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Calculation of Local
Inside-Wall Convective
Heat-Transfer Parameters
from Measurements of
Local Outside-Wall
Temperatures along an
Electrically Heated
Circular Tube

Afshin J. Ghajar and Jae-yong Kim

School of Mechanical and Aerospace Enginesring
Oklahoma State University
Stiliwater, Okfahoma

Introduction

Heat-transfer measurements in pipe flows are essential for assessment
of performance of heat-exchanging equipment and development of heat-
transfer correlations. Usually, the experimental procedure for a uni-
form wall heat flux boundary condition consists of measuring the tube
outside-wall temperatures at diserete locations and the inlet and out-
let bulk temperatures in addition to other measurements such as the
flow rate, voltage drop across the test section, and current carried by
the test section. Calculations of the local peripheral heat-transfer coef-
ficients and local Nusselt numbers thereafter are based on knowledge

23.3



234 Tubes, Pipes, and Ducts

of the tube inside-wall temperatures. Although measurement of the
inside-wall temperature is difficult, it can be accurately calculated from
the measurements of the outside-wall temperature, the heat generation
within the tube, and the thermophysical properties of the pipe material
(electrical resistivity and thermal conductivity).

This chapter presents the general finite-difference formulations used
for this type of heat-transfer experiment, provides specific applications
of the formulations to single- and two-phase convective heat transfer ex-
periments, gives details of implementation of the caleulation procedure
(finite-difference method) in a computer program, and shows represen-
tative reduced heat-transfer results.

Finite-Difference Formulations

The numerical solution of the conduction equation with internal heat
generation and non-uniform thermal conductivity and electrical resis-
tivity was originally developed by Farukhi (1973) and introduced by
Ghajar and Zurigat (1991) in detail. The numerical solution is based on
the following assumptions:

1. Steady-state conditions exist.
2. Peripheral and radial wall conduction exists.
3. Axial conduction is negligible.

4, The electrical resistivity and thermal conductivify of the tube wall
are functions of temperature.

On the basis of these assumptions, expressions for caleulation of local
inside-wall temperature and heat flux and local and average peripheral
heat-transfer coefficients will be presented next.

The heat balance on a control volume of the tube at a node P (refer
to Fig. 23.1) is given by '

Qg =dn+de +qu +qu (23.1)
From Fourier's law of heat conduction in a given direction n, we have
dT
j = —hA— 23.2
¢ = —kA— (23.2)

Now, substituting Fourier’s law and applying the finite-difference for-
mulation for a control volume on a segment (slice} of the tube with
nonuniform thermal conductivity in Eq. (23.1), we obtain

8- Bt
Gn = | =+ _—] A (Tp — Ti) (23.3)
ke ky
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Control Volume Y N
Interfacs

Node Paint

Figure 23.1 Finite-difference node arrangement on a segment (slice).

r -1

e = Zi_' + %:I A, (Tp —Tg) (23.4)
TS E
- -1

gy = %_' -+ ‘83—+:| Ay (Tp — T) (23.5)
| kp kg
— Tl

Gy = %‘ + %':I Ay (Tp — Ti) (23.6)
| kp Rw

Note that, in order to deal with the nonuniform thermal conductivity,
the thermal conductivity at each control volume interface is evaluated
as the sum of the thermal conductivities of the neighboring node points
based on the concept that the thermal conductance is the reciprocal of
the resistance (Patankar, 1991).

The heat generated at the control volume is given by

Ge = I°R (23.7)
Substituting R = yl/A, into Eq. (23.7) gives

_ !
G =Ty (23.8)

Substituting Egs. (23.3) to (23.6) and (23.8) into Eq. (23.1) and solving
for Tx gives

T T b
TS:TP"'(@&'"‘QH—%_q"w)/“:E'I'EJ As} (23.9)
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Equation (23.9) is used to calculate the temperature of the interior
nodes. Onee the local inside-wall temperatures are calenlated from Eq.
(23.9), the local peripheral inside-wall heat flux can be calculated from
the heat-balance equation, Eq. (23.1).

From the local inside-wall temperature, the local peripheral inside-
wall heat flux, and the local bulk fluid temperature, the lacal peripheral
heat-transfer coefficient can be caleulated as follows:

q”
h=
L-T

(23.10)

Note that, in these analyses, it is assumed that the bulk fluid temper-
ature increases linearly from the inlet to the outlet according to the
following equation:

(Tout — Tin)z

Ty =Tn + T

{23.11)

The local average heat-transfer coefficient at each segment can be
calculated by the following equation:

}i q‘ﬂ'
== 23.12

T, ( )

In this section, we have presented the hasic formulations of the local
inside-wall temperature, the local peripheral heat-transfer coefficient,
the local average heat-transfer coefficient, and the overall heat-transfer
coefficient from the given local outside-wall temperature at a particular
segment (slice) of an electrically heated circular tube. Next, we will
show specific applications of the formulations to single- and two-phase
convective heat-transfer experiments.

