting tunnel, the ratio of the power inputs
to them was different by a factor of two from the expected power ratio which
was based on the estimates of the heat Toss from the system. Uncertainty in
the value of the thermal conductivity of the insulating material used in con-
structing the calorimeter box and the connecting tunnel, and the holes drilled
in the walls of them to make various connections, are assumed to be respon-

sible for the different power ratios.

C.4.1 Data Reduction. The total heat loss from the system is calcu-

lated as follows:

=

Pet Py = (V) (R2) + (V) (

= s2
total o t RS

RSZ

P Jo W (C-12)

-
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where Pc is the power input to the calorimeter box, P, is the power input

t
to the connecting tunnel, Vsl is the voltage across the calorimeter box
standard resistor of resistance Rsl’ VsZ is the voltage across the connecting
tunnel standard resistor of resistance R52 and referring to Figure C.3, Vl
and V2 are voltages across points A,B in the calorimeter box power circuit
and the connecting tunnel power circuit, respectively.

The average of the calorimeter box and the connecting tunnel thermopile

outputs per thermocouple is calculated as follows:
- AV v 2V &V,
'Cwm T, Ty ey ™ (OL3)

=
Mo

[

where &Vl is the output of the calorimeter box thermopile, AVZ is the
output of the connecting tunnel thermopile and ny and n, are number of the
thermocouple junctions in the calorimeter box and the connecting tunnel
thermopiles, respectively.

Using equations (C-12) and (C-13), the total heat loss and the average
of the calorimeter box and the connecting tunnel thermopile outputs per thermo-
couple, were calculated for the heat loss calibration tests and the results
are summarized in Table C.5. The heat loss calibration curve plotted as

ptota] versus V is shown in Figure C.5.

C.5 Error Analysis

In the following section, to determine the uncertainty in the heat loss
caiibration curve, plotted as Ptota] versus V, a sample calculation is shown

for heat loss calibration test number one.

C.5.1 Error in the Value of V. From equation (C-13) V is calculated

as follows,
aVl AVz

i = 2n1 * (2§n2
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From Tabie C.6, substituting values in eg. (C-13), yields

15.71 , 4.855

5 e © L6449 my

vV =

e €
ey = Y (b2 + (2 (c-14)

where e, is the error in V, e is the uncertainty in measurement of AVl and
e, is the uncertainty in measurement of &Vz.

Uncertainties in the measurements of avl and AVZ have two components.

i) Instrument uncertainty = #(.03% of Rdg + 3uv)

11) Thermocouple wire error = £.75% of Rdg.

Therefore, e1 and e, are calculated as followss

2 (C-15)

e; = (.03% of 2V + 3uV)% + (L75% of av,)

and

2

V(.03% of aV, + 3uV)° + (.75% of aV,) (c-16)

|

Bs

Substituting values from Table C.6 in equations (C-15) and (C-16) yields

V(0003 x 15.71 + .003)% + (.0075 x 15.71)°

e1 11 mv

and

\(.0003 x 4.855 + .003)% + (.0075 + 4.855)2 = .036 my

il
il

£g

Substituting for e and &, in equation (C-14) yields

= \}(*%%02 # (L%%Q)Z = .0034 mv
Therefore
V= .6449 = .0034 mv (.53%)

€.5.2 Uncertainty in the Resistance of the Standard Resistors. R, the

average resistance is calculated as follows:
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L. 9 R:
R = _1_"..%-._'1_ (C=17)

where n = 6 is the number of the measurements of the resistance.

