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We present three-dimensional numerical simulations to quantify the design specifications of a directed
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when the thermoplate has a relatively large cross-sectional area normal to the flow, a ratio of spot weld
spacing to channel length of 0.2, and a ratio of the spot weld diameter with respect to channel width of
0.3. Experimental results performed to validate the model are also presented.
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1. Introduction

Thermoplates are efficient heat transfer devices used in a vari-
ety of engineering practices. While many methods for manufactur-
ing thermoplates have existed for some time, only recently have
computational methods been used to diagnose the often complex
flow present inside such devices [1-3]. Garg and Maji, and others
have modeled the fluid flow and heat transfer sinusoidal channels
with complex velocity fields, flow separation and re-attachments
[4-8]. Thermoplate devices with regular, yet non-sinusoidal, spot
welds are excellent candidates for parametric analysis using com-
putational fluid dynamics simulations given their complex
geometry-dependant flow structure.

The subject of this study is a thermoplate comprised of two
sheets of Inconel 625 seam-welded together, with a pattern of spot
welds distributed along the fluid direction as shown in Fig. 1. The
space between the sheets is hydraulically expanded to a known
thickness using a parallel plate guide fixture. The device uses a sin-
gle fluid, in the liquid phase. This particular heat exchanger is a
prototype test-section of a larger design intended for use in a spe-
cialized concentrated solar power receiver [9]. This application
requires a compact, formable profile with high operating efficiency
and minimal temperature gradient between the irradiated wall
and heat transfer fluid. Preliminary designs utilize water as the
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working fluid, with laminar flowrates from 0.5 to 5.0 g/s, pressures
ranging from 1 to 50 bar, and outlet temperatures of 80-250 °C.

As opposed to standard thermoplates which often fill an entire
sheet with one or more fluids, we consider a directed flow through
a single channel. The presence of periodic spot welds, and the com-
plex curvature created during the inflation procedure result in flow
structures which undermine the application of analytic solutions.

We present a case-study for this particular breed of thermo-
plate by varying critical components of the geometry such as the
height of the channel, denoted 5, the diameter of the spatially-
periodic spot welds, denoted D, and the spacing between subse-
quent spot welds, given by d;.

For fully developed laminar flow inside ducts, Nu is constant and
relatively low. Hence there are large wall-fluid temperature differ-
ences, AT, between the outer wall and the fluid [ 10]. The motivation
for our work is to enhance the heat transfer by increasing Nu.

First, we present details of the FLUENT Computational Fluid
Dynamics (CFD) model used in this study, then we discuss the
experiments performed to validate the FLUENT model, followed
by the results from independently varying geometric parameters,
and concluding with a discussion of the potential for an improved
design.

2. Modeling

In this section we address the specifics of developing the model
for the thermoplate. First we discuss the theory behind the flow
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Nomenclature
o channel height Emm;
l channel length (mm Re Reynolds number (based on Dy)
w channel width (mm) Nu Nusselt number
Dy spot weld diameter (mm) P pressure (Pa)
dg spot weld spacing (mm) v velocity (cm/s)
Dy hydraulic diameter (mm) T temperature (°C)
h average heat transfer coefficient (W/m?2-°C)
inside the thermoplate. We then address the construction of the h T cd P
thermoplate model using the commercial software packages Solid- = /Tref pdT + E’ ®)

Works (2016) and ANSYS-FLUENT (17.0) [11]. Due to the complex-
ity of the part, the thermoplate geometry was constructed using
the SolidWorks sheet-metal tools and then exported to the ANSYS
environment for meshing, and finally FLUENT is used for ther-
mofluidic calculation.

2.1. Theory

The thermoplate in question uses water in the liquid phase as
the working fluid. The FLUENT setup included the pressure-based
solver with the energy and incompressible laminar flow models.
Therefore, the following equations are used in the FLUENT solver:

The continuity equation,

%+v.(pfj):0, (1)
the momentum equation,

%(pff) + V- (pUU) = ~VP+V - (T) + pg, (2)
the total energy equation,

%(pE)+V~(fJ(pE+p)) V- (kT -1 + 7. 0)). 3)
where

E=h- g + %2 (4)

and enthalpy for incompressible flow is

Furthermore, Reynolds number is calculated,

4m

Re = _nDHu'

(6)

In the equations above t is time, p is density, U is velocity, P is
pressure, k is the thermal conductivity, J is the diffusion flux, T is
temperature and Trs = 298.15K, T is the stress tensor, C, is the
specific heat, u is viscosity, and m is the mass flowrate.