Application of the Finite-Difference
Formulations

In this section, the finite-difference formulations developed in the previ-
ous section are applied to aetunal heat-transfer experiments. The exper-
iments were performed to study single- and two-phase heat transfer in
an electrically heated tibe under a variety of flow conditions. The ob-
tained data were then used to develop robust single- and two-phase
heat-transfer correlations. For this purpose, accurate heat-transfer
measurement is critical; therefore, finite-difference formulations were
used as a key tool in obtaining accurate heat-transfer coefficients from
the measured ontside-wall temperatures,
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Experimental setup

A brief description of the experimental setup is presented to help the
readers understand how the finite-difference formulations are used in
actual experimental work,

A schematic diagram of the overall experimental setup is shown in
Fig. 23.2, The experimental setup shown in the figure is designed to
systemically collect pressure drop and heat-transfer data for single-
and two-phase Hows for various flow conditions and flow patterns (in
case of two-phase flow) and different inclination angles.

The test section is a 27.9-mm i.d. (inside diameter) straight standard
stainless-steel 316 schedule 10S pipe with a length : diameter ratio of
100. The uniform wall heat flux boundary condition is maintained by
& welder which is a power supply to the test section. The entire length
of the test section is insulated using fiberglass pipe wrap insulation,
which provides the adiabatic boundary condition for the outside wall.
T-type thermocouples are cemented with an epoxy adhesive having high
thermal conductivity and electrical resistivity to the outside wall of the
test section at uniform intervals of 254 mm (refer to Fig. 23.3). There
are 10 thermocouple stations with four thermocouples in 90° peripheral
intervals at each station in the test section. The inlet and exit bulk
temperatures are measured by T-type thermocouple probes. To ensure
a uniform fluid bulk temperature at the inlet and exit of the test section,
a mixing well is utilized. More details of the experimental setup may
be found in Ghajar et al. (2004).

Heat-transfer measurements at uniform wall heat flux boundary con-
dition are carried out by measuring the outside wall temperatures at
the 10 thermocouple stations along the test section and the inlet and
outlet bulk temperatures in addition to other measurements such as
the flow rates of test fluids, system pressure, voltage drap across the
test section, and current carried by the test section,

A National Instruments data acquisition system is used to acquire
the data measured during the experiments. The computer interface
used to monitor and record the data is a LabVIEW Virtual Instrument
written for this specific application.

Finite-difference formulations for the
experimental setup

In order to apply the finite-difference formulations developed in the
previous section to the experimental setup, the grid configuration of
the test section is designed as shown in Fig, 23.4 according to the ba-
sic node configuration shown in Fig. 23.1. The computation domain is
divided into control volumes of uniform thickness except at the inside
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Figure 23.4 Grid configuration for the experimental setup: (z) at a segment (slice);
(b) at axial direction.

and outside walls of the tube in the radial direction, where the con-
trol volumes have a zero thickness. The node points are placed in the
centerpoint of the corresponding control velumes, and the node points
along the circumferential and axial directions are placed in accordance
with the actual thermocouple locations at the test section.

According to the assumption that the axial conduction is negligible,
each thermocouple station (segment) is solved independently of the oth-
ers. The calculation in a segment is marched from the outside-wall node
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points, the temperatures of these nodes are experimentally measured,
to the inside-wall node points based on the heat balance at each control
volume.

First, determination of the geametric variables at a node point (7, /) is
as follows. The distances from a grid point to the interface of the control
volume are

Ar _ (D, - DL)/NUV'L

By =8 =8 =8 = o = =L (23.13)
for the radial direction and
27 r; / Nycasr

@) =@-) =)y =By} = (23.14)

for the circumferential direction. _
Because of the zero-thickness control volume layer at the boundaries
( =0 and Ngpyy, + 1), we have §,+ =0ati=1and 8+ =0ati = NgyL.
The areas of all faces for a control volume are

2w [r; + (8,-);] Az

2

;= 23.15
(An) Nrcasr ( )
(Aeki = (Aw) = [Bn- ) + Bs-)] Az (23.16)
Ay = 2= = @rx] 2z (23.17)

Nrcast

The length and the cross-sectional area of the control volume in the
axial direction are set as

I = Az, (23.18)
2wr Ar

;= (23.19)
(4) Nreasr

Now we can calculate the heat generation and the heat flux at a control
volume by applying these geometric variables.

Note that because of the zero-thickness contrel volume layer at the
boundaries (i = 0 and Ngvy, + 1), all heat fluxes {tn, Ge, qs, and g,,) and
the heat generation {gg) terms are set to zero at i = 0 and Ngyp, + 1.

Therefore, Eqgs. (23.3), (23.4), (23.5), (23.6), and (23.8) fori = 1,2, .. .