S, the standard deviation of the sample is expressed as follows:

n Ak
g [El_l__‘fg_fl__] (c-18)
Therefore the standard deviation of the means can be calculated from the

following equation:

S 2 (C-19)
n
Then, g the limit of error is calculated using the following equation:
ZSﬁ
hp = — (100) % Rdg (C-20)
R

Using the data in Tables C.2 and C.3 and equations (C-17) through (C-18),
Timits of error in measurement of the resistances of the standard resistors

R . and RSE were determined as follows:

sl

Agq = .070% of Rdg (R

g1 = 3:00 0) (c-21)

R1

"
]

A .019% of Rdg (ﬁé2 3.00 @) (C-22)

RZ

C.5.3 tUncertainty in P The components of the error in reading

total’
the total heat loss value from the heat loss calibration curve shown in

Figure C.5 are instrument uncertainty and resclution error. From eq. (C-12),

Ptota] is expressed as follows:

V
S1
2 =P + P = (V) (=) + (V,) (7
total o t 1 RSI 2 R82

Substituting values from Tables C.2, C.3 and C.4 in equation (C-12) yields

2.490 2.495, _
“3':'{—:]-[-]'—) + (12.0)( ) = 19.83 W

total

The error equation for Ptha] is expressed as follows:
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"o =\ e (100) % Rdg (c-23)

3 P

total

where Ap is the uncertainty in reading the value of the total heat loss from the

heat loss calibration curve, epl is the uncertainty in the value of power input

to the calorimeter box, epz is the uncertainty in the value of power input to

the connecting tunnel and e is the resolution error in reading the heat

res
loss value from the heat loss calibration curve.

i) Resolution error

Referring to Figure C.5., resolution error is estimated to be half of

the smallest scale division.

21 -
Bag = F (JAW) = .2 W (C-24)
ii1) Uncertainty in the power input to the calorimeter box
v
- S1y _ 2.49, _

PC = (Vl)(ﬁgf) = (11‘854)(§Tﬁﬁ) 9.84 W

Ao = Oys * Aeq)? + AC % Rdg (C-25)
‘pl Vi 51 R1

where Apl is the error in Pc’ iVl is the uncertainty in measurement(yfvl,ksl is

the uncertainty in measurement of VSl and RRl is the uncertainty of RSl'

AVl and ASl are instrument uncertainties and are calculated as follows:

(.02% of V1 + ,005% of range)
hyr (100) % Rdg (C-26)
V1 Vl

and

(.02% of Vey ¥ .005% of range)
Aeq = (100) %» Rdg (C-27)
S1 VS1

Substituting values from Table C.4 in equations (C-26) and {C-27) yields

_(.02)(11.854) + (.005)(20) _ oo
M1 T 1T, 853 = .028%
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. (.02)(12) + (.005)(20) _
's1 12

.060%

Substituting for RS and Ap1 in equation (C-25) yields

Aoy = ¥ (.028 + .060)% + (.070)% = .11%

pl

H

J(P_) = (.11%)(9.84) = .011 W (C-28)

1
T
>

Epl =

i11) Uncertainty in the power input to the connecting tunnel

)
_ S2y _ 2.495, _
Pt = (VZ)(ﬁgE) = (12'0)(§Tﬁﬁ—) = 9,99 W
- @l 2 2 o
Apz = J(AVZ + Asz) * Ao % Rdg (C-29)

where lp2 is the error in Pt’ AVZ is the error in VZ’ ASZ is the error in VS2

and Ao is the uncertainty in RSZ'

AVZ and ASZ are instrument uncertainties and are calculated as follows:

(.02% of V2 + .005% of range)
Mg = 7 (100) % Rdg (C-30)
(.02% of VSZ + .005% of range)
Aen = (100) % Rdg {C-31)
Se V52

Substituting for VSZ and V2 from Table C.4 in equations (C-30) and (C-31)

yields

g = L:02U12) + (005)(20) o

and

(.02)(2.495) + {.005)(20) _ .
A = 2495 = 060

Substituting for hyoe rgp and *R2 in eq. (C-29) yields

A {(.060 +.028)% + (.019)° = .090%

pe

€2 = (Apz)(Pt) = (.090%)(9.99) = .009 U - (C-32)
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Substituting for epl’ ep2 and B from equations (C-28), (C-32) and (C-24)

in equation (C-23) yields

(.011)2 + (.009)2 + (.2)2

Ap = 19,83 (100} = 1.0%

Following this same procedure, Ptota1’ v, xp and Ay where calculated for
the heat loss calibration tests number two, three and four and the results

are 1isted in Table C.5.
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Appendix D

ERROR ANALYSIS OF THE HEAT-METER CALIBRATION DATA
In the following section a sample caiculation is given for Pn, the net
power input to the hot water, éh’ the hot water heat loss, éc, the cold fluid

heat gain and T, the heat-meter mean temperature. A sample calculation of

P .
error is given for the values of E%—-, the heat-meter sensitivity, T, Qh and

‘ 6
Qc' Experimental data from test no. 2 is used in each of the above mentioned

calculations.