The performance of the heat exchanger is calculated based on
the temperature drop between the inlet and outlet. The perfor-
mance is evaluated after varying the channel height, J, the spot
weld diameter, Ds, and the weld spacing, d;. The changes in geom-
etry are generalized with the following ratios,

Length Ratio = %

Furthermore, the average hydraulic diameter, Dy, is calculated
in SolidWorks. The details of the model geometry are discussed
in the following section.

Only the fluid inside the channel is present for CFD simulation.
The Inconel sheet is represented by a wall boundary condition. Fur-
thermore, because the sheets are inflated from the mid-plane, we
can apply a symmetry boundary-condition on the bottom face of
the model, as shown in Fig. 3. Thus, the FLUENT model consists
of only half of the fluid-domain.

The spots themselves are not modeled as they are part of the
Inconel wall, and have no direct-contact with the fluid. Although

and Width Ratio = % (7)

Fig. 1. Figure (A) shows the actual thermoplate used in experiments, the dark marks on the surface are weld locations of thermocouples and should be ignored. Figure (B)

shows the SolidWorks model created to validate CFD simulations.
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they do participate in the overall heat transfer, it has been shown
to have a negligible effect [1]. The boundary conditions were set to
achieve an accurate, convergent model. The inlet is set as a ‘mass-
flow-inlet’ in FLUENT and the outlet is set using an ‘outflow’ condi-
tion. The inlet mass flowrate and the inlet temperature are pre-
scribed. The remaining boundary is given a convective boundary
condition to treat the interaction between the fluid and the Inconel
shell.

With these model considerations, residuals of energy and conti-
nuity reach steady-state values after 5000 iterations.

2.2. Geometry and mesh

The construction of a thermoplate typically involves inflating
two plates of welded sheet metal. In the present case, the proto-
type thermoplate was constructed by inflating seam-welded sheets
of Inconel 625 to form fluid channels with interspersed spot welds.
This process leads to complex surface-curvature which is expected
to influence the fluid flow inside the channel, enhance mixing, and

improve heat transfer. This curvature also makes modeling the
geometry more difficult.

We began with the construction of a highly geometrically-
accurate model based on the actual thermoplate used in validation
experiments. The actual thermoplate has nominal geometric prop-
erties: | =47.35mm, w = 8.9 mm, é = 0.8 mm, D, = 3.7 mm, and
d; = 7.6 mm. After validation, many of the subtleties of the curva-
ture were removed to make further simulations less intensive.
While exploring variations in the channel thickness and the spot
diameter/spacing, separate SolidWorks models were created. It is
important to note that although the geometry was changed several
times, the mesh controls and boundary conditions were held
constant.

Fig. 1(A, B) compare the actual thermoplate to the
geometrically-accurate model created in SolidWorks.

Fig. 2 shows a simplification of the thermoplate to provide
labels for our variable parameters used in this study.

Fig. 3 shows the simplified model inside the FLUENT CFD envi-
ronment and an enlarged portion of the mesh. The simplifications

Fig. 3. Simplified CFD mesh using tetrahedral elements. Perspective view of the entire fluid model as well as an enlarged view of the outlet.
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Fig. 5. Comparison of the outlet temperature recorded during experiments with
outlet temperatures calculated from FLUENT simulations. Experimental error is
+0.2°C.

allowed for the model to be reduced from 4 million elements to 1
million. The clock-time on our local machine (Intel Xeon-E3 3.5
GHz, 24 GB RAM) was on the order of four hours.

Although specific mesh statistics vary as we change the geom-
etry, the number of cells remained on the order of 1 million. An
adaptive mesh sizing function was used to capture the curvature
in close proximity to the spot welds.

3. Experiment

In this section we discuss the experiments used to validate the
FLUENT model. The thermoplate used for these experiments was
manufactured using the nominal parameters given above, and is
shown in Fig. 1(A).

Fig. 4 shows the experimental setup used to calculate the heat
transfer coefficient for the thermoplate.

The mass flowrate into the plate is controlled with a positive
displacement metering pump with adjustable stroke. For this
experiment the stroke length was kept constant and flowrate
was adjusted using a needle valve down-stream. The experiment
was repeated for the following mass flowrates: 0.47, 0.60, 0.76,
1.05, 1.51, and 2.00 g/s, corresponding to Re = 170, 214, 274, 379,
543, and 717. Flowrate was measured using a model LMX.05 Pelton
Wheel Flow Meter manufactured by JLC International specifically
for high pressures and low flow. The maximum pressure of fluid
entering the thermoplate is set by the pressure relief valve.