Nevy, and J=12... » NroesT become as follows:
%ﬂ% (Aa) (T.5 - T-1.j) for i=1
G ; = ’én” 5. 7L
I:kl__j + ki—l.j] (A (B;—T-1j) for i=23, ..., Novi

(23.20)
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Gy = [‘?:1 J)* (ij (A (Tj— Tj) for i=12 ..., Novi
(23.21)
83—
in h g ] (A (Bj—TB4a,j) for i=1,2,..., Ngy,—1
(@s)ij = Z 'J +J
"sﬂ' (A (B~ Baaj) for i=NcyL
-
(23.22)
ks =[S O (1) o =% Vo
ki,j k!. Jj-1
(23.23)
The heat generated at the control volume is given by
A . .
( ) IJ'Y”(Az’; for i=12,..., Novi;ji=12,..., Nrcest
{23.24)

Substituting Egs. (23.20) to (23.23) into Eq. (23.1) and solving for
T gives

= | @l — (dnd j — (@) j — (Wudki ]
[Bﬂ‘ L ]_1 (4,)
P i (23.25)
for i=0, 1,2,...,NUVL;j=1,2,...,Mc@ST
With T; _ g ; [= (Towh, ;] given, Eq. (23.25) for the kth thermocouple
station will be forced to converge after some iterations since the equa-
tion is developed on the basis of heat balance in a control volume.

Then, the local inside-wall temperature at the &th thermocouple sta-
tion is

Ti+1, Jj=

(EW)}g,j = TNy +1.7 for J=1,2,..., Nrcast (23.28)
The local inside-wall heat flux at the kth thermecouple station is

TNCVL J TNGVL+1J
Ar / 2

for  j=1,2,..., Nrcast
(23.27)

(q;::)}: = RN
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The bulk temperature at the kth thermocouple station is

(T(‘mt - ‘Ii'n)zk
+ et

The local heat-transfer coefficient at the kth thermocouple station is

(Te) ="Tin (23.28)

(@)
(Ti‘w)k.j - (TIIJ)I:

Finally, the local average heat-transfer coefficient at the kth thermo-
couple station is

I j = for j=1,2,..., Nrcasr (23.29)

1 Nroast o
e ; s (23.30)
= .
1 Nrcesr
T i ; — (T}
- ; (Bdes — (T

At times it is necessary to calculate the overall heat-transfer coef-
ficient for certain test runs. In these cases, the overall heat-transfer
coefficient can be calculated as follows:

r..lff o 1RT (23.31)
. h=3 [k “L; e Az -

Note that, to execute these calculations, the thermophysical properties
of the pipe material (thermal conductivity and electrical resistivity) are
required. These and other thermophysical properties needed for these
type of calculations will be presented next.

Thermophysical properties

In order to implement the formulations above in a computer program
and represent the heat transfer and flow data in a dimensionless form,
knowledge of thermophysical properties of pipe material and the work-
ing fluids are required. For the heat-transfer experiments presented
in this chapter to demonstrate the applications of the finite-difference
formulations, the pipe material was made of stainless steel 316 and the
working fluids were air, water, ethylene glycol, and mixtures of ethy-
lene glycol and water. The equations used in Tables 23.1 to 23.4 present
the necessary equations for the calculation of the pertinent thermo-
physical properties. The equations presented were mostly curve fitted
from the available data in the literature for the range of experimental
temperatures.
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TABLE 23.1 Equations for Thermophysical Properties of Stainless Steel 318

Range and
Fitted equation accurdcy Data source
Thermal conductivity: ky; = 13.0 + 1.69866 300-1000 K; Incropera and

%10~2 T — 2,1768 » 10~872, with 7in °C and R = 0.99985 Dewitt (2002)
by in W/m-K

Electrical resistivity: v = 78,1562 + 6.7682 —198 to 600°C; Davis (1994)
%x10~27— 2.6091 = 10-872 — 2,2713 x 107879, B2 =0.99955
with Tin °C and vy in £Q-cm

TABLE 23.2 Equations for Thermophysical Properties of Alr

Range and
Fitted equation agguracy Data source

Density: poir = p/[T{R/My, )], where T'isin

kelvins, py in kg/m?, p is absolute pressure in

Pa, R is the universal gas constant (= 8314.34

J/kmol - K), and My, is the molecular weight of

air (= 28.966 kg/kmol)
Viscosity: pog = 17211 x 1075 + 4.8837 —10 to 120°C; Kays and

% 10787 — 2.9967 x 10~ 172, with T'in °C and R? = .99994 Crawford

{lair in Pa s (1993)
Thermal conduetivity: by = 2.4085 x 1072 —10 to 120°C;, Eays und

+7.6997 x 10737 — 5.189 x 107872, with T'in R2 =0.59996 Crawford

°C and kg, in Wm - K (1803)
Specific heat: (c,),,, = 1003.6 + 3.108827 ~10 to 330°C; Kays and

43.4967 x 10x~4T2, with T'in °C and (¢plur in R2=099966  Crawiord

Jkg - K (1993)