D.1 Sample Calculation of Performance

D.1.1 Net Power Input. Using the data listed in Table 5.2(b) for steady

state conditions in test no. 2, the net power input to the hot fluid is calcu-

lated as fallows

i) Power input to the fan circuit in the calorimeter box PC, as defined
in eq. (C-12), is
v
S1
P = Vs {===) (D-1)
& 1 RSl

Substituting in eq. (D-1) for Vi, Vg; and Ry from Tables 5.2(b) and C.4

yields

_ 1.178, _
P = (5.910)(3°550) = 2.32 U

i1} Power input to the fan circuit in the connecting tunnel Pt’ as
defined in the eq. (C-12), is
v
S2
P, = V, (s— (D-2)
t 2 R52
114
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Substituting in eg. (D-2) for VE’ VS2 and Rg, from Tables 5.2(b) and C.5

yields

. 8507

P, = (4'521){§Tﬁﬁ—

¢ Yy = 1.28 W

ii1) Power input to the heating element
v
53
=)

=V
3 R53

where V3 is the voltage across points C and D in the heating element elec-
trical circuit shown in Figure 5.1, VSS is the voltage across the standard
resistor of the circuit and RS3 = ,330 @ £ .27% is the resistance of the

standard resistor.

Substituting in eg. (D-3) for V3, Vgq and Re, from Table 5.2(b} yields
_ .8572, _
P, = (37.66)(<3355) = 97.9 W

iv) Power input to the pump
From Table 5.2(b), the power input to the hot water pump measured by the

wattmeter is

P, = 78 W (D-4)

P
v) Heat loss
Heat loss from the calorimeter box and the connecting tunnel is deter-
mined using the heat loss calibration curve in Figure C.3, which is plotted
as the total heat loss versus V. The voltage V, as defined in eq. (C-13), is
AY AV2

v=_._..}.'..+

76t 16 (D-5)

Substituting from Table 5.2(b) for avl and AVZ, eg. (D-5) yields

5 _ 3.345 L5800 _
V = g + € - 1090 my

From the heat loss calibration curve in Figure C.5, at V = .1090 mv the total



heat loss is determined to be
Q, = 3.2 W (D-6)
Therefore, Pn, the net power input to the hot fluid, is as follows:

P =P P, +P (D-7)

n ¥ Pp -

h 4

Substituting in eg. {D-7) for Pes Prs P Pp and ég, from egs. (D-1), (D-2),

(D-3), (D-4) and (D-6), yields

Pn =2.32+ 1,28+ 97.9+ 78 - 3.2=176.3H

D.1.2 Cold Fluid Heat Gain. The cold fluid heat gain is calculated

from the following equation.

Qe = Voo, (aTy) (D-8)

where Vc is the volumetric flow rate, o is the density, Cp is the specific

heat and ATC is the cold fluid temperature change given by
AT = (ml){———) (D-9)

where my is the slope of the copper-constantan thermocouple output versus
temperature in the temperature range of Tc1 + SOC, Tci is the cold fluid
temperature entering the heat-meter, AV5 is the output of the thermopile
measuring the cold fluid temperature change and n=10 is the number of the
thermocouple junction pairs in the thermopile.