During this experiment the pressure relief valve was set to 40
bar. The thermoplate was immersed in an ice bath to induce heat
transfer between the working fluid, thermoplate, and surrounding
chilled water. The working fluid was recirculated and, in order to
keep inlet temperatures constant, a heat control loop is included
down-stream of the thermoplate outlet. Heat is exchanged to the
secondary loop using a shell and tube heat exchanger and the sec-
ondary loop temperature is maintained near room temperature by
a fan and radiator. The flow loop system is used in other experi-
ments for testing similar thermoplates heated by solar radiation,
where the working fluid reaches a higher temperature and the
40 bar pressure and heat control loop are needed to prevent the
water flowing through the thermoplate from undergoing a phase
change.

Surface temperatures at two locations on the surface of the
plate were collected using type-K thermocouples attached via spot
weld (see dark marks in Fig. 1(A)). An average of the two measure-
ments was calculated, denoted T;. The surface temperature varied
while changing the flowrate and was an important measurement
for prescribing the boundary conditions of the FLUENT model. Inlet
and outlet temperatures were also measured using type-K thermo-
couples positioned at the center of the flow-path at the location of
the tube-fittings.

3.1. Validation of FLUENT model
Simulations were performed using the highly geometrically

accurate model with boundary conditions prescribed according
to the results from the experiments. The outlet temperature at a
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Fig. 7. Heat transferred (Q) as a function of the mass flowrate for a variety of
changes to the thermoplate geometry. Shown above are channel heights of 6 = 0.8
mm (with and without spot welds) and 6 = 2.0 mm (with and without spot welds).

variety of flowrates was recorded in the experiment. Correspond-
ing simulations were performed where the average outlet facet
temperature was recorded.

Fig. 5 compares the outlet temperature as a function of mass
flowrate for experimental data and FLUENT results. The results
appear to be in close agreement thus providing confidence in the
ability of our model to capture the subtleties of the real part.

4. Results

After validating the FLUENT model with experimental data, we
proceed with exploring the effects of varying the geometry. For the

following simulations a simplified model, shown in Fig. 3 was used
to reduce the computational complexity.

First we address the results in the simplified model with nom-
inal geometric properties, and the effect of changing the flow-rate.
Recall, the nominal geometric properties are: 6 = 0.8 mm, Ds = 3.7
mm, and d; = 7.6 mm. As we are in the laminar regime, increasing
the flowrate resulted in a smaller difference in temperature
between the inlet and the outlet. This is due to the fluid being
accelerated through the channel without sufficient time to
exchange heat. This effect was present in every iteration of the
geometry presented, and is therefore omitted from subsequent
results.

Fig. 6 demonstrates the effect of increasing the flowrate from
0.5g/s to 2.0 g/s (Re =193-816) on the temperature and velocity
of the fluid with nominal geometry.

To analyze the effect of varying geometric parameters, new
geometry files were created for each case. We will discuss the vari-
ation of each parameter accordingly.

4.1. Effect of channel height ()

The effect of channel height on the overall heat transfer indi-
cates that the spot welds can dramatically improve the device’s
ability to remove heat from the working fluid. Fig. 7 gives the rela-
tionship between the heat transferred, in Watts, and the mass
flowrate through the device. The various trends on the graph illus-
trate that for a channel thickness § = 0.8 mm the spot welds lead to
a marginal increase in the heat transferred when compared with a
thermoplate of equal channel thickness and no spot welds.

However, at the higher flowrate setting of 2.0 g/s (Re = 756) and
a thermoplate of thickness 6 = 2.0 mm, we see improvement by a
factor of nearly 3 over the case without spot welds. This confirms
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the theory that the spot welds act to induce re-circulation in the
flow, hence improving heat transfer.

Fig. 8(A-D) show the CFD results for the cases given in the
extremes of Fig. 7. The simulations results indicate that a much
higher change in fluid temperature (AT = Tou — Tiy) is achieved
at constant flowrate with a larger channel. This result is intuitive
as the fluid is accelerated through the thermoplate when the chan-
nel thickness is decreased at constant flowrate. This conclusion is
made clear by the difference in the velocity magnitude shown in
Fig. 8(C, D).

4.2. Effect of diameter of welding spot (D;)

In this section we explore the effect of changing the diameter of
the spot welds (D;) on the thermoplate’s ability to transfer heat.
Fig. 9 shows the heat transferred (Q) as a function of the mass flow-
rate for a variety of geometries. The graph in Fig. 9 also includes the
results where the thermoplate has no spot welds.

The heat transferred by the thermoplate increases when spot
welds are added to the device. However, the heat transferred
decreases when the spot weld diameter increases from Ds = 2.7
mm to 3.7 mm. This increase and then decrease implies that there
is the potential to optimize Q with respect to the spot weld
diameter.