TABLE 23.3 Equations for Thermophysical Properties of Water

Range and
Fiited equation accuracy Data source
Density: pwater = 999.96 4+ 1.7158 x 10~2T 0-100°C; Linstrom and
—£.8699 x 10372 + 1.5487 x 107579, 2 =0089397  Mallard (2008)
with T in °C and pyater in kgfm?
Viscosity: [Lwater = 17888 x 10~3 — 5.9458 0-100°C; Linstrom and
x 1057+ 1.3006 x 10~87% — 1.80356 R? =0.99998 Mallard (2003)
x 10-578 4+ 1.3448 x 10~ — 4,0608
x 10~¥ T3 with Tin °C and pypier inPa - 8
Thermal conductivity: 0-100°C; Linstrom and
Funter = 6.6026 x 10-1 — 2,2066 x 10T R2 =0.95951 Meliard (2008)
—8.6806 x 10-672 — 5.4451 % 107979,
with Tin °C and kyater in Wm - K
Specific heat: (¢p),, . = 4219.5728 — 3.3863T 0-100°C; Linstrom and
+0.114117% — 2,1013 x 10-37% + 2.3529 R?=099992  Mallard (2003)

% 10-5 — 1.4187 x 10775 4 3.58520
% 107075 with Tin °C and (cplwater in Ike - K
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Stainless steel 316. In the finite-difference equations, the thermal con-
ductivity and electrical resistivity of each node are determined as a
function of temperature from the equations shown in Table 28.1 for
stainless steel 316.

Test fluids. The test fluids used in the experiments were air, distilled
water, ethylene glycol, and different mixtures of distilled water and
ethylene glycol. The equations for thermophysical properties of these
fluids are presented in Tables 23.2 to 23.4.

Computer program

The finite-difference formulations presented in the previous section are
implemented into a computer program written for the experimental
works described in this chapter. The computer program consists of five
parts: reading and reducing input data, executing the finite-difference
formulations, providing thermophysical properties, evaluating all
the heat-transfer and flow parameters, and printing outputs. Since the
finite-difference formulations and thermophysical properties have al-
ready been discussed in detail, the inputs and outputs from the com-
puter program will be presented next.

Input data. All the necessary inputs for the computer program are pro-
vided by a database file managing a data set and each raw data file
for the data set. The raw data file is produced through recordings from
the experimental data acquisition process. A sample of the input files
is given as Fig. 23.5z and b.

The database file shown in Fig. 23.5a includes the preset information
for an experimental run;

GroupNo Data group number {e.g., the first digit indicates 1—single-
phase, 2—two-phase)

RunNo Test run number

Phase 1—single-phase flow test, 2—two-phase flow test
Liguid Test liquid {(W—water, G— ethylene glycol)

MC_EG Mass fraction of ethylene glycol in the liquid mixture

FPattern  Flow pattern information of the two-phase flow test
IncDeqg Inclination angle of the test section

With the information provided in the database file, the computer pro-
gram opens and reads data from each individual raw data file for an
experimental run shown in Fig. 23.56 and proceeds to all the required
data reductions and calculations and then saves the results in an output
file for each test run.

Output. A sample of the outputs from the computer program is shown
in Figs. 23.6 and 23.7 for a single-phase flow experimental run and a
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RON NUMBER a8
SINGLE FHASE TEST
TEST FLUID IS5 WATER
Test Date: 04-01-2003
FPS UNIT VERSION

MASE FLOW RATE
MASS FLUX

1308.3 LBM/HR
198333 LBM/ (50.FT-HR)}

FLUID VELOCITY .88 FT/5
ROOM TEMPERATURE 73.32 F
INLET TEMPERATURE B0.74 F
DUTLET TEMPERATURE B7.07 F
AVERRGE RE NUMBER 9213
AVERAGE PR HUMBER 5.58
CURRENT TC TUBE 535.0 AMPS

VOLTAGE DROP IN TUBE
AVEHRGE HEAT FLUX
Q=RME*VOLT

Q=M*C* (T2-T1)

HEAT BALANCE ERROR

4.29 VOLTS

3161 BTO/ (5Q.FT-ER)

7831 BTU/HR

3257 BTU/HR .
~-5.57 %

~F Ny g

m
—

CUTSIDE SURFACE TEMPEHATGRES [F)
1 2 3 4 5 & 7 § 9 10

1 83,93 95.83 96,36 97.01 87.01 97.88  BE.40 98.37 59.78 10C.26
2 94,2% 96.01 56.72 95.54 97.56 BB.30 BB.B9 98,53 100.20 100.30
3 93.67 95.70 DE.E6 87.1% 97.87 98.23 2g.10 95.25 100.59 101.33
4 893.24 B5.5%  D6.4%9 97.23 97.37 8g.22 98.583 85.30 100,04 100,34
INSIDE SURFACE TEMPERATURES [F]

1 2 3 4 5 8 7 ] 9 10
i 92.31 83.94 94.87 85.32 95.31 36.18 86.71 87,27 93.08 BE.56
2 B83.53 94,33 85.03 95.25 95.87 96.61 87.20 47.85 BB.31  B89.21
3 91.e8 94.01 85.18 85.50 96.13 96.54 87.42 87.58 98.91 48,65
4 91.54 53.90° 94.B0 95.54 B85.68 84.33 96.B4 87.831 98.35 968.64