Substituting in eq. (D-9) from Table 5.2(b) yields

0
T - Cy (22100 v 0
L‘TC = (25.13 'm-v-)( 10 mV) = ,b277 °C

The cold fluid temperature leaving the heat-meter is calculated as follows

Tco N Tci M ATc (D-10)

Substituting in eq. (D-10) for Tci and ATC from Table 5.2{b) and eq.
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(D-9) yields

_ _ 0
TCO = 16.0 + .5277 = 16.53 C

The average temperature of the cold fluid slab is calculated as follows
T .+ Tco

Ty -
Ia® 5 (D-11)

Substituting in eq. (D-11) for T_, and T, from Table 5.2{(b) and eq. (D-10)
yieids

w 16,0 * J6.5Y _ 0
TC = 5 = 16.27 C

Water density and specific heat at T} = 16.27°C and kinematic viscosity

at T = 16.0°C are as follows [8 1:

5 = .9989 %ﬂ . C = 4185-——Jl7;—
P Kg - °C

Using data in Table 5.2(b) and eq. (B-2), the average output frequency

» v = 1.110 ctsk

of the cold water turbine flow meter is calculated to be

?E _176.4 + 176.4 + 176.4 E 176.4 + 176.3 + 176.4 _ 176.4 Hz (D-12)

Therefore, the scaled frequency is

_176.4 _ Hz
=110 = 158.9 T (D-13)

¢| |
O

From the calibration curve shown in Figure B. 3 for flowmeter no. ME-3909

3

F
at ;E-= 158.8 E%%?T‘ Eﬁe K-factor is
F
K-factor = =< = 2810 Eiglﬁi (D-14)
v
C

Substituting for V_, ¢, Cp and 4T, into eq. (D-8) yields

-—9—5—)(.527?DC) = 138.5 W

Q. = (.06278 £/5)(.9989 X&) (4185
* Kg - °C

c

D.1.3 Hot Fluid Heat Loss. The hot fluid heat loss to the heat-meter

cold fluid is calculated from the following equation:
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where Oh is the volumetric flow rate of the hot fluid, o is the density, Cp

is the specific heat and ATh is the hot fluid temperature change given by

AV

aT, = (mz)(-—ﬁi) \B-15)

where m, is the siope of the copper-constantan thermocouple output versus
temperature in the temperature range of Tho + SOC, Tho is the hot water
temperature leaving the heat-meter, AV4 is the output of the thermopile
measuring the hot fluid temperature change and n=10 is the number of the
thermocouple junction pairs in the thermopile.

Substituting in eqg. (D-16) from Table 5.2(b) yields

. 2650
5 )

_ 0
0 .6448 “C

ATh = (24.33)(

The hot fluid temperature entering the heat-meter is calculated as follows:

Thi = Tho + 2Ty, (D-17)
Substituting in eq. {D-17) for T, and ATh from Table 5.2(b) and eq. (D-16)
yields

T, = 29.1+ .6448 = 29.75 Bt

The average temperature of the hot fluid slab is calculated as follows:

T.. +T
= hi h
Th = ———-——-————-——2 g (D-ls)
Substituting in eq. (D-18) for Thi and Tho from Table 5.2(b) and eq. (D-17)
yields
T - 2122975 59 45 o

Water density and specific heat at Th = 29.42°C and v, the kinematic viscosity

at Tho = 29.19C are as follows [8 J:



119

o =.9959%3, c =4179——-J—0, v = .B1B1 ctsk
P Kg - °C

Using the data in Table 5.2(b) and eq. (B-2), the average output frequency
of the hot water turbine flow meter is calculated to be

?h _ 173,04 173.2 + 173.36+ 173.1 + 172.5 % 173.4 _ 173.1 Hz (D-20)

Therefore, the scaled frequency can be calculated as follows:

173.1 _ ... . Hz
Tg1eT - A6 (D-21)

dl"r'll
™

From the calibration curve shown in Figure B.Z for turbine flow meter no.