Fig. 10 gives the contours of constant temperature throughout
the thermoplate for the change in D,. The difference in the flow
structure, seen by proxy through the temperature contours, leads
to an interesting conclusion regarding the diameter of the spot
weld.

If the spot weld diameter is such that the weld subtends a large
fraction of the channel, the flow bifurcates to two parallel channels
of decreased hydraulic diameter on either side of the spots (seen in
Fig. 10(B)). This dodges the benefits of the spot welds, i.e. their ten-
dency to induce a mixing effect. On the other hand, if the spot weld
diameter is selected such that the flow is able to wrap completely
around each weld, the fluid maximizes the mixing effect (seen in
Fig. 10(A)) and therefore leads to a higher heat transfer.

4.3. Effect of distance between welding spots (ds)

In this section we address the effect of changing the spacing
between subsequent spot welds (d;) on the surface of the thermo-
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plate. Fig. 11 shows the heat transferred (Q) in Watts as a function
of the flowrate for a several geometries, including the geometry
containing no spot welds. Similar to the effect of changing the
diameter of the spot welds, we observe an increase followed by a
subsequent decrease in the heat transferred when transitioning
from no spot welds, to a moderate number of spot welds
(ds = 10 mm), to a larger number of spot welds (d; = 5 mm).

Fig. 12(A, B) shows a comparison of the geometries as well as
contours of constant temperature. Similar to Fig. 10, when the
spacing between spots is decreased to a point where the fluid is
unable to mix between spot welds there is a decrease in perfor-
mance. Spacing the spot welds very compactly is another mecha-
nism for reducing the hydraulic diameter of the channel yielding
a reduction in the heat transferred.

5. Conclusion

The findings in this report illustrate the complex heat trans-
fer characteristics of a directed thermoplate. The construction
of a FLUENT model was validated through experiment. Simula-
tions conducted by individually varying parameters of the
geometry were found to suggest the opportunity for
improvement.

The improved design characteristics are best represented by the
following ratios, calculated using the equations found in Eq. (7):
Length Ratio = 0.2, and Width Ratio = 0.3.

Through these simulations we are able to develop an intuition
for the performance of this heat exchanger. Our results allowed
us to determine an improved design for operation in this domain.
The spot welds are found to induce a mixing effect beneficial to
heat transfer. However, under certain circumstances related to
the aforementioned ratios, when the effective hydraulic diameter
decreases we have reduced performance.



96 I. Khalil et al. / International Journal of Heat and Mass Transfer 123 (2018) 89-96

230
l 226
219

214
208
203
19.7
191
186
18.0
175
- 17.0
164
15.9
153
148
14.2
136
131
125
120

230
. =
219

214
208
203
197
191
186
18.0
175
- 17.0
164
15.9
153
148
142
136
131
125
120

Fig. 12. Figure (A) gives the mesh and temperature contours for a spot weld separation of d; = 5.0 mm. Figure (B) shows the mesh and temperature contours for a spot weld
separation of d; = 10.0 mm. The flowrate for each case is 0.5 g/s. (Re = 145 for a similar-sized channel without spot welds.)

6. Future work References

Ultimately this device is a prototype for a three-dimensional [1] J. Mitrovic, B. Maletic, Numerical simulation of fluid flow, heat transfer and
’ pressure drop in thermoplates, HEFAT 2007 (2007).