REYWOLDS MOMBRR AT THE INSIDE TUBE WALL

1 2 3 4 5 & 7 B 9 w
1 10i61 10348 10434 16508 10509 1061G 10671 10738 10833 10888
2 10186 10394 10476 10301 10574 10664 10729 10805 10883 10366
3 10123 10357 16493 10532 510 10652 18754 EGTYL 108930 11018
4 10073 10345 10448 10535 10551 10651 10687 10778 10864 10BE39

INSIDE SURFACE HEAT FLUXES [RTU/HR/FT~Z)

1 2 3 4 5 & 7 | g 10
1 2823 2938 2542 2838 2850 2549 2848 2453 2853 2954
2 2920 2925 2833 2341 2934 2833 20838 2831 . 2943 2942
3 2932 2937 2929 2934 2927 2040 2330 2848 2931 2928
4 28446 2836 2938 2933 2840 2935 2945 2337 2847 2357

PERTPHERAL HERT TRANSFER COEFFICIENT BTU/ (5Q.FT~HR-F)

1. 2 3 4 5 [ 7 8 9 pij
1 262 241 238 238 251 245 248 248 245 247
2 257 233 231 240 238 236 237 235 235 234
3 271 240 228 234 232 238 232 242 221 224
4 283 242 236 233 243 238 245 241 239 245

(b}

Figure 23.6 Qutput for single-phase flow heat-transfer test run. {¢) Part 1: summary of
a test run. (b} Part 2: detailed information at each thermocouple loeation. (¢} Part 3:
detniled information at esch thermocouple station.
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RUN NUMBER 0608 CONTINUED
SINGLE PHASE TEST

TEST FLUID IS WATER

Tast Date: 04-01-2003
FPS UNIT VERSICN

ST RE PR %/D MUB MU T8 W DENS NO
1 A511.67 5.80 6.38 2.045 1.738 B1.17 92.0% 62.20 68.71
2 A878.30 5.13 15.50 2.030 1.75% BL.77 94,04 62.20 62,10
3 5045.13 5.71 24.61 2.015 1.742 B2.38 84.82 62.1% 66.77
4 9312.15 5.66 33.73 2.000 1.732 82.8% 95.40 62.18 51.33
E} 59178.36 5.61 42,84 1.885 1.725 83.80 95.76& 62.18 62.58
13 82445.76 5.57 52.98 1.871  1.712 84.21 96,47 6Z.17 62.05
K 8314.36 5.32 6%.08 1.3586 1.701 A4.B2 57.04 62.17 82.21
g 5382.14 5.48 70.1%  1.942 1.491 85.43 87.57 62.16 E2.58
] 9450.11 5.43 79.31 1.228 L.675 86.04 58.46 82.15 6i.13
k1] 9518.27 5.39 58.42 1.814 1.665 BG6.64 95.02 62.15 61.38%

NOTE: TBULK IS5 GIVEN IN DEGREES FAHRENHEIT
MUB AND MUW ARE GIVEN IN LBM/ (FT*HR)

(c)
Figure 23.6 {Continued}

two-phase flow experimental run, respectively. As shown in the figures
[Fig. 23.6 is in English units and Fig. 23.7 is in SI (metric) units], the
user has the option of specifying SI or English units for the output.

The output file starts with a summary of some of the important infor-
mation about the experimental run for a quick reference as shown in
Figs. 23.6a and 23.7a. The program then lists (see Figs. 23.6b and 23.7b)
the measured outzide-wall temperatures, the calculated inside-wall
temperatures, the calculated Reynolds numbers (superficial Reynolds
numbers for each phase of the two-phase flow run) of the flow based on
the inside-wall temperature, the calculated heat flux, and the ealculated
peripheral heat-transfer coefficients for each thermocouple location. Tn
the last part of the output (refer to Figs. 23.6c and 23.7¢), the tabulated
gummary of the local averaged heat-transfer results at each thermocou-
ple station, such as its location from the tube entrance, bulk Reynolds
numbers, bulk Prandtl numbers, viscosities at the wall and bullk, local
average heat-transfer coefficient, and Nusselt numbers are displayed.
In the case of two-phase flow runs, some auxiliary information for the
two-phase flow parameters is listed as shown in Fig. 23.7d. More de-
tails about the information that appears in Fig. 23.7d may be found in
Ghajar (2004).

Utilization of the finite-difference
formulations

The outputs presented in Figs. 23.6 and 23.7 contain all the neces-
sary information for an in-depth analysis of the experiments. One way



RUN HNUMBER 4597
THO-PHASE TEST
FLOW PATTERN: ABS
Test Date: 04-01-2004
S5I UNIT VERSION

LIQUID

GRS

LIQUID MASS FLOW RATE
GAS MASE FLOW RATE

WATER

AIR
1370, 36 [lg/hr]
33,802 [ka/hr]

LIQUIE V_SL - 0.625 [m/a]
GRS V_sG& 6.482 [m/s]
R00M  TEMPERATURE 14.8% ic}
INLET TEMPERATURE 13.87 IC]
OUTLET TEMEERATURE 14.70 ic)
AVG REFERENCE GAGE PRESSORE 95165.30 (Pa]
AVG LIQUID RE_SL 14562