ME-3907, at h. 211.6 — 12 the K-factor is
’ v T octsk

F
k-factor = - = 2845 SYCles (D-22)
h
Substituting for fﬁ from eq. (D-19) in eq. (D-22) yields

. F
v, == U381 gen8a /5

Substituting for Qh’ os C_, AT, in eq. (D-15) yields

p h

Q,, = (.06084 2/5)(.9959 £9) (4179

—O—)(.6448°C) = 163.2 W
Kg - °C

D.1.4 Heat-Meter Mean Temperature. The mean temperature of the heat-

meter is as follows:
T + T,
T--t0 (-23)

Substituting for TE and Th from eqs. (D-11) and (D-18), respectively, yields

16.27 + 29.42

_ 0
5 = 22.85°C

o

D.2 Sample Calculation of Error

D.2.1 Error in Net Power Input. The relative error in measurement of

the net power input to the hot fluid is given by
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e + e + e + e + g
, =V P1 " "P2 PPP P3 % (100) % Rdg (D-24)
n

n

A

where €pq and ey, are the absolute errors in measurement of the power input

to the fans in the calorimeter box and the connecting tunnel, €pp is the
absolute error in measurement of the power input to the hot water pump, €p3

is the absolute error in measurement of the power input to the heating element

and e, is the zbsolute error in the heat ioss to the ambient air.

i) Error in Power Input to the Fans

The power input to the fans in the calorimeter box and the connecting
tunnel during heat-meter calibration tests was comparable in magnitude to
the power input to the fans in the heat loss calibration tests. The error
in measurement of power input to the fans during heat loss calibration tests
had & typical value of = .1% as shown in Table £.5 of Appendix C. However,
referring to Section D.1.1, the total power input to the fans during heat-
meter calibration tests was only about 2% of the net power input to the
hot water. Therefore, the error in measurement of the net power input due
to error in measurement of the power input to the fans would be + .1% of
% or only about .002% of the total power input. This is a very small con-
tribution to the total error and is therefore neglected in the error analysis

of Pn'

ii) Error in Measurement of the Heat Loss
From Table C.5 in Appendix C, the error in reading the heat loss value

from the heat loss calibration curve is estimated to be about = .2 W. Thus,

QQ = 3.2 = .2 W (6.3%) (D-25)

ii1) Error in Power Input to the Heating Element

The error in measurement of the power input to the heating element is
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‘p3 =\/(AS3 + AV3)2 + (‘AR3)2 (D-26)

where Ap3 is the error in Ph, rg3 is the error in VSB’ M3 is the error in Ve
and Ap3 is the error in RS3' Note that eg. (D-26) assumes dependent errors
in VS3 and V3 since both measurements were made using the same instrument.
The error in measurement of V3 and VSB is due to instrument uncertainty and
is calculated from the following equations:

(.2% of Vo + .015% of range)

gy _ T (100) % Rdg (D-27)

Substituting for V3 from Table 5.2(b) yields

(.2)(37.66) + (.015)(200) _

AV3 = 3766 .28% Rdg
and
(.2% of Vgg + .015% of range)
hgq = ; (100) % Rdg (D-28)
S3
Substituting for VS3 from Table 5.2(b) yields
s (.2)(.857) + (.015)(2) _ .24 % Rdg

53 .857

Substituting in eq. (D-26) for Agas My3 and *p3 yields

Ap3 Jim e 202 (207 = 59 % rag
Therefore

Ph = 97.88 £.57 W (z.59%)

iv) Error in Measurement of the Power Input to the Pump
The components of the error in measurement of the power input to the
pump are resolution errors and instrument uncertainty.

epp = 2+ &’

res inst (D-29)

The resolution error, is given by

e
res?
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(smallest scale division) = 1 W (D-30)

No|+—

Cres ©

The instrument uncertainty is

Bt = .25% (full scale) = .625 W (D-31)
Substituting for e .. and e, ., from egs. (D-30) and (D-31}, into eq. (D-29)
yields

2 -
(1) (.625)% = 1.18 W
Therefore

Pp =78 + 1.18 W (+ 1.5%)

Substituting for e, €35 € and P, from egs. (D-25),.(D-26), (D-29)

and (D-7), into eq. (D-24) yields

sl s (o) (1)
pn 176.3

X (100) = .75% Rdg
Therefore

Pn = 176.3 £ 1.3 W (+ .75%)

D.2.2 Error in Measurement of the Cold Water Heat Gain. Calculation

of the error in measurement of the cold water heat gain is identical to calcu-
lation of the error in measurement of the hot water heat loss. Therefore a
sample calculation will be shown only for the error in measurement of the

cold water heat gain.