formed heat eXChanger _m devebpm.ent to be usejd m a cqncen— [2] M. Piper, A. Olenberg, ]. Tran, E. Kenig, Determination of the geometric design
trated solar power receiver application. The receiver consists of parameters of pillow-plate heat exchangers, Appl. Therm. Eng. 91 (2015)
optically heated surfaces with formed flow-paths similar to that 1168-1175. ‘ o
f the thermonlate tested in thi [3] M. Piper, A. Zibart, . Tran, E. Kenig, Numerical investigation of turbulent forced
0 e_ ermoplate ?S ed 1n this paper.. . convection heat transfer in pillow plates, Int. ]. Heat Mass Transfer 94 (2016)
Using the conclusions drawn from this paper, the spot weld size 516-527.
and distribution of welds will be adjusted to improve the heat (4] Z;K Garg, PEMaJi,lL?mi?a]{I flow ar&/([i hr?a; trslrlsﬁr fign(i;)P(e]r;%tg)&’isléxgcgg\;erging-
. . : . iverging channel, Int. J. Numer. Methods Fluids -597.
trapsferred from mcon_"ng concentrated Sunllght to the workmg [5] M.Z. Hossain, A.S. Islam, Fully developed flow structures and heat transfer in
ﬂunq. future papers VYlll model the formed .heat exchanger and sine-shaped wavy channels, Int. Commun. Heat Mass Transfer 31 (6) (2004)
optimize the geometric parameters for maximum heat transfer. (6] 887-896. ] dow £
FR : : : B 6] G. Russ, H. Beer, Heat transfer and flow field in a pipe with sinusoidal wavy
OpFlljl‘llZElthl'l tools are available in ANSY,S FLUENT such as ,the surface—I. Numerical investigation, Int. J. Heat Mass Transfer 40 (5) (1997)
Adjoint Solver. However, these tools require complex constraints 1061-1070.
and restrict the user’s ability to develop an intuition for how the [7] N.Saniei, S. Dini, Heat transfer characteristics in a wavy-walled channel, ]. Heat
: : : Transfer 115 (3) (1993) 788-792.
part behaves when varymhg topologlcal properties, such as the [8] G.v. Wang, S. Vanka, Convective heat transfer in periodic wavy passages, Int. J.
number of holes. Heat Mass Transfer 38 (17) (1995) 3219-3230.

[9] Q. Xu, Y. Ji, B. Riggs, A. Ollanik, N. Farrar-Foley, ].H. Ermer, V. Romanin, P. Lynn,
D. Codd, M.D. Escarra, A transmissive, spectrum-splitting concentrating
photovoltaic module for hybrid photovoltaic-solar thermal energy
conversion, Sol. Energy 137 (2016) 585-593.

The authors declared that there is no conflict of interest. [10] T.L. Bergman, Introduction to Heat Transfer, John Wiley & Sons, 2011.

[11] ANSYS, Inc., ANSYS Academic Research User-Manual, 17th ed., 2017.

Conflict of interest

Acknowledgement

The information, data, or work presented herein was funded in
part by the Advanced Research Projects Agency-Energy, U.S.
Department of Energy, under Award No. DEAR0000473.


http://refhub.elsevier.com/S0017-9310(17)35541-2/h0005
http://refhub.elsevier.com/S0017-9310(17)35541-2/h0005
http://refhub.elsevier.com/S0017-9310(17)35541-2/h0010
http://refhub.elsevier.com/S0017-9310(17)35541-2/h0010
http://refhub.elsevier.com/S0017-9310(17)35541-2/h0010
http://refhub.elsevier.com/S0017-9310(17)35541-2/h0015
http://refhub.elsevier.com/S0017-9310(17)35541-2/h0015
http://refhub.elsevier.com/S0017-9310(17)35541-2/h0015
http://refhub.elsevier.com/S0017-9310(17)35541-2/h0020
http://refhub.elsevier.com/S0017-9310(17)35541-2/h0020
http://refhub.elsevier.com/S0017-9310(17)35541-2/h0025
http://refhub.elsevier.com/S0017-9310(17)35541-2/h0025
http://refhub.elsevier.com/S0017-9310(17)35541-2/h0025
http://refhub.elsevier.com/S0017-9310(17)35541-2/h0030
http://refhub.elsevier.com/S0017-9310(17)35541-2/h0030
http://refhub.elsevier.com/S0017-9310(17)35541-2/h0030
http://refhub.elsevier.com/S0017-9310(17)35541-2/h0035
http://refhub.elsevier.com/S0017-9310(17)35541-2/h0035
http://refhub.elsevier.com/S0017-9310(17)35541-2/h0040
http://refhub.elsevier.com/S0017-9310(17)35541-2/h0040
http://refhub.elsevier.com/S0017-9310(17)35541-2/h0045
http://refhub.elsevier.com/S0017-9310(17)35541-2/h0045
http://refhub.elsevier.com/S0017-9310(17)35541-2/h0045
http://refhub.elsevier.com/S0017-9310(17)35541-2/h0045
http://refhub.elsevier.com/S0017-9310(17)35541-2/h0050
http://refhub.elsevier.com/S0017-9310(17)35541-2/h0050

	Experimental and numerical modeling of heat transfer in directed thermoplates
	1 Introduction
	2 Modeling
	2.1 Theory
	2.2 Geometry and mesh

	3 Experiment
	3.1 Validation of FLUENT model

	4 Results
	4.1 Effect of channel height ([$] \delta [$])
	4.2 Effect of diameter of welding spot ([$]{D}_{s}[$])
	4.3 Effect of distance between welding spots ([$]{d}_{s}[$])

	5 Conclusion
	6 Future work
	Conflict of interest
	Acknowledgement
	References