RVG GAS HE_SG 24043

AVG LIQGID PR L 8.278

AVG GAS PR_G 0.714

AVG LIQUID DENSITY

AVG GAS DENSITY

AVG LIQUID SBECIEIC HEAT
BVG GAS SEECIFIC HEAT
AVE LIQUID VISCOSITY

VG GAS  VISCOSITY

AVG LIQUID CONDUCTIVITY

VG GAS  CONDUCTIVITY

598.1 [kg/m~3]
2.382 [kg/m~3)
4.180 [kJ3/kg-K}
1.004 [kJ/X3-FR]
116,.25e-08 [Pa=-s]
17.%02=06 [Pa-s]
0.588 [W/m-K}
25.18e-03 [W/m-K]

B4 eh mk we ev e A 40 S0 Er e 0% KD SR SR s 41 4b 4b 46 bE 44 e we er he wn ae 4e A

CURRENT TO TUBE 466.13 [R]
VOLTAGE DROP IN TURE 3.54 [N
AVGE HEAT FLUX 7138.38 [W/m~3]
Q = AMP*VOLT 1650.66 W}
QGEN CALCULATED 1600.13 W]
QGEN CALCULATION ERROR -3.06 {5}
Q = M*C* (T2 -T1) 1652.02 W]
HEAT BALANCE ERROR 0.08 %)

(8}

OUTSIDE SURFACE TEMPERRTURE OF TUBE [C]
& 7

k3 2 4 3 0
1 16.71 17.0%8 17.35 17.64 17.82 18,1} 18.11 18,31 1n.12 18,25
£ 15,17 1g,28 16,64 15,53 16,87 17.14 17.28 17.63 17,33 17,33
a 15.55 5.7 15.75 15.5% 16.1B 16.320 16,35 16,23 16.33 15.40
4 15.23 15.38 16,41 16.70 16.83 17.0% 17.18 17.26 17.13 17,30

INSYDE SURFACE TEMFERATURES [C)

1 2 3 [ 7 a 9 10
b3 16.02 16,41 i6.66 16.85 17.15 17.43 17.43 17.%83 17,43 17,57
3 15.48 15.58 15.8% 16.00 16.27 16.44 18.58 16,33 I6.63 1B.64
3 14,84 15.490 15.04 15.18 15.47 15.4% 15,64 15,32 315,62 15.83
4 15.54 15,68 15.71 1£.00 16.15 36.31 16.48 18.57 16.43 16.60

SOPERFICTAL REYHOLDS HUMBER OF GRS AT THE INSIDE TUBE WALL

1 2 3 1 ] & 't & 3 10
1 2382% 23901 23885 23BEE 23854 23836 23836 23524 23636 23828
2 23950 23854 23930 23927 23910 23898 23881 23508 238ET 23888
3 24801 23851 23848 23973 25981 23459 23950 33857 23051 23847
4 23056 23847 23945 &3907 23918 23907 23888 Z3¢91 23800 2388B

SUPERFICAL REYNOLDS HUMEER OF LIQUID AT THE INSIDE TUBE WALL

1 2 3 4 5 1 ] 1D
1 13718 15878 15965 16167 15168 15308 16307 16381 1631¢ 18366
2 15482 15533 15688 15767 158233 15483 15843 15640 15574 15975
3 15331 15297 153131 15589 15485 15438 15558 15511 15550 15580
L] 15517 18877 155E3 15719 13770 15837 158%1 15945 15887 15951

INSIDE SURERCE HERT FLUXES [W/m~Z]

1 2 3 4 El & 7 B L 10
1 5840 [1:4 3 E787 B75L §785 168 E731 8752 6181 785
2 509 €935 6303 -2 425 #4824 6918 6958 63E 6932
3 7611 1007 7032 7038 74928 7043 T30 7057 7055 T058
q 5300 6920 G338 6528 69843 844 £828 6323 %36 6926

PERIPHZRAL HEAT TRANSFER GOEFFICIENT [W/m"2-K]

1 2 3 7 ] g 10
1 g2 2555 2458 2328 2358 a11s 2194 2117 2343 2313
2 3988 ELLLS 3436 3543 33245 3154 nn 3667 EEL:Y 3438
3 6386 028 5447 180 5288 h622 54325 €502 6528 EE01
4 38448 3761 3923 3530 3458 3357 3228 azgz 3667 3516

(b}
Figure 23.7 Output for two-phase How heat-transfer experimental run. (2) Part 1: sum-
mary of e testrun. (b) Part 2: detailed information at each thermocouple location. (c) Part 3:
detailed informution at each thermoeouple station. (d) Part 4: auxiliary information.
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ADN NUMBER 4887 CONTINUED
THO-PHASE TEST
FLOW PATTERH: AZSS
Test Date: 04-01-2004
31 UKIT VERSIOH