In eq. (D-8), the heat gain by the cold water is expressed as follows:
Q. =V_ el (m)(*Tﬁ

Then, the error in QC is calculated from the following egquation

_ 2 2 2 p
Ao S\ Ay * Ap + Acp gt A (D-32)

where Av is the error in measurement of the volumetric flow rate, Ap is the
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error in measurement of the water density, ch is the error in measurement
of the specific heat of water, hg is the error in measurement of the output
of the thermopile measuring the cold fluid temperature change and A1 is
the error in slope of the copper-constantan thermocouple output versus

temperature and is neglected in the error analysis.

i) Error in measurement of the specific heat and density
The error in measurement of the specific heat and density of water are
due to error in measurement of the water temperature. The error in tem-

perature measurement is calculated as follows:

e )
A SVAL YA (D-33)

where Ay is instrument uncertainty and 2y is the thermocouple wire error.
A and Ao according to the manufacturers of the thermocouple wire

and the instrument used, are calculated as follows:
2

L N3P (5)2 4 (028 T+ 1)
1 3

(100) % Rdg (D-34)
where T is the temperature reading of the instrument.
Also

Ao = .75% Rdg (D-35)
Substituting for the average cold water temperature from eq. {D-11) into

eq. (D-34) yields

2 2 : 2
A = V&.S) + (.5) +1é:ggé x 16.26 + -1)° (150) = 3.7% Rdg

Substituting for 2, and ho into eq. (D-33) yields

=J(3.7)2 + (.75)% = 3.8% Rdg

Therefore

= 16.26 + .62°C (+ 3.8%)

|
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The error in measurement of density and specific heat of water due to

the + .62°C error in temperature measurement is on' the order of + .01%

and is therefore neglected.

ii) Error in measurement of Vg
The error in measurement of the output on the thermopile measuring the

cold fluid temperature change is calculated from the following equation,

/.2 1 2
Ay =N F Aot (D-36)
where ko is the thermocouple wire error and A%nst is the instrument uncertainty.

According to the manufacturers of the thermocouple wire and the instru-

ment used, Ao and al £ respectively are calculated as follows:

ns
rp = .75% Rdg (D-37)
and
(.03% AV, + 3 mv)
AL = 5 (100) % Rd (D-38)
inst AV5 i

Substituting for AVS from Table 5.2(b) into eq. (D-38) yields

3! - (.03 x 2100 + .3}
inst .2100

= 1.5% Rdg

Substituting for Ao and ij into eq. (D-36) yields

inst

2 2 s a,
Ag = \/(1.5) + (.75)° = 1.7% Rdg
Therefore

&VS = ,2100 + .0036 mv (= 1.7%)

iii) Error in measurement of the volumetric flow rate
In eq. (D-14), the volumetric flow rate is expressed as follows:

i
K
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Therefore, the error in V is calculated from the following equation.

i o= JAZ + AE (D-39)

v K
where g is error in the K-factor for the turbine flowmeter and A is error
in measurement of the frequency which was calculated to be .019% using the
data in Table 5.2(b) and eq. (B-1) through (B-5}.

After substituting for %, from Tabie B.2 of Appendix B and hps €q.

K
{D-39) yields

Ay = J0.48)2 + (.019)% = .48% Rdg

Substituting for Ay and Ag, from egs. {D-39) and (D-36), into eq. (D-32)

yields

>
n

V(.82 + (1.7)7 = 1.8% Rdg

Therefore

2

n

188.5 & 2.5 % & 1.8%)

D.2.3 Error in the Heat-Meter Mean Temperature. In eq. (D-23), the

heat-meter mean temperature was defined as follows:
T- Tc £ Th
2

where Tk and ?h, as expressed in eqs. (D-11) and (D-18), respectively, are

as follows:
T o Tci i Tco - 2Tci i ﬂTc
c 2 2
and
. Thi * Tho _ 2T .+ ATy
h 2 2

Referring to egs. (D-9) and (D-16) and Table 5.2{b) for values of ATC,
ATh, TC1 and Tho’ the error in both aTh and ATC is typically on the order

of + .75% of .60°C as compared to the previously estimated error of = .62°C
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for Tci and T Therefore, the error in magnitude of the T is essentially

ho'
that due to error in measurement of Tci and Tho and may be calculated as

follows:

[

e

e
er =\/(-%)2 + (D) (D-40)

where e_ is error in measurement of Tci and eh is error in measurement of T

C ho

The error in measurement of Tci and Tho is due to instrument uncertainty
and thermocouple wire error. Referring to eq. (D-33), the combined error

equation for temperature measurement is

er =\ (.3)2+(.5)%+(.02% Rdg+.1)%4(.75% Rdg)? °C (D-41)
Substituting for Tci and Tho from Table 5.2(b) into eq. {(D-41) yields

¥’

e =\/(.3)2+(.5)2+(.02x16+.1) 2+(.75%x16)2 = .60°C

and

e A0 3)24(.5)24(.025x29. 1+. 1) 2+ (. 752x29.1)% = .63%

Substituting for e, and e, into eq. (D-40) yields

60,2 , (.63,2
or =V(g0? + (g7 - ua

Therefore

T = 22.85 = .44%

D.2.4 Error in the Heat-Meter Qutput. The error in measurement of the

heat-meter voltage output is due to instrument uncertainty and thermocouple
wire error. The instrument uncertainty compared to + .75% error in thermo-
couple wire is negligible. Then, the error in measurement of the heat-

meter output would be as follows:

x, = .75% Rdg (D-42)
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Therefore, from Table 5.2(b), AVE can be written as:

+

V. = 10.13 = 076 mv (= .75%)

6

D.2.5 Error in the Heat-Meter Sensitivity. The heat-meter sensitivity

is calculated as follows:
Heat-Meter Sensitivity = i (D-43)

where Pn is the net power input to the hot fluid and AVS is the heat-meter

output.
P
The error in K%—-is calculated as follows:
6
_ .2 2
Moy = Ay ¥ Ao (D-44)

where AV is error in measurement of the heat-meter output and Apn is error
in the net power input.

Substituting for A__ and by from eqs. (D-24) and (D-42), respectively,

pn
into eq. (D-44) yields
Ay = (.75)% + (.75)% = 1.1% Rdg

Therefore
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APPENDIX E

NOMENCLATURE

Area, m2

Specific heat at constant pressure, J/kg-DC
Hydraulic diameter, m

Absolute error (1imit of error, 95% confidence)
Instrument uncertainty

Error in measurement of mass, g

Error in measurement of frequency, Hz

Error in turbine flowmeter K-factor, cycles/]
Error in scaled freguency, cycles/ctsk

Error in measurement of density, kg/m3

Error in measurement of time, sec

Error in measurement of temperature, %
Resolution error

Error in measurement of Vl’ v

Error in measurement of Vo, v

Error in measurement of Vgs v

Error in measurement of RSI’ Q

Error in measurement of RSZ’ Q

Error in measurement of RS3’ Q

Error in measurement of P_, W

Error in measurement of Pt’ W



Symbol

Error in measurement of Ptota]’ W

Error in measurement of Ph’ W

Error in measurement of viscosity, ctsks
Frequency output of turbine flowmeter, Hz
Average frequency, Hz

Fanning friction factor

Convective heat transfer coefficient, W/mz-OC
Enthalpy per unit mass, J/g

Electrical current, A

Thermal conductivity, H/m-OC

K-factor, cycles/]

Length, m

Equivalent length, m

Mass, g

Mass flowrater, 1/sec (GPM)

Local Nusselt number based on the hydraulic diameter
Perimeter of flow channels, m

Power input to calorimeter box fan circuit, W
Power input to heating element in calorimeter box, W
Net power input to hot fluid, W

Power input to hot water pump, W

Power input to connecting tunnel fan circuit, W

Total heat loss from calorimeter box and connecting tunnel,

Prandt]l number

Pressure difference, Kme2 {psi)
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Heat transfer rate, W