%

%/0 BESL RESG  PRL  FRG HUB/WIL) MUB/WI(G) WI/H2 HFLUA TA[CY TW[C) HCOEFE  HU_L
a5 4

T
1 6,38 14783 24072 8,39 0.7149 1,048 0.2 0. §918 13.74 15.47 4006.7 18G.0t
2 15.50 14§23 324085 B.37 0.714 1.051 Qa,395 0.440 6317 13.84 15.67 3199.2 179,69
3 24.61 14881 24059 A,34 D0.714 1.053 90,995 0,330 6918 13.} 15.84  3643.0 192.48
4 33,73 14802 24053 8.32 0.714 1.035 0.995 0,377 GUI% 14,84 16.43 3473.7 164.58
5 42.84 148942 24044 8.323 0.714 1.059 0,944 0,427 F920 14.14 14.26 3265,3 154.89
& 5i.88 14883 24040 8.27 0,785 1.060 0.9%4 0.377 6821 14.2Z5 1€.42 3175.8 154.27
7 61.08 15023 24033 B.24 0.7i4 1.060 0.389 0.405 827 14.34 16,33 3161.4 148,63
# 70,18 15064 24027 6,22 0.714 :. 087 0.954 4,326 £922 14.44 16,31 3335.6 157.53
3 7%.31 15104 24021 8,19 0.714 L.055 0.985 #.353 §922¢ 34.54 16.33 3474.5 1654.37
10 88.41 15145 24614 6,17 9.714 1,654 1.945 9.346 6923 14.63 L&.68 3478.9 164.52
(c)
RUN NMUMBER 4897 CONTINUED
THCG~PHASE TEST
FLOW PATTERN: ABS
Test Date: 04-01-2004
51 UNIT VERSION

INCLINATION ANGLE H 1.000 [DEG)

PUTAL MASS FLUX{GEt) z G39.689 [kg/m~2-8)

QUALITY [x} 3 0.024

SLIP RATIO{R) t 3,332

VOID FRACTTON[akpba): 0.757

v_SL H 0.625 [m/s}

V_SG H 6.482 [m/a]

RE_SL : 14962

RE_SG H 24043

RE_TF ' 19005 !

X{Taitel & buklar] : 2.070

T(Taitel & Dukler} : §.139

¥i{taltael 5 Dukler) : #7.098

F(Taitel § Dukler) 0.60%

K{Taicel § Dukler) : T4.44C

(@)
Figure 23.7 {(Continued)

to verify the reliability of the finite-difference formulations is to com-
pare the experimental heat-transfer coefficients with the predictions
from the well-known empirieal heat-transfer correlations. Figure 23.8
shows the comparison of the experimental Nusselt numbers (dimen-
sionless heat-transfer coefficients) obtained from the computer program
with those calculated from selected well-known single-phase heat-
transfer correlations of Colburn (1933), Sieder and Tate (1936), Gnielin-
ski (1976), and Ghajar and Tam (1994). As shown in the figure, the
majority of the experimental data is excellently matched with the cal-
culated values from the correlations, and the maximum deviation be-
tween the calculated and the experimental values is within +20 per-
cent. Note that in Fig. 23.8 Gnielinski's (1976) correlations, labeled as
[1] and [3], refer to the first and the third correlations proposed in his
wark.

The finite-difference formulations presented here have been suc-
cessfully applied to develop correlation in single- and two-phase flow
convective heat-transfer studies. Ghajar and Tam (1994) utilized the
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T
200 i _
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80
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= &0
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3o : d
i e
=l [ RTTIURO. N v v Colburn (1933) i
B Ghajar & Tam {1294)
e : < Gniellnski [13 (1976}
// I A Gniellnski [3] (1878)
10 20 30 40 50 60 70 80 90 100 200

NuE,‘IJ

Flgure 23.8 Comparison of experimental Nusselt numbers with predictions from se-
lected single-phase heat-transfer correlations at thermocouple station 8.

finite-difference formulations for heat-transfer measurements in a hor-
izontal circular straight tube with three different inlet configurations
(reentrant, square-edged, and bell-mouth inlets) under uniform wall
heat flux boundary condition. From the measurements, they success-
fully developed a correlation for prediction of the developing and fully
developed forced and mixed single-phase convective heat-transfer coef-
ficients in the transition region for each inlet. They also proposed heat-
transfer correlations for laminar, transition, and turbulent regions for
the three inlets.

In the case of the gas-liquid two-phase flow heat transfer, Kim and
Ghajar (2002) applied the finite-difference formulations in order to mea-
sure heat-transfer coefficients and developed correlations for the overall
heat-transfer coefficients with different flow patterns in a horizontal
tube. A total of 150 two-phase heat-transfer experimental data were
used to develop the heat-transfer correlations. Ghajar et al. (2004) ex-
tended the work of Kim and Ghajar (2002) and studied the effect of
slightly upward inclination (2°, 5, and 7°) on heat transfer in two-phase
flow.

In the research works mentioned here, a computer program based on
the presented finite-difference formulations was used as the key tool
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to analyze the experimental data. As demonstrated, the computational
procedure (computer program) presented in this chapter can be utilized
as an effective design tool to perform parametric studies or to develop
heat-transfer correlations. It can also be used as a demonstration tool
for the basic principles of heat conduction and convection.

Summary

A detailed computational procedure has been developed to calculate the
local inside-wall temperatures and the local peripheral convective heat-
transfer coefficients from the local outside-wall temperatures measured
at different axial locations along an electrically heated circular tube
(uniform wall heat flux boundary condition). The computational proce-
dure is based on finite-difference formulation and the knowledge of heat
generation within the pipe wall and the thermophysical properties of
the pipe material and the working fluids. The method has applications
in a variety industrial heat-exchanging equipment and can be used to
reduce the heat-transfer experimental data to a form suitable for devel-
opment of forced- and mixed-convection flow heat-transfer correlations
in an electrically heated circular tube for different flow regimes.

Nomenclature

A Area, m?

A, Cross-sectional area of a control volume in the axial direction, m®

C Coefficient; refer to Table 23.4

p Specific heat at constant pressure, J/(kg - K)

D; Circular‘tube inside diameter, m

D, Circular tube outside diameter, m

A Neighboring node point to a given node point in the eastern
direction; refer to Fig. 23.1

h Heat-transfer coefficient, Wim® - K)

I Local average heat-transfer coefficient, W/A(m?. K); refer to Fga.
(23.12) and (23.30)

hi Overall heat-transfer coefficient, W/(m® - K); refer to Eq. (23.31)

I Flectrical current, A

i ‘Index in the radial direction

i Index in the cirecamferential direction

k Thermal conductivity, W/Am - K), or index in the axial direction

L Length of the test section, m
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Length of a control volume in the axial direction, m

Neighboring node point to a given node point in the northern
direction; refer to Fig, 28.1

Number of control volume layers in the radial direction except the
boundary layers

Number of thermoeouples at a thermocouple station
Number of thermocouple stations

Nusselt number, D;/k, dimensionless

Normal distance, m

A given node point P; refer to Fig. 23.1

Prandt]l number, e /%, dimensionless

Pressure, Pa

Heat-transfer rate, W

Heat generation rate, W

Heat flux, W/m?

Electrical resistance, 2 or the universal gas constant
(= 8314.34 J/&mol - K)

Correlation coefficient, dimensionless
Radius, m
Temperature, °C or K

Neighboring node point to & given node point in the southern
direction; refer to Fig. 23.1

Neighhoring node point to & given node peoint in the western
direction; refer to Fig. 23.1

Mass fraction of ethylene glycol in the mixture of ethylene glycol and
water, dimensionless

A spatial coordinate in a cartesian system, m
A spatial coordinate in a cartesian system, m
A spatial coordinate in a cartesian system; axial direction, m

Thermal expansion coefficient, 1/2C
Electrical resistivity, @ - m

Distance from a node point to a control volume face at a given direction, m

Angular coordinate, °
Dynamie viscosity, Pa-s
Density, kg/m?

A
Y
]
A Designates a difference
i}
B
P
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Subscripts

b Bulk

cal Calculated

E Evaluated at neighboring node point to a given node puint in eastern
direction; refer to Fig. 23.1

e Evealuated at eastern eontrol velume interface of a given node point;
refer to Fig. 23.1

et Evaluated at eastern control volume interface of a given node point in
side of neighboring node point; refer to Fig. 23.1

e Evaluated at eastern conirol volume interface of a given node point in
side of given node point; refer to Fig. 23.1

eg Ethylene glycol

exp Experimental

i Index in radial direction

in BEvaluated at inlet

iw Evaluated at inside wall of a tube

J Index in circumferential direction

k Index in axial direction

mix Mixture of ethylene glycol and water

N Evaluated at neighboring node point to a given node point in northern
direction; refer to Fig. 23.1

n Evaluated at northern control volume interface of a given node point;
refer to Fig, 23.1

nt Evaluated at northern control volume interface of a given node puint
in side of neighboring node point; refer to Fig. 23.1

n Evaluated at northern control volume interface of a given node point
in side of given node point; refer to Fig. 23.1

cut Evaluated at outlet

ow Evaluated at outside wall of a tube

P Bvaluated at a given node; refer to Fig. 23.1

S Evealuated at neighboring node point to a given node point in southern
direction; refer to Fig. 23.1

s Evaluated at southern control volume interface of a given node point;
refer to Fig. 23.1

g+t Evaluated at southern control volume interface of a given node point
in side of neighboring node point; refer to Fig. 23.1

5" Bvaluated at southern control volume interface of a given nude point
in side of given node point; refer to Fig. 23.1

BE Stainless steel
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w Evaluated at neighboring nede point to a given node point in western
direction; refer to Fig. 23.1

w Evaluated at western control volume interface of a given node point
(refer to Fig. 23.1); evaluated at inside wall of a tube

w* - Evaluated at western control volume interface of a given node point in

side of neighboring node point; refer to Fig. 23.1

w- Evaluated at western cantrol volume interface of a given node point in
side of given node point; refer to Fig. 23.1

Superscript

— Average
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