Heat transfer rate from hot fluid to channel "a", W

Heat transfer rate from channel "a" to cold fluid, W

Heat transfer rate from hot fluid to channel "b", W

Heat transfer rate from channel "b" to cold fluid, W
Resistance of standard resistor for fan circuit in calorimeter
box,

Resistance of standard resistor for fan circuit in connecting
tunnel, Q

Resistance of standard resistor for heating element circuit, &
Reynolds number

Total shape factor, m

Shape factor for edges, m

Shape factor for corners, m

Shape factor for walls, m

Time, sec

Temperature of air inside calorimeter box, Bg

Temperature of air inside connecting tunnel, °C

Ambient temperature, ¢

Temperature of outside surface of calorimeter box, °C
Temperature of hot water leaving heat-meter, o

Temperature of cold water entering heat-meter, °C

Inlet fluid temperature, ¢

Outlet fluid temperature, 9%

Bulk fluid temnerature, %
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Symbol
T Mean temperature, °C
At Time interval, sec
AT Temperature difference, ¢
ETHM Temperature difference across thickness of heat-meter semi-
conductive plate, °C
Vol Volume, mi
v Volumetric flowrate, 1/s
V1 Yoltage across points A and B of calorimeter box fan circuit, V
VZ Voltage across points A and B of connecting tunnel fan circuit, V
V3 Voltage across points C and D of heating element circuit, V

V51 Voltage across standard resistor of fan circuit in calorimeter
box, V
52 Yoltage across standard resistor of fan circuit in connecting
tunnel, V
53 Voltage across standard resistor of heating element circuit, V
A V1 Output of thermopile measuring temperature difference across
walls of calorimeter box, mV
AV2 Qutput of thermopile measuring temperature difference across
walls of connecting tunnel, mV
3 Output of thermopile measuring temperature difference across
heat-meter insulation, mV
AV4 Output of thermopile measuring hot water temperature change, mV
A V5 Qutput of thermopile measuring cold water temperature change, mV
A Vs Output of heat-meter thermopile, mV
vV Average of calorimeter box and connecting tunnel thermopile

outputs per thermocouple, mV



Greek Symbol

Subscripts

d

b

Density, kg/m3
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Kinematic viscosity, centistokes

Standard

Limit of

Error
Error
Error
Error
Error
Error
Error
Error
Error
Error

Error

in

in

in

in
in
in
in
in
in
in

in

deviation (6

o
w0

confidence interval)

error (95% confidence), % Rdg

measurement
measurement
measurement
measurement
measurement
measurement
measurement
measurement
measurement
rteasurement

measurement

Flow channel "a"

Flow channel "b"

Hot fluid slab

Cold fluid slab

Hot fluid

Cold fluid

of
of
of
of

of

of
of
of
of
of

of

K-factor, % Rdg

scaled frequency, % Rda

mass, % Rdg

time, % Rdg

viscosity, % Rdg

P % Rdg

Pn, % Rdg

cold water heat gain, % Rdg
hot water heat transfer, % Rdg
volumetric flowrate, % Rdg

specific heat, % Rdg

Heat-meter semi-conductive plate

Exit condition

Inlet condition
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ABSTRACT

This research project was concerned with the design, construction and
performance testing of a special-purpose fluid-to-fluid heat-meter prototype.
The device consists of a thermally semi-conductive plate sandwiched between
two aluminum slabs in which flow channels are machined for fluid circulation.
Its function is to provide a calibrated measure of the heat flow between the
fluids, indicated by the output of a thermopile measuring the temperature
difference across the semi-conductive plate.

A heat-meter prototype was designed and constructed to operate over the
range of 0-1 KW. The initial phase of tests indicated the feasibility of
the heat-meter concept. Additional test facilities were constructed to study
the accuracy, repeatability, and effect of heat-meter mean temperature and
coolant flow rates on the heat-meter performance. Results of such tests
indicated that the heat-meter was repeatable and accurate to within 1% of
the net power input and further studying of the effect of the mean temperature

and the coolant flow rates was necessary.